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The  application  of  CubeSats  to  interplanetary  missions  is  currently  being  exploited.  However,  trajectories  of
interplanetary CubeSats are greatly constrained by the very limited propulsion capacity. Electric propulsion systems
that enjoy a high  Isp as well as a high  Δv budget is promising to CubeSats. However, the low thrust of electric
systems may not  be applicable for  some trajectories needing  for  quick response.  In  addition  to  propulsion, the
ephemeris and gravity of celestial bodies can exert positive or negative influence on CubeSat trajectories, which
results in significant Δv saving or loss to the CubeSat. CubeSat trajectories should be designed as well as verified in a
high-fidelity model accommodating the ephemeris and gravity of celestial bodies, and specifications of the CubeSat
and the propulsion system. A parallel high-fidelity trajectory optimization tool, PHITO, is presented in this paper.
How PHITO is applied to trajectory analysis and propulsion system sizing is discussed through a case study of the
phasing trajectory of an Earth-moon halo orbit. The result of  Δv reveals the effect of the full-ephemeris n-body
dynamics. 
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1. Introduction

  The application of CubeSats to interplanetary space
missions  is  currently exploited.  Compared to  Earth-
orbiting CubeSats,  interplanetary CubeSats generally
need  to  perform  orbit  change  and  deployment.  For
instance, the EM-1 mission has selected 13 CubeSats
intended  for  a  wide  range  of  mission  objectives
including  landing  on  the  moon,  lunar  observation,
solar sail demonstration, and asteroid flyby(1. The 13
CubeSats will be released at different mid-points, and
head to different destinations. By deploying CubeSats,
collaborative  operations,  such  as  inter-satellite
ranging, which is useful for autonomous navigation,
and interferometric measurement,  can be performed.
For instance, the AIM mission is planed to rendezvous
with  the  binary  asteroid  65803  Didymos  and  then
deploy a lander and two or more CubeSats to perform
inter-satellite  network(2.  There  will  be  many  novel
exploration manners enabled by deployed CubeSats.
However, upon release, CubeSats can only rely on the
small  propulsion  system  on  board  to  reach  desired
destinations.
  The  propulsion  capacity  of  a  CubeSat  is  greatly
restrained by its limited mass and volume budget, thus
the  trajectory  design  of  CubeSat  is  subject  to  strict
constraint  compared  to  general  interplanetary
spacecraft. Electric propulsion systems that generally
come with high specific impulse, Isp, are promising for
interplanetary CubeSats. A high  Isp suggests that the
CubeSat can enjoy a high Δv budget for a certain mass
budget.  One  drawback  of  the  electric  propulsion
system is the generally low thrust, which may not be

applicable  for  the  trajectories  requiring  quick
maneuvers.
  In  addition  to  propulsion,  the  gravity  of  celestial
bodies  exerts  positive  or  negative  influence  on  the
trajectory,  depending  on  the  mission  date.  As
propellant cost is crucial to a CubeSat, it is necessary
to design and analyze CubeSat trajectories in the high-
fidelity  model  accommodating  the  ephemeris  and
gravity of celestial bodies, and the specification of the
propulsion system.
 This  paper  presents  a  Parallel  HIgh-fidelity
Trajectory Optimization tool (PHITO). Same as other
developed  trajectory  optimization  tools,  such  as
MALTO(3,  GALLOP(4,  and  jTOP(5, the  present  tool
adopts techniques of direct optimization and multiple
shooting.  The tool  is  programmed to be compatible
with parallel computing environment. To be specific,
the  propagation  of  trajectory  states  and  the  partial
derivatives of each trajectory segment is implemented
in parallel, which greatly saves the running time. The
tool is applied to the low-thrust phasing trajectory of a
CubeSat to an Earth-moon  L2 halo orbit. Preliminary
design  in  a  simplified  model  shows  this  trajectory
imposes relatively high requirement of the thrust. The
trajectories  as  well  as  required  Δv are  solved  for
different mission starting  dates.  The feasibility  of  a
certain type of propulsion system and the influence of
the ephemeris on Δv are thus revealed.
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2. Structure of PHITO

