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Abstract
Electrospray propulsion is gaining popularity due to its high efficiency at low power, the use of in-

ert liquid propellants, and near-instantaneous operations. Externally wetted electrosprays, in particular,
can operate in different emission regimes, which yields different performance points. Real-time dynamic
switching between these regimes could enable variable-performance maneuvers, leading to propellant and
duration savings. This study focuses on the optimization of variable-performance electrospray maneuvers
for small satellites in LEO. The methodology employs a genetic algorithm to select the set point depend-
ing on a maneuvering efficiency term, aimed at minimizing multiple objectives. A numerical example
demonstrates the benefits of this approach, presenting practical considerations regarding operations.

1. Introduction

Electric Propulsion (EP) is establishing itself as an advantageous alternative to Chemical Propulsion (CP) for space
mobility of small satellites, due to the propellant savings deriving from the high exhaust velocities attainable and the
consequent large total impulse deliverable in a contained mass and volume [3, 13]. However, unlike chemical propul-
sion, these systems can only reach limited thrust levels; the acceleration imparted by electrostatic and electromagnetic
EP systems is usually well below 0.001 m/s2. The long trajectories deriving from such low acceleration magnitudes
require optimization routines aimed at reducing the propellant and, most importantly, the duration of the maneuvers.
Among the multitude of existing EP technologies, a growing interest is building up around electrosprays because of
their competitive performance in the low power range, where Hall Effect thrusters or gridded ion engines suffer from
efficiency losses and become less appealing. Besides other qualities, such as high efficiency, the use of inert liquid
propellants, lack of neutralizer, and short operations transients timescale [16], externally wetted electrospray exhibit
different emission regimes depending on the voltage set-point applied [18], which can affect significantly the perfor-
mance delivered by the system. Two main emission regimes can be individuated: "ionic" and "droplet". These regimes
are characterized respectively by high specific impulse and high thrust-to-power ratio. This paper proposes to combine
the operation of these regimes, switching dynamically between them throughout the maneuver, aiming at improving
the exploitation of the performance of the thruster. This enables trading thrust for specific impulse when most ener-
getically convenient, and vice-versa, which has been demonstrated to lead to improved maneuver performance [12, 7].
Additionally, the high thrust-to-power ratio mode could be exploited for collision avoidance maneuvers, boosting the
responsiveness of the satellite.

However, the optimization of a low-thrust variable performance system is complex and requires a robust and
effective tool to obtain optimal solutions. Several works employed indirect optimization methods to solve the variable-
performance time-fixed minimum-fuel problem, typically for interplanetary applications [9, 1, 8, 11, 2]. A direct
method for GTO-GEO transfer including a realistic efficiency model was proposed in [10] and an analytical solution
for circular orbits was developed by [17]. Literature shows that variable performance maneuvers can be up to 20%
more convenient, although the focus is on single-objective and interplanetary transfers. This work presents the appli-
cation of a novel methodology for optimizing variable-performance maneuvers based on [7] and applied to a thruster
with discrete states. This methodology employs a robust architecture for multi-objective optimization which is applied
to a realistic model of an electrospray technology-based system. The goal of the paper is to demonstrate that a vari-
able performance thruster could be used to improve the maneuvering capabilities of small satellites, at the cost of a
minor operational complexity increase. The focus of the study is on Low Earth Orbit (LEO) transfers, specifically for
constellation operations, including commissioning, station-keeping, and deorbiting.
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2. Problem statement

The problem is described as a multi-objective optimal control problem, stated in the following notation:

minimize J =
[
mp, t f

]T
,

with respect to u ∈ U

subject to ẋ(t) = f (t, x(t),u(t))
x(t0) − ψ0 = 0,
x(t f ) − ψ f = 0

(1)

where x are the dynamic states, governed by the system of non-linear differential equations f . The controls u are
bounded to a feasible set U. J is the vectorial objective function, comprising the propellant mass needed to perform
the maneuver (mp) and the final time, namely the maneuver duration (t f ). ψ0 and ψ f are the boundary conditions at the
initial time t0 and final time t f , representing the initial and final states of the satellite.

