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ABSTRACT: This study investigates the limitations of numerical optimization tools in replicating historical interplanetary
mission trajectories. Using NASA’s General Mission Analysis Tool (GMAT), two gravity-assist missions, Voyager 2 and Pioneer
11, were reconstructed based on publicly available ephemeris data and mission parameters. Historical estimates of the total
delta-v (Av) required for all Trajectory Correction Maneuvers (TCMs) were derived from published propellant mass and engine
performance data. These values were compared to the total Av generated by GMAT-simulated equivalents of each mission. In
both cases, GMAT produced trajectories that required significantly higher total TCM Av than the historical missions despite
attempts at further optimization. These results demonstrate a clear divergence between numerical solver outputs and the solutions
implemented during the original missions. The discussion examines potential causes for this discrepancy, including the limitations
of GMAT"s numerical solvers in planning and optimizing interplanetary space missions.
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B Introduction

Gravity assists have played a critical role in enabling high-
ly efficient interplanetary trajectories, allowing spacecraft to
reach distant targets that would otherwise be inaccessible with
available propulsion technology. By carefully maneuvering a
spacecraft to pass close to a planet, mission planners can exploit
the planet’s gravity to alter the spacecraft’s velocity and trajec-
tory without expending large amounts of fuel. This technique
has been pivotal in advancing deep space exploration, enabling
missions to maximize scientific returns within the mass and
power constraints of available launch vehicles."?

Designing such missions is an incredibly complex task. The
trajectory must be timed with precision to ensure that each
planetary encounter produces the desired change in velocity
and trajectory. Even small deviations in timing or position can
compound over large distances, leading to missed encounters
or large corrective maneuvers downstream.

Two early examples of successful gravity-assist missions are
NASA’s Pioneer 11 and Voyager 2. Pioneer 11 launched on
April 5% 1973, and relied on a Jupiter flyby for a gravitation-
al boost towards Saturn and completed its flyby of Saturn in
September 1979 (a mission duration of over six years). It be-
came the first spacecraft to closely study Saturn, revealing new
findings including Saturn’s outermost ring (the F ring), an ad-
ditional moon, and the composition of Saturn’s atmosphere.’

Voyager 2 launched on August 20", 1977, and executed a
historic “Grand Tour” of the outer planets, including flybys of
all four gas giants over approximately twelve years (Neptune
flyby in August 1989). It remains the only spacecraft to visit
both Uranus and Neptune, capturing the first up-close images

and data from these planets. Voyager 2 discovered Neptune’s
Great Dark Spot, fastest planetary winds, six new moons, and
four rings, marking groundbreaking advances in our under-
standing of the outer solar system.*

Viewed down from
north ecliptic pole

Figure 1: Trajectories of the Pioneer and Voyager spacecraft in the solar
system, viewed from above the north ecliptic pole (NASA — Public Domain).’

The mission design tools available in the 1970s were
far more limited than those in use today. In the 1960s—70s,
trajectory planning relied more on analytical methods and ap-
proximations, as the computer technology of the time made
high-fidelity numerical simulations infeasible. Mission ana-
lysts manually applied celestial mechanics equations, which led
to forced approximations. By the 1990s, advances in comput-
ing power and numerical methods led to the development of
more sophisticated mission-planning software, enabling broad
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numerical searches that could evaluate vastly more trajecto-
ry options. This shift made possible missions such as Genesis
and Dawn, which required capabilities beyond what 1970s
technology could support. Today, even basic computers can
integrate full equations of motion and simulate complete grav-
itational models, making numerical optimization the standard
for trajectory design. Nevertheless, important limits remain:
gravity-assist tours are typically sought via time-consuming,
broad numerical searches over many possible flyby combina-
tions, and the discrete nature of these searches means it is still
easy to step past promising trajectories. As a result, analysts
may be uncertain whether a mission concept is fully optimized
or whether the software missed a better solution.®

NASAs General Mission Analysis Tool (GMAT) is a
prominent example of this kind of software. It is a modern,
open-source mission design software capable of spacecraft
trajectory propagation and optimization.” GMAT represents
a class of software that became available in the late 20th and
early 21st century, along with other powerful trajectory design
software such as JPLs Mission Analysis, Operations, and Nav-
igation Toolkit Environment (MONTE) and Astrogator.”

