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Abstract—This article presents two equivalent electrical models
of electrospray thrusters verified with experimental data. The
first model presented in this article aims to improve the elec-
trospray thruster representation in HV-dc/dc converter’s steady-
state and closed feedback-loop response simulations since it is
one of the most critical subsystems of an electrospray propulsion
system. The proposed model, adapted from cold cathode fluo-
rescents lamps (CCFLs) models, is composed of basic electrical
elements (resistors, capacitors, and diodes), and it is implemented
in SIMULINK/MATLAB. The model parameters are extracted
from experimental data, and it is possible to export them to any
electrical simulation tool. The second model incorporates temper-
ature dependencies based on electrospray physics to predict the
thruster’s behavior within an experimental data set. The absolute
error between the experimental and simulated data is less than two
microamps for the nontemperature-dependent model and two and
five-tenths microamps for the temperature-dependent model in the
thruster’s operating range. Besides, the relative error is less than
4% for the nontemperature-dependent model and less than 8%
in the thruster’s operating range for the temperature-dependent
model. A comparison with previous models is quantified showing
that the models presented in this article are a better approximation,
validating the proposed models.

Index Terms—Electrospray thruster, equivalent model, exp-
erimental verification, I–V curve, nonlinear load, simulation,
temperature-dependent model.

I. INTRODUCTION

IN THE past few decades, the quick development of electric
propulsion systems has promoted big changes in related

industry fields. Electrospray thrusters are presented as a very
attractive alternative to traditional electrical propulsion systems.
Due to low efficiencies, large volumes, and thermal manage-
ment issues, existing propulsion technologies make adoption
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difficult. Electrospray propulsion systems, with their extremely
high efficiency at low power and compact form factor [1],
could unlock the mass incorporation of propulsion systems in
small satellites [2] (stimulated by technology miniaturization),
microsatellites, or nanosatellites platforms, enabling on-orbit
mobility for the spacecraft [3], [4].

Electrospray thrusters are commonly designed and tested
independently from flight electronics to reduce the possibility of
failure during the thruster development phase since achieving a
stable and repeatable thruster emission needs a long iterative pro-
cess still under research. This increases the design uncertainty
of the power stage. One of the key parts of the electronics design
is to develop highly accurate device models that guarantee the
accuracy required for both steady and transient states without
excessively increasing the model complexity [5].

In addition, the physical and analytical approaches, based
on exploiting the physical and geometric properties of the
electrospray thruster, together with the fact that the propulsion
system implies the combination of several subsystems [6], [7]
together (e.g. thruster, dc/dc converter, sensor, control unit...),
are difficult to select and optimize system’s operating parameters
by adopting conventional modeling and software simulation
tools.

The experimental I–V curves can be computed and used to
guide the development during the development of the HV-dc/dc
converters (specifically in topologies where the converter gain
is dependent on both output current and voltage), making it
an attractive choice for modeling and simulation instead of
assuming an equivalent load resistor. A precise control design
is mandatory to supply electrospray thrusters since the load
profile can vary dramatically during operation due to multiple
factors (e.g. temperature, thruster contamination, and aging).
The control stage shall include a wide stability margin and
soft-start techniques to avoid failures. In addition, a precise
representation at the operation point is needed to calculate the
converter’s efficiency.

This paper article presents a novel model of the electrical
behavior of an electrospray thruster. The model is verified with
experimental data using basic elements on MATLAB/Simulink
software with the possibility to export component parameters
to any electrical simulator. The model presented allows for de-
signing based on experimental data. In addition, the derivation of
the model to a novel temperature-dependent model is included.
By incorporating temperature as a variable, the model offers
enhanced predictive capabilities and opens new avenues for
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Fig. 1. Electrospray thruster working principle.

design optimization since thermal effects can be critical for an
accurate operation.

The rest of this article is organized as follows. Section II
provides a comprehensive overview of electrospray physics. In
Section III, existing models in the literature are reviewed and
a novel improved model is presented. The model verification
process with MATLAB/Simulink using experimental data from
the ATHENA-XM0 electrospray thruster, together with an error
analysis, is presented in Section IV. Section V examines the
impact of temperature variability on the behavior of electrospray
thrusters and presents a novel temperature-dependent model
based on how parameters vary with temperature in the elec-
trospray thrusters. In Section VI, the models presented in this
article are compared with previously published models using ex-
perimental data from the ATHENA-XM0 electrospray thruster
to validate their accuracy. Finally, Section VII concludes this
article with key findings and implications.

