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Mixcnnanemui micii eumazaromo wWEUOKUX | eKOHOMIMHUX mpaHcgepis. 3 yicio Memorw HOEOHAHHS
KOPOMKOMPUBAIUX NEPETbOMi6 3 SUKOPUCTHAHHAM BETUKOI Ma MAoi mseu Modice 3a6e3nedumu Xopouu
Komnpomic. 36epedicerts NeeHol KilbKOCMI RAIUBA NPU NOYAMKOBOMY IMAYAbCL 3 8EIUKOI0 MS2010 I 1020
BUKOPUCTNAHHA Ol KOPeKYii mMpackmopii  00360J8€ 3eKOHOMUMU NAAUBO | 30LIbUmMU  KOpUcHe
Haganmaoicents. JJoCniodceno onmumanbHull wiisx, 0 OMPUMANHI nepesas 8i0 08USYHI8 SIK 8eIUKOl, Max i
Manoi mseu 3 Memoro 30UIbUIeHHSI KOPUCHO20 HABAHMAICEHHS. 3 GUKOPUCMAHHAM Npocmoi mooleni
i0eanbHo20 O08U2YHA O0OMEINCEHOI NOMYAHCHOCMI [ Memody MPAHCROPMYIOYOI MPAEKMOPIi  3HANUOEHO
AHANIMUYHULL 8UPA3 Ol 3HAXOOJMCEHHS OCMAMOYHO20 KOPUCHO20 HasanmadiceHHs. Po3e’sazannsa 3aodaui
onmumizayii 00380aUN0 GIOULYKAMU ORMUMATLHULL PO3NOOLN NANUEA MINC MAHE8paAMU 3 BUKOPUCHAHHAM
osueynis senuxoi ma manoi mseu. OCKIIbKU MACA CUCTIEMU 3 MAOI0 MSA20I0 3ANeHCUMb 610 eleKMPUiHOL
NOMYHCHOCI, MU BUKOPUCIANU i1, WOO BUSHAYUMU ONIMUMATLHY eNeKMPUYHY HOMYHCHICMb O Nepeibomy
3a 3a0auuti wac. Y pesyrvmami 6y10 6CMAHOGIEHO IHMEPBANL 4YACY Neperbomy, Oas K020 KOMOiHayis
0BUSYHIB BENUKOT MA HUZLKOI msiU CIaAe ONMUMATILHOIO.

Kniouosi cnosa: weuoxkuii nepenim, 080pedCUMHUL SOEPHUN OBUSYH, MemoO MPAHCHOPMYIOUol
mpaexmopii

Interplanetary missions require fast and fuel-efficient transfers. Combining small times transfers of
high-thrust and efficiency of low-thrust propulsion can provide a good compromise. Saving an amount of
fuel from the initial high-thrust burn and using it to correct the trajectory could lead to an economy of fuel.
We investigated the optimal way to take advantages of both high and low-thrust propulsion benefits in order
to maximize the payload mass of the mission. Using a simple model of ideal engine of limited power and the
transporting trajectory method, we determined the analytical expression of final payload mass. The solution
of the optimization problem gave us the optimal repartition of fuel between high and low-thrust maneuvers
for a given thrust of thermal propulsion and electrical power of low-thrust propulsion system. As the mass of
the low-thrust propulsion system depends on the electrical power, we took it into account to determine the
optimal electrical power for a sprint trajectory in a given time. As a result, we could obtain the interval of
transfer time for which the combination of high and low thrust becomes optimal.
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The problem of sprint interplanetary trajectories
of the space vehicle with nuclear bi-modal
propulsion is investigated. The optimization problem
is formulated as follows: to distribute the total Av
budget between high- and low-thrust arcs to provide
the maximum of payload. The high-thrust maneuver
is modeled using impulse approximation and the
low-thrust arc is modeled using the conception of
ideal engine of limited power [1]. The engine
parameters from [2] are used.