This study addresses the application of NASAs General
Mission Analysis Tool (GMAT) in replicating and optimizing
historical interplanetary trajectories. Understanding the capa-
bilities and limitations of GMAT in this context is essential
for accurately assessing the performance of modern trajectory
optimization software, setting realistic expectations for its use
in both reproducing past missions and supporting the planning
of future ones. By comparing GMAT-generated trajectories
with the actual results of historically successful missions, this
research aims to evaluate how contemporary numerical opti-
mization tools perform when tasked with designs originally
produced under the technological and operational constraints
of earlier eras.

Hypothesis:

In this study, mission efficiency will be evaluated using the
total Av from all TCMs required to complete each spacecraft’s
trajectory. This Av will serve as a proxy for fuel consumption,
providing a quantifiable metric for comparing simulated re-
sults against historical missions. For Voyager 2 and Pioneer 11,
historical TCM Av estimates will be derived from published
propellant mass and specific impulse (Isp) data, as exact re-
corded values are unavailable.

GMAT’s numerical solvers will be used to replicate each
mission’s original planetary encounter sequence, which in this
case is from Earth to Jupiter, Saturn, Uranus, and finally Nep-
tune (EJSUN) for Voyager 2 and the Earth to Jupiter, then
Saturn sequence for Pioneer 11. GMAT will then calculate
the TCM Av for each optimized trajectory, and the summed
maneuver Av values will be compared directly with historical
estimates. This will provide insight into GMATs capabilities
and limitations in replicating and optimizing historical inter-
planetary missions.

It is hypothesized that GMAT’s numerical solvers will not
only replicate but also potentially optimize the trajectories of

these missions by reducing total TCM Av relative to historical
estimates, thereby improving fuel efficiency.

Background:
Numerical vs. Analytical Methods:

Analytical methods in orbital mechanics aim to solve the
equations of motion using exact mathematical expressions.
These rely on simplifying the problem, such as reducing it to
a two-body interaction, so that the equations can be solved
directly. However, realistic missions rarely allow for purely an-
alytical solutions because the required assumptions, such as
neglecting relativistic corrections or solar radiation pressure,
will reduce how accurately the model represents the real mis-
sion environment.'’

Numerical methods, on the other hand, calculate space-
craft motion step-by-step, updating the position and velocity
over small intervals of time based on the forces acting at each
step. This process, known as numerical integration, produces
an approximate solution that can be made more accurate by
reducing the step size. Before digital computers, these calcu-
lations were done manually using finite-difference formulas,
which required function values from several previous steps to
start a new calculation. These “start-up procedures” made it
difficult to change the step size during integration.'

Runge—Kutta methods, which do not require values from
earlier steps, became popular because they were easier to apply
at the start of an integration and allowed greater flexibility,
such as changing the step size mid-calculation. While too
laborious for hand computation, they became practical and
widely used once digital computer software such as GMAT
could perform the repetitive calculations quickly.!

GMAT:

GMAT is an open-source trajectory optimization and design
system developed by NASA, available for anyone worldwide to
download free of charge along with comprehensive documen-
tation. It supports a wide range of mission types and is one of
NASA’s most expansive and successful software projects.’

At the core of GMAT’s simulation capability are its prop-
agators, which numerically integrate a spacecraft’s equations
of motion from given initial conditions. These propagators
implement various numerical integration methods, including
Runge—Kutta, as discussed earlier. Users have control over the
integration step size, with smaller steps generally improving
accuracy at the cost of increased computation time, and larger
steps reducing computation time but potentially accumulating
greater numerical error.

