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The electric sail is an innovative concept for spacecraft propulsion,
which can generate continuous thrust without propellant by reflect-
ing solar wind ions. In previous studies, the thrust of an electric sail is
described by a classical model that neglects the effects of the electric
sail attitude on the propulsive thrust modulus and direction. This pa-
per reappraised the performance of the electric sail in the Vesta and
Ceres exploration mission with an advanced thrust model that con-
siders the effect of the spacecraft attitude on both the thrust modulus
and direction. By using a hybrid optimization method, the trajec-
tory optimization of the electric-sail-based spacecraft from earth to
Vesta and Ceres is implemented in an optimization framework. Nu-
merical results show that the minimal flight time with the advanced
thrust model is longer than that with the classical model. The differ-
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ence in performance between the classical and advanced models is
attributable to overestimation of the maximum thrust cone angle and
the thrust modulus by the classical model.

I. INTRODUCTION

The electric solar wind sail (electric sail for short) is
an innovative concept for spacecraft propulsion that was
first proposed in 2004 [1]. AS shown in Fig. 1, the electric
sail consists of thin centrifugally stretched tethers charged
by an onboard electron gun. Through the interaction of the
artificial electric field generated by the tethers, the elec-
tric sail deflects proton flow in solar winds to generate a
propulsive thrust. Similar to solar sails, electric sails can
produce continuous thrust without the need for propellant.
However, unlike solar sails, electric sails are propelled by
the solar wind dynamic pressure instead of the solar photon
momentum. Over the years, the electric sail concept has
been investigated by means of laboratory tests and plasma-
dynamic simulations [2]–[4]. A prototype of an electric sail,
called Aalto-1 CubeSat [5], [6], was launched into low earth
orbit (LEO) on June 23,2017. At present, the readiness of
the plasma brake has been confirmed in the Aalto-1 mis-
sion, and it will be used near the end of the mission when
deorbiting of the satellite starts later in 2018.

The electric sail has received increased interest in the
past years. In particular, much effort has been devoted to
the study of a mathematical model that can accurately es-
timate the propulsive acceleration of the electric sail and is
sufficiently simple to be used within a preliminary mission
analysis. Over the years, the mathematical thrust model of
the electric sail has undergone important changes. From
a historical viewpoint, Janhunen and Sandroos [7] first
proposed a thrust model in 2007. Their proposed model
provides a purely radial thrust that varies with the Sun–
spacecraft distance as r7/6. Based on this, Mengali et al. [8]
proposed a mathematical model for the propulsive thrust
that takes into account the possibility of generating an off-
radial propulsive acceleration. The off-radial component of
the propulsive acceleration can be obtained by changing the
pitch angle αn, which is defined as the angle between the
radial direction and that of a unit vector normal to the plane
in the direction opposite to the sun. A maximum thrust
cone angle αmax of approximately 30°–35° was assumed in
order to prevent possible occurrence of mechanical instabil-
ities of the electric sail associated with a high value of the
sail pitch angle (i.e., αn greater than approximately 60°–
70°). Using more advanced plasma dynamic simulations,
Janhunen showed that the variation of the propulsive ac-
celeration modulus is inversely proportional to the distance
from the sun [9], [10].

In the earlier reports, the effects of the attitude of the
electric sail on the propulsive thrust modulus and direction
were neglected. The thrust modulus was assumed to be in-
variable with the change in the pitch angle, and the thrust
cone angle was assumed to be approximately equal to one-
half of the pitch angle. Obviously, the above models are not
accurate enough to describe the thrust vector of an electric
sail for current mission analysis. In our previous research

2796 IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. 55, NO. 6 DECEMBER 2019

https://orcid.org/0000-0003-4386-0679
https://orcid.org/0000-0001-9644-9459
https://orcid.org/0000-0003-0401-5616


Fig. 1. Conceptual sketch of an electric sail.

