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The suitability of electrospray propulsion for station keeping of a 6U CubeSat in lunar orbit is assessed. Lunar 

CubeSat missions are of interest with the launch of several CubeSat on-board the first Space Launch System 

launch. For interplanetary CubeSat missions, electrospray thrusters have the potential to provide good 

performance within the nanosat constraints. An electrospray thruster electrostatically accelerates charged droplets 

or ions, producing small thrusts at high specific impulse. To investigate the feasibility of using an electrospray 

system for station keeping, the maximum variation of orbital parameters for lunar polar orbits are evaluated. This 

was completed with the High Fidelity Orbit Dynamics (HiFiODyn), developed at Politecnico di Milano for orbit 

long-term propagation. The Gauss-planetary equations were integrated over time considering a 100 x 100 Lunar 

Prospector 165 x 165 spherical harmonic solution (LP165P) gravity model of the Moon and both the Earth and the 

Sun considered as third body. Without any propulsion system over a period of 70 days typical variations of orbital 

elements for low quasi-circular lunar polar orbits were assessed. Moreover, the evolution of different orbits was 

evaluated, with varying eccentricity and inclination and fixed initial epoch, semi-major axis, argument of perigee, 

longitude of the ascending node and mean anomaly. Maps of the maximum variation of all the Keplerian elements 

for these orbits were created. These maps have eccentricity that varies between 0.01 and 0.045 and inclinations that 

span from 85 to 95 degrees. A micro-electrospray propulsion system being developed at the University of 

Southampton was then considered in the simulation to assess its ability to keep a stable orbit. Both power and 

mass/volume were constrained for a 6U CubeSat using a model of a micro-electrospray thruster that allows an 

estimate of the thrust and the specific impulse. With thrust values of between 0.3 mN and 1 mN and specific impulse 

value of between 1000 s and 4000 s some different manoeuvres were performed to assess the ability of the propulsion 

system to maintain a prefixed value of an orbital parameter. The same maps were created with and without the 

electrospray propulsion system considered. It is demonstrated that the micro-electrospray system makes a 

significant difference to the variation with time of the polar orbit when a proper manoeuvre is used considering 

also that the thrust value of such system is much lower than typical perturbations of these low polar orbits. 
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Nomenclature 

a = semi-major axis 

a0  = initial semi-major axis 

i = inclination 

i0 = initial inclination 

e = eccentricity 

e0 = initial eccentricity 

ω =  argument of perigee  

ω0 =  initial argument of perigee  

Ω = right ascension of the ascending node 

M = mean anomaly 

m = satellite mass 

m0 = initial satellite mass 

mp = propellant mass consumption 

Isp = specific impulse 

T = thrust  

Tem = thrust per emitter 

Nem = number of emitters required for a desired T 

P = power required for a desired T  

g0 = standard gravity 

r = magnitude of the satellite position vector with 

respect to the centre of the reference system 

h = magnitude of the satellite angular momentum 

θ = true anomaly 

μ = standard gravitational parameter  

ah = component of the perturbing acceleration along 

the h-axis 
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an = component of the perturbing acceleration 