In addition to propagators, GMAT uses solvers that itera-
tively adjust mission parameters such as burn magnitudes or
event timings until specific constraints, like target planetary
flyby conditions, are met. Complementing these are opti-
mizers, which systematically refine variables to minimize or
maximize a chosen objective function, such as total Av. Both
solvers and optimizers approach trajectory design in a similar
way, where the control inputs must be discovered through re-
peated simulation until the software converges on a suitable
solution.
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GMAT operates on a batch execution model, where users
write and execute scripts to generate outputs, with modifica-
tions requiring direct edits to the script, followed by re-running
the program.To accommodate users with varying levels of cod-
ing expertise, GMAT offers both a script-based environment
and a Graphical User Interface (GUI). The GUI provides in-
teractive features, including 3D visualizations and animations,
enabling users to explore mission parameters intuitively. The
scripting language follows a MATLAB®-like syntax, easing
adoption for those familiar with that environment.”

In practice, GMAT users construct missions by defining re-
sources, such as spacecraft, propagators, and optimizers, then
configuring them to the mission’s requirements. These ele-
ments are combined into a mission sequence, which models
the spacecraft’s motion, manoeuvres, and key events over time.

The VNB Axis and the B-Plane in Planetary Flybys:

The Velocity, Normal, and Binormal (VNB) reference frame
is a spacecraft-centered local orbital reference frame that ro-
tates with the spacecraft along its trajectory. In this reference
frame, the x-axis is fixed to the velocity vector, which is tan-
gent to the spacecraft’s trajectory, pointing in the direction of
motion. The y-axis will be perpendicular to the velocity vector
and the orbital plane of the spacecraft, thus aligned with the
angular momentum vector. The z-axis will be perpendicular to
both vectors and lies within the orbital frame."* The geometry
of this reference frame is depicted in Figure 2 below:

Celestial Body
Orbital trajectory

Figure 2: Velocity, Normal, Binormal (VNB) Reference Frame in Orbital
Mechanics.

The B-plane is a conceptual plane used in planetary flyby
analysis, defined as the plane perpendicular to the spacecraft’s
incoming asymptote vector. The asymptote represents the
straight-line path that the spacecraft would follow if the
planet’s gravity were absent; it describes the direction of the
spacecraft’s velocity infinitely far from the planet, often denot-
ed as v,,. In other words, while the actual spacecraft follows a
curved hyperbolic trajectory around the planet, the asymptote
is the idealized line that the trajectory approaches at great dis-

tances.”
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Figure 3: Geometric definition of the B-plane (NASA — Public Domain).®

As shown in Figure 3, the point where this incoming as-
ymptote intersects the B-plane is called the aim point. This
point serves as a convenient way to describe and control the
geometry of the flyby, since small variations in the aim point
correspond to significant changes in the spacecraft’s outgoing
trajectory after the planetary encounter. The B-plane is of-
ten expressed in terms of two unit vectors, T and R, which
span the plane. The spacecraft’s B-vector, which represents
the displacement of the asymptote relative to the planet, can
be projected onto these two directions. These projections are
called BdotT and BdotR, and they are mathematically de-
fined as the dot products of the B-vector with the respective
unit vectors (BdotT = B- T, BdotR = B- R). Conceptually, this
means that BdotT measures displacement along the tangential
direction, controlling how much the spacecraft’s orbital ener-
gy changes, whereas BdotR measures displacement along the
radial direction, driving changes in the inclination of the flyby
trajectory.’>"’

In practical mission design, it is crucial to understand
that when engineers “target” a specific BdotT and BdotR in
software such as GMAT, they are not directly moving the
spacecraft itself. Instead, they are specifying where on the
B-plane the aim point should fall. The optimizer then works
backwards to determine the maneuver parameters (for ex-
ample, Av magnitude and timing) that adjust the spacecraft’s
actual trajectory so that its incoming asymptote intersects the
B-plane at the desired coordinates. In other words, by shifting
the aim point, one is indirectly controlling key aspects of the
flyby: the turning angle, the closest approach distance, and the
outbound trajectory. This makes the B-plane framework pow-
erful, since it translates the complexity of a 3D gravity assist
into a 2D targeting problem.

