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APPLYING A SOLAR SAIL AS A CYCLIC CARGO TRANSPORTATION SYSTEM
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Component Mass, kg

Total Sail payload mass 1905

2-𝜇𝜇𝜇𝜇 CP1 film, 2.86 𝑔𝑔/𝜇𝜇2 216

0.1-𝜇𝜇𝜇𝜇 Al coating, 0.54 𝑔𝑔/𝜇𝜇2 41

Bonding, 10% coated mass 26

Sail booms, ABLE 0.94-𝜇𝜇 booms at 70 𝑔𝑔/𝜇𝜇 54

Mechanical systems, 40% contingency 111

Total sail assembly mass 448

Total mission launch mass 2353

Table 1 Solar sail that capable to carry 
onboard up to 1905 𝑘𝑘𝑔𝑔 of cargo 
payload with characteristic acceleration 
0.25 𝜇𝜇𝜇𝜇/𝑠𝑠2 (sail area 72564 𝜇𝜇2).

G.W. Hughes, M. Macdonald, C.R. McInnes et al., 
Sample Return from Mercury and Other 

Terrestrial Planets Using Solar Sail Propulsion, 
Journal of Spacecraft and Rockets, 43 (2006).

Fig. 1 Schematic illustration of cyclic solar sail mission for 
continuous cargo delivery.
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PART 1 STRATEGY TO FORM CYCLIC TRAJECTORY
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Fig. 2 Example of one cycle of motion:
a – Earth-Mars flight with the optimum planets position 𝛿𝛿𝑜𝑜𝑜𝑜𝑜𝑜;
b – return flight after waiting for optimum planets position;
c – return flight without waiting;
d – change of a heliocentric distance with time.

• 𝛿𝛿0 – initial angular distance between planets. 

• 𝛿𝛿𝑜𝑜𝑜𝑜𝑜𝑜 – initial angular distance that ensures time-optimal 
rendezvous mission.

• 𝜔𝜔1 and 𝜔𝜔2 – angular velocities of planets.



THRUST PRODUCED BY SOLAR RADIATION PRESSURE
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𝐓𝐓 = 2𝑃𝑃𝑟𝑟𝐴𝐴 𝑐𝑐𝑐𝑐𝑠𝑠2 𝜃𝜃 = 2
𝑆𝑆e
𝑐𝑐

1
𝑟𝑟

2

𝐴𝐴 𝑐𝑐𝑐𝑐𝑠𝑠2 𝜃𝜃 , 𝑎𝑎⊥ = 2
𝑃𝑃𝑟𝑟
𝜇𝜇
𝐴𝐴 ⋅ 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃 ⋅ 𝑎𝑎1 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃 + 𝑎𝑎2 ,

𝑎𝑎|| = −2
𝑃𝑃𝑟𝑟
𝜇𝜇
𝐴𝐴 ⋅ 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃 ⋅ 𝑎𝑎3 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃,

𝑎𝑎2 =
1
2

𝐵𝐵𝑓𝑓 1 − 𝜍𝜍 𝜌𝜌 + 1 − 𝜌𝜌
𝜀𝜀𝑓𝑓𝐵𝐵𝑓𝑓 − 𝜀𝜀𝑏𝑏𝐵𝐵𝑏𝑏
𝜀𝜀𝑓𝑓 + 𝜀𝜀𝑏𝑏

.

Ideal reflection R. L. Forward, Grey Solar Sails, Journal of the Astronautical Sciences (1989)

Fig. 4 Acceleration components 
for nonideally  reflecting sail.

Fig. 3 Direction of the thrust for ideally reflecting sail is always 
along the back surface normal.

𝑃𝑃𝑟𝑟 – solar radiation pressure at heliocentric distance 𝑟𝑟; 𝐴𝐴 – sail area;
𝑐𝑐 – speed of the light; 𝑆𝑆𝑒𝑒 - solar irradiance on Earth’s orbit; 

𝜃𝜃 – installation angle (incident angle).