2.1. High-fidelity Propagation

  To  have  high-fidelity  trajectories,  the  propagator
takes  into  account  thrusting  force,  solar  radiation
pressure,  the  ephemeris  and  gravity  field  of  the
celestial bodies, such as the Sun, the Earth, the moon,
Jupiter,  etc.  The  thrusting  force  is  modeled  as  a
continuous force vector,  FT, acting on the trajectory
when the thruster is turned on. As the optimization is
based  on  direct  optimization  and  multiple  shooting
methods (see next section), where trajectory states and
controls  are  discretized,  FT is  made  constant
during  the  given  period  of  propagation.  The
equations  of  motion  written  in  the  form  of
ordinary differential equation,              , are, 

                                                                                  (1)

where  n is the number of celestial bodies taken into
account, mi denotes the gravitational parameter of the
i-th  celestial  body,  rji denotes  the  relative  position
from the j-th celestial body to the i-th celestial body,
riSat denotes  that  from the  i-th  celestial  body to  the
CubeSat, vjsat the relative velocity of CubeSat to the j-
th celestial body, FSRP the solar radiation pressure, and
m the mass of the CubeSat. In Eq. (1), the j-th celestial
body is chose to be the center of the coordinate. The
choice  of  the  center  depends  on  the  trajectory
scenario. For instance, if the trajectory is around the
moon, then the moon is suitable for the central body.
If the trajectory is mostly heliocentric, the Sun or solar
system barycenter can be the center. In case of solar
system barycenter, the second term of the second row
of the left-hand side is zero. FSRP is expressed as,

                                                                                  (2)

where Cr and A are the reflectivity coefficient and the
exposed area of the CubeSat, respectively, AU is the
astronomical unit, and P is the solar power at 1 AU.
These  parameters  are  considered  constant  by  the
current  propagator.  Positions  of  celestial  bodies  are
obtained from an ephemeris tool. The propellant loss
with time due to thrusting is computed by Eq. (3),

                         (3)

where     is  the  mass  loss  rate,  Isp is  the  specific
impulse, and  g0 is the standard gravity on the Earth.
The  input  of  the  propagator  consists  of  initial
trajectory  states  xi,  including  position  and  velocity,
initial mass mi of the CubeSat, and FT. The propagator
integrates  Eq.  (1)  and  Eq.  (3).  The output  includes

final  states  [xf,  mf].  In  addition,  to  facilitate
optimization, the propagator also integrates the partial
derivatives  of  [xf,  mf]  with  respect  to  [xi,  mi,  FT],
which consists of another 7 x 9 = 63 elements.  The
time  derivatives  of  the  partial  derivatives  are
summarized in Appendix A.

2.2. Optimization

2.2.1. Multiple shooting

  The  optimization  is  programmed  based  on  direct
optimization  method and  multiple  shooting  method.
Both methods discretize trajectory states and controls.
The multiple shooting method is illustrated in Fig. 1.
The whole trajectory is divided into N segments. The
state of the starting node of each segment,  xk

-, is set
free  for  optimization.  For  trajectory  continuity,  the
optimizer tunes the initial state and control, in order
for the final state to match the initial state of the next
segment. Although the number of free variables and
constraints  is  increased,  the  sensitivity  to  initial
guesses, however, is reduced, and thus the robustness
of the optimization is improved. The interested reader
is referred to Ref. 6) and 7).

Figure 1. Concept of multiple shooting

2.2.2. Objectives, variables, and constraints

  The objective  of  the  trajectory  optimization  is  to
minimize  the  propellant  loss,  Δm.  Free  variables
generally include the states of the starting node,  xk

-,
and  the  control,  FT,k,  of  each  segment.  Trajectory
states meet equality constraints at the initial and final
boundaries and the match points. FT is constrained by
the maximum thrust  of  the thruster,  namely, ||FT||  ≤
FTmax. The optimizer tunes free variables such that Δm
is  minimized  and  all  constraints  are  met.  The  used
optimizer  is the Sparse Nolinear OPtimization Tool,
SNOPT(8, (9.