Gravity Assists and the Oberth Effect:

From a physics perspective, the gravity assist works because
of the conservation of momentum and energy in a two-body
interaction. When the spacecraft approaches a planet, it is
captured temporarily into the planet’s gravitational field and
follows a hyperbolic trajectory relative to that planet. In the
planet’s frame of reference, the spacecraft comes in with some
velocity, swings around the planet, and leaves with the same
speed but in a different direction. However, when viewed in
the Sun’s inertial frame, the planet itself is not stationary but
orbiting the Sun at high velocity. Because of this, the space-
craft effectively “borrows” a small portion of the planet’s orbital
momentum around the Sun.'® This process can be better illus-
trated by considering velocity addition in different reference
frames." Let 0, be the planet’s orbital velocity around the Sun,
and Ui, and D.... the incoming and outgoing hyperbolic ex-
cess velocities of the spacecraft relative to the planet.

In the planet’s frame, the spacecraft’s speed is conserved:
|ﬁoo in | = If}oo autl

ey

When transformed back into the heliocentric (Sun-cen-
tered) frame, the spacecraft’s velocity is:

- - - > - -
Uscin = Up + Vo in and VUsc out = Up + Vo out

@
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Thus, the change in the kinetic energy of the spacecraft can
be written as:
1 N N
AE = Em(|USCuut|2 — Vscinl®) 3)
Then, by using the expression |a@ +B|? = |G|*+|B|*+2a-b and
rearranging,

2 2
|1_7)sc outlz - |17sc in|2 = |ﬁp +17muut| - |17p + Vo, in|

5 12 2
=13, * + 1B ouel? + 2By B o = By = 1P inl? = 28 - B (4)
= 21717 . (ﬁm out — 500 in)

The last dot-product expression shown here is generally not
zero because the outgoing and incoming spacecraft veloci-
ty vectors have the same magnitude but different directions.
Therefore, this shows that a directional change relative to the
planet is necessary in order to manipulate the heliocentric
speed of the spacecraft.?’

If the spacecraft is deflected forward, in the same direction
as the planet’s orbital motion, the dot product is positive: the
spacecraft gains kinetic energy, effectively “stealing” a tiny frac-
tion of the planet’s orbital momentum. If deflected backward,
opposite to the planet’s motion, the dot product is negative:
the spacecraft loses energy and slows down relative to the Sun.
Therefore, gravity slingshots require a trajectory that brings
the spacecraft past the planet on the side aligned with its or-
bital motion to increase speed.

Another important concept for maximizing the efficiency
of fuel usage for interplanetary missions is the Oberth Effect,
which explains why propulsive maneuvers are most efficient
when performed at periapsis (the point of closest approach
in an orbit), where the spacecraft is traveling at its fastest as
compared to any other point along its trajectory due to the
acceleration from gravity as it falls inwards closer to the planet.
At higher orbital speeds, a given amount of propellant ener-
gy is converted into a disproportionately larger gain in kinetic
energy. This is because kinetic energy scales with the square
of velocity, so adding the same Av at periapsis is the most ef-
ficient, as it results in the greatest increase in orbital energy.®'

Tsiolkovsky Rocket Equation:

The performance of rockets is governed by the Tsiolkovsky
rocket equation.” In this investigation, the equation will be
used to estimate the total Av of all TCM burns implemented
during a mission, using the known fuel mass and the specific
impulse of the propulsion system. The equation is written as:

m,
Av =1y, x g, % ]n(m—i) (5)

Where:

Av = the total change in velocity the rocket can achieve

I, = specific impulse of the propulsion system (seconds), a
measure of the engine—fuel system’s efficiency

g, = standard Earth gravity (9.81 m/s?)

m, = initial mass of the spacecraft (with propellant)

m;= final mass (after propellant has been expended)

B Methodology

The first stage involved calculating the theoretical Av re-
quirements for each mission using the Tsiolkovsky Rocket
Equation. This approach was adopted because no published
data exist for the total Av associated with all midcourse correc-
tion manoeuvres. For each spacecraft, published values for the
mass at launch, current mass, and the engine’s specific impulse
were obtained from NASA mission archives and peer-reviewed
literature. Substituting these values into the rocket equation
yielded approximate Av requirements based on the expended
propellant for each vehicle, providing a value for comparison
with the simulated mission.