𝜌𝜌 – reflection coefficient;
𝜍𝜍 – specular reflection factor;
𝜀𝜀𝑓𝑓, 𝜀𝜀𝑏𝑏 – emission coefficients;
𝐵𝐵𝑓𝑓, 𝐵𝐵𝑏𝑏 – non-Lambertian
coefficients.𝑎𝑎1 = 1

2
1 + 𝜍𝜍𝜌𝜌 , 𝑎𝑎3 = 1

2
1 − 𝜍𝜍𝜌𝜌 ,



SOLAR SAIL FRONT SURFACE DEGRADATION
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Σ 𝑡𝑡 =
�Σ 𝑡𝑡
�Σ0

=
1
𝑇𝑇𝑒𝑒
�
𝑜𝑜0

𝑜𝑜
cos𝜃𝜃 (𝑡𝑡)
𝑟𝑟(𝑡𝑡)2

𝑑𝑑𝑡𝑡

Dimensionless solar radiation dose:

Degradation coefficient 𝜆𝜆 corresponds to an amount of solar radiation doze 
that leads to change of the optical parameters by half: 

Degradation factor 𝑑𝑑 defines optical parameters 
values at which their change with time becomes 

infinitely low lim
𝑜𝑜→∞

𝑝𝑝 𝑡𝑡 = 𝑝𝑝∞ :

𝑝𝑝 𝑡𝑡
𝑝𝑝0

=

1 + 𝑑𝑑𝑒𝑒−𝜆𝜆Σ 𝑜𝑜

1 + 𝑑𝑑
𝑠𝑠𝑖𝑖 𝑝𝑝 ∈ 𝜌𝜌, 𝜍𝜍 ,

1 + 𝑑𝑑 1 − 𝑒𝑒−𝜆𝜆Σ 𝑜𝑜 𝑠𝑠𝑖𝑖 𝑝𝑝 = 𝜀𝜀𝑓𝑓 ,
1 𝑠𝑠𝑖𝑖 𝑝𝑝 ∈ 𝜀𝜀𝑏𝑏 ,𝐵𝐵𝑓𝑓 ,𝐵𝐵𝑏𝑏 .

Samples with AL for 
Gossamer sail

Absorption coefficient Reflection coefficient

Flight Control Δ𝛼𝛼 Flight Control Δ𝜌𝜌
50.8 𝝁𝝁𝝁𝝁 FEP 0.128 0.120 0.008 0.872 0.880 -0.008

25.4 𝝁𝝁𝝁𝝁 Kapton HN 0.400 0.346 0.054 0.600 0.654 -0.054

25.4 𝝁𝝁𝝁𝝁 Upilex S 0.487 0.437 0.050 0.513 0.563 -0.050

25.4 𝝁𝝁𝝁𝝁 CP1 0.255 0.223 0.032 0.745 0.777 -0.032

Table 3 MISSE 2 experiment results for solar sail polymer films materials.

Optical parameters exponential dependence on 
an accumulated solar radiation doze:

J. A. Dever, S. K. Miller, E. A. Sechkar, T.N. Wittberg Space Environment Exposure of 
Polymer Films on the Materials International Space Station Experiment: Results from 
MISSE 1 and MISSE 2, High Performance Polymers (2008)

B. Dachwald, G. Mengali, A.A. Quarta, M. Macdonald Parametric model and optimal control of solar sails with optical degradation, 
Journal of Guidance, Control, and Dynamics (2006)



EQUATIONS OF MOTION
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Fig. 5 Schematic illustration of polar 
coordinate system.

𝑑𝑑Σ
𝑑𝑑𝑡𝑡 =

1
𝑇𝑇𝑒𝑒

cos𝜃𝜃
𝑟𝑟2 ⇒ 𝑎𝑎 Σ, 𝑟𝑟,𝜃𝜃

𝑑𝑑𝑟𝑟
𝑑𝑑𝑡𝑡

= 𝑉𝑉𝑟𝑟 ,

𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡

= 𝑉𝑉𝑢𝑢,

𝑑𝑑𝑉𝑉𝑟𝑟
𝑑𝑑𝑡𝑡 = 𝑎𝑎𝑟𝑟 𝑟𝑟,𝜃𝜃 −

1
𝑟𝑟2 +

𝑉𝑉𝑢𝑢2

𝑟𝑟 ,

𝑑𝑑𝑉𝑉𝑢𝑢
𝑑𝑑𝑡𝑡 = 𝑎𝑎𝑢𝑢 𝑟𝑟,𝜃𝜃 −

𝑉𝑉𝑢𝑢𝑉𝑉𝑟𝑟
𝑟𝑟 .