II. INTRODUCTION TO ELECTROSPRAY PHYSICS

Electrospray thrusters are based on the electrostatic extraction
and acceleration of particles from conductive liquids, predomi-
nantly ionic liquids (IL). IL are room-temperature molten salts
composed of chemically stable mixtures of positive and nega-
tive molecular ions [4]. Fig. 1 describes the physical working
principle. To be able to achieve the high electric fields needed
for electrospray emission, electrospray thrusters contain sharp
needle-like features that concentrate the electric field at their
tip. Since these needles are generally of the order of hundreds
of micrometers, and the individual emission and corresponding
thrust are very limited, these needles are multiplexed into arrays
(generally on a single square chip) called an emitter. An emitter
is combined with an extractor, which is another chip of similar
size with an array of apertures that are aligned with the needles
(or cones) of the emitter. The IL is fed to the emitter from below
and migrates to the tip of the needles by capillary forces. The
surface of the liquid is then deformed due to the electric field
and the balance of electrostatic and hydrostatic forces results in
the formation of a Taylor cone [8]; however, depending on the
conditions, this can also be a dome [9].

Electrospray thrusters can emit in both polarities. This allows
to reduce effects of spacecraft charging without an additional

neutralizer or cathode as needed in plasma-based propulsion
systems [10], and therefore in their power converters [11], [12].

The current versus voltage (I–V) curve describes the electrical
response of an electrospray thruster. This curve is nonlinear;
besides, the positive and negative emissions are asymmetrical.

The voltage value at which a capillary thruster starts emitting
current is referred to as startup voltage [13], given by V0 (1) and
depends on three factors: liquid’s surface tension (γ), emitter–
extractor distance (2), and cone radius (r). Below this voltage,
the surface tension forces counteract the electrostatic force not
allowing emission. ε0 corresponds to vacuum permittivity.

V0 ≈
√
γr

ε0
ln

(
2D

r

)
. (1)

The emitter current is controlled by the applied voltage and,
therefore, thrust (since the electric field accelerates ions to a
high-speed jet [14]). The velocity, u, of emitted ions, i particle,
(and specific impulse) vary with the square root of the applied
voltage, V , as shown in (2), where ξi is the specific charge of
the particle.

ui =
√

2ξiV . (2)

Equation (3), presented by Coffman [9] (X̂ as the normalized
value and X∗ as the reference value), is the expression for the
normalized current (Î = I/I∗) as a function of the normalized
electric field (Ê = Evn/E

∗) at pure ion emission regime for a
capillary emitter, where only ions are emitted as opposed to
only droplets or a mixture of ions and droplets.

Î =
1

Ê3

[
1 + χe

ψ

(
1−
√
Ê

)] . (3)

The dimensionless quantity, χ, is equal to the ratio of the
characteristic charge relaxation time and the characteristic emis-
sion time, and ψ is another dimensionless quantity generally of
the order of 40–80 [9]. The normalized electric field is directly
proportional to the applied voltage, scaled by some constant
depending on the emitter/extractor geometry.

This relationship captures empirical trends in at least a qualita-
tive way [9]. Nevertheless, in experimental work, it is found that
the I–V characteristics can be described by an approximation
to a simple exponential fit of the form of (4) [15], where I0
andN are fit constants. This approximation ease the analysis of
experimental data but is not a design model that can predict the
I–V characteristics [15].

I = I0(T )e

(
V

V0(T )

)N

. (4)

Equation (4) is similar to Shockley equation [16] for an ideal
diode and becomes the starting point of the model proposed in
this article.



12990 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 10, OCTOBER 2023

III. ELECTROSPRAY THRUSTER EQUIVALENT MODEL

A. Previous Approaches.

Electrical I–V response can be modeled with a current-
dependent behavioral current source as presented in (4) [15]
and as in (5) by Hicks [17].

The piecewise function is described in (5) for positive emis-
sion (the negative emission is obtained by simply inverting the
emitted current sign).