 along the n-axis 

at = component of the perturbing acceleration along 

the t-axis 

ph = component of the perturbing acceleration along 

the h-axis due to the thrust action 

pn = component of the perturbing acceleration along 

the n-axis due to the thrust action 

pt = component of the perturbing acceleration along 

the t-axis due to the thrust action 

p = perturbing acceleration due to the thrust action 

sgn = sign function 

q/m = charge-to-mass ratio of charged particles 

emitted 

βn = fraction of current carried by nth species with 

respect the total current 

V = applied voltage  

Vem  = emitter voltage 

Vacc = accelerator voltage  

1U = 10 cm · 10cm · 10 cm 

ε = ratio of the charge-to-mass ratio of species 1 

over the charge-to-mass ratio of the species 2 

η0 = overall efficiency of the ejected beam  

ṁ = mass flow rate of the ejected beam 

Acronyms/Abbreviations 

ILIS  Ionic Liquid Ion Source 

SLS  Space Launch System 

RAAN  Right Ascension of the Ascending Node 

LLO  Low Lunar Orbit 

HiFiODyn  High-Fidelity Orbital Dynamics 

LP  Lunar Prospector 

LP165P  Lunar Prospector 165 x 165 spherical 

harmonic solution 

DE  Developmental Ephemeris 

EP  Electric Propulsion 

EMI-BF4 1-ethyl-3-methyl-imidazolium 

tetrafluoroborate 

PIR  Pure Ionic Regime 

1 Introduction 

CubeSat were born as a result of a project started in 

1999 to reduce cost of satellites by standardising its 

production, producing small satellites that can be injected 

in orbit as a piggyback or directly from the International 

Space Station. Since then the vast majority of CubeSat 

have flown without any propulsion system, even if the last 

decade has seen significant advances in the development of 

micro-propulsion systems. Indeed, new thruster systems 

are approaching flight demonstration, with some of them 

are already available in the market [1]-[4]. In particular, 

Electric Propulsion (EP) systems are good candidates for 

CubeSat missions requiring larger changing in velocity and 

which do not require fast impulsive manoeuvres [5]. 

Nevertheless, technologies like plasma thrusters suffer 

when scaled-down, with a consequent reduced lifetime and 

efficiency. Electrospray thrusters can though be easily 

miniaturised and yet still have high efficiency and specific 

impulse. This motivates the development of a new type of 

electric propulsion technology: ion electrospray propulsion 

[6]. 

Regarding ion electrospray propulsion technology, the 

physical processes that govern the beam composition of 

ionic liquids in a Ionic Liquid Ion Source (ILIS) is not well 

understood yet, resulting in ILIS’s at times producing ion, 

droplets, or a mixture of both. It is then important to rely 

on beam composition experimental data, especially given 

the large performance variation when ions are emitted (Isp 

~ 1000’s seconds) compared to droplets (Isp ~ 100’s 

seconds). Data of ILIS beam composition can be found in 

literature since the last few years; several research groups 

have in fact targeted high current density, passively fed 

ILIS’s which can provide 10’s of μN of thrust per cm2. 

Depending on the type and geometry of ILIS emitter 

structures, each emitter may support multiple emission 

sites and yield from 0.1 to > 5 μA of emission current per 

emitter [7]. The main parameters that drive the beam 

composition, and therefore the performance, of an 

electrospray propulsion system are the emitter size, the 

propellant liquid, and the emitter voltage. Moreover, 

Courtney and Shea have analysed the correlation between 

the reservoir pore size diameter and the beam composition, 

highlighting a strong influence of the back pressure (due to 

which the liquid enters the emitter) onto the beam 

composition [8]. Electrospray propulsion systems are now 

approaching the market for the first time, encouraging 

further research to optimise these systems. The first flight 

electrospray thruster was created by Busek Co. Inc. for the 
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Lisa Pathfinder mission launched on 3 December 2015 [9] 

and Busek are now developing further electrospray thruster 

systems; other electrospray propulsion units are also under 

development by Accion [3]. In addition, thanks to the 

renewed interest in the exploration of the Moon [18]-[22], 

electrospray propulsion technology could enhance the 

manoeuvre capability of nano-satellites; this is strongly 

desired especially for interplanetary mission. 

The first aim of this study is then to assess if an 

electrospray propulsion system is effective for station 

keeping orbits at the Moon for a future lunar mission with 

the constraints of a CubeSat. To investigate this possibility, 

an electrospray thruster model was created relying on 

experimental results available in literature [27],[28]. 

Useful information on the feasibility of such a propulsion 

system for 6U CubeSat to the Moon can be obtained. 

In the last decade the exploration of the Moon is again 

of interest, partly due to the presence of water but also 

because it represents an optimal test-bed for advanced 

CubeSat, both to analyse the ability of these nano satellites 

to perform a scientific mission and to validate new 

technologies [10]. Lunar orbits are extremely perturbed by 

the Moon’s gravity field and third body perturbations, 

therefore a propulsion system is required to stabilise the 

satellite’s dynamics. For Low Lunar Orbits (LLOs) lower 

than 750 km altitude the non-uniform gravity field of the 

Moon is the main driver of the orbit dynamics. Folta and 

Quinn studied low lunar frozen orbits [11], finding that, 

with an accurate modelling, orbital elements exhibit a 

pattern that can drive the overall mission design. A 

selection of stable lunar orbits can reduce or even eliminate 

the need for station keeping, while maintaining an orbit that 

allows science or communication and navigation. 

