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Abstract—The problem of optimization of perturbed trajectories of spacecraft with finite thrust is considered.
The problem is solved using an indirect approach based on the application of the necessary optimality con-
ditions in the form of the maximum principle, the continuation method, and complex dual numbers for high-
precision calculation of the necessary derivatives of complicated real functions of state variables. The goal of
optimization is to calculate trajectories with minimal fuel consumption at a fixed angular distance and free
transfer duration. A mathematical model of the spacecraft motion in equinoctial elements with an angular
independent variable is used. A mathematical model of the motion, the derivation of the necessary optimality
conditions, and a description of the method for solving the problem are given.
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INTRODUCTION

External perturbing accelerations can have a deci-
sive effect on the orbital motion of a spacecraft. Orbits
of great applied importance such as sun-synchronous
orbits and Molniya-type orbits exist only due to pertur-
bations from non-spherical Earth’s gravitational
potential. The gravity of distant celestial bodies deter-
mines the existence of points of relative equilibrium—
libration points—and allows the spacecraft’s motion
around these points, for example, along halo orbits or
Lissajous orbits. The perturbing acceleration from the
Sun’s gravity makes it possible to implement weak sta-
bility boundary trajectories to the Moon (WSB trajec-
tories), which can reduce the required operating fuel
costs. Organization of the spacecraft motion along
manifolds to quasi-periodic orbits around libration
points L1 and L2 (the existence and characteristics of
which depend on perturbing accelerations from the
gravity of distant celestial bodies) makes it possible to
reduce the required costs of the characteristic velocity
in interplanetary flights. However, in most cases, per-
turbing accelerations are a factor that significantly
complicates calculations of spacecraft trajectories,
especially low-thrust trajectories.

Currently, transport operations in space are often
implemented using electric propulsion systems (EPSs)
with a high specific impulse of thrust, which signifi-
cantly reduce the required fuel costs. The main feature
of spacecraft flights with an EPS is low thrust. The
level of thrust acceleration provided by an EPS in
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modern spacecraft usually does not exceed tenths of a
mm/s?. The perturbing accelerations on the orbit
transfers can often be comparable in magnitude with
the thrust acceleration or even exceed it significantly.
Perturbations from the second zonal harmonic of the
geopotential in low orbits have a value of approxi-
mately 1 cm/s?, which is more than an order of magni-
tude higher than a typical thrust acceleration of a
spacecraft with an EPS. The main perturbing acceler-
ations for near-Earth spacecraft include accelerations
from the non-spherical Earth’s gravitational field,
perturbing accelerations from the gravity of the Moon
and the Sun, aerodynamic acceleration, and accelera-
tion from the solar radiation pressure. Of course, pre-
vailing types of perturbing accelerations will vary for
different spacecraft configurations and regions of the
near-Earth space, and their influence on the trajec-
tory and the EPS thrust vector control program can be
very complex.

Traditionally, the study of low-thrust spacecraft
trajectories begins with the consideration of spacecraft
motion in the central Newtonian gravitational field. In
most cases, further analysis requires an assessment of
the influence of perturbing accelerations on the trajec-
tory and control program, and it is necessary to take
into account the main perturbations in the preparation
of a flight program. In the simplest cases, for example,
during a multi-revolution transfer between intermedi-
ate circular orbits of the same inclination with a spec-
ified control program (for example, with a circumfer-
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ential thrust of constant magnitude) taking into
account the main perturbing accelerations can be
reduced to estimating the secular drift in the right
ascension of the ascending node and short-term per-
turbations in all orbital elements. In this case, the pre-
cession of the right ascension of the ascending node
can be compensated by appropriately choosing the
right ascension of the ascending node of the initial
orbit; if the amplitudes of the short-term oscillations
of the orbital elements are within the given tolerance,
the task of designing a perturbed transfer trajectory
can be considered complete.

In more complex problems, especially in the case of
trajectory optimization, in order to estimate the influ-
ence of perturbing accelerations on the optimal trajec-
tory and optimal control program, it is necessary to take
into account the perturbing accelerations in the process
of trajectory optimization. Various approaches based
on direct or indirect methods are used to optimize low-
thrust trajectories.

Direct optimization methods, in a typical version,
are reduced to some parameterization and/or discreti-
zation of control and further representation of the
problem of minimizing a given cost function (for
example, the transfer duration or fuel mass) in the form
of a high-dimensional nonlinear programming prob-
lem. The advantage of the direct approach is the rela-
tive simplicity of taking into account the perturbing
accelerations; however, the drawback is the high com-
putational complexity (computation time) and the
uncertainty of the criterion for the end of the optimiza-
tion process, which can lead to calculation of solutions
that differ significantly from the optimal ones.