For Voyager 2, NASA’s Voyager Backgrounder lists a hydra-
zine tank mass of 104 kg and a mission module mass of 825 kg
(which includes the hydrazine).” Currently, NASA claims that
the approximate mass of Voyager 2 is 735 kg, meaning rough-
ly 80 kg of hydrazine has been used.** Additionally, Voyager
2 used Aerojet MR-103 hydrazine monopropellant thrusters
with I, of ~202-224 s. Hence, the implied Av capacity is:**

202 + 224
Av =

825
%X 9.81 X In(=—=)
735 (6)

Av = 2414 m/s

For Pioneer 11, a peer-reviewed analysis reported launch
mass of ~258 kg with ~27-30 kg of propellant aboard. In a
2002 JPL study, it was stated that the spacecraft performed
major trajectory correction maneuvers on the way to Jupiter
and Saturn, which resulted in about 20 kg of propellant being
used.?” Although the exact model of the propulsion system is
publicly unavailable, it is known that it also utilized hydrazine
monopropellant fuel, which means it had an I, which could

range anywhere from ~180-285 s:26:

180 + 285 258
Av = %X 9.81 X /n(—=)
238

™)

Av = 184 m/s

In the second stage, this study incorporated published
ephemeris data for Voyager 2 and Pioneer 11 in the form
of SPK (Spacecraft and Planet Kernel) files obtained from
NASAs SPICE archive. These kernels contain the precise
spacecraft trajectory information referenced to the solar sys-
tem barycenter, allowing accurate reconstruction of each
mission within GMAT.?” From these reconstructed runs, the
key mission parameters required for replication were extract-
ed, particularly the spacecraft’s initial starting conditions and
the B-plane coordinates (BdotT and BdotR) at each planetary
flyby. These values served as the primary constraints for ensur-
ing the simulated missions followed the same geometry as the
actual flights. Table 1 below presents the acquired BdotT and
BdotR values at each planetary flyby for the replicated mis-

sions.

DOI: 10.36838/IJHSR87.230



ijhighschoolresearch.org

Table 1: Primary simulation data showing the BdotT and BdotR values
generated from GMAT for each flyby in the replicated Voyager 2 and Pioneer
11 missions.

Voyager 2
Mission Stage BdotT [km] BdotR [km]
Jupiter Periapsis 1913 212.28 167 664.27
Saturn Periapsis 324 486.32 -173812.23
Uranus Periapsis 92 533.50 -87 205.31
Neptune Periapsis -27 884.25 -41724.75
Pioneer 11
Mission Stage BdotT [km] BdotR [km]
Jupiter Periapsis -371218.72 473 675.46
Saturn Periapsis 335609.29 19 526.29

The third stage was to construct the replicated mission in
GMAT. To achieve this, the following targeting sequence was
implemented:

@ Target Saturn B-Plane
(Fvary TCM.Y
(P vary TCM.N
(P vary TCM.B
a4 Apply TCM_2
Prop to Saturn Periapsis
@nchieve BdotT
(@ achieve BdotR
| Achieve Time Stamp
B et variable Deleay_TCM_2
4 End Target Saturn B-Plane
= Report Data of TCM_2

Figure 4: Targeting sequence for TCM 2, performed at Jupiter periapsis to
satisfy Saturn B-plane targets.

Figure 4 is an excerpt from the mission sequence, which
only shows the specific targeting loop structure used to correct
Voyager 2’s trajectory. However, all other TCMs across both
missions followed the same loop structure, with only the tim-
ing and target conditions differing. To provide clarity, Table
2 summarizes the location and purpose of each TCM used
in the replication of Voyager 2. Since Pioneer 11 followed a
shorter trajectory that terminated at Saturn, only TCM 1 (the
initial post-injection clean-up to set up Jupiter) and TCM 2
(the Jupiter-periapsis maneuver to target Saturn’s B-plane and
timing) were required. The latter TCMs listed at Saturn and
Uranus periapsis apply only to Voyager 2, which continued to
Uranus and Neptune.

Table 2: TCM Locations and Purposes.