Moreover, they found that frozen orbits are all near circular 

(eccentricity < 0.05, while their altitude lies at about 100 

km altitude). Lara extended the study of these lunar frozen 

orbits using a more accurate model than previous works: a 

higher zonal degree truncation of the Moon gravity 

potential up to the 100th order, superimposed to the Earth 

mass-point attraction. The resulting diagrams allow the 

selection of low altitude near-circular lunar frozen orbits 

[12]. Perez studied the influence of the choice of initial 

Right Ascension of the Ascending Node (RAAN) and 

inclination and concluded that an analysis performed with 

high-fidelity orbital propagation is a fundamental asset for 

future lunar missions. In fact, a limited set of orbital 

parameters define boundaries between stable and unstable 

orbits [13]. The study of lunar orbits for a particular set of 

initial conditions, with high fidelity model, can then be 

useful to understand the dynamics behaviour of LLOs. 

The second aim or our work is then to define an 

operational orbit at the Moon such that Moon observation 

can be performed for an extended time. To study the 

stability of low-altitude operational orbits at the Moon, the 

maximum variation in orbital parameters for a set of low 

lunar quasi-circular polar orbits is calculated for both the 

case in which the satellite’s dynamics is free and the case 

in which an electrospray propulsion system is used to 

control the satellite’s dynamics. In this second case, the 

values of thrust and specific impulse are derived a simple 

electrospray propulsion system model taking into 

consideration CubeSat constraints. As a result, a discussion 

on the applicability of an electrospray propulsion system 

for a 6U CubeSat to the Moon is given. 

2 CubeSat orbital dynamics and control 

2.1 Orbital dynamics model 

The High-Fidelity Orbital Dynamics (HiFiODyn) suite 

developed at Politecnico di Milano can predict the orbital 

evolution of a satellite with high-fidelity dynamics. The 

HiFiODyn suite was developed within the FP7 EU 

framework in the Marie Sklódowska-Curie Actions [14]. It 

was originally designed together with a semi-analytical 

propagator PlanODyn for the long-term propagation of 

highly elliptical orbits and satellite disposal from such 
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orbits by enhancing the effect of natural perturbations [15]. 

HiFiODyn has been later extended to treat also medium 

Earth orbits, low Earth orbits [16], heliocentric orbits and 

Libration Point Orbits [17] and now the Moon’s Orbits 

with this work. With this tool, maps representative of the 

behaviour of LLO (approximately lower than 125 km 

altitude) in polar region were created. These maps are 

useful to understand the strong instability of such orbits, 

looking especially at the maximum variation of orbital 

parameters over a reference period of 70 days, which is a 

suitable duration of a CubeSat mission around the Moon 

[18]-[22]. The dynamics of the satellite is here studied 

assuming that the satellite is already injected in an orbit 

around the Moon, and considering as perturbing 

acceleration both the effect due to the non-uniform gravity 

field of the Moon and the third body effect of both the Earth 

and the Sun. In particular, a 100 degree 100 order LP165P 

(Lunar Prospector 165 x 165 spherical harmonic solution) 

was used as gravity model, while DE421 ephemerides were 

used to calculate the position of the Earth and the Sun with 

respect the Moon. LP165P still suffers by the lack of 

farside tracking [23]; however the Lunar Prospector (LP) 

models should accurately predict any circular orbit for 

inclinations greater than 80° [24], that is the case 

investigated in this paper (see Subsection 2.2). DE421 as 

ephemerides and LP165P as gravity model were chosen to 

assure a detailed description of the motion of a satellite 

orbiting around the Moon. 

2.2 Low lunar orbits 

The two-body equations of relative motion between 

two objects is based on the assumption that there are only 

two objects in space, and that they spherically symmetric 

gravitational fields are the only source of interactions 

between them. If this ideal case is considered, Keplerian 

orbits are then the solution of the two-body equations. This 

is clearly an ideal scenario; for real space other forces can 

influence the dynamics of the two-body problem; they are 

known as perturbations. 

For the discussion here presented, only the main 

perturbations acting on a body that orbits around the Moon 

were considered; they are due to the non-uniform gravity 

field of the Moon and the third body effect of both the Earth 

and the Sun [11],[29]. Solar radiation pressure is not 

considered in the work here presented. For lunaraltitudes 

lower than approximately 750 km a high order-high degree 

potential gravity model must be used to obtain a correct 

description of the motion; the lower the altitude the more 

detailed the gravity model has to be if a reliable orbital 

evolution is required. 