The aim of maneuver is fly over the Mars in a
given time 7. Using the Tsiolkowski formula and an
ideal model of low-thrust propulsion, we could find
an analytical expression (1) of the final payload mass
M, for this bimodal transfer:
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where M, is the initial mass of the spacecraft, M, is
the propulsion system mass, M, is the tank mass, N is
the electrical power of the low-thrust propulsion
system, ¥ is the exhaust speed of high-thrust
propulsion, . is the standard gravitational parameter
of the Earth, R is the height of initial circular orbit
of the spacecraft around the Earth, ¥ ° is the speed
vector of the spacecraft on a hyperbolic trajectory at
an infinite distance from the Earth, J is the following
functional :
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where a is the jet acceleration due to the low-thrust
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Fig 1. Bimodal trajectory (full line) and transporting
trajectory (dotted line)

In accordance with (1) maximizing M, requires to
minimize J. To find the analytical expression for
functional (2), we used the transporting trajectory
method [3]. We used Keplerian arc corresponding to
the fully high-thrust maneuver for a given time T as a
transporting trajectory (Fig. 1).

In the chosen transporting coordinates system, the

§ =Vg;1] =0p;0, = acos(6);

Vg =asin(9);J=a2;J—>min;

£(0) = 0;8(T) = 0;n(0) = 0;1(T') = 0;
0y () =VE  ~VE, = AVE,
ve(0) =V, = Vg 1.y
vp(T)=v(T)=0

6 is the angle between the nozzle axis and the x axis.
The vector V., is the speed vector, on Earth
position, on the unique Keplerian arc that links the
Earth and Mars in a given time T, which is the
transporting trajectory. The vector V¢ is the speed
vector, on Earth position, on the bimodal trajectory.
To set this speed vector means allocating a certain
amount of fuel to the high-thrust burn, and the
remaining fuel for low-thrust. The maximum of fuel
allocated to high-thrust corresponds to the Keplerian
trajectory where no fuel is used for low-thrust. It
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implies
| V-¢| <| V.| .The solution of variational problem
T2 Ve, ~ Ve + Ve, ~ Ve ()

(3) provides an analytical expression for J:

Taking into account that M, depends on V< ’
Ve’ + V., , the selection of (V° ., V°.,) must
satisfy the condition of J constrained minimum:

J=2((Vie = Vira)? + (Viy — Vi ey)?) 5

Its resolution gives another relation (6) between
the two speed components:
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This formula shows that the vectors are colinear.

3. Results
In (1), the propulsion system mass M, is an empirical
function of the electrical power, shown in (7),
empirical constants 4, B, C and D are exposed in [1]:
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Both M, and the low-thrust efficiency increase when
N increases. For bimodal propulsion to be efficient,
this additional mass has to be overcome by the fuel
mass saved with the increasing of thrust. A too small
electrical power would imply a dead weight, and a
too big one would imply a too heavy propulsion
system: for a given travel time 7, this benefit is
present in an interval of values of N and reach a
maximum, as shown in the Fig 2.

For several values of time of transfer and electrical
power, we calculate the optimal distribution of fuel
between high and low-thrust by minimizing the
expression (1). It allows us to draw the maximum
payload mass according to the electrical power for
several values of T. The plot is illustrated in the
Fig.2:
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Fig 2. Maximum payload mass according to the
electrical power of the low-thrust propulsion
system, for T =259, 187, 140, 100, 80, 53 days
(too to bottom)
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Bimodal propulsion is beneficial when the maximum
of the previous curves is not for N = 0, otherwise the
classical approach is better. It happens for time under
187 days. It means that payload mass can be
increased for travel time under 187 days by using
bimodal propulsion. To compare the efficiency
between the bimodal and high-thrust only
approaches, we plot the surfaces showing the
maximal payload masses according to ¥, and V* .
The flat surface corresponds to the payload mass for
the high-thrust only approach.

Fig 3. Maximum payload mass for 187 days

Fig 3 show the maximum payload mass and the
speed vector components of the high-thrust initial
burn which allows us to reach this maximum. This
surface is calculated with the electrical power that
maximize the payload mass on the 187 days curve on
Fig 2, respectively 2,2MW.

Fig shows this surface for a travel time of 100
days. In this case, the optimal electrical power is
7,8MW :
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Fig 4. Maximum payload mass for 100 days
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The relative gain between the high-thrust only
approach (the flat surface) and the bimodal approach
in this case is 32%.
Conclusion

In conclusion, we proposed a simple algorithm to
determine the benefit of bimodal propulsion for
interplanetary missions. Using an analytical
expression of payload mass makes it possible to
obtain the optimal fuel repartition between high and
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low-thrust maneuvers. The next step could be to
pursue this study for a two-burn case, with a
circularization around Mars.
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