TC™M Location of Execution Purpose
TcM 1 Beginning of the simulated Sets up the Jupiter encounter

mission (post-injection cleanup)
TCM 2 Jupiter periapsis Targets Saturn B-plane (BdotT/BdotR) and epoch
TCM 3 Saturn periapsis Targets Uranus B-plane and epoch
TCM4 Uranus periapsis Targets Neptune B-plane and epoch

Each trajectory correction begins by propagating the space-
craft from its current state to the location of the manoeuvre.
A target sequence is then defined, with the solver iteratively
adjusting the burn components until the encounter geometry

is met. The varied parameters are the three Av components in
the VNB frame. These are initially set to zero, and the solv-
er determines their actual values. The burn is then applied,
and the trajectory is propagated forward to the next plane-
tary periapsis. At periapsis, the constraints are specified: the
B-plane coordinates (BdotT and BdotR) and the timestamp
of the flyby. The solver continues adjusting the three Av
components until these are satisfied. Finally, the total Av is
recorded, and a report command logs the results. This same
sequence is repeated at each TCM, performed at the start of
the mission and then at successive planetary periapsis to guide
the spacecraft through its flyby chain.

For the Voyager 2 mission, which was replicated first, a test
was also conducted to determine whether replacing the target-
ed loops with optimized loops, removing time constraints, and
relaxing constraint tolerances on the B-plane targets would
turther reduce the required Av. Since this approach did not
yield any improvement in the results, the standard targeted
loop structure was retained when modeling Pioneer 11.

All the GMAT scripts and supporting code used in this
study are available in the accompanying GitHub repository.*

B Results and Discussion

Results:

Tables 3 and 4 present the velocity components and cor-
responding Av values of the trajectory correction maneuvers
(TCMs) for the replicated Voyager 2 and Pioneer 11 missions:

Table 3: Components and Av of Replicated Voyager 2 Trajectory Correction
Manoeuvres.

Burn Components [m/s] | Av [m/s]

V:9.42
N:5.81
B:-0.79

TCM1 11.10

V:32.63
N:7.35
B: -66.86

TCM 2 7476

V:29.71
N: 160.95
B:-163.77

TCM 3 231.53

V:-105.22
N: -345.58
B: 58.82

TCM 4 366.00

Table 4: Components and Av of Replicated Pioneer 11 Trajectory Correction
Manoeuvres.

Burn | Components [m/s] | Av [m/s]

V:43.21
N:-12.83
B:-17.38

TCM 1 48.31

V:-959.57
N:2143.15
B:-266.97

TCM 2 2363.29

When summing the Av requirements from the replicat-
ed manoeuvres, the total values obtained were 683.39 m/s
for Voyager 2 and 2411.60 m/s for Pioneer 11. By contrast,
the theoretical Av requirements estimated, as detailed in the
Methodology section, from propellant masses and specific im-
pulses were 241.4 m/s for Voyager 2 and 184 m/s for Pioneer
11. Figure 5 below compares these estimated and replicated Av
values for both missions.
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Figure 5: Grouped bar chart comparing the estimated and replicated Av
values for the Voyager 2 and Pioneer 11 missions.

This reveals that the replicated Voyager 2 Av is 2.83 times
larger (283% of the historical estimate, i.e., 183% higher), while
the replicated Pioneer 11 Av is 13.1 times larger (1310% of the
historical estimate, i.e., 1210% higher). The significant discrep-
ancies indicate that while the replicated maneuvers reproduce
the overall structure of each mission, they overestimate the ac-
tual Av usage by a wide margin.

Discussion:

While this paper is unable to pinpoint with certainty the
sources of these discrepancies, there are a number of plausi-
ble hypotheses that can be derived from observed patterns in
the burn components. Broadly, these discrepancies fall into
two categories of error: modeling errors, which stem from the
way the mission was represented and solved within GMAT,
and computational errors, which arise from the limitations of
numerical methods. The following discussion is separated ac-

cordingly.