The perturbation due to the non-spherical shape of the 

Moon was integrated in the Gauss-planetary equations: 
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The perturbing acceleration  , ,t n ha a aa , expressed 

in the t-n-h body-fixed (i.e. fixed with the satellite) 

reference frame, can represent both the perturbing 

acceleration due to the effects of orbit perturbations, or the 

control acceleration of the electrospray given in Eq. (2). In 

this frame the t-axis is directed as the tangent to the motion 

of the satellite, the h-axis is in the direction of the angular 

momentum, and the n-axis is directed in the orbit plane, 

normal to the t-axis (inward). The set of equations (1) are 

numerically integrated to get the evolution of the orbital 
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elements in time. From there, maps representative of the 

stability of the orbit can be created. 

Among all the possible initial orbits that could be 

chosen for orbit evolution analysis, a frozen orbit was 

firstly studied. Indeed, selecting these orbits can reduce or 

even eliminate the need of station keeping due to their 

nature. Low lunar quasi-frozen orbits were considered. The 

assessment of maximum differences in Keplerian elements 

for both frozen orbits and non-frozen orbits, chosen in the 

neighbourhood of frozen orbit conditions, were calculated 

to meet the mission requirements. 

To locate frozen orbits inclination-eccentricity 

diagrams of frozen orbits were used; they are available in 

literature with different level of accuracy (see Refs. 

[11][12][29]). These diagrams, for a given semi-major axis 

and for a value of argument of perigee of 90° or 270°, give 

the value of eccentricity and inclination that provide the 

lunar frozen orbit condition. Three values of semi-major 

axis (required for the frozen orbit conditions) were then 

considered as initial conditions for the limited set of orbits 

analysed here, and are listed in Table 1.  

 

Table 1. Set of initial conditions chosen for the 

assessment of typical variation of low quasi-circular 

lunar polar orbits. 

Set name a0  [km] ω0  [deg] 

LLO 1 1863 270 

LLO 2  1838 270   

LLO 3   1813 270 

 

For these three values of initial semi major axis a0 and 

initial anomaly of the perigee ω0, eccentricity-inclination 

diagrams indicate that polar frozen orbits exist only for ω0 

= 270 deg and eccentricity that span from 0 to 0.06 as 

maximum. This region was then simulated for a range of 

initial inclinations within the range 85 < i < 95 degrees. 

More precisely, for these three prescribed set of initial 

conditions, the initial orbit inclination was varied between 

85 deg and 95 deg with step of 1 deg. The eccentricity 

instead was varied from the value of 0.01 to the value of 

0.045 in steps of 0.005 for the first two set of initial 

parameter in Table 1, and the same was done for the third 

orbit but with the upper value of eccentricity equal to 0.041 

instead of 0.045 to avoid an initial perigee radius lower 

than the Moon’s radius. Henceforth the first set of 

conditions in Table 1 will be referred as LLO 1, the second 

set as LLO 2 and the third one as LLO3. 

2.3 Station-keeping 

At the current stage of this work, as the optimal control 

problem for feedback stabilisation of a quasi-stable orbit 

has not yet been implemented, a pre-defined manoeuvre 

was implemented to maintain a stable initial inclination i0; 

the quasi-optimal law of Table 1 in Ref. [25], here reported, 

was selected to achieve this goal. 
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 , , ,, ,c c t c n c ha a aa  are the components of the control 

acceleration along the t, n, h-axis due to the thrust action, 

while ca  is the magnitude of the control acceleration, 

which is calculated from the constant thrust T and the 

variable mass of the spacecraft as will be shown in Eq. (3). 

This particular manoeuvre was implemented in the 

hypothesis that the electrospray propulsion system 

considered is always able to thrust in the optimal direction, 

i.e. along the h-axis with direction depending on the sign 

function of Eq. (2). The case here considered is then ideal 

because the electrospray propulsion system it is not able to 

performed any instantaneous thrust vectoring control. 

Nevertheless, this type of station-keeping is one of the most 

expensive in terms of propellant mass, that is a key 

parameter in the design of a CubeSat propulsion system, 

motivating this choice. 