I(V ) =

⎧⎨
⎩AV

(
eB

√
V
)
, V ≤ V0

(V −V0)
2

m , V > V0.
(5)

At voltages lower than the start-up voltage (V0), the emission
behavior is approximated with an exponential relationship. On
the other hand, a quadratic approximation is used at voltages
higher than the start-up voltage. The approximations meet at
the start-up voltage and provide a smooth transition. The expo-
nential model is controlled by two parameters, A and B, which
relate to the activation energy of the process and other physical
constants, being a similar approximation compared with (4). The
emission behavior after the exponential field emission regime
can be approximated as a linear fit for each emission site. Two
parameters control the quadratic emission profile, the startup
voltage, V0, and a constant factor to control the steepness, m.

However, HV-dc/dc converters for electrospray thrusters pa-
pers, as [18], [19], [20], and [21], do not include an electrical
model for the load. The design is at the operation point with a
linear resistance (R) approximation. This approximation results
in (6), assuming that there is no emission before the start-up
voltage. It does not take into account either the nonlinear behav-
ior of the device or the complex physical processes underlying
the state change. An accurate load modeling becomes manda-
tory to properly operate the electrospray thruster, making the
approximation of (6) insufficient.

I(V ) =

{
0, V ≤ V0
V −V0

R , V > V0.
(6)

Digital control can overcome the limitations when combined
with a more accurate model, implementation of sophisticated
control laws, taking care of nonlinearities, parameter variations,
or construction tolerances using self-analysis and autotuning
strategies. Besides, it is also possible to modify the control
strategy, or even to reprogram it, without the need for significant
hardware modifications. The use of a digital control strategy
will present higher tolerance to signal noise and will be able to
overcome the aging effects or thermal drifts [22].

A better approximation is found in [23], where is modeled as
an electrical circuit with a voltage source in series with a diode
and a resistor, resulting in the following:

V = IR+
1

C2
ln(1 + I/C1). (7)

The constantsC1 andC2 depend on the parameters of the ex-
perimental setup and replace the saturation current and emission
coefficient of a diode. This constants vary with emitter geometry

Fig. 2. Proposed electrical equivalent circuit for the electrospray thruster.

and emitter-to-extractor separation distance, temperature, and
liquid’s properties [23].

B. Proposed Model.

Fig. 2 represents the model chosen to describe the I–V re-
sponse of the electrospray thruster. The presented model is
based on the equivalent cold cathode fluorescent lamp (CCFL)
electrical model circuit [24]. The model presented in this ar-
ticle is a novel contribution to the field of power electronics
in electrospray applications improving previous approaches by
updating the CCFL model for electrospray applications. Since
the electrospray thruster is not symmetrical, each polarity is
modeled by independent but equal components. Component
polarity actuation is clarified with a subindex as the way as XP

for positive and XN for negative (the model presented in [24]
for CCFL only includes one polarity).

The circuit’s scheme is constituted (per polarity) by the fol-
lowing.

1) Zener diode DZ: This represents the zero current region
when V < V0.
The Zener diode is governed by (8) [16]. V0 is the diode’s
breakdown voltage, in the model the start-up voltage. RZ
is a low parasitic resistance assumed to be less 1 mΩ and,
therefore, negligible.

VD,Z = V0 + IRZ ≈ V0. (8)

2) Diode D: This represents the exponential region.
The diode is governed by Schokley (9) [16]. IS is the
diode’s saturation current, which varies with temperature
in a regular diode. n is the emission coefficient, and its
value depends on the material and structure of the diode.

ID = IS

(
e

VD
nVT − 1

)
. (9)

VT (10) is the thermal voltage; here, k is Boltzmann’s
constant, T is the absolute temperature of the p-n junction,
and q is the magnitude of charge of an electron. The diode’s
reverse breakdown voltage is assumed to be infinite.

VT =
kT

q
. (10)

3) Resistor R: This represents the linear region.
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Fig. 3. ATHENA-XM0 thruster head. (a) Exploded view. (b) Experimental
assembly.

Electrospray thrusters emit current in the range of
10–1000 μA. Therefore, on the model,R is assumed to be
a large resistance of at least 100 kΩ.

4) Capacitor C: This represents the parasitic capacitance
generated by the thruster assembly.
Capacitance is calculated by biased parallel plate (11),
where ε0 is vacuum permittivity, d distance between
plates, and A is plate’s area.

C =
ε0A

d
. (11)

Measurements have shown that the capacitance is on the
order of tens of picofarads (experimental measurement
shows a value of 30 pF for the ATHENA-XM0 thruster
when determining the value that yields the closest-to-zero
emitted current (I) from the emitter voltage (V) in I −
C dV

dt = 0, while introducing a signal around 100 V lower
than V0. However, its influence is not critical since it will
act as an open circuit once it is charged.