Modeling Errors:

Firstly, for Voyager 2, TCM 4 required a large negative com-
ponent in the V-direction, while for Pioneer 11, TCM 2 also
had a large negative V component. A negative V value means
the spacecraft had to reduce its velocity along its trajectory
path. In both cases, this suggests that earlier maneuvers had
caused the spacecraft to move too fast relative to the planned
trajectory. As a result, a large retrograde burn was needed later
to correct the speed and ensure the timing of the next planetary
encounter remained accurate.

In addition to the V-direction, there were also excessive
burns in the B-direction. Both V and B components are used
to control the altitude of the flyby at the next planetary en-
counter. However, due to the Oberth effect, changes in the
V-direction (along the velocity vector) are generally more effi-
cient than changes in the B-direction (radial within the orbital
plane, perpendicular to V). The fact that GMAT produced
comparatively large B burns suggests that the optimization
process was not always making use of the most efficient burn
orientation. Further inspection of the burn components shows
that nearly all B-direction corrections (except for Voyager 2’s
TCM 4) were negative. This indicates that, instead of relying
on altitude-lowering B burns, GMAT could have achieved
the same corrections more efficiently by applying retrograde
V burns earlier in the trajectory. In the example of Voyager

2, as mentioned earlier, TCMs 1 to 3 all included positive V
components that accelerated the spacecraft, which in turn led
to a very large retrograde V correction at TCM 4. A more bal-
anced use of retrograde V at earlier stages might have reduced
this, as well as the excessive negative B burns. In practice, this
could not be mitigated within the adopted methodology, since
the simulation would not converge unless all three burn com-
ponents (V, B, and N) were varied. Moreover, GMAT cannot
be made to “see” the mission globally. It can only satisfy one
constraint at a time. As a result, suboptimal choices in the early
burns accumulate and must be compensated for in subsequent
burns, even if that compensation is inefficient.

It was suspected that perhaps these burn choices were forced
by the applied constraints. To investigate this possibility, all tar-
geted loops were replaced with optimized loops set to minimize
Av, time constraints were removed, and the B-plane constraints
were relaxed to give the optimizer more leeway. However, the
simulation consistently converged on the same flyby epochs
and produced the same distribution of burn components. This
confirms that GMAT’s solution, although suboptimal, was the
best it could achieve.

In addition to solver inefficiencies, the setup introduced a
second type of modeling error: potential mismatches in the
BdotT and BdotR constraints. The GMAT replications be-
gan with SPICE-derived B-plane targets and epochs, and
even tiny mismatches between these and the actual historical
encounter values could propagate into significant differences.
For instance, the SPK propagator was configured with a one-
hour step size. This means that the reported closest-approach
BdotT and BdotR values may have fallen in between the sam-
pled points, introducing a small offset from the true values.
While this mismatch would likely be minor, such deviations
can grow over interplanetary timescales, ultimately magnifying
into higher Av requirements at later encounters. However, due
to computational limitations, this study was unable to reduce
the step size further to capture the exact closest approach.

Computational Errors:

Another noticeable pattern was the large N-direction burns
in both replicated missions. Since the N direction corresponds
to out-of-plane maneuvers (perpendicular to the orbital plane),
it would be expected that the spacecraft’s launch and trajectory
geometry would be chosen to already minimize the need for
such corrections. These N-direction burns are not only sub-
stantial, but also increase in magnitude across both missions.
This pattern is also reflected in the trend of increasing Av at
later burns. The first maneuvers in both missions were relative-
ly small, but the later burns grew much larger in magnitude.
This behavior is consistent with the surrounding literature on
numerical propagation. For instance, a paper on the topic by
Mosbach & Turner shows that when differential equations
are solved step by step on digital computers, tiny rounding er-
rors accumulate at each integration step. Over the years-long
timelines of missions such as Voyager 2 and Pioneer 11, these
errors compound, which helps explain why the GMAT repli-

cations required progressively larger corrective burns, since the
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software’s small numerical inaccuracies early in the trajectory
snowballed into larger deviations later on.*!

