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Optimization of Variable-Specific-Impulse
Interplanetary Trajectories

Lorenzo Casalino* and Guido Colasurdo®
Politecnico di Torino, 10129 Torino, Italy

An indirect optimization method is used to find optimal trajectories that use solar electric propulsion. Missions
that exploit variable specific impulse are compared to constant-specific-impulse trajectories, and the benefit, in
terms of payload, is highlighted. The presence of limits on the attainable values of the specific impulse and the
use of dual-mode thrusters, which operate only at two discrete values of specific impulse, are also considered.
The analytical formulation of the problem is presented, and the necessary conditions for an optimal solution are
discussed. Numerical examples deal with planet rendezvous missions; a Mercury mission would largely benefit
from the management of the available power, which exhibits a tenfold variation caused by the vehicle’s varying
distance from the sun. The optimization method can also deal with planetary gravity assists; Mercury missions,
which exploit Venus flybys, are optimized and their characteristics discussed. Results show that the dual-mode
thrusters provide almost the same propellant savings as the more complex variable-specific-impulse thrusters.

Introduction

LECTRIC propulsion will likely be the preferred option for

solar-system exploration in the near future; the higher specific
impulse, compared to chemical propulsion, reduces the propellant
requirements and increases the payload. Ion thrusters seem to be
suitable for this kind of missions; the success of the Deep Space
1 mission, which has completed more than 14,000 h of thrusting,
testifies to the reliability of electrostatic thrusters.!

The power of the electric thruster is proportional to the specific
impulse Iy, and to the thrust level, if the thruster efficiency is as-
sumed to be constant. A high I, reduces the propellant requirement,
whereas a high thrust level reduces the trip time. When a constant-
I, operation is considered, the mission designer selects the specific
impulse to obtain the best compromise between mission payload and
trip time. Optimization methods are used to search for minimum-
propellant trajectories. An increasing number of revolutions around
the main body reduces the propellant consumption, and a time con-
straint is necessary to make the optimization problem meaningful.
In this case, the mission designer is able to obtain the optimal value
of the specific impulse to accomplish the trajectory in the assigned
time, once the available power is given. The power level, which
maximizes the payload, can also be determined when the specific
mass of the electric source is assigned.

Variable-I, ion thrusters will probably be available soon,”~ and
other classes of electric thrusters with a variable specific impulse,
namely Hall thrusters* and Vasimr thrusters,” are currently under
development. A thruster that can exploit a wide range of values of
the specific impulse could be used both for escape from Earth and
for the interplanetary portion of the flight. However, a smaller range
of operational /g, is also useful to improve performance, as it allows
better management of the available power during the interplanetary
trajectory. General considerations®’ suggest increasing I, as the
propellant is gradually consumed; the optimal value of the instan-
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taneous specific impulse is inversely proportional to the spacecraft
mass in the absence of gravitational losses. However, the control law
is modified by the presence of this kind of loss; I, is reduced when
the spacecraft is in positions where a large thrust level is advisable
(for instance, at the apsides of the orbit), whereas it is increased
when the thrust cannot be usefully exploited (for instance, when
the constant-/;, trajectory has a coast arc). In particular, the thrust
acceleration must be proportional to the magnitude®® of the primer
vector,!” which can be considered as an index of the usefulness of
thrusting. An engine with unbounded variable I, is always kept
on and the specific impulse continuously varied. A time constraint
is required, also in this case, to avoid a meaningless solution with
very high specific impulse and an infinite trip time. Coast arcs again
appear when the constraint is applied to the thrust-on time instead
of applying the constraint to the overall mission time.'!