[11], a mathematical model characterizing the propulsive
thrust of the electric sail was described as a function of the
orbital radius and three Euler angles. However, the influ-
ence of pitch angle on thrust modulus and thrust cone angle
was not discussed. With the aid of recent numerical and
experimental data, Yamaguchi and Yamakawa proposed an
advanced thrust model of the electric sail in the form of
polynomial fitting [12]. In this advanced thrust model, the
thrust modulus and thrust cone angle were described as
polynomial functions of the pitch angle based on numer-
ical and experimental data. Using the polynomial fitting
model proposed by Yamaguchi and Yamakawa, Mengali
and Quarta [13] obtained a series of minimum-time tra-
jectories of the electric sail for a classical circle-to-circle
coplanar heliocentric orbit transfer to review the different
thrust models. Furthermore, an advanced thrust model of
the electric sail in analytical form was introduced in [14].
This model considered the effect of the spacecraft attitude
on both the thrust modulus and direction.

In this paper, direct comparisons of the classical thrust
model [9], [10], polynomial-fitting thrust model [12], and
analytical thrust model [14] are made, in order to reanalyze
the propulsion performance of the electric sail. In addition,
an interesting mission scenario—specifically, a tour from
earth to Vesta and Ceres—is analyzed to discuss the possi-
bility of using electric sails in this mission scenario. Vesta
and Ceres were chosen as two contrasting protoplanets, the
former is apparently “dry” (i.e., rocky) whereas the latter is
“wet” (i.e., icy). Exploration of Vesta and Ceres can provide
a bridge in scientific understanding between the formation
of rocky planets and icy bodies, which is of great signifi-
cance when considering the formation of the solar system.
This selected mission scenario is similar to Dawn [15],
which is a space probe launched by NASA in September
2007. Dawn is the first spacecraft to orbit two extrater-
restrial bodies, the first spacecraft to visit either Vesta or
Ceres, and the first to visit a dwarf planet, arriving at Ceres
in March 2015. Dawn entered Vesta orbit on July 16, 2011
and completed approximately a one-year survey mission
before leaving for Ceres in 2012. Dawn entered Ceres orbit

Fig. 2. Orbital reference frame and heliocentric-ecliptic frame.

on March 6, 2015 [16], and is predicted to remain in orbit
perpetually after concluding its mission.

In this paper, this mission scenario is analyzed within
an optimal framework by using a hybrid direct optimization
method [17], which combines a genetic algorithm (GA) and
the Gauss pseudospectral method (GPM) [18]. The GA is
used to conduct a random search within the space of feasi-
ble solutions and provide a reasonable initial guess for the
state and control histories used in nonlinear programming
(NLP) problems, which is transcribed from the continuous
optimal control problem by using GPM. This hybrid opti-
mization method is capable of searching the feasible and
optimal solutions space without any initial value guess. This
feature is ideal for the trajectory optimization problem in
this mission scenario, for which there is generally no prior
knowledge of the initial time and state vector. A detailed
description of the hybrid algorithm can be found in [17].

The remainder of the paper is organized as follows.
Section II compares the classical thrust model, polynomial-
fitting thrust model, and analytical thrust model. Section III
describes the trajectory problem of the mission scenario
from earth to Vesta and Ceres with the analytical thrust
model. Section IV presents numerical results within an op-
timal framework, and these results are used to reanalyze
the propulsion performance of the electric sail. Section V
presents concluding remarks.

II. COMPARISON OF THRUST MODELS OF ELECTRIC
SAIL

A. Reference Frames

To describe the thrust model and the orbit dynamics of
the electric sail, the orbital reference frame ooxoyozo and the
heliocentric-ecliptic inertial frame oixiyizi are introduced
as illustrated in Fig. 2. The origin oo of the orbital frame
is defined at the center-of-mass of the electric-sail-based
spacecraft. The zo-axis is defined along the sun-spacecraft
direction, which coincides with the approximate direction
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Fig. 3. Pitch angle αn and clock angle δ.

of propagation of the solar wind. The yo-axis is perpendic-
ular to the zo-axis and the normal of the ecliptic plane, and
the xo-axis forms a right-handed triad. The heliocentric-
ecliptic inertial frame is defined as follows. The origin oi is
defined at the center-of-mass of the sun, and the xi-axis is
defined in the direction of the sun equinox. The zi-axis is
along the normal of the ecliptic plane and the direct north
ecliptic pole. The yi-axis forms a right-handed system.