𝑎𝑎𝑟𝑟 = 𝑎𝑎⊥ 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃 − 𝑎𝑎|| 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃,
𝑎𝑎𝑢𝑢 = 𝑎𝑎⊥ 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 + 𝑎𝑎|| 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃.

Fig. 6 Acceleration components for non-ideally 
reflecting solar sail and their projections on 

polar coordinate system.

If degradation is considered:

Plane polar coordinate system. 
Initial and target orbits are 
considered co-planar and circular. 



PART 2 MATHEMATICAL STATEMENT OF THE OPTIMIZATION PROBLEM
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𝑡𝑡 = 𝑡𝑡𝑖𝑖−1, 𝑿𝑿0,𝑖𝑖 = 𝑟𝑟𝑓𝑓,𝑖𝑖−1,𝑑𝑑𝑓𝑓,𝑖𝑖−1,𝑉𝑉𝑟𝑟𝑓𝑓,𝑖𝑖−1 ,𝑉𝑉𝑢𝑢𝑓𝑓,𝑖𝑖−1 ,𝛴𝛴𝑓𝑓,𝑖𝑖−1
T

,

𝑡𝑡 = 𝑡𝑡𝑖𝑖−1 + 𝑇𝑇𝑖𝑖 , 𝑿𝑿𝑓𝑓,𝒊𝒊 = 𝑟𝑟𝑓𝑓,𝑖𝑖 ,𝑑𝑑𝑓𝑓,𝑖𝑖 ,𝑉𝑉𝑟𝑟𝑓𝑓,𝑖𝑖 ,𝑉𝑉𝑢𝑢𝑓𝑓,𝑖𝑖 ,𝛴𝛴𝑓𝑓,𝑖𝑖 − unfixed
T

• Possible control: 𝜃𝜃 𝑡𝑡 ∈ 𝑈𝑈 ∈ ⁄−𝜋𝜋 2 , ⁄𝜋𝜋 2 for 𝑡𝑡 ∈ 𝑡𝑡0, 𝑡𝑡𝑓𝑓 ;

• Ballistic parameter: 𝛿𝛿0 corresponds to a launch date of a solar sail;

• Spacecraft design parameters: 𝐃𝐃 = 𝜇𝜇,𝐴𝐴, 𝜌𝜌0, 𝜍𝜍0, 𝜀𝜀𝑓𝑓0 , 𝜀𝜀𝑏𝑏 ,𝐵𝐵𝑓𝑓 ,𝐵𝐵𝑏𝑏
T;

• Boundary conditions:

𝑡𝑡𝑘𝑘∗ = min
𝜃𝜃 𝑜𝑜 , 𝛿𝛿0

𝑡𝑡𝑘𝑘 𝜃𝜃 𝑡𝑡 , 𝛿𝛿0 | 𝐃𝐃, 𝑠𝑠 = fixed,𝜃𝜃 𝑡𝑡 ∈ 𝑈𝑈,𝐗𝐗0 = 𝐗𝐗 𝑡𝑡0 ,𝐗𝐗𝑓𝑓 = 𝐗𝐗 𝑡𝑡𝑓𝑓 .

𝑇𝑇𝑖𝑖∗ = min
𝜃𝜃 𝑜𝑜

𝑇𝑇𝑖𝑖 𝜃𝜃 𝑡𝑡 | 𝐃𝐃 = fixed, 𝜃𝜃 𝑡𝑡 ∈ 𝑈𝑈, 𝛿𝛿0,𝑖𝑖 = 𝛿𝛿𝑓𝑓,𝑖𝑖−1,𝐗𝐗0,𝑖𝑖 = 𝐗𝐗 𝑡𝑡𝑖𝑖−1 ,𝐗𝐗𝑓𝑓,𝑖𝑖 = 𝐗𝐗 𝑡𝑡𝑖𝑖−1 + 𝑇𝑇𝑖𝑖 .