The purpose of the present paper is to quantify the benefit that is
obtained using a solar electric propulsion system, which includes a
variable-/, thruster. Most of the benefit can however be obtained
without the requirement of variable I; a thruster, which can pro-
vide only two different values of Iy, (dual-mode or dual-/, thruster),
performs almost as well as the variable-I, thruster. The analysis is
carried out by investigating the best strategy to reach Mars, Venus,
and Mercury. The optimal control laws are derived and discussed. A
procedure that determines the optimal values of the specific impulse,
which must be provided by the constant-/g, and dual-/, thrusters,
is presented. Simpler boundary conditions than those used in ac-
tual missions are assumed to avoid the influence of the phase angle
between the planets on the performance, thus maintaining a gen-
eral significance of the results. In fact, a nonfavorable phase angle
depletes the maximum payload and modifies the desired character-
istics of the propulsion system, in particular in the constant-/, case.
More complex boundary conditions, including the treatment of the
gravity assist, can be found elsewhere.'!~! The same papers also
present the technique that can be adopted to determine the optimal
value of the available power at 1 AU, that is, the optimal area of the
solar-array surface.

Equations of Motion

A point-mass spacecraft with variable mass m is considered. The
patched conic approximation is adopted, and the time spent inside
the planets’ spheres of influence is neglected; therefore, the equa-
tions of motion are integrated only in the heliocentric reference
frame.!! The state equations are

dr

” 6]
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dv T
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w8t 2
dm T
o 3
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where r and v are the spacecraft position and velocity vectors, g is
the solar gravitational acceleration (an inverse-square gravity field
is assumed throughout), T is the engine thrust, ¢ = go/, is the ex-
haust velocity, which is proportional to the specific impulse, via the
acceleration gy caused by the Earth’s gravity at the planet’s sur-
face. Variables are normalized using the radius of Earth’s orbit, its
corresponding circular velocity, and the initial mass of the space-
craft as reference values. The period of Earth’s orbit is 27, and
the reference time unit is therefore 58.132 days. The thruster em-
ploys solar electric propulsion, and the solar radiation power is in an
inverse-square relation with the distance from the sun. Accordingly,
the available power is P, = P,/ 2 for missions to Venus and Mars,
where P is the nominal available power at 1 AU and r is expressed
in nondimensional units. The spacecraft approaches the sun closely
during a Mercury mission, and it might be necessary to reduce the
exposed surface of the solar panels to avoid extreme thermal loads;
the relation'* P, =191 — 2.8945(1 — r)*]P; is used in this case.

Boundary Conditions

The spacecraft leaves the Earth’s sphere of influence on a
parabola, that is, with zero hyperbolic excess velocity. The proce-
dure could however provide the optimal value of the hyperbolic ex-
cess velocity once the characteristics of the chemical engine, which
is used to escape from the Earth, are assigned.'>!3 The boundary
conditions at the initial point (subscript 0) are

ro = rg(f) C))
vo = vi(ty) (@)
mo=1 (6)

where subscript E denotes the Earth.

The arrival at the target planet with zero hyperbolic excess veloc-
ity is also considered, as it appears to be the most general condition
for the rendezvous, before the characteristics of the engine for the
orbit insertion or an alternative braking technique are specified. The
imposed boundary conditions at the final point (subscript f) are
therefore

ry =rr(ty) (7
vy =vr(ty) ¥

where subscript T denotes the target planet. The payload is the
performance index that is maximized. The mission can be performed
with lower thrust and, conversely, with larger specific impulse as
the trip time is increased, thus improving the payload. Therefore, a
constraint on the trip time T = ¢; — ¢, is imposed. In the presence of
a planetary flyby, the relevant boundary conditions are enforced.!!

Trajectory Optimization

The trajectory is controlled by the thrust magnitude and direction.
The desired thrust level

T =2n(P/c) ®

is obtained by selecting the exhaust velocity and the engine input
power P (constant thruster efficiency 7 is assumed throughout),
taking the operational constraints into account. The input power
is always limited by the availability of solar power (P < P,); the
exhaust velocity can be bounded (¢in < ¢ < Cmax), OF, in the limiting
case, constant.