A potential mitigation strategy for the integration drift
problem would be to segment the propagation into shorter
spans, rather than attempting to simulate the full mission in
a single continuous run. For example, instead of starting from
the Earth departure state and propagating all the way to Nep-
tune (Voyager 2) or Saturn (Pioneer 11), one could initialize
GMAT at Earth, propagate to Jupiter, and then terminate
the sequence. At that point, a new file could be generated,
beginning with the spacecraft’s SPK-derived state at Jupiter
periapsis. This would effectively “reset” the accumulated nu-
merical error at each planetary encounter. By repeating this
process, each leg of the mission would be propagated over a
much shorter time span, thereby reducing the opportunity for
integration drift to compound. In theory, this could yield TCM
Av values much closer to historical estimates. However, such
an approach undermines the central aim of this research. The
purpose of the study is not simply to reproduce historical tra-
jectories, but to test GMAT’s capability as a mission design
tool under conditions analogous to planning a future mission.
In a real design scenario, trajectory analysts would not have the
luxury of resetting the spacecraft’s state to “true” values at each
encounter, because those values are precisely what the software
is meant to predict.

Finally, there is the trade-off between computational accu-
racy and efficiency. Smaller-step integrators reduce drift but at
high computational cost, while larger-step integrators are more
efficient but allow small deviations to accumulate. GMAT gives
users flexibility in propagator choice and step size, however the
extent to which the step size can be reduced will depend on the
computational ability of the machine utilized. For this study,
the Runge—Kutta propagator was configured with a minimum
step size of 60 seconds and a maximum step size of 86400
seconds (1 day). While these values struck a balance between
runtime and accuracy on the available computing setup, reduc-
ing them could have mitigated integration drift. This opens
the door for further investigative work, which could explore
systematically varying step size bounds to assess the sensitivity
of Av growth to propagator settings.

B Conclusion

This study set out to examine the application of NASA’s
General Mission Analysis Tool (GMAT) in replicating and
optimizing historical interplanetary trajectories, using Voyager
2 and Pioneer 11 as case studies. By estimating the histori-
cal total Av required for each mission’s TCMs from published
fuel mass and engine data, and comparing these against
GMAT-simulated equivalents, it was possible to directly assess
GMATs ability to reproduce and/or improve upon past mis-
sion performance.

The results showed that GMAT consistently produced sig-
nificantly higher total TCM Av than the historical estimates.
For Voyager 2, the simulated Av was nearly three times larger
than the estimated real mission value, while for Pioneer 11 it
was more than twelve times higher. Analysis of the maneuver

components revealed that these discrepancies arose from two
primary sources: modeling errors, which stemmed from the
way the mission was represented and solved within GMAT
through solver choices and constraint inaccuracies, and compu-
tational errors, which arose from the way numerical integration
accumulates small inaccuracies over long propagation spans,
leading to integration drift.

As mentioned in the discussion section, several avenues re-
main open for further investigation. A logical next step would
be to attempt replications using alternative optimization soft-
ware. NASA's MONTE and Astrogator are both widely used
in professional mission planning and may provide more opti-
mal outcomes than GMAT when applied to replicate historical
interplanetary trajectories. Furthermore, building on the find-
ings of this paper could be further achieved through a targeted
sensitivity analysis to separate the relative impacts of modeling
and computational errors. One approach would be to hold all
modeling assumptions constant while varying propagator step
sizes and length of propagation, thereby isolating the effects
of integration drift. Conversely, fixing the propagator config-
uration while systematically adjusting target constraints and
tolerances would reveal how much of the discrepancy stems
from the modeling setup. Such an analysis would be particu-
larly valuable in explaining why the replicated Voyager 2 and
Pioneer 11 missions diverged so largely in their Av error mar-
gins, despite following similar methodologies. At present, both
error sources interact in ways that are difficult to disentangle.
Therefore, controlled experiments where one factor is varied,
and the other held fixed, would help clarify their relative con-
tributions and provide more concrete guidance on where future
tools or methods could improve.

Ultimately, this study has demonstrated that while GMAT
is a powerful and accessible tool for modern mission analy-
sis, its use in replicating historical missions exposes limitations
in numerical optimization methods when applied to highly
constrained, long-duration trajectories. Recognizing these lim-
itations is essential for setting realistic expectations on what
such software can achieve, both in revisiting the past and in
planning for future interplanetary exploration.
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