2.2.3. Gradients

   The optimizer  needs gradients of constraints  and
objective  with  respect  to  states  and  controls  to
improve the feasibility and optimality of the solution
at  each  iteration.  As  mentioned  in  the  previous
section, partial derivatives with respect to initial states
and  controls  are  propagated  along  with  trajectory
states. Using chained rule, gradients of constraints and
objective with respect to initial states and controls can
be easily derived. The obtained gradients are fed to
the optimizer.  In this way, the accuracy, speed, and
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robustness  of  the  optimization  process  are  greatly
improved.

2.3. Parallel implementation and ephemeris tool

  Since the propagation and evaluation of gradients of
each  segment  is  uncoupled,  running  time  can  be
greatly  saved by propagating of trajectory segments
and  the  partial  derivatives  in  parallel.  However,  for
calling  ephemeris  during  propagation,  the  most
widely-used ephemeris tool SPICE is not compatible
with parallel  computing environment.  To implement
the parallel  algorithm in a parallel  environment,  the
ephemeris  tool  CALCEPH(10 that  is  developed  by
IMCCE and designed to be compatible with parallel
computing environment is used. The current PHITO
calls  the  propagator  using  the  MATLAB  parallel
routine PARFOR. The parallel implementation of the
optimization is thus verified.

3. Case Study: Halo Orbit Phasing Trajectory

3.1.  Problem statement

  PHITO is applied to the optimization of a halo orbit
phasing trajectory to demonstrate its use for trajectory
analysis. A previous work proposes a mission concept
of  providing  the  positioning  service  for  landers  or
rovers  on  the  far  side  of  the  moon(11.  The  mission
requires  that  at  least  four  CubeSats  are  deployed
evenly  along  an  Earth-moon  L2 halo  orbit.  For  this
mission,  the  payloads  of  each  CubeSat  are  the
communication system that is capable of ranging, and
a highly-stable clock. Components of a CubeSat are
listed in Table 1. The mass of the CubeSat without a
propulsion system is 4.2 kg with a 3U structure, or 4.7
kg with a 6U structure. The layout of the CubeSat is
shown in Fig. 2. As it is costly to send all CubeSats by
multiple launches, it  is desired that all CubeSats are
released as a whole at the stable manifold converging
into the halo orbit or at the halo orbit, and then the
CubeSats get separated using their propulsion systems
on board. Two-impulsive low-Δv phasing trajectories
to  change  the  halo  phase  angles  of  CubeSats  have
been designed in the simplified Earth-moon circular
restricted 3-body problem (CR3BP)(12. The trajectories
to separate four CubeSats evenly along a halo orbit of
a z-amplitude of 15,000 km is shown in Fig.3. Δv and
time  of  flight  (ToF)  for  each  CubeSat  are  listed  in
Table  2.  The  trajectory  of  Sat-3  requires  relatively
quick response as it has to gain the highest Δv of 101
m/s  in  a  short  ToF of  50  days,  which  can  pose  a
severe constraint  of  the thrust  magnitude.  The low-
thrust trajectory for Sat-3 is discussed in the rest of
the section.

Table 1. Components of the CubeSat (without a
propulsion system)

Fig.
2.

Layout of the CubeSat

Fig.3. Phasing trajectories to separate the CubeSats
along the Earth-moon halo orbit.

Table. 2. Deployment cost
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Table 3. Suitable propulsion models

3.2. Solution existence and thrust magnitude

  To gain a quick view of the solution existence in
terms  of  the  thrust  magnitude,  many  runs  of
optimization  are  performed  in  the  simplified  Earth-
moon CR3BP with different magnitudes of thrusting
acceleration, accthr. The result of Δv vs accthr is shown
in Fig. 4. It can be seen that when accthr is high, Δv is
maintained at a low level, Δv starts to increase as accthr

is decreased to 5x10-4 m/s2, and there is no solution for
accthr < 7.4x10-5 m/s2,  which basically  has excluded
most models of micro electric propulsion systems. A
survey  of  propulsion  systems  is  carried  out  to  find
suitable  systems  that  meets  both  Δv and  accthr

requirements,  taking  into  account  the  mass  of  the
CubeSat, the thrust, Isp, propellant, and dry mass of the
propulsion system. The suitable models are listed in
Table 3. Among the candidates,  the cold-gas system
occupies larger mass and volume than the electrospray
system,  but  can  generate  less  Δv.  The  chemical
systems are best in terms of all indices, but they are
considered  less  stable  than  cold-gas  and  electric
systems.  Assuming  the  mission  has  to  use  the
electrospray system, a further effort should be made to
verify  the  low-thrust  trajectory  in  the  high-fidelity
model.