An adjoint variable is associated to each state equation, and the
Hamiltonian is defined as

H=Xv+Al(@g+T/m)— 1,(T/c) (10)

According to Pontryagin’s maximum principle (PMP), the opti-
mal controls maximize the Hamiltonian. The thrust must be par-
allel to the primer vector ()\LT,T = A, T) and, using also Eq. (9), the
Hamiltonian is rewritten as

H=Xv+Xg+0u/m=hn/o20(P/c) (D)

where only
H'= (A/m — An/c)2n(P/c) 12)

contains the control variables. The theory of optimal control pro-
vides the Euler—Lagrange equations for the adjoint variables

dx” 3 o Am )29 9P
_':_)\f 98| _ (2o _Am )2 OO (13)
dr ar m c c Jr
dXT
- =\ 14
dr ! (14)
dA,, _ sz P T (15)
dr ~— m? nc T om?

The state, adjoint, and control variables in Eq. (12) are always
positive. (This is obvious for P, ¢, m, and X, which is the magnitude
of the primer vector; A, <0 has never been found in the present
work.) The Hamiltonian linearly depends on P via Eq. (12); a bang-
bang control is therefore optimal for the power level. Singular arcs
are excluded; they are usually absent outside the atmosphere, and
their necessity would be shown by incongruities in the results.!

Constant-I;, Thruster

During a constant-/;, operation (¢ = Cpin = Cmax), the input power,
or, equivalently, the thrust, is the only control. Equation (12) is
usually rewritten as

H = (h/m — hp/O)T = SpT (16)

and the sign of the switching function Sy determines when the
thruster is turned on or off. The maximum available power (i.e.,
maximum thrust level) is adopted when Sr > 0, whereas the engine
is switched off when Sr <0 to maximize H’, according to PMP.
The optimal constant value of ¢ for a given P, is also computed and
used in the present work. For this purpose, ¢ is no longer considered
as a control, but as an additional state variable, which is constant
along the trajectory (dc/dt =0). An adjoint variable X, is added,
and the differential equation

e 2P (A
= (2™ (17)

dr 2 \m c

is integrated, while the boundary conditions for optimality require
Aco = Acr =0. The optimal value of ¢ always grows as the trip time
is increased, improving the payload; ¢ would grow to infinity if the
constraint on the trip time were removed.

Variable-I5, Thruster

If the exhaust velocity is no longer constant, ¢ and P are the
control variables. H' =0 is obtained by switching the engine off,
but, according to PMP, the thruster is usefully switched on, and H’
becomes positive, if at least one admissible value of ¢, which makes
Sr positive, exists. The entire available power P = P, is therefore
used when the power switching function

Sp :)Lv/m _)"m/cmax (18)

which contains the maximum admissible value of ¢, is positive, but
the thruster is switched off when Sp < 0. One soon deduces that
continuous operation at maximum power level is necessary if no
upper limit for the exhaust velocity is present (¢, = 00, and Sp is
always positive).
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Fig. 1 Selection of the optimal controls for trajectories with bounded-
variable Is,.

As far as the selection of the exhaust velocity for a variable-/g,
trajectory is concerned, the optimal value ¢,y is obtained by setting
the partial derivative of Eq. (12), with respect to ¢, to zero. One
easily obtains

Copt = 2(MAm/y) 19)

which corresponds to the maximum of H and is used if it is inside the
admissible range for the control (¢yin < Copt < Cmax)- Otherwise, the
nearest extreme is selected, that is, ¢, is adopted when cop < Ciin,
whereas ¢pax is used when cop > Cmax. Figure 1 presents a summary
of possible cases and control selections. The same result could be
obtained by considering 1/c, which is proportional to the thrust, as
the control variable. The Hamiltonian is a quadratic function of 1/c,
and a standard optimization problem arises.

It can easily be seen!! that m?A,, = b is constant; in fact, by using
Egs. (3) and (15) one obtains

d(m?*r,,)

T
= AT — 2mdy— 20
dr " c (20)

which is identically null when the thruster operates with the optimal
¢ provided by Eq. (19). Therefore ¢,y is inversely proportional to
the product of the spacecraft mass and primer vector magnitude:
Copt =2b/(mA,). It has been shown’ that, in the absence of losses,

¢ is inversely proportional to m only.