In the preliminary mission analysis of the electric sail,
the vector of thrust acceleration is usually described by the
pitch angle αn and clock angle δ [13]. As shown in Fig. 3,
the pitch angle αn ∈ [0, π ] is the sail nominal plane’s incli-
nation angle, and the clock angle δ ∈ [0, 2π] is the angle
between the xo-axis and the component vector of thrust in
the ooxoyo plane. The thrust cone angle α is defined as the
angle between the direction vector of thrust acceleration
and the direction vector of solar wind velocity (zo-axis).

B. Classical Thrust Model

As illustrated in Fig. 3, the vector of the electric
sail propulsive acceleration in the orbital reference frame
ooxoyozo can be given as

a = acτγ
( r⊕

r

)
⎡
⎢⎣

sin α cos δ

sin α sin δ

cos α

⎤
⎥⎦ (1)

where r is the distance between the sun and the spacecraft,
and r⊕ is the average distance between the sun and the
earth, and ac is the characteristic acceleration of the electric
sail, which is the maximum acceleration when the sun-
spacecraft distance r = r⊕ and the direction of solar wind
velocity are perpendicular to the sail plane αn = 0◦. τ ∈
[0, 1] is the thrust coefficient, which can be adjusted by an
electron gun. γ ∈ [0, 1] is the dimensionless acceleration,
defined in [12] and [13], which is used to characterize the
effect of sail attitude on the modulus of thrust acceleration.

In the classical model, the effects of the electric sail
attitude on the propulsive thrust modulus and direction are
neglected—the thrust modulus is assumed to be invariable
with varying attitude, and the thrust cone angle is assumed
to be approximately equal to one-half of the pitch angle. The

TABLE 1
Interpolation Coefficients of Thrust Parameters

thrust cone angle αcla and the dimensionless acceleration
γcla in the classical thrust model are defined as

αcla = αn/2 (2)

γcla = 1. (3)

C. Polynomial Fitting Thrust Model

For the sake of completeness, the polynomial-fitting
thrust model of the electric sail obtained in [12] and [13] is
illustrated in this section. With the aid of recent numerical
and experimental data, the thrust cone angle α and the
dimensionless acceleration γ can be written as polynomial
fitting functions of the pitch angle αn as follows:

αpol = b6α
6
n + b5α

5
n + b4α

4
n + b3α

3
n + b2α

2
n + b1αn + b0

(4)

γpol = c6α
6
n + c5α

5
n + c4α

4
n + c3α

3
n + c2α

2
n + c1αn + c0

(5)

where the coefficients bk with k = 0, 1, . . . , 6 and ck with,
k = 0, 1, . . . , 6 are given in Table 1.

D. Analytical Thrust Model

As discussed in our recent research [14], an analytical
thrust model of the electric sail is proposed, which gives
a compact vectorial description of the propulsive acceler-
ation of the electric sail. In the analytic thrust model, the
propulsive acceleration of the electric sail takes into account
the thrust contribution generated by a single tether. Further,
αana and γana can be written as the analytical functions of
the pitch angle αn

αana = cos−1 cos2 αn + 1√
3cos2 αn + 1

(6)

γana = 1

2

√
3cos2 αn + 1. (7)

E. Comparison of Thrust Cone Angle

To reanalyze the propulsion performance of the elec-
tric sail, direct comparisons of the classical thrust model,
polynomial-fitting thrust model, and analytical thrust model
are implemented in this section. As shown in Fig. 4, the vari-
ation of the thrust cone angles α described in the analytical
advanced thrust model and in the polynomial-fitting ad-
vanced thrust model are in perfect agreement. This can be
seen as a mutual corroboration between the two advanced
thrust models (polynomial-fitting thrust model and analyt-
ical thrust model). Compared to the classical thrust model,
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Fig. 4. Comparison of thrust cone angle α.

Fig. 5. Comparison of dimensionless accelerations.

the linear variation of the thrust cone angle in the advanced
thrust models with the pitch angle in the form α � αn/2 is
in good agreement with the classical model until αn ≤ 20◦.
When αn > 20◦, the functions α = α(αn) in the advanced
thrust model have a marked nonlinear behavior. It reaches
a maximum value αmax = 19.47◦ at αn = 54.75◦, and then
it decreases quickly and goes to zero at αn = 90◦.