2.1 Dynamics

The dynamics of the problem f are modeled with a modified equinoctial elements formulation of Gauss Variational
Equations:

ẋm(t) = A(xm(t))p(t) + b(xm(t)), (2)

where xm is a subset of the state vector (x), containing the modified equinoctial elements, defined as:

xm = [p fm gm hm km L]T , (3)

where p is the semi-latus rectum, L the true longitude and fm, gm, hm, and km are the remaining elements. The matrix
A is written as:

A =
√

p
µ



0 2p
w 0

sin L 1
w [(w + 1) cos L + fm] −

gm
w χ

− cos L (w + 1) sin L + gm
fm
w χ

0 0 s2 cos L
2w

0 0 s2 sin L
2w

0 0 χ


, (4)

where µ is the Earth gravitational parameter , χ = hm sin L − km cos L, w = 1 + fm cos L + gm sin L, s = 1 + hm
2 + km

2

and the vector b is:

b =
0 0 0 0 0

√
µp

(
w
p

)2T

. (5)

The vector p includes the non-Keplerian accelerations in the radial-circumferential-angular momentum direction
frame defined in [14]. The acceleration includes disturbances (pdist) and the acceleration produced by the thruster (u).
The perturbations that can be considered, range from gravitational harmonics effects up to atmospheric drag. The mass
variation due to propellant depletion is described by:

ṁ(t) = −
T (t)
c(t)
, (6)

where m is the mass, T the thrust force magnitude, and c is the effective exhaust velocity, related to the specific
impulse through c = Ispg0, with g0 being the gravitational acceleration at sea level. The full state vector is then:

x = [xm m]T . (7)

ẋ(t) is integrated numerically using a fixed-step explicit Runge-Kutta method of the 8th order.
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2.2 Variable performance optimization

The methodology relates the set-point selection of the thruster to a function describing the maneuvering efficiency along
the orbit [7]. A multi-objective genetic algorithm selects the parameters, optimizing the objectives. The methodology
is applied to a realistic electrospray model.

2.2.1 Electrospray model

The electrospray technology relies on the extraction and acceleration of ions or droplets from a conductive liquid.
Ionic liquids are composed of chemically stable mixtures of positive and negative molecular ions. The application of
a difference of potential (Ve) between the liquid and an extractor grid allows for extracting and accelerating the ions
at once. Being the particles already in ionic state, no ionization is required: this contributes to the high efficiencies
achievable by these systems. Additionally, the emission is nearly instantaneous upon voltage application, meaning that
no significant transients are observed and operations are simpler, compared to other electric propulsion technologies.

Figure 1 shows the experimental measurements carried out in IENAI SPACE’s laboratories on an electrospray
prototype, particularly the thrust-to-power ratio (left) and specific impulse (right) for different voltage (Ve). The system
tested is composed of a thruster head (the component containing emitter and grids and producing thrust), a propellant
management unit, and a power processing unit. At the lower bound (1000 V), the emission is mainly characterized by
droplets in terms of mass fraction. This explains the thrust-to-power ratio and lower specific impulse, which depends
on the voltage too, which is lower in this case. At the upper bound (1600 V), on the other hand, most of the extracted
particles are ions, which are lighter compared to droplets. This explains the lower thrust-to-power ratio and, combined
with the higher voltage, the higher specific impulse.
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Figure 1: Thrust-to-power ratio (left), and specific impulse (right) versus emitter voltage.

These two extremes are respectively named "droplet" and "ionic" regimes in this work. We point out that the
naming indicates a prevalence of one particle in terms of mass fraction, but a small portion of the remaining species is
found in the beam as well. The selection of Ve and the number of active thruster heads allows one to switch between
the two regimes and trade between a high-thrust performance and a high-specific impulse one while controlling the
power level as well. In general, the thrust magnitude (T ) for the system can be written as a function of the specific
impulse (Isp), the system efficiency (η̂), and the input power (Pin):

T (t, Isp) =
2η̂(Isp(t))Pin

g0

1
Isp(t)

. (8)

We note that the propulsion system efficiency (η̂) is a function of the specific impulse. Table 1 collects relevant
info on the settings to obtain each regime and the performance attainable.