Dual-I, Thruster

This paper mainly focuses on dual-/, propulsion. Equation (18)
is again used to state when the thruster is turned on or off. The
exhaust velocity of the thruster, when it is not switched off, can be
either ¢pn Or Cmax. The maximization of the Hamiltonian requires
the transition from high to low specific impulse, that is, ¢ = cyin,
when

Ao/m = A/ Cmin) A/ Cmin) > Ao/ 10— D [ Cmax) (1/ €max) - (21)
Equation (21) is rearranged in the form
Ao/m > Ay (1/Cmin + 1/Cmax) (22)
The switching function for the exhaust velocity is introduced

SL' = }‘v/m - }‘fm(]/cmin + 1/cmax) (23)

0.12

0.08

Thrust T

0.04

Time from departure t

Fig. 2 Selection of the thrust level of a dual-I, thruster.

and one recognizes that low specific impulse (¢ = ¢y ), that is, high
thrust, is used when S, is positive. An alternative criterion is found

by multiplying Eq. (23) by nP /X,,. One obtains
ScMP [Ap) = (Ao/m)NP [Ap) — NP (1/Cmin + 1/Cma)  (24)
and, using Eqgs. (9) and (19),
ScP /M) = Topr — (Tomax + Tiwin) /2 (25)

where Top =20 P /Cop is the optimal thrust value for an engine with
unbounded variable /. Then, S. > 0 implies

Topl > (Tmax + Tmin)/2 (26)

The preceding analysis can be applied to an engine that can switch
between any number of discrete values of the specific impulse c;,
each generating the thrust 7; =2nP /c;. A meaningful criterion to
switch from T _; to the adjacent higher thrust level 7} is

Tope > (T;+T5-1)/2 27

One should select the exhaust velocity that produces the thrust
which is closer to Tyy. Equation (27) is valid between two adja-
cent values of thrust, including the zero-thrust (i.e., power-off) level.
Figure 2 describes the application of the aforementioned criterion
during the first phase of a Mercury mission with a Venus flyby. The
thruster is switched from T =0 to T =Ty, when Top > Tiyin/2,
and vice versa. The switch from T = Ty, to T = Tpax Occurs when
Topt > (Tiin + Timax) /2. The available thrust varies as a result of the
continuously varying distance from the sun. One should note that
Top is discontinuous in correspondence of the flyby.

The same procedure, which is used for a constant-/, operation,
is adopted to select the most suitable values of the exhaust velocity
of the dual-/, thruster. Each level of exhaust velocity (Cmin, Cmax)
is considered as an additional (constant) state variable. Two adjoint
variables A. are added, and the integration of the corresponding
Euler-Lagrange equation, that is, Eq. (17), is carried out only when
the relevant exhaust velocity is selected. The boundary conditions
state the nullity of both the adjoint variables at 7y and #;.

Boundary Conditions for Optimality

The boundary conditions for optimality do not differ from the
constant-/, case'?!3 and are only summarized here. When the area
of the solar-array surface, and the corresponding electric power,
are assigned, the search for the maximum payload is equivalent
to maximizing the spacecraft mass m ; at the end of the mission.
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The adjoint variables are free at the initial and final points, but
Ams = 1. This condition is however replaced by A,,0 = 1 because the
problem is homogeneous in the adjoint variables. The transversality
condition provides H; = H ’f , which, with the addition of the trip time
constraint, implicitly determines departure and arrival times. In the
absence of such a constraint, H ]’c =0 should instead be enforced;
however, the trip time would grow to infinity, as the thruster would
operate with infinite specific impulse and infinitesimal thrust. A
previous article!'! presents the boundary conditions for an optimal
flyby.