 

EP typically increases the payload mass fraction when 

used as main propulsion with respect to the case of 
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chemical propulsion, reducing the propellant required to 

perform given orbital manoeuvres [25]. Nevertheless, EP 

systems have low thrust values with respect to chemical 

ones. If a precise control of the orbit is required and strong 

perturbation effects are present, the low thrust value makes 

EP systems unattractive for station-keeping. Then, if an 

electrospray propulsion system is used on a CubeSat for an 

orbit around the Moon, the low value of thrust could not be 

high enough to control the dynamics of the orbit. A low-

thrust manoeuvre law is then needed to explore this 

scenario. When low-thrust values, typical of electrospray 

propulsion system, are used to perform such a manoeuvre, 

the action of the thruster to the satellite’s dynamic can be 

considered as a perturbation acting on the satellite and so it 

can be integrated by means of Gauss-planetary equations 

(1). In this way, the ability of the thruster to counteract 

perturbation on the satellite’s dynamics can be assessed.  

The mass of the satellite was also considered as variable 

whose dynamics is reported in Eq. (3), and the resulting 

mass consumption is used to estimate, by means of the 

Tsiolkovsky’s rocket equation [30], the velocity increment 

corresponding to the performed manoeuvre. 

 
0sp

dm T
=

dt I g
   (3) 

The thrust value T is considered as constant during the  

entire manoeuvre. 

3 Electrospray system dimensioning 

No CubeSat have yet been launched to the Moon; 

various missions are though under development, and the 

system design of these can be fed into the constraints 

considered here. Power budget, mass and volume typical 

of these missions were used as constraints in the 

electrospray thruster model in order to guess maximum 

value of power consumption, number of emitters, thrust 

value and specific impulse of the electrospray propulsion 

system considered. 

3.1 Design constraints 

Based upon a survey of current lunar CubeSat missions 

a 6U CubeSat has enough volume to carry all the 

instrumentations necessary for a mission around the Moon. 

The 6U size was then chosen also for this study as the 

minimum CubeSat’s. Among the proposed CubeSat 

missions to the Moon, the Lunar Water Distribution 

(LwaDi) [26] mission, which mounts a μPPT propulsion 

system, was taken as reference to retrieve information 

related with subsystem allocation. According to [26], the 

constraints considered for the propulsion system are 1.5 kg 

as maximum wet mass, 40 W of power always available 

for the propulsion system, and 1.5 U of maximum volume. 

3.2 Electrospray propulsion system 

In its simplest form an electrospray propulsion system, 

represented in Fig. 1, is composed of: 

 an emitter in which the liquid is fed. Electrified 

particles are ejected from its apex; 

 an extraction electrode aligned with the emitter that 

provides the energy necessary for the emission of 

particles; 

 a reservoir connected with the emitter where a 

conductive liquid propellant is stored; 

 an additional accelerator electrode that further 

accelerates ejected species, allowing higher thrust and 

specific impulse. 

 

 
Fig. 1. Scheme of an electrospray propulsion system 

[31]. Accelerator is grounded. 



68th International Astronautical Congress, Adelaide, Australia. Copyright ©2017 by M. Benetti, C. Colombo, C. Ryan, 

Published by the IAF, with permission and released to the IAF to publish in all forms. 

 

IAC-16-A6.4.2 Page 7 of 15 

3.3 Electrospray thruster model 

A thruster model of an electrospray propulsion system 

was created relying mainly on experiment results presented 

in Ref. [27],[28]. In fact, the ILIS device is still under study 

at the University of Southampton and a thruster model 

should be created relying on further experimental results if 

a reliable thruster model is desired. By doing so, two 

feasible values of thrust and specific impulse (feasible with 

constraints of Subsection 3.1) were calculated from the 

electrospray thruster model and used in the manoeuvre 

discussed in Subsection 2.3: 0.3 mN and 1 mN as thrust 

and 1000 s and 4000 s as specific impulse. When EMI-BF4 

(1-ethyl-3-methyl-imidazolium tetrafluoroborate) is used 

as propellant, these two values of thrust can be reached 

both with a mixed-mode or a Purely Ionic Regime (PIR), 

but for specific impulses that differ by a great amount 

depending on the operative condition: mixed-mode is 

characterised by a lower specific impulse (1000 s) with 

respect the one of PIR (4000 s). In particular two ejected 

beams were considered, one representative of a typical 

mixed-mode and one of a PIR when the ionic liquid EMI-

BF4 is used as propellant [27][28]; they are summarised in 

Table 2. 