Fig. 4.  Δv vs accthr

3.3. Results in the high-fidelity model

  Trajectories  starting  on  the  Julian  dates  sampled
every 10 days during the period from 2019-2020 are
optimized  by  PHITO.  Because  in  the  high-fidelity
model, closed halo orbits do not exist, the boundary
conditions are slightly loosen. That is, the boundary x
positions of the halo orbit  in  the rotating frame are
allowed to vary within a range of 3000 km, and the

boundary  velocity  vy are  allowed  to  vary  within  a
range of 10 m/s. The result of  Δv is shown in Fig.5.
The lunar phase angle is also displayed for reference.
The result shows that the lowest Δv generally happen
at the lunar true anomaly between 205 and 237 deg.
The largest difference among the values is 21 m/s. By
choosing a favorable mission date, such an amount of
Δv can  be  saved.  However,  this  condition  does  not
apply  to  most  CubeSats  as  secondary  payloads.
Overall,  Δv does  not  vary  much  as  the  standard
deviation is only 6 m/s. The mean value is 96 m/s. If
the trajectory is considered in the simplified CR3BP
without considering propellant loss, the corresponding
Δv obtained from Fig.4 is  104 m/s.  That  means the
full-ephemeris  n-body  dynamics  generally  brings
positive  effect  in  this  case.  An  example  trajectory
starting  on  01-01-2019  is  shown  in  Fig.  6.  The
nominal  two-impulsive  trajectory  in  the  CR3BP  is
also  shown  for  comparison.  The  high-fidelity
trajectory  deviates  from  the  nominal  evidently,
especially on the halo-orbit leg.

4. Conclusion

  This  paper  presents  the  high-fidelity  trajectory
optimization tool, PHITO, which can be implemented
in  a  parallel  environment  with  running  time  saved.
The tool takes into account forces in the reality and
the specifications of  the satellite  and the propulsion
system. How PHITO is applied to trajectory analysis
and propulsion system sizing is  discussed through a
case  study  of  the  phasing  trajectory  an  Earth-moon
halo orbit. The variation Δv for different mission dates
reveals  the  influence  of  the  planetary  ephemeris,
however, that influence is generally positive, as the Δv
is generally lower than that obtained in the simplified
model.
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Fig. 5. Δv for different mission dates

Fig. 6. Low-thrust trajectory (red) in the high-fidelity
model and nominal two-impulsive trajectory (black)

in the CR3BP.
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Appendix A

  The relationship between the current trajectory state
and initial state and control is expressed as,

 
                                                                                  (4)

The time derivative of Eq. (4) is expressed as,

                                                                                  (5)

To find      , differentiating Eq.(1) and (3) yields,

                                                                                  (6)

Comparing Eq.(5) and (6) results in the expression,

                                                                                  (7)

The first term is expressed as,

                                                                                  (8)
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G(rjsat) is the gradient of conservative forces, in other
words, the hessian matrix of corresponding potential,
and  thus  is  symmetric.  Elements  of  G(rjsat)  are
computed from,

                                                                                  (9)
where  xiSat ,  yiSat ,  and  ziSat are  the  x,  y,  and  z
components of the relative position of the CubeSat to
the  i-th  celestial  body. The other  non-zero terms in
Eq.(7) are computed from,

                                                                                (10)

and

                                                                                       
(11)

Finally,  the  propagator  can  integrate  Eq.  (7)  along
with Eq.(1) and (3) to obtain both trajectory states and
the partial derivatives with respect to initial states.
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