F. Comparison of Dimensionless Acceleration

As shown in Fig. 5, the variations of the dimensionless
acceleration γ described in the polynomial-fitting thrust
model and analytical thrust model are also in perfect agree-
ment. Compared to the classical thrust model, the dimen-
sionless propulsive accelerations in the advanced thrust
models reach their maximum value (γmax = 1) at αn = 0◦

when the Sun–spacecraft line is normal to the nominal plane
of the electric sail. Then, the dimensionless propulsive ac-
celeration decreases monotonically with αn until it reaches
a minimum value γmin = 0.5 at αn = 90◦. In addition, the
radial component and the tangential component of the di-
mensionless acceleration are always lower in the advanced
thrust model than in the classical model. This indicates

that the thrust-invariance assumption in the classical thrust
model is not reasonable, and overestimated the radial and
tangential thrust accelerations.

III. OPTIMIZATION PROBLEM DESCRIPTION

A. Orbital Dynamics With Analytical Model

The equations of motion for an electric-sail-based
spacecraft in a heliocentric ecliptic inertial reference frame
oixiyizi can be written as

ṙ = v (8)

v̇ = −μs

r3
r + [a]oixiyizi

(9)

where μs is the sun’s gravitational parameter, r =
[ rx ry rz ]T is the spacecraft position vector as seen in Fig. 2,

r = ‖r‖ =
√

r2
x + r2

y + r2
z is the modulus of the position

vector, v = [ vx vy vz ]T is the spacecraft velocity vector,
[a]oixiyizi

is the propulsive acceleration vector described in
the heliocentric ecliptic inertial reference frame oixiyizi .
According to (5)–(7), [a]oixiyizi

can be written as

[a]oixiyizi
= acτ

2

( r⊕
r

)⎡
⎣

cos � − sin � 0
sin � cos � 0

0 0 1

⎤
⎦

·
⎡
⎣

cos � 0 sin �

0 1 0
− sin � 0 cos �

⎤
⎦

·
⎡
⎣

cos αn sin αn cos δ/2
cos αn sin αn sin δ/2

(cos2 αn + 1)/2

⎤
⎦ (10)

where � is the ecliptic longitude and � is the ecliptic
latitude as shown in Fig. 2. Considering the following geo-
metric relationships:

sin � =
√

r2
x + r2

y /r cos � = rz/r

sin � = ry/r cos � = rx/r
(11)

the electric-sail-based spacecraft equations of motion can
be written in a compact form as

ẋ(t) = f (x, u, t) (12)

where x = [ rxryrzvxvyvz ]T is the state vector, and u =
[ αn δ τ ]T is the control vector.

B. Optimization Problem Description

The trajectory optimization of the mission scenario from
earth to Vesta and Ceres was investigated using the fol-
lowing assumptions. The electric-sail-based spacecraft left
earth orbit at initial time t0 with zero hyperbolic excess
velocity with respect to the earth, and completed the ren-
dezvous with Vesta at time t1. After the flyby with Vesta
within a period of time, the spacecraft left Vesta orbit at time
t2 with zero hyperbolic excess velocity, and arrived at Ceres
at time t3. The optimal control law, that is the time history
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of the triplet u = [ αn δ τ ]T , is found by minimizing the
total flight time necessary to perform rendezvous with the
target planets (Vesta and Ceres). The objective function to
be minimized can be written as

J = 	t1 + 	t2 + 	t3 (13)

where 	t1 = t1 − t0 is the transfer time from earth to Vesta.
	t2 = t2 − t1 ∈ [	t2 min, ∞] is the flyby time with Vesta,
wherein 	t2 min is selected as one year in this paper. 	t3 =
t3 − t2 is the transfer time from Vesta to Ceres. The initial
time t0 and flight times 	t1, 	t2,	t3 are design variables
optimized in the optimization procedure.

The optimal control law must take into account both the
initial condition and the final rendezvous condition, which
can be given in (14) as shown at the bottom of this page,
where xE is the state vector of earth, xV is the state vector
of Vesta, and xC is the state vector of Ceres.