 

Table 2. Beam composition considered in the thruster 

model. Species 1 is, for both operative conditions, the 

monomer [EMI]+, while species 2 is represented by the 

dimer [EMI-BF4]][EMI]+  for the PIR and is 

represented by a typical droplet size for the mixed-

mode. PIR and mixed-mode differ also for the emitted 

current carried by the two species β. 

Case (q/m)1 

[C/kg] 

(q/m)2 

[C/kg] 

β1 β2 

PIR 8.679·105 3.121·105 0.5 0.5 

Mixed-mode 8.679·105 4.818·103 0.9 0.1 

 

 Values of charge-to-mass (q/m) ratio are calculated 

using the molar mass of molecules. β1, and as direct 

consequence β2, in Table 2, are instead a common value 

found experimentally [27],[28]. Other regimes are also 

possible, for example a PIR regime where only [EMI]+ 

composes the beam, or also a droplet mode where no ions 

are present in the ejected species; but as they are not easily 

observed in experiments they were not considered in the 

thruster model presented here. 

Accordingly to results presented in Ref. [28], using 

EMI-BF4 PIR is obtained for different values of emitter 

voltage, Vem (for the discussion here presented let the 

emitter voltage Vem  be the potential difference between the 

emitter and the extractor). Two values of the emitter 

voltage Vem, and then two of the emitter current Iem, for each 

regime considered (PIR and the mixed mode), are now 

assumed, accordingly to experimental results in Ref. [27]. 

One is representative of the minimum emitted current and 

the other of the maximum one for the regime under 

consideration. These four values are needed to model the 

possible performances of the electrospray propulsion 

system for the mixed regime and PIR considered. These 

values are listed in Table 3: "min" and "max" refer 

respectively to the minimum and maximum assumed 

emitter current Iem. Higher and lower values of Iem with 

respect to the one listed in Table 3 are also possible, 

depending on Vem but as conservative assumption, the 

highest and lowest values experimentally recorded were 

not here considered. 

 

Table 3. Maximum and minimum emitted current 

conditions assumed in this work. The 5 μA Iem value 

represent the minimum emitted current value 

considered while the 20 μA value represent the 

maximum one. 

Case Vem [V] Iem [μA] 

PIR min 2000 5 

PIR max 2200 20 

Mixed-mode min 1600 5 

Mixed-mode max 1900 20 

 

Furthermore, for these 4 cases, an accelerator voltage 

Vacc was also considered (let the accelerator voltage Vacc be 

the potential difference between the extractor and the 

accelerator now considered) and added to Vem. Vacc was 
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arbitrary varied from 0 V to 3000 V for the 4 cases under 

consideration in Table 3. Higher Vacc are also possible, but 

as it will be explained in Section 4.3, they might not be 

feasible with the power budget of a typical 6U CubeSat, 

depending on the thrust considered.  

In the hypothesis that only two species compose the 

ejected beam, as in this case, the specific impulse (let the 

specific impulse of the ejected beam be Isp-mix) can be 

calculated using equation [32]: 

 
 
 

1

1

11 1
sp mix spI = I

   

 
 

 

 
  (4) 

where Isp-1 is the specific impulse of the species with largest 

charge-to-mass ratio q m  of the charged particles emitted 

(EMI+ for the case here considered) and   is the ratio of 

the charge-to-mass ratio of species 1 over the charge-to-

mass ratio of the species 2. 1  is the fraction of current 

carried by nth species with respect the total current. Isp-1 

can be calculated using Eq. (5). 

 
1 0

10

1
2sp

q
I = V

g m


 
 
 

  (5) 

In Eq. (5), V is the applied voltage (defined as the 

potential difference between emitter and accelerator), q m  

is the charge to mass ratio of species 1, while 0  is the 

overall efficiency of the ejected beam, that is equal to one 

in an ideal case where no losses are present in the final 

energy content of the beam (for a discussion of efficiencies 

of an electrospray propulsion system the reader can refer to 

Ref. [33]). With Isp-mix known, the last parameter needed to 

calculate the thrust of the ejected beam is the mass flow 

rate m : 

 
   

1 2

1 2

em emI I
m= +

q m q m

 
  (6) 

The thrust obtained from one emitter emT  can then be 

calculated by means of Eq. (7): 

 0em sp mixT = mg I    (7) 

If a desired value of thrust T  is desired, the number of 

emitters required are easily calculated as T over Tem. The 

power P needed to obtain the desired T  is instead 

calculated as function of the number of emitters emN  by 

using em emP = I VN . 