2.3 Control direction selection

This work employs a Predefined Control Law (PCL) strategy to obtain near-optimal thrust direction at integration
run-time, through trajectory parameterization. The PCL adopted is a Lyapunov-candidate function (V) of the form:
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Table 1: Electrospray regimes.

Regime Ve (V) η̂ (-) T/P (µN/W) Isp (s)
Droplet 1000.0 0.40 108.7 750
Ionic 1600.0 0.52 58.9 1800

V(x̂c) =
1
2

x̂c
T x̂c , (9)

where xc = [p, fm, gm, hm, km]T is a subset of Eq. (3) and x̂c(t) = xc(t) − x(t)
c represents the distance from the

target elements x(t)
c . V is positive semi-definite, and its time derivative (V̇) is:

V̇(x̂c) = x̂c
T ˙̂xc = x̂c

T A(x̂c) p . (10)

Note that b cancels out in Eq. (10), since xc does not contain L. The controls direction (û) is chosen to ensure
that V̇(x̂c) is negative semi-definite:

û = −
A(x̂c)T K x̂c

||A(x̂c)T K x̂c||
, (11)

where K is a positive definite matrix. This work employs a specific formulation derived by [15] targeting only
semi-major axis (a), eccentricity (e), and inclination (i), since, in the presence of the J2 perturbation and using EP, the
other orbital elements are best targeted indirectly using a combination of these three, as shown in [5]. The Lyapunov
function defined by [15] is called proximity quotient Q, and the reduced form used is written as:

Q = WaS a

(
a − at

ȧxx

)2

+We

(
e − et

ėxx

)2

+Wi

(
i − it
i̇xx

)2

, (12)

where S a is a scaling function preventing non-convergence in some instances and Wa, We, Wi are scalar weights
expressing how aggressively one orbital element is targeted compared to the others [15]. ȧxx, ėxx, and i̇xx are the
maximum rate of change of each element over thrust direction and true anomaly, and the subscript “t" indicates the
target elements.

2.3.1 Set-point selection

The variable-performance methodology developed in [7], which is suitable for continuously varying systems, relates
the instantaneous thruster setpoint to a term describing the effectiveness of thrusting in a given point of the orbit. This
instantaneous “effectiveness", referred to as maneuvering efficiency (η) or thrust effectivity, can be computed for a
generic orbital element (z) subject to a change of ∆z, as the ratio of the maximum rate of change over thrust direction
and its maximum over the true anomaly:

η∆z =
żx

żx|θmax

, (13)

If a multi-element maneuver is performed, it is possible to blend the single-element efficiencies into a single
parameter, as in [15], which can be expressed as a function of the rate of the proximity quotient from Eq. (12):

η =
Q̇n − Q̇nn

Q̇nx − Q̇nn
, (14)

where Q̇n is the instantaneous most negative rate of Q obtained by selecting the thrust direction according to
Eq. (11), and Q̇nn and Q̇nx are respectively its minimum and maximum along the true anomaly over one orbital period.
Since this work considers a discrete-state system, the selection of the set-point can be simplified to the definition of two
parameters, although the philosophy of tying the selection to maneuvering efficiency from [7] is maintained. The first
parameter is a coasting threshold (ηt): if the computed maneuvering efficiency is below ηt, the thruster is shut down,
otherwise, it produces thrust according to the second parameter. The second parameter is a switching threshold (ηs): if
the computed maneuvering efficiency is above this value the droplet mode is used, otherwise, the ionic one is activated.

Figure 2 synthesizes the regime-selection logic, showing the three modes versus the maneuvering efficiency for
a given combination of coasting ηt and switching ηs thresholds, in this case respectively 0.2 and 0.7.