IV. TRAJECTORY OPTIMIZATION AND NUMERICAL
RESULTS

This section reappraises the performance of the electric-
sail-based spacecraft in an interesting interplanetary trans-
fer to protoplanets (Vesta and Ceres) using the analytical
advanced thrust model. In particular, the optimal analysis
allows a minimum transfer time to be found (using a hybrid
direct optimization method [17]) as a function of the char-
acteristic acceleration ac using a realistic set of planetary
ephemeris data within a time range of 20 years (January
1, 2017 to December 31, 2036). All of the test cases were
executed in MATLAB R2012b on a Core i5 Dual-Core 2.20
GHz computer running Windows 10.

A. Case Studies

In general, the value of ac depends on the payload mass
and the technological characteristics of the electric sail,
such as the number of tethers and their length. For exam-
ple, using the parametric mass budget model described in
[19], a spacecraft with a total mass of 487 kg and a payload
mass of 100 kg, propelled by an electric sail with 44 tethers
(of length = 15.4 km each), is able to produce a character-
istic acceleration of approximately 0.8 mm/s2. Numerical
results in [19] show that the electric sail propulsion system
could be an interesting option for a wide class of deep space
missions that require a characteristic acceleration of up to
approximately 3 mm/s2. Moreover, some rather straightfor-
ward near-term component-level improvements have the
potential of reducing the effective mass of the electric sail
further (28% in a specific case) with a consequent improve-

Fig. 6. Trajectories from earth to Vesta and Ceres with advanced thrust
model (ac = 0.8 mm/s2).

ment. Therefore, the selected characteristic acceleration (ac

= 0.8 mm/s2) in this case is reasonable for the near future.
In this paper, the problem is parameterized as a func-

tion of the value of the spacecraft characteristic accelera-
tion, and the simulation results for a mission scenario in
which ac = 0.8 mm/s2 are presented. Assuming an optimal
earth–Vesta–Ceres transfer with a spacecraft characteristic
acceleration of 0.8 mm/s2, the transfer trajectory is illus-
trated in Fig. 6. If the electric-sail-based spacecraft left the
sphere of influence of Earth on January 1, 2018 with zero
hyperbolic excess velocity, it will take 1317 days to trans-
fer from earth to Vesta. After a one-year observation, the
spacecraft left Vesta with zero hyperbolic excess velocity.
It will take 1970 days to get into the sphere of influence
of Ceres. The total flight time for earth–Vesta–Ceres ex-
ploration, propelled by an electric sail with characteristic
acceleration of 0.8 mm/s2 is 3652 days, which is longer
than that of the Dawn spacecraft (about 2750 days). The
main reason for this is that the thrust cone angle of the elec-
tric sail cannot be adjusted arbitrarily (αmax = 19.47◦). In
contrast, the Dawn spacecraft is propelled by three xenon
ion thrusters to generate the required thrust, and also was
accelerated through a gravity assist flyby of Mars in 2009.
However, note that the Dawn spacecraft exhausted virtually
all on-board propellants (425 kg xenon) when it arrived at
Ceres, such that it could not continue on to explore other
targets. On the other hand, electric sails can produce con-
tinuous thrust without the need for propellant, which is
meaningful for subsequent exploration of more targets.

Figs. 7 and 8 show the three components of the position
and velocity vectors (in the inertial reference frame) for
the spacecraft. The time histories of the control angles and
thrust coefficient are illustrated in Figs. 9 and 10, respec-
tively. It is worth noting that the existence of three coasting
arcs in the optimal trajectory, which do not include with

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

x(t0) = xE(t0) = [
rxE(t0) ryE(t0) rzE(t0) vxE(t0) vyE(t0) vzE(t0)

]T

x(t1) = xV (t1) = [
rxV (t1) ryV (t1) rzV (t1) vxV (t1) vyV (t1) vzV (t1)

]T

x(t2) = xV (t2) = [
rxV (t2) ryV (t2) rzV (t2) vxV (t2) vyV (t2) vzV (t2)

]T

x(t3) = xC(t3) = [
rxC(t3) ryC(t3) rzC(t3) vxC(t3) vyC(t3) vzC(t3)

]T

(14)

2800 IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL. 55, NO. 6 DECEMBER 2019



Fig. 7. Position from earth to Vesta and Ceres with the advanced thrust
model (ac = 0.8 mm/s2).