4 Results 

4.1 Low Lunar Orbits 

Maximum difference of the altitude and the inclination 

parameter for LLO1, LLO2, and LLO3 in the region of 

inclination-eccentricity considered are presented in Fig. 2. 

Impact conditions with the Moon’s surface were observed 

for LLO2 and LLO3, considering as an impact the 

condition at which the altitude is equal to zero neglecting 

then Moon’s mountains. All these impacts are observed 

after 55 days and the initial conditions that drive to these 

impacts are listed in Table 4 and Table 5. 

 

Table 4. Impact and non-impact conditions for LLO2. 

The symbol “●” indicates that no impacts occur; the 

symbol “x” indicates that impact occur. 

e/i 85° 86° 87° 88° 89° 90° 91° 92° 93° 94° 95° 

0,010 ● ● ● ● ● ● ● ● ● ● ● 

0,015 ● ● ● ● ● ● ● ● ● ● ● 

0,020 ● ● ● ● ● ● ● ● ● ● ● 

0,025 ● ● ● ● ● ● ● ● ● ● ● 

0,030 ● ● ● ● ● ● ● ● ● ● ● 

0,035 ● ● ● ● ● ● x x ● ● ● 

0,040 ● ● ● ● ● x x x ● ● ● 

0,045 ● ● ● ● ● x x x ● ● ● 

 

Table 5. Impact and non-impact conditions for LLO3. 

The symbol “●” indicates that no impacts occur; the 

symbol “x” indicates that impact occur. 

e/i 85° 86° 87° 88° 89° 90° 91° 92° 93° 94° 95° 

0,010 ● ● ● ● x x x x x ● ● 

0,015 ● ● ● ● x x x x x ● ● 

0,020 ● ● ● ● x x x x x ● ● 

0,025 ● ● ● ● x x x x x ● ● 

0,030 ● ● ● ● x x x x x ● ● 

0,035 ● ● ● ● x x x x x ● ● 

0,040 x x x x x x x x x x x 

0,041 x x x x x x x x x x x 
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a) LLO1: maximum variations of altitude b) LLO1: maximum variations of inclination 

  

c) LLO2: maximum variations of altitude d) LLO2: maximum variations of inclination 



68th International Astronautical Congress, Adelaide, Australia. Copyright ©2017 by M. Benetti, C. Colombo, C. Ryan, 

Published by the IAF, with permission and released to the IAF to publish in all forms. 

 

IAC-16-A6.4.2 Page 10 of 15 

  

e) LLO3: maximum variations of altitude f) LLO3: maximum variations of inclination 

Fig. 2. Low Lunar Orbits: iso-lines representative of the maximum variations of the altitude and the inclination 

over a period of 70 days depending on the initial eccentricity e0 and the initial inclination i0 considered for (a) LLO1, 

(b) LLO2, and (c) LLO3. 

 

4.2 Station-keeping 

The ability of the electrospray propulsion system to 

control the satellite dynamics was evaluated for LLO 1 by 

recreating the same kind of maps of Fig. 2  considering the 

manoeuvre as active. Results of this new simulation are 

now presented in Fig. 3. 

 

 

  

a) Maximum variations of altitude with T = 0.3 mN b) Maximum variations of inclination with T = 0.3 mN 
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c) Maximum variations of altitude with T = 1 mN d) Maximum variations of inclination with T = 1 mN 

Fig. 3. LLO 1: iso-lines representative of maximum variations of the altitude and inclination over a period of 70 

days depending on the initial eccentricity e0 and inclination i0 considered with a thrust T of 0.3 mN and 1 mN. 

 

For these manoeuvres, the propellant mass mp was 

calculated by means of Eq. (3) with an initial mass m0 of 

12 kg. Results of mp  are shown in Table 6, where also the 

volume occupied by the propellant is shown, considering a 

density of EMI-BF4 of 1271 kg/m3 [34]. 