Applying Kirchhoff’s second law to the series combination
of DZ , D, and R results in (12). This equation describes the
I–V response of the electrospray thruster model for positive
emission (the negative emission is obtained by simply inverting
the emitted current sign).

V = V0 +RI + nVT ln(1 + I/IS). (12)

The equation shall be solved for the positive and the negative
components with an iterative approximation method to obtain
the parameter values of the components since it is not possible
to solve them directly. As the model is just composed of basic
elements, it is possible to export it to any electrical simulation
tool.

IV. EXPERIMENTAL VERIFICATION OF PRESENTED MODEL

USING MATLAB/SIMULINK

A. Experimental Setup

Experimental curves have been used to verify the proposed
model. The waveforms belong to IENAI Space ATHENA-XM0
electrospray thruster [see Fig. 3(b)], composed by an externally
wetted emitter array of 101 micro cones with a nanotexturiza-
tion, which also has been published in [25]. The thruster has been
excited with triangular waveforms from −1300 to 1300 V at
temperatures of 30◦C, 40◦C, and 50◦C [being this the thruster’s

Fig. 4. ATHENA-XM0 I–V experimental curves.

temperature range for the experimental setup of Fig. 3(b) due to
assembly materials constraints]. Every test has been conducted
at a consistent propellant temperature, which is regulated by
a heater with a control loop with an error tolerance of 0.1◦C.
Emission tests have confirmed that this electrospray thruster
exhibits stable emitted current within the specified voltage and
temperature range. The thruster is designed to operate in the
pure ionic regime, which means that voltages below 1000 V
should not be applied during regular operation. Hence, the
ATHENA-XM0 has an operational voltage range of 1000 to
1400 V and −1000 to −1400 V for positive and negative
polarities, respectively. Applying voltages above 1400 V could
damage the emitter due to emitter–extractor distance constraints.
Moreover, the propellant temperature affects the thruster’s op-
erational response [25]. The IL used in this work is 1-ethyl-
3-methyl-imidazolium bis(trifluoromethylsulfonyl)imide, also
known as EMIM-Im in the literature. The experimental I–V
curves, depicted in Fig. 4, reveal that the emitted current varies
depending on the temperature.

B. Parameter Extraction

Simulation component parameters are extracted by fitting
a nonlinear-least-squares approximation method to the curves
presented in Fig. 4. Using the least absolute residuals (LAR)
method shows a better goodness-of-fit, minimizing the absolute
difference of the residuals rather than the squared differences
of the bisquare method. Consequently, extreme values, such as
undesirable spikes, have a lesser influence on the fit. In addition,
the trust-region algorithm has been selected.

Tables I–III include extracted values for each experimental
data set (Test30◦C, Test40◦C, and Test50◦C, respectively) where
the approximation method has been computed for both polari-
ties.

The increase in temperature leads to a clear increase in the
emitted current, as the conductivity of the liquid rises [25].
The asymmetry in the emitted current arises due to the distinct
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TABLE I
TEST30◦C—EXTRACTED COMPONENT VALUES

TABLE II
TEST40◦C—EXTRACTED COMPONENT VALUES

TABLE III
TEST50◦C—EXTRACTED COMPONENT VALUES

Fig. 5. Electrospray thruster electrical equivalent circuit—Simulink Sch.

mobility of negative and positive particles, resulting from their
disparate masses [25]. The evolution of all parameters as a
function of temperature follows the expected trend, except for
RP , which does not exhibit the same behavior. In addition, due to
the disparate of masses,RN is strongly affected by temperature
compared with RP .

C. Simulation and Error Analysis

Fig. 5 illustrates the circuit for simulation constituted by the
following.

1) Electrospray thruster model with SIMSCAPE elements
based on Fig. 2.

2) Vin: experimental voltage data array input as a counter
from the minimum to the maximum voltage.

3) Voltage-controlled source that replicates Vin array.
4) Voltage and current sensors.

Fig. 6. Athena-XM0 curves (emission area): real versus simulated. (a) P–V
(dBm-V). (b) I–V (µA-V).

5) Scopes to export simulation data to workspace through
physical-to-Simulink signal converter block.