The optimization procedure can also provide the value of
the nominal thrust power P; that maximizes the payload
m,=my —aP/n=my — BP,, where « is the specific mass of the
power generator and 7 the thruster efficiency. The constant state
variable P; and the adjoint variable Ap are added, and the Euler—
Lagrange equation during a thrust arc

oy __0H __H o8
dt 0P P

is obtained from Eq. (11) using Eq. (12) because a bang-bang control
is optimal for the power level and P is therefore directly proportional
to P;. Equation (28) is integrated when the thruster is on, whereas
Ap is constant during a coast arc (H' = 0); the boundary conditions
for optimality prescribe!! Apg =0and Ap; + BA,,; = 0. The optimal
unconstrained-/y, solution implies'! m, =m§-; this relation seems
to have a more general validity.”

Numerical Results

The boundary-value problem, which arises from the application
of the theory of optimal control, is solved by a procedure,'® which
is based on Newton’s method. To obtain a more precise integration
and easier convergence, the trajectory is split into arcs with homo-
geneous control laws. The continuity of H is enforced by setting
the relevant switching function to zero at the arc junctions, where
the exhaust velocity and/or the thrust undergo a jump, implicitly
determining the switching times.

Missions to Venus and Mars are first considered to evaluate the
characteristics and the benefits of using variable-specific-impulse
compared to the constant-I, case. A coefficient g =a/n=10,
which corresponds to o =40 kg/kW for a thruster with n=0.7,
has been assumed to account for the generator mass and evaluate
the payload. To obtain more general results, the position of the ar-
rival planet is left free, that is, the spacecraft is inserted into the same
orbit of the planet around the sun, but the target planet is in a dif-
ferent position.'? Thus, mission performance is not affected by the
phase angle between the Earth and the target planet. The imposed
boundary conditions at the final point can be found elsewhere.'?

More realistic missions aimed at Mercury have also been consid-
ered, taking the actual positions of the planets into account. These
missions experience a large benefit in delivered payload from the
management of the available power, which exhibits a 10-fold vari-
ation caused by the vehicle’s varying distance from the sun. The
optimal specific impulse presents a very large variation along the tra-
jectory, and a suitable thruster will not be available in the near term.
Therefore, the analysis has been extended to bounded-/;, and dual-
I, thrusters. The performance of a rendezvous mission is strongly
related to the phase angle between the relevant planets. To avoid ad-
ditional complexity during the discussion of the results, the area of
the solar-array surface has not been optimized, that is, the nominal
available power is the same for all of the Mercury missions.

Venus and Mars Missions

Missions to Venus are considered in Figs. 3 and 4. Figure 3 com-
pares variable-/;, and constant-I, trajectories in terms of payload
and average exhaust velocity cay, = go(Isp)ave, Where the average
specific impulse is computed as the ratio of the total impulse to the
consumed propellant. The trip time has been fixed at either T =8 or
12 (about 465 or 698 days, respectively). Figure 4 shows the control
and thrust histories for missions with nP; =0.01 and 7 =8.
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Fig. 3 Performance comparison of direct missions to Venus (7 =8 and
12).
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Fig. 4 Control law for direct missions to Venus (nP; =0.01, and 7 =8).

It is well known that an optimal value of the thrust power exists
for each trip time. The performance improves for the same value of
the available power as the mission trip time grows because the same
total impulse can be provided with lower thrust and, conversely,
with higher specific impulse and lower propellant consumption. The
payload can be further increased by reducing the power and the cor-
responding generator mass; the related payload benefit overcomes
the penalty caused by the specific-impulse reduction. (In Fig. 3, the
position of the maximum payload shifts to the left when t grows, and
the optimal power is lower in the case of variable specific impulse.)

The most important feature, which is highlighted in Fig. 3, is
that the payload benefit of variable-/, trajectories over constant-/,
trajectories is significant especially if the trip time is short. In this
case the increased control capability allows the mission designer to
obtain a larger payload by reducing the losses that are related to the
magnitude and direction of the thrust, whereas the average specific
impulse is almost the same for constant and variable-/, thrusters.
For instance, the specific impulse is reduced and higher thrust can
be used where it is more beneficial for the reduction of gravitational
losses. Figure 4 shows that the larger power that is available in
the last phase of a mission to an inner planet is used to increase
the specific impulse, according to simpler theoretical analyses,®’
whereas the thrust level is almost constant.