To find minimum overall flight time for 𝑠𝑠 cycles:

For chosen 𝛿𝛿0 problem can be decomposed to a set of consequent 2𝑠𝑠 optimization problems:



OPTIMAL CONTROL: PONTRYAGIN’S MAXIMUM PRINCIPLE
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𝜕𝜕𝐻𝐻
𝜕𝜕𝜃𝜃

=
𝑎𝑎𝑐𝑐
𝑟𝑟2

𝑎𝑎3 sin3 𝜃𝜃 + 2 𝑎𝑎1 + 𝑎𝑎2 sin 𝜃𝜃 cos𝜃𝜃 − 3𝑎𝑎1 + 2𝑎𝑎3 cos2 𝜃𝜃 sin 𝜃𝜃 +
𝑎𝑎𝑐𝑐
𝑟𝑟2

cos3 𝜃𝜃 − 2 sin2 𝜃𝜃 𝑎𝑎2 + cos𝜃𝜃 + 𝑎𝑎2 −
1
𝑇𝑇0

sin 𝜃𝜃
𝑟𝑟2

𝜓𝜓Σ = 0,

𝐻𝐻 = 𝑉𝑉𝑟𝑟𝜓𝜓𝑟𝑟 + 𝑉𝑉𝑢𝑢𝜓𝜓𝑢𝑢 + 𝑎𝑎𝑟𝑟 Σ, 𝑟𝑟,𝜃𝜃 −
1
𝑟𝑟2

+
𝑉𝑉𝑢𝑢2

𝑟𝑟
𝜓𝜓𝑉𝑉𝑟𝑟 + 𝑎𝑎𝑢𝑢 Σ, 𝑟𝑟, 𝜃𝜃 −

𝑉𝑉𝑢𝑢𝑉𝑉𝑟𝑟
𝑟𝑟

𝜓𝜓𝑉𝑉𝑢𝑢 +
1
𝑇𝑇0

cos 𝜃𝜃
𝑟𝑟2

𝜓𝜓Σ

where 𝑎𝑎𝑐𝑐 = 2 𝑆𝑆𝑒𝑒
𝑚𝑚𝑐𝑐
𝐴𝐴 – solar sail’s characteristic acceleration. 

tg𝜃𝜃 =
9𝜓𝜓𝑉𝑉𝑟𝑟2 + 8𝜓𝜓𝑉𝑉𝑢𝑢2 − 3𝜓𝜓𝑉𝑉𝑟𝑟

4𝜓𝜓𝑉𝑉𝑢𝑢
.

Hamiltonian of the system with sail’s degradation:

For any optimal control along with the optimal state trajectory it is necessary to Hamiltonian has maximum value:

Flight time minimum optimal control for ideally reflecting solar sail 

A.N. Zhukov, V.N. Lebedev Variational Problem of Transfer 
between Heliocentric Orbits by Means of a Solar Sail, 
translated from Kosmicheskie Issledovaniya (Cosmic 
Research), 1964.

B. Dachwald, G. Mengali, A.A. Quarta, M. Macdonald Parametric 
model and optimal control of solar sails with optical degradation, 
Journal of Guidance, Control, and Dynamics (2006)



TWO-POINT BOUNDARY VALUE PROBLEM
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𝑑𝑑𝜓𝜓𝑟𝑟
𝑑𝑑𝑡𝑡

= −
𝜕𝜕𝐻𝐻
𝜕𝜕𝑟𝑟

=
1
𝑟𝑟2 𝑉𝑉𝑢𝑢𝜓𝜓𝑢𝑢 +

2
𝑟𝑟 𝑆𝑆 − 1 + 𝑉𝑉𝑢𝑢2 𝜓𝜓𝑉𝑉𝑟𝑟 +

2
𝑟𝑟
𝑇𝑇 − 𝑉𝑉𝑢𝑢𝑉𝑉𝑟𝑟 𝜓𝜓𝑉𝑉𝑢𝑢 +

2
𝑟𝑟

cos𝜃𝜃
𝑇𝑇𝑒𝑒

𝜓𝜓Σ ,

𝑑𝑑𝜓𝜓𝑢𝑢
𝑑𝑑𝑡𝑡 = −

𝜕𝜕𝐻𝐻
𝜕𝜕𝑑𝑑 = 0 → 𝜓𝜓𝑢𝑢 𝑡𝑡 ≡ 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑡𝑡,