The deviation between simulated and experimental curves in
terms of emitted power is shown in Fig. 6(a). It can be assumed
that the thruster is operating above 1 mW; therefore, the curves
have been expressed in decibels per milliwatt (dBm) to ease the
comparison of the curves (0 dBm = 1 mW), and to identify
trends. On the other hand, a detailed view of the compared I–V
curves is shown in Fig. 6(b) for positive-emission and negative-
emission areas, respectively. It can be clearly seen that simulated
curves are close to real ones in the full range of experimental
input data. Nonemission area has been omitted since its value is
zero for both real and simulated curves.

In addition, the absolute and relative current error graphs
between simulated and experimental curves are shown in Fig. 7.

To operate the electrospray thruster, a soft start is needed in
the power converter to prevent excessive inrush current from
flowing into the thruster and to avoid damage to the emitter. A
sudden increase in current can cause electromechanical stress on
the emitter, which can disrupt the ionization process and affect
thruster performance. A soft-start ensures a gradual increase
in the voltage to the thruster, reducing the risk of damage to
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Fig. 7. Computed current error curves for Athena-XM0 experimental curves. (a) Absolute error. (b) Relative error.

the emitter electrodes and improving the overall stability and
performance of the thruster system. ATHENA-XM0 should
operate in the voltage range of 1000 to 1400 V and −1000 to
−1400 V for positive and negative polarities, respectively, for
device stability. The accuracy of the current sensor is ≈ 1μA.

Therefore, the range of error in Fig. 7 is |900− 1400|V con-
sidering |900|V as the initial voltage value in regular operation,
which will be increased to the nominal operating point.

For the experimental data presented in this article, the model
presents less than 4% error in the full range shown in Fig. 7(b). In
addition, the model absolute error is always below 2 μA, which
is a very low quantity of error considering a sensing accuracy of
1μ.

The adequacy and accuracy of the model structure and
LAR fitting procedure have been demonstrated to represent the
I–V curve effectively. To introduce the model parameters within
the working range, a lookup table is assumed to be utilized in
the simulation. A comparison with the models presented in the
literature is included in Section VI.

V. BEHAVIOR PREDICTIONS: TEMPERATURE-DEPENDENT

MODEL

Thruster behavior variations occur during the system’s life-
time due to electrochemical degradation. Furthermore, extractor
contamination can produce arcs, which generate an overcur-
rent state and modify the steady-state operation. In addition,
aspects such as aging, spacecraft charging, emitter degradation
due to the IL properties, and temperature (as presented in
this paper) affect the I–V curve of the electrospray thruster.
Therefore, the design of the control stage shall consider the
nonlinear and time-variable thruster performance, not only at
the operation point but including the start-up and full dynamic
range.

It is not possible to fully characterize a thruster over
thousands of operating conditions; therefore, the capability
to predict operating points from simulations based on lim-
ited experimental data becomes increasingly important. This
section shows how the model is adapted to predict the

TABLE IV
PROPERTIES OF ATHENA-XM0 WITH 1-ETHYL-3-METHYL-IMIDAZOLIUM

BIS(TRIFLUOROMETHYLSULFONYL)IMIDE AT DIFFERENT TEMPERATURES

thruster operation variations based on experimental curves
at different temperatures originating a temperature-dependent
model.

Equation (12) includes operating temperature with VT term
where the temperature of the equivalent diode can be included
but the approximation of n corrects any divergence to the best
approximation possible. Therefore (12) has been adapted to
include the operating temperature of the electrospray thruster.
The electrospray thruster parameters that are temperature de-
pendent and affect the I–V curve are [25]: viscosity (μ), surface
tension (γ), and start-up voltage (V0). The different values of
each parameter for previous experimental curves have been
included in Table IV. Start-up voltage has been defined as the
point where the emitted current is above 1 μA and has been
extracted experimentally. On the other hand, the parameters that
depend on liquid properties have been obtained from [26], [27],
and [28] in the 20 ◦C–60 ◦C range.

Equation (1) [29] approximates the start-up voltage for an
electrospray thruster. This equation is governed by constants
determined by the thruster geometry (explained in detail in [29],
whereD is the distance between the emitter to the extractor and
r is the cone radius) except for the surface tension (γ). Hence,
V0(T ) can be approximated by

√
C1 + C2 T into the electrical

model (in the Zener component), as shown in Fig. 8, based on
the experimental data included on Table IV.

A regular resistor vary with temperature as R = R0(1 +
ΔT )[16]. However, the resistance of an electrospray emitter
depends on the liquid’s viscosity. Slotte (13) [30] is used in
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Fig. 8. Experimental setup start-up voltage versus temperature approxima-
tions, V0(T ).