Missions to Mars present similar features. However, the space-
craft moves toward an outer planet, and, during the variable-/g,
operation, the reduction of the available power mainly affects the
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thrust level, whereas the exhaust velocity is kept almost constant,
as shown in Fig. 5, which presents the control history for missions
with nP; =0.01 and t = 10. The average specific impulse is how-
ever larger for the variable-I, thruster, which can compensate for
the lower average thrust by properly throttling the engine, when
required.

Mercury Missions

The procedure presented in this paper has then been applied to
analyze actual rendezvous missions to Mercury, flying either a direct
or a Venus-gravity-assist (VGA) trajectory. Venus is in a favorable
position for a flyby in 2006, and departure in 2005 has therefore been
selected. Because the absolute positions of the Earth and Venus re-
peat almost exactly every eight years, similar VGA missions can be
flown departing in 2013. Direct trajectories can instead be flown ev-
ery year with almost identical performance. The nominal available
power is not optimized, and the same area of the solar-array sur-
face is assumed throughout. The required data are only the planets’
ephemerides and the maximum beam power at 1 AU; the assumed
value is n Py =0.02.

Table 1 presents the main characteristics of direct missions with
assigned trip time varying between 10 and 15 (581 and 872 days,
respectively). Table 2 presents the same characteristics for VGA
trajectories. The optimal values of the specific impulse have been
adopted for constant-/g, and dual-/,, trajectories. The values of the
latter class of missions have been assumed as ¢y,;, and ¢, for the
corresponding bounded-/, trajectories. The final mass is increased
by the gravity assist from Venus, by selecting a thruster with in-
creased control capabilities, or by allowing a longer trip time, which
permits the use of reduced thrust levels and larger values of specific
impulse.

Table 1 Performance comparison: direct missions
to Mercury (nP; =0.02)

Trip time ©
Mission characteristics 10 12.5 15
Constant /g
my 0.5999 0.6513 0.6959
¢ 1.2954 1.5611 1.8626
Dual I
my 0.6303 0.6785 0.7137
Crin 0.8780 1.1701 1.4133
Cmax 1.7106 2.0833 2.4670
Cavg 1.3689 1.6484 1.9159
Bounded /s
my 0.6333 0.6816 0.7167
Variable I, (unbounded)
my 0.6365 0.6843 0.7210
Cavg 1.3920 1.6793 1.9462
3 0.03

----- Constant /
sp

N —— Variable /
sp

0.02

Thrust T

0.01

Exhaust velocity ¢

Time of flight t

Fig. 5 Control law for direct missions to Mars (nP; = 0.01, and 7 = 10).

Table 2 Performance comparison: VGA missions
to Mercury (nP =0.02)

Trip time ©

Mission characteristics 10 12.5 15
Constant /g

my 0.7212 0.7609 0.7856

c 1.5720 1.7248 1.8881
Dual /s

my 0.7447 0.7717 0.8178

Cmin 1.3556 0.9260 1.2845

Cmax 2.1124 2.3017 3.1690

Cavg 1.6873 1.7943 2.4309
Bounded I,

my 0.7460 0.7741 0.8193
Variable I, (unbounded)

my 0.7489 0.7831 0.8227

Cavg 1.6901 1.9085 2.4160

E constant-Isp Edual-Isp
Obounded-Isp Cvariable-Isp

0,45

0,30
0,15

Propellant mass

0,00
10,0 12,5 15,0

¢

—h
oOA®N
cooo

Savings %

10 12,5 15
Triptime

Fig. 6 Propellant consumption for direct missions to Mercury
(nP1=0.02).