Fig. 8. Velocity from earth to Vesta and Ceres with the advanced thrust
model (ac = 0.8 mm/s2).

the coasting arc corresponding to the flyby with Vesta. In
addition, the command attitude angle histories generated
by the hybrid optimization method is smooth and continu-
ous. Based on the obtained pitch angle αn, the histories of
the cone angle α can be obtained and illustrated as shown
in Fig. 9. In the middle of the two transfer processes, the
thrust cone angle α maintains the maximum value of 19.47◦

corresponding to the pitch angle αn = 54.75◦.

B. Comparison of Flight Time

To reappraise the performance of an electric-sail-based
spacecraft with the analytical advanced thrust model, the
trajectory optimizations with the classical thrust model
were also implemented as a contrastive reference. When
the characteristic acceleration is varied in the range ac ∈
[0.8, 5]mm/s2, the optimal flight times of the electric-sail-
based spacecraft with the analytical advanced thrust model
and the classical model are summarized in Fig. 11, which
shows an increase in the transfer times as expected when
the value of ac is reduced. In addition, the transfer time us-
ing the electric sail with the advanced model is longer than
that with the classical model. The difference in performance

Fig. 9. Thrust angles from earth to Vesta and Ceres with the advanced
thrust model (ac = 0.8 mm/s2).

Fig. 10. Thrust coefficient from earth to Vesta and Ceres with the
advanced thrust model (ac = 0.8 mm/s2).

Fig. 11. Minimum transfer time as a function of characteristic
acceleration ac .

between the classical and advanced models is attributable
to overestimation of the maximum thrust cone angle and
the thrust modulus by the classical model. In the classical
thrust model, the maximum thrust cone angle αmax of the
electric sail is estimated to be in the range 30°–35°, and
the effects of the electric sail attitude on the thrust modulus
are neglected. However, in the advanced thrust models, the
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maximum thrust cone angle αmax of the electric sail is cal-
culated to be approximately equal to 19.5°, and the thrust
modulus decreases when the pitch angle αn varies from 0°
to 90°.

Under the same termination conditions for optimization
procedures (the convergence criteria for the NLP are a max-
imum constraint violation of 1 × 10−9 and a reduction in the
cost function of less than 1 × 10−6 for one iteration) with
the same number of optimized variables and constraints, the
average computation time (the average number of required
iterations) for generating the optimal trajectory of electric
sail with advanced thrust model is about 30% longer (26%
larger) than that with classical thrust model. This illustrates
that the actual problem is more difficult to be solved be-
cause the thrust components in the advanced thrust model
are less than those in the classical thrust model.

V. CONCLUSION

In this paper, an advanced thrust model of an electric sail
in analytical form that considers the effect of the spacecraft
attitude on both the thrust modulus and direction, and which
was proposed in our previous research, was discussed. To
reanalyze the propulsion performance of the electric sail, di-
rect comparisons of the classical thrust model, polynomial-
fitting thrust model, and analytical thrust model were car-
ried out. Numerical results showed that the variation of
the thrust cone angle α and dimensionless acceleration γ

described in the analytical thrust model and polynomial-
fitting thrust model were in perfect agreement. This is an
indication of mutual corroboration between the two ad-
vanced thrust models. The thrust-invariance assumption in
the classical thrust model was not reasonable and overesti-
mated the radial and tangential thrust accelerations.

In addition, an interesting mission scenario—the tour
from earth to Vesta and Ceres using an electric sail with
the analytical thrust model—was analyzed within an opti-
mal framework using a hybrid direct optimization method.
To reappraise the performance of the electric-sail-based
spacecraft with the analytical advanced thrust model, tra-
jectory optimizations with the classical thrust model were
also implemented as a contrastive reference. The results
showed that the transfer time using the electric sail with
the advanced model was longer than that with the classical
model. It is demonstrated that the decrease in performance
between the classical and the advanced thrust model is re-
lated to the dimensionless propulsive acceleration modulus
behavior.
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