Fig. 9. Experimental setup viscosity versus temperature approximation.

numerical approximations for relating the viscosity with tem-
perature.

μ ≈ C3

(C4 + T )C5
. (13)

The resistance can be approximated by fitting the behavior of
the viscosity with Slotte equation, as shown in Fig. 9.

The emission coefficient of a diode, n, multiplied by the
voltage produced within the p-n junction due to the action of
temperature, VT , can be approximated by C6 T . As well as as-
sumed in [16], since the saturation current varies proportionally
with the temperature for a regular diode, the assumption that
it varies in the electrospray thruster electrical model has been
adopted as IS(T ) = 1

C7+C8 T
.

Given these points, the expression of the I–V response with
temperature dependency of the electrospray thruster for the
electrical model is presented in (14), where C1 − C8 are the

Fig. 10. Temperature-dependent surface extracted for ATHENA-XM0 from
30 ◦C to 50 ◦C, 303.15 to 323.15 K, for positive polarity.

fitting constants.

V =
√
C1 + C2 T +

C3

(C4 + T )C5
· I

+ C6T ln (1 + (C7 + C8 T )I) (14)

where the electrical model is represented as follows:
1) Zener V0 =

√
C1 + C2 T (V );

2) R = C3/(C4 + T )C5 (Ω);
3) n = C6 T/VT ;
4) IS = 1/(C7 + C8 T ) (A).

A. Parameter Extraction for Temperature-Dependent Model

Such as in the previous section, the simulation component
parameters are extracted by fitting a nonlinear-least-squares
approximation method. Contrary to the previous case, the fitting
includes all experimental curves to create a surface that allows
making predictions based on operating temperature. This surface
is shown in Fig. 10 for positive polarity (negative polarity is
achieved by computing the algorithm again inverting the sign).

Table V includes extracted constants for the generated sur-
face, where the approximation method has been computed for
both polarities.

B. Simulation and Error Analysis for Temperature-Dependent
Model

The model has been verified with the same procedure as the
nontemperature-dependent model using the simulation circuit
of Fig. 5.

Fig. 11 compares the I–V characteristics of the electrospray
thruster. It can be observed that simulated curves are close to real
ones in the full range of experimental input data. No emission
area has been omitted in the figure since it is zero in both
simulated and experimental curves.

In addition, the absolute and relative emitted current error
graphs between simulated and experimental curves are shown
in Fig. 12.
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TABLE V
TEMPERATURE DEPENDENT MODEL EXTRACTED CONSTANTS FOR ATHENA-XM0 FROM 30 ◦C TO 50 ◦C

TABLE VI
COMPARISON OF PRESENTED MODELS VERSUS MODELS FROM LITERATURE WITH EXPERIMENTAL DATA TEST40◦C

Fig. 11. Athena-XM0 I–V curves (emission area): real versus simulated (T).

In this case, the error is slightly higher compared with the
approximation of a single curve at a fixed temperature. This
effect is coherent since it is a 3-D object and has more complexity
and variation than a 1-D curve. The surface approximation
benefits from a larger set of data points to capture all its variations
and complexities. However, as observed in Fig. 12, the model
absolute error is always below 2.75 μA and below 8% relative
error in the operating range of 1000 to 1400 V and −1000 to
−1400 V.

Therefore, based on the results, it has also been verified
that the temperature-dependent model presented in this sec-
tion represents accurately the real current–voltage behavior of
an electrospray thruster with temperature dependency. Conse-
quently, this model allows for predicting the behavior within
the approximated surface. The extracted parameters from the
experimental data can be easily stored in a lookup table and
be selected depending on the desired simulation conditions.

Fig. 12. Computed current error curves for Athena-XM0 experimental curves
with the temperature dependent model. (a) Absolute error. (b) Relative error.
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TABLE VII
TEST40◦C—EXTRACTED COMPONENT VALUES FOR THE RESISTOR ABOVE

START-UP VOLTAGE MODEL OF [18], [19], [20], AND[21]

TABLE VIII
TEST40◦C—EXTRACTED COMPONENT VALUES FOR RESISTOR+DIODE MODEL

OF [23]

TABLE IX
TEST40◦C—EXTRACTED COMPONENT VALUES FOR THE EXPONENTIAL

FUNCTION MODEL OF [15]

TABLE X
TEST40◦C—EXTRACTED COMPONENT VALUES FOR THE PIECEWISE FUNCTION

MODEL OF [17]

A comparison of the models presented in this study with the
models presented in the literature is included in Section VI.