 

Table 6. Propellant mass consumption of the 

manoeuvres performed. 

mp [g] Vp 

[CubeSat 

Units] 

Vp [cm3] T [mN] Isp [s] 

184.954 0.235 U 235.077 0.3 1000 

46.509  0.059 U 59.113 0.3 4000 

616.514 0.784 U 783.589 1 1000 

157.190 0.200 U 199.788 1 4000 

4.3 Electrospray thruster model 

With respect to Subsection 3.3, results of the thruster 

model considered are now presented. In particular specific 

impulse, number of emitters and power required for 0.3 

mN and 1 mN of thrust considered in Table 6 are shown 

for both PIR and mixed-mode. In Fig. 4, Fig. 5 and Fig. 6, 

the coloured regions represent the operative conditions of 

the electrospray thruster considered. Regarding the 

constraints of mass/volume assumed so far, an electrospray 

propulsion system being in development at the University 

of Southampton will explore this scenario. 

 

 
Fig. 4. Thrust obtained from a single emitter. For this 

figure the top limits are obtained for the maximum 

emitted current Iem, while the bottom limits are 

obtained for the minimum Iem. The left and right limits 

are set by the minimum and maximum voltage V 

applied. 
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a) Required number of emitter Nem for T = 0.3 mN b) Required power for T = 0.3 mN 

Fig. 5. Number of emitter Nem and power required for 0.3 mN of thrust. (A) For this figure the top limits are 

obtained for the minimum emitted current Iem , while the bottom limits are obtained for the maximum Iem. (B) 

The red line is representative of the mixed-mode and blue line of PIR. Figure to the left represent the power 

required when the minimum Iem is obtained; figure to the right represent the required power P when the 

maximum Iem is obtained. 

 

 
 

a) Required number of emitter Nem for T = 1 mN b) Required power for T = 1 mN 

Fig. 6. Number of emitter Nem and power required for 1 mN of thrust. (A) For this figure the top limits are 

obtained for the minimum emitted current Iem , while the bottom limits are obtained for the maximum Iem. (B) 

The red line is representative of the mixed-mode and blue line of PIR. Figure to the left represent the power 

required when the minimum Iem is obtained; figure to the right represent the required power P when the 

maximum Iem is obtained. 
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5 Discussion 

5.1 Low Lunar Orbits 

Fig. 1 confirm that LLOs are extremely perturbed and 

station-keeping is needed to control the satellites orbital 

dynamics. This is also highlighted by looking at Table 4 

and Table 5. In fact, impacts occurred for some orbits just 

after 55 days; impacts are located between an initial 

inclination i0 of 89 deg and 93 deg. It can also be noted, by 

looking at these two tables, that impacts are more likely to 

occur for LLO3 because of a lower initial semi-major axis 

a0. Moreover, no symmetry exist in impact condition, with 

the prograde orbits seeming to be better candidates to avoid 

impacts with the Moon’s surface.  

5.2 Station-keeping 

The station-keeping performed is able to reduce 

maximum variations of the inclination and of the altitude 

as well (the reader is referred from Fig. 3). This is not 

straightforward because the manoeuvre implemented acts 

directly only on the inclination, and not on the altitude. 

This result suggests that the inclination is a key parameter 

in the control of low lunar quasi-circular polar orbits. An 

optimal control law will be implemented as a future work. 

5.3 Electrospray thruster model 

With a maximum of 40 W available for the propulsion 

system, that is a limit case nowadays, it is clear than the 

thrust value of 0.3  mN considered in the thruster model 

(see Subsection 3.3) can be enhanced to greater values (see 

Fig. 5) . In addition, a greater value of thrust can be desired 

to better counteract perturbations at the Moon. The power 

required for 1 mN of thrust is within maximum power 

available for the propulsion system and it was assumed as 

maximum thrust possible with constraints of power 

assumed. 

6 Conclusion 

With an accelerator electrode the electrospray 

propulsion technology gains also the feature of tailoring 

thrust, specific impulse and power consumption (see 

Subsection 4.3). This flexibility is a desirable property of 

any propulsion system.  

In parallel, LLO are of interest because of the vicinity 

with the Moon’s surface that could allow a more accurate 

exploration of the Moon; polar orbits are instead of interest 

because of presence of water. Because of that, low lunar 

quasi-circular polar orbits were studied and, thanks to the 

polar maps that were created, it has been understood that 

these kinds of orbits are extremely perturbed. Without a 

careful choice of the initial orbit or without a propulsion 

system able to maintain the initial orbit in time, the satellite 

might impact the Moon in few months. The stability of 

LLO was studied by representing maps showing the total 

variation of orbital elements over 70 days and varying 

eccentricity and inclination values for a limited set of 

orbital parameters. 
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