𝑑𝑑𝜓𝜓𝑉𝑉𝑟𝑟
𝑑𝑑𝑡𝑡 = −

𝜕𝜕𝐻𝐻
𝜕𝜕𝑉𝑉𝑟𝑟

= −𝜓𝜓𝑟𝑟 +
𝑉𝑉𝑟𝑟
𝑟𝑟 𝜓𝜓𝑢𝑢,

𝑑𝑑𝜓𝜓𝑉𝑉𝑢𝑢
𝑑𝑑𝑡𝑡 = −

𝜕𝜕𝐻𝐻
𝜕𝜕𝑉𝑉𝑢𝑢

=
1
𝑟𝑟 𝑉𝑉𝑟𝑟𝜓𝜓𝑉𝑉𝑢𝑢 − 2𝑉𝑉𝑢𝑢𝜓𝜓𝑉𝑉𝑟𝑟 − 𝜓𝜓𝑢𝑢 ,

𝑑𝑑𝜓𝜓Σ
𝑑𝑑𝑡𝑡 = −

𝜕𝜕𝐻𝐻
𝜕𝜕Σ = −

𝑎𝑎𝑐𝑐
𝑟𝑟2 𝜓𝜓𝑉𝑉𝑟𝑟

𝜕𝜕𝑎𝑎2
𝜕𝜕Σ cos2 𝜃𝜃 +

𝜕𝜕𝑎𝑎3
𝜕𝜕Σ cos𝜃𝜃 sin2 𝜃𝜃 − cos2 𝜃𝜃 + 𝜓𝜓𝑉𝑉𝑢𝑢 sin𝜃𝜃 cos𝜃𝜃

𝜕𝜕𝑎𝑎2
𝜕𝜕Σ − 2

𝜕𝜕𝑎𝑎3
𝜕𝜕Σ cos𝜃𝜃 ,

𝜕𝜕𝑎𝑎3
𝜕𝜕Σ =

𝜆𝜆𝑑𝑑𝑒𝑒−𝜆𝜆Σ

1 + 𝑑𝑑 2 1 + 𝑑𝑑𝑒𝑒−𝜆𝜆Σ 𝜌𝜌0𝜎𝜎0 = −
𝜕𝜕𝑎𝑎1
𝜕𝜕Σ ,

𝜕𝜕𝑎𝑎2
𝜕𝜕Σ = 0.5 𝐵𝐵𝑓𝑓

2 1 + 𝑑𝑑𝑒𝑒−𝜆𝜆Σ

1 + 𝑑𝑑 𝜎𝜎0 − 1
𝜆𝜆𝑑𝑑𝑒𝑒−𝜆𝜆Σ

1 + 𝑑𝑑 𝜌𝜌0 + 1 +
𝜆𝜆𝑑𝑑𝑒𝑒−𝜆𝜆Σ

1 + 𝑑𝑑 𝜌𝜌0
𝜆𝜆𝑑𝑑𝑒𝑒−𝜆𝜆Σ 𝜀𝜀𝑓𝑓𝐵𝐵𝑓𝑓 − 𝜀𝜀𝑏𝑏𝐵𝐵𝑏𝑏
𝜆𝜆𝑑𝑑𝑒𝑒−𝜆𝜆Σ 𝜀𝜀𝑓𝑓 + 𝜀𝜀𝑏𝑏

.

𝐗𝐗 = 𝑟𝑟,𝑑𝑑,𝑉𝑉𝑟𝑟 ,𝑉𝑉𝑢𝑢,Σ T,
𝛙𝛙 = 𝜓𝜓𝑟𝑟 ,𝜓𝜓𝑢𝑢,𝜓𝜓𝑉𝑉𝑟𝑟 ,𝜓𝜓𝑉𝑉𝑢𝑢,𝜓𝜓Σ 𝑇𝑇 .