VI. EXPERIMENTAL COMPARISON OF PRESENTED MODELS

VERSUS PREVIOUS MODELS FROM LITERATURE

The objective of this section is to analyze and evalu-
ate the behavior of the models presented in this article, the
nontemperature-dependent and temperature-dependent models,
in comparison to existing models in the literature, as described in
Section III-A computing the Test40◦C experimental data array.
The values obtained by fitting this experimental curve to each
model are given in Tables VII -X.

Table VI presents the comparison between the novel models
presented in this article and models from the literature, including
which components are needed to export the model to an electrical
simulator, the model equation, literature reference, and error
data. This table provides a clear and concise comparison of
the models, where the models presented in this article offer
better performance in terms of absolute and relative error and,
therefore, are a significant contribution to the field.

Fig. 13. Experimental I–V curve from Test40◦C versus computed simulation
models.

Fig. 14. Current error curves for Test40◦C for the computed simulation
models. (a) Absolute error. (b) Relative error.

Fig. 13 shows all the simulated I–V curves over the experi-
mental data array while Fig. 14 includes the error plots for the
models listed in Table VI.

As can be observed from the figures, Model C, which is based
on an approximation through a resistor within the operation
range, exhibits the poorest performance, as it fails to capture the
nonlinearity inherent in electrospray thrusters. Model D, which
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is based on a diode in series with a resistor, improves upon
Model C by incorporating nonlinearity, but it still lags behind
the models presented in this article. Model E, which uses a
mathematical approximation within a behavioral current source,
shows improved performance relative to Model D, but it is still
limited by the approximations used. Model F, which is also based
on a behavioral current source, offers improved performance but
is not straightforward to extract the approximation parameters.

In contrast, the models presented in this article (Model A
and Model B) offer the best performance, as demonstrated by
their close agreement with the experimental data, as shown in
Table VI. In addition, these results validates the temperature-
dependent model presented in this article, which can predict the
temperature behavior of the electrospray thruster based on a set
of experimental input data.

VII. CONCLUSION

In this article, a comprehensive implementation of the elec-
trical model for an electrospray thruster using basic electronic
elements is presented. The model accurately captures the non-
linear and nonsymmetric behavior of the thruster across the
minimum negative voltage to the maximum positive voltage ap-
plied to the thruster. The model parameters were extracted from
the experimental data and validated through simulated curves,
demonstrating its ability to accurately describe the behavior of
the thruster. The model has been implemented using Simulink,
but it is also capable of being used with any electrical simulator.

This implementation represents a significant contribution to
the field, as it provides an improved means of conducting elec-
trical simulations related to electrospray thrusters, improving
load representation in the simulations of the power converters
that supply the thrusters. In addition, the model could also be
extrapolated in future works to mission analysis tools enabling
quick exploration of a wide design space for the propulsion
system [31] itself, its requirements, and the impact on the
other subsystems and operations (e.g., increasing the fidelity
in variable-ISP analysis [32]).

Furthermore, a novel temperature-dependent model is de-
rived. A set of experimental data can be used to predict in-
termediate operation points. On the one hand, if a dataset of
experimental curves is available, it would be advantageous to
apply a temperature-dependent model to predict intermediate
curves. On the other hand, if only a single curve is presented,
the most appropriate model would be a nontemperature model.

Eventually, the models presented in this article have been
compared with existing models in the literature using the same
experimental input data and have been shown to provide a supe-
rior approximation since the absolute error compared with the
best literature approximation is in the order of one microampere
(which is an improvement of ≈ 26% of percent error difference
when compared) and is in the order of 1% of relative error
(which is an improvement of 60% of percent error difference
when compared).

The use of these models allows to store the extracted param-
eters from experimental data in a lookup table to be selected
based on the desired simulation conditions. This approach is

commonly used in a variety of fields to accurately model com-
plex systems and make predictions that inform further experi-
mentation.

Future work on this model will focus on incorporating ad-
ditional factors that also affect the behavior of electrospray
thrusters, such as arcs caused by extractor contamination, aging,
spacecraft charging, and emitter degradation due to IL proper-
ties. This will allow for a more complete and accurate repre-
sentation of the behavior of electrospray thrusters for lifetime
simulations.
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