Thanks to this formulation, the optimization problem is translated into the selection of the combination of thresh-
olds that minimizes the objectives. The solver used is the multi-objective genetic algorithm NSGA-2 [4]. Alongside
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Figure 2: Regime versus maneuvering efficiency (η). Coasting (ηt) and switching (ηs) thresholds are shown as well.

the two thresholds, the genetic algorithm solves for the ratio of the weights of the predefined control law as well, since
it leads to improved maneuver performance. Finally, the following design variable vector d is used by the genetic
algorithm:

d = [We/Wa,Wi/Wa, ηt, ηs] (15)

3. Numerical Example and Results

The numerical example considers a 5-kg CubeSat equipped with an electrospray propulsion system characterized by
the performance described in Subsection 2.2.1, and with a power consumption below 10W. The system can operate in
the modes (or regimes) described in Table 1. The example considers the initial and final orbital elements, as presented
in Table 2, which constitute a multi-element variation maneuver. This transfer could be representative of a commission
maneuver for a small satellite constellation, as shown in [6], which could be used to transfer some of the propulsive
∆V need from the launcher to the satellite, with consequent launch cost savings.

Table 2: Test case mission parameters.

Orbit a (km) e (-) i (°)
Initial 7071.0 0.01 97.77
Target 7103.0 0.0055 97.815

Figure 3 shows the Pareto optimal front of propellant mass (mp) versus maneuver duration (t f ) for three different
cases. In general, longer maneuvers are associated with a higher frequency of coasting arcs, which relates to propellant
savings as well, thanks to the better exploitation of the dynamics.

In particular, for each case, the dash-dot line represents a constant droplet regime case, which has the highest
thrust, but lowest specific impulse. In fact, the minimum time maneuver is below 4 days, while the propellant needed
is above 20 g. On the other hand, the solid line shows the ionic regime case, which is slower but more fuel efficient. In
this case, the minimum time solution is above 7.4 days, but the propellant need is more than halved, compared to the
droplet mode. Note that the constant-performance cases are a subset of the optimization problem described in Eq. (1),
in which the design vector Eq. (15) considers only the first three elements.

Finally, the dashed line represents the mixed case, namely the variable-performance solutions. These appear
to be a compromise between the two constant-performance curves, converging to these at the minimum-time and
minimum-propellant points.
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Figure 3: Pareto front of propellant mass (mp) versus maneuver duration (t f ) for ionic, droplet, and mixed regimes.

The region of interest for variable performance is in the 4-8 day range, in which the dynamically varying mixed
regime allows to perform maneuvers as fast as the droplet mode, but with less propellant. Figure 4 shows the relative
difference of the variable performance against the constant cases. The comparison with the ionic mode (dashed line)
reveals that no relevant improvement can be achieved since the two become equivalent. On the other hand, the mixed
mode reaches up to 100% speed-ups and more than 70% propellant savings in some points, compared to the droplet
regime. Notice that for large t f , the propellant saving reaches 125%. However, in that region, it is possible to switch to
the constant ionic case, which is ultimately equivalent.
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Figure 4: Mixed mode propellant saving (∆mp) versus t f (left) and time improvement (∆t f ) versus mp (right), against
both droplet and ionic.

The optimal maneuvering efficiency thresholds for different maneuver duration are shown in Figure 5, with
matching line style with Figure 3 for each case. It is noticeable that, as the maneuver duration increases, the coasting
threshold (ηt) rises as well for all the cases. This means that more coasting arcs are employed, as mentioned previously.
The figure shows the switching threshold (ηs) for the mixed regime as well. The plot illustrates that the regime goes
from full droplet at the minimum time to full ionic within the region of interest, explaining the convergence to the two
constant cases. This can be seen from the coasting threshold as well (dashed line), which converges to the ionic one
(solid line) above 9 days.

Figure 6 reports the optimal weights ratios for different t f , showing similar profiles for all the cases. Both the
We/Wa and Wi/Wa ratios start at around 2 for the minimum time solutions and grow up to 6 for the longer transfers,
although the mixed case exhibits a slightly different profile.

The region of interest is further analyzed to improve the understanding and implications of the use of a variable-
performance approach. Particularly, four sample solutions from the Pareto front of Figure 3 are selected, corresponding
to the solutions with a final time of respectively 3.95, 4.85, 5.88, and 8.14 days.