𝑡𝑡 = 𝑡𝑡0, 𝐗𝐗0 = 𝑟𝑟0,𝑑𝑑0,𝑉𝑉𝑟𝑟0 ,𝑉𝑉𝑢𝑢0 ,Σ0
T,

𝑡𝑡 = 𝑇𝑇, 𝐗𝐗𝑓𝑓 = 𝑟𝑟𝑓𝑓 ,𝑑𝑑𝑓𝑓 ,𝑉𝑉𝑟𝑟𝑓𝑓 ,𝑉𝑉𝑢𝑢𝑓𝑓
T

, 𝛙𝛙𝑓𝑓 = 𝜓𝜓Σ𝑓𝑓 = 0.

Vectors of state and costate 
variables

Boundary conditions

𝑆𝑆 = 𝑎𝑎𝑐𝑐 cos2 𝜃𝜃 𝑎𝑎1 Σ cos𝜃𝜃 + 𝑎𝑎2 Σ + 𝑎𝑎3 Σ cos𝜃𝜃 sin2 𝜃𝜃 ,
𝑇𝑇 = 𝑎𝑎𝑐𝑐 cos𝜃𝜃 sin𝜃𝜃 𝑎𝑎1 Σ cos𝜃𝜃 + 𝑎𝑎2 Σ − 𝑎𝑎3 Σ cos2 𝜃𝜃 sin𝜃𝜃 .

𝐗𝐗 = 𝑟𝑟,𝑑𝑑,𝑉𝑉𝑟𝑟 ,𝑉𝑉𝑢𝑢 T,
𝛙𝛙 = 𝜓𝜓𝑟𝑟 ,𝜓𝜓𝑢𝑢,𝜓𝜓𝑉𝑉𝑟𝑟 ,𝜓𝜓𝑉𝑉𝑢𝑢 𝑇𝑇 .

𝑡𝑡 = 𝑡𝑡0, 𝐗𝐗0 = 𝑟𝑟0,𝑑𝑑0,𝑉𝑉𝑟𝑟0 ,𝑉𝑉𝑢𝑢0
T,

𝑡𝑡 = 𝑇𝑇, 𝐗𝐗𝑓𝑓 = 𝑟𝑟𝑓𝑓 ,𝑑𝑑𝑓𝑓 ,𝑉𝑉𝑟𝑟𝑓𝑓 ,𝑉𝑉𝑢𝑢𝑓𝑓
T

.

Vectors of state and costate 
variables

Boundary conditions

Ideally reflecting solar sail

Normalization

𝜓𝜓𝑟𝑟 𝑡𝑡0 = ±1,



TRAJECTORY OPTIMIZATION ALGORITHM
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ψ(t0) 

Solutions
along δ0 

Are the desired values
of ψ(t0) growing rapidly?

Has a solution 
been found?

Optimal tajectory

Change sign
of ψr (t0)

Add to initial guess 
0.5 revolution  

No

Yes

NoYes

Solutions along Σ0

Non-ideally reflecting solar sail
Angular distance is 

unfixed (getting δOpt) 

Database

Database inquiry

Optimal trajectory

Numerical calculation of 
boundary value problem

Fig. 7. Example of database for Earth-Mars trajectories.



PART 4. EARTH-MARS-EARTH CYCLIC MOTION SIMULATION
DATABASE FOR IDEALLY REFLECTING SOLAR SAIL

13

�𝜌𝜌𝐴𝐴𝐴𝐴 = 0.911; 𝜍𝜍 = 0.94;
𝜀𝜀𝑓𝑓 = 0.05; 𝜀𝜀𝑏𝑏 = 0.55;
𝐵𝐵𝑓𝑓 = 0.79;𝐵𝐵𝑏𝑏 = 0.55.

𝜌𝜌∞ = 0.32
𝑑𝑑 = 1.75;
𝜆𝜆 = 0.02;

Degradation 
parameters:

Optical Parameters:

Sail area, 
m2

Sail mass, 
kg

Sail Construction 
mass, kg

Total mass, kg Characteristic 
acceleration, mm/s2

75625 257 191 2353 0.25

Table 4. Spacecraft design parameters.