The same missions that are shown in Tables 1 and 2 are compared,
in terms of propellant consumption, in Figs. 6 and 7, which also
show that the variable-/, thruster permits a 10% mean reduction in
the propellant consumption. This value doubles in special cases (i.e.,
long missions with Venus gravity assist), when the propellant mass is
very low. Most of the benefit (roughly 80%) could be obtained using
a dual-mode thruster, which appears to be even more competitive
when one considers that upper and lower limits for the specific
impulse are unavoidable, at least in the short term.

Actual mission opportunities have been considered, and the pres-
ence of apparently anomalous results is caused by the presence of
time constraints and the necessity of taking the planets’ phase an-
gles into account. In some instances, mission performance is greatly
affected and penalized. The VGA missions with 7 =12.5 are em-
blematic of this occurrence. Figure 8 presents the dual-I;, VGA
trajectory, which reaches Mercury with this particular value of the
trip time. Coast arcs are present, and the values of ¢ are lower than
expected (see Table 2) because a large thrust is necessary to inter-
cept the planets. The optimal control law of this mission is com-
pared in Fig. 9 with the control law of the unbounded variable-/,
case, with the same trip time. Figure 10 presents the same compar-
ison for longer missions (t = 15), which are characterized by quite
different control histories, compared to the shorter missions. The
position of Venus at the flyby, that is, the flyby date, is practically
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Fig. 7 Propellant consumption for VGA missions to Mercury
(’l’]P 1:0.02).
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Fig. 8 Dual-I, VGA mission to Mercury (nP1 =0.02, and 7 =12.5).

fixed, because of the necessity of obtaining a free rotation of the
trajectory plane. When Mercury is not correctly phased to Venus
(as for T = 12.5), a small portion of the available time is subtracted
from the Earth—Venus leg and transferred to the Venus—Mercury leg,
which also requires a larger thrust to compensate for the unfavor-
able phase angle. Soon after the late departure, the shorter missions
require higher thrust to reach Venus with a faster trip. Moreover, the
increased available power near Mercury is used mainly to obtain
the required high thrust, while the exhaust velocity is progressively
reduced. On the contrary, Mercury is in a favorable position with
respect to Venus when t = 15, and the specific impulse can be grad-
uvally increased, as is suggested by quite general criteria concerning
the management of the available energy.” The initial requirement of
higher thrust, which is necessary in the case of the shorter missions,
could be replaced by a nonzero hyperbolic excess velocity at depar-
ture, that is, by the contribution of the chemical motor used to leave
the low Earth orbit. This consideration, which has already been in-
cluded in the optimization procedure,!” could relieve the difficulties
that are specific to the faster VGA missions.

e---o flyby

Exhaust velocity ¢
AN

/\

0 2.5 5.0 7.5 10.0 12.5 15.0

Time from departure

Fig. 9 Control law for VGA missions to Mercury (nP;=0.02, and
T =12.5).
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Fig. 10 Control law for VGA missions to Mercury (nP; =0.02, and
T=15).

Conclusions

It is well known that a thruster with variable specific impulse
could significantly improve the performance of a spacecraft that
uses the same electric engine to escape from the Earth and to ma-
neuver in deep space. The present analysis has shown that a similar
engine, with a limited range of specific impulse, is also useful when
itis used only during the interplanetary portion of the trajectory. The
additional control capability that is available during a variable-/,
trajectory, compared to a constant-I; trajectory, reduces the propel-
lant consumption. General considerations suggest to privilege the
use of high specific impulse with respect to the thrust level, as the
propellant is gradually consumed. Occasionally, a higher thrust can
be made available when it is necessary to reduce the losses that are
caused by the finite thrust level, thus overcoming the penalty caused
by a lower specific impulse. Moreover, better management of the
electric power allows the mission designer to select a lower level of
nominal power, and the reduced mass of the power generator results
in an extra benefit in terms of payload. Numerical results show that



684

most of the benefit is obtained when the engine can simply oper-
ate with two different values of the specific impulse, without the
requirements of a thruster that is continuously throttled. This kind
of thruster can be more easily developed and made available sooner
than the continuously throttled thruster.
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