Figure 7 shows the evolution of semi-major axis (top), orbital average thrust (middle), and orbital average specific
impulse (bottom) over time (t). The semi-major axis plot shows the convergence from the initial to the target for each
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Figure 5: Maneuvering efficiency threshold (ηt and ηs) versus maneuver duration (t f ).

2

4

6

W
e
/
W
a

(-
)

4 6 8 10 12 14 16 18 20

tf (days)

2

4

6

W
i
/
W
a

(-
)

Droplet Ionic Mixed

Figure 6: Optimal weights ratios versus t f for droplet, ionic, and mixed regimes.

solution. Similar curves are found for the other targeted elements, not shown for conciseness. The orbital average
thrust and specific impulse, on the other hand, highlight that the mixed regime enables two things: first, even though
the system has only two discrete states, intermediate average values are reached by tuning the switching. Second, the
average is not constant over time, in line with [10].

Figure 8 illustrates the thrust profile over the first revolution for the four solutions highlighted. The fastest
solution (3.95 days) employs a continuous maximum thrust burn, namely, it is always in a full droplet regime. As the
maneuver duration is increased (4.85 days), the optimal solution still requires continuous firing, but switching between
the two regimes is needed, with an approximate subdivision of 33% for the droplet regime and 66% for the ionic one.
As the duration gets longer (5.88 days), coasting arcs begin to appear, and the ionic regime is the predominant one,
with the droplet being used only in a small portion of the orbit, where a higher thrust is more convenient. Finally,
at 8.14 days of duration, the droplet regime disappears, leaving a discontinuous full ionic regime, with coasting arcs
growing in span.

Finally, the thrusting angle profiles over the first revolution are shown in Figure 9. The plot on the left shows the
in-plane angle (α) and the one on the right displays the out-of-plane angle (β), as defined by [15]. The minimum-time
solution (3.95 days) exhibits a different attitude profile compared to the other solutions analyzed, with larger out-of-
plane angles, meaning that the inclination is being targeted more aggressively at the beginning, while the other cases
are more homogeneous.

Practically, to carry out the maneuver’s operation, the satellite would require both the desired attitude from
Figure 9 and the mode selection profile from Figure 8, which could be interpolated over time or true anomaly, depending
on the navigation sensors onboard. A constant-performance case would require only the attitude, meaning that the
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Figure 7: Semi-major axis, average thrust, and Isp profiles for t f = [3.95, 4.85, 5.88, 8.14] days.
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Figure 9: In-plane (left) and out-of-plane (right) angles over first orbit for t f = [3.95, 4.85, 5.88, 8.14] days.

increase in operational complexity, if variable performance is enabled, is minor.
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4. Conclusion

This work presents the application of a variable performance optimization methodology to an electrospray thruster
model, intending to improve the performance of small satellites’ maneuvers. The study is motivated by the capability
of electrospray propulsion to operate in various emission regimes, which can be employed for better exploitation of the
propulsion system throughout the maneuver. The optimization methodology employs a candidate-Lyapunov function to
compute the thrusting angles. A maneuvering efficiency parameter is used to describe the effectiveness of thrusting at a
given point in the orbit, and a coasting and a switching threshold are defined to select the operating modes, as a function
of the maneuvering efficiency. A multi-objective genetic algorithm tunes the candidate-Lyapunov function weights
while selecting the optimal coasting and switching thresholds, optimizing propellant mass and maneuver duration in
the same iteration, and generating Pareto optimal fronts that could be used for mission design and system trade studies.
The numerical example presented shows that a real-time dynamic switching between the two operational regimes
enables improved maneuver performance. The improvement is concentrated in a region of interest between the two
constant-performance cases, where the variable-performance case outperforms the droplet mode by up to 100% in
terms of maneuvering time and more than 70 % in propellant usage. A practical implementation of this discrete
variable performance maneuver would require only a minor increase in operational complexity, making this capability
of great interest for enhancing the performance of small satellites.
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