Fig. 8. Variation of 𝑇𝑇𝑖𝑖∗ with 𝛿𝛿0 for Earth-Mars flights. Fig. 9. Variation of 𝑇𝑇𝑖𝑖∗ with 𝛿𝛿0 for Mars-Earth flights.

Two types of optimal control are shown:
● – synchronization is performed at the end of a trajectory, ♦ – at the beginning.



APPLYING A SOLAR SAIL AS A CYCLIC CARGO TRANSPORTATION SYSTEM
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First cycle Second cycle Third cycle Fourth cycle

𝑇𝑇𝑓𝑓, year 𝛿𝛿0, deg. 𝑇𝑇𝑓𝑓, year 𝛿𝛿0, deg. 𝑇𝑇𝑓𝑓, year 𝛿𝛿0, deg. 𝑇𝑇𝑓𝑓, year 𝛿𝛿0, deg.

Earth-Mars 2.96 159 3.23 207 3.23 207 3.23 207

Mars-Earth 3.16 20 3.18 23 3.18 23 3.18 23

Total time 6.12 12.53 18.94 25.35

First cycle Second cycle Third cycle Fourth cycle

𝑇𝑇𝑓𝑓, year 𝛿𝛿0, deg. 𝑇𝑇𝑓𝑓, year 𝛿𝛿0, deg. 𝑇𝑇𝑓𝑓, year 𝛿𝛿0, deg. 𝑇𝑇𝑓𝑓, year 𝛿𝛿0, deg.

Earth-Mars 3.58 202 4.11 196 6.29 166 5.78 144

Mars-Earth 5.00 318 4.62 135 4.52 174 5.03 251

Total time 8.58 17.30 28.11 38.91

Table 6. Simulation results for 4 Earth-Mars-Earth cycles motion of non-ideally reflecting solar sail.

Table 5. Simulation results for 4 Earth-Mars-Earth cycles motion of ideally reflecting solar sail.

Launch date: 2023/12/31

Launch date: 2023/10/05



FIRST AND SECOND CYCLE OF MOTION EARTH-MARS-EARTH

15Fig. 9. Control program of the 1st and 2nd cycles for
a) ideally and b) non-ideally reflecting solar sail.

a)

b)

Fig. 10. Heliocentric trajectories of the 2nd cycle for
a) ideally and b) non-ideally reflecting solar sail.

a)

b)b)



16

THIRD AND FOURTH CYCLE OF MOTION EARTH-MARS-EARTH

Fig. 11. Control program of the 3rd and 4th cycles for
a) ideally and b) non-ideally reflecting solar sail.

Fig. 12. Heliocentric trajectories of the 3rd cycle for
a) ideally and b) non-ideally reflecting solar sail.

a)

b)

a)

b)



SYNCHRONIZATION AT THE END AND BEGINNING OF THE 3RD AND 4TH EARTH-MARS FLIGHTS
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DEGRADATION AND CONCLUSION
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Key points:
• Degradation dramatically influences a solar sail motion, but it will be able 

to perform a cyclic motion even after decreasing of reflectivity by half;
• Four cycles of Earth-Mars-Earth will take almost 39 years and 29 years for 

Earth-Mercury-Earth for 𝑎𝑎𝑐𝑐 = 0.25 𝜇𝜇𝜇𝜇/𝑠𝑠2 solar sail;
• Degradation will not allow forming a cyclic motion with a constant cycle 

time, as it happens for an ideally reflecting solar sail.



SUGGESTIONS FOR DISCUSSION
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Questions:

• How detailed is your mathematical interpretation of solar sail performance when 
planning a mission and sail design? Is it even necessary to go so deep into theory or 
just try it straight in space?

• How about creating a digital platform where all data relevant to the solar sails will be 
stored and sorted? Solar Sailing Data Center (SSDC) website, something like wikipedia 
for space sailing.



THANK YOU

Olga L. Starinova*. e-mail: solleo@mail.ru
Miroslav A. Rozhkov. e-mail: rozhkovmiro@gmail.com

* - corresponding author
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