Indirect methods are based on the use of necessary
and/or sufficient optimality conditions. The most
common option is to use the necessary optimality
conditions in the form of the maximum principle. The
main advantages of indirect methods are their rela-
tively high performance (a significant reduction in the
computation time as compared to direct methods) and
high accuracy. However, to optimize the perturbed
trajectories using the maximum principle, the calcula-
tion of the right-hand sides of differential equations
for costate variables requires an accurate calculation of
the derivatives of perturbing accelerations in state
coordinates.

If the mathematical model of the perturbing accel-
erations is simple (for example, only the zonal har-
monics of the geopotential and/or the aerodynamic
drag with a static model of the upper atmosphere are
taken into account), a reasonably complicated analyt-
ical representation of the right-hand sides of the dif-
ferential equations for costate variables is possible. In
the case of complicated mathematical models for
high-precision calculation of perturbing accelerations,
it is practically not possible to represent their deriva-
tives in closed form. In this case, one can use high-
precision numerical differentiation by the complex
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step method [1] or automatic differentiation using the
algebra of dual numbers [2, 3]. The use of the complex
step differentiation or automatic differentiation using
the algebra of dual numbers significantly simplifies
the development of a mathematical model of space-
craft motion for its application in the problem of tra-
jectory optimization, since in this case it is only neces-
sary to calculate the perturbing accelerations in the
complex or dual domain. If the programming involves
the technique of operator overloading and the correct
redefinition of built-in functions in the complex or
dual domain (i.e., if specially developed classes or
modules for calculations in the complex or dual
domain are used), the problem of implementing com-
putations of perturbing accelerations and their deriva-
tives according to the known algorithm for calculating
these accelerations in the real domain is reduced to a
simple redefinition of real state variables to complex or
dual state variables in the program code. With regard
to the optimization of low-thrust spacecraft trajecto-
ries, this technique has been used for a long period of
time and it has already proved itself well [1—3].

However, there is another problem that signifi-
cantly limits the stability and convergence rate of opti-
mization of low-thrust trajectories with the considered
approach. The maximum principle reduces the opti-
mal control problem to a boundary-value problem for
a system of ordinary differential equations for state and
costate variables. To solve this boundary-value prob-
lem, it is necessary to find the values of the unknown
parameters (in the simplest case, the initial values of
the costate variables) at which the given boundary
conditions and transversality conditions are satisfied
(i.e., at which the vector of residuals of the boundary-
value problem becomes zero). Formally, it is required
to solve a system of nonlinear equations for the resid-
uals with respect to the vector of unknown parameters
of the boundary-value problem. It is possible to use
various methods for this purpose, for example, various
modifications of Newton’s method or gradient meth-
ods. In the 1990s, one of the authors of this study pro-
posed [4] to solve the maximum principle boundary-
value problem in the problems of optimization of low-
thrust trajectories using the continuation method in
the form presented in [5, 6]; it was proposed for solv-
ing systems of nonlinear equations and by that time
had already been successfully applied for solving some
other boundary-value problems [7, 8]. After some
time, the continuation method, due to its computa-
tional stability and speed, began to be applied in prob-
lems of optimization of low-thrust spacecraft trajecto-
ries by many other authors [9—11].

The continuation method formally reduces the
problem of solving a system of nonlinear equations to
the integration of embedded systems of ordinary dif-
ferential equations; the right-hand sides of the system
of differential equations in the continuation method
include the partial derivatives of the residuals of the
maximum principle boundary-value problem with
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respect to its unknown parameters. The numerical
integration of the system of differential equations of
the continuation method requires an exact calculation
of these derivatives, which can be easily realized in the
case of an unperturbed problem with the aid of the
same complex step differentiation or automatic differ-
entiation using the algebra of dual numbers [1—3].
However, the use of these methods is much less effec-
tive in the optimization of perturbed trajectories, since
these methods allow high-accuracy calculation of the
first derivatives only, which has already been used
when calculating the derivatives of perturbing acceler-
ations with respect to state coordinates necessary for
calculating the residuals of the boundary-value prob-
lem. Under these conditions, the derivatives of the
residuals of the boundary-value problem with respect
to its unknown parameters were calculated using a less
accurate finite difference method, which reduced the
computational stability and accuracy of the approach.

To construct effective methods for optimizing per-
turbed low-thrust trajectories based on the maximum
principle and the continuation method, it is necessary
to use a method that provides a high-precision calcu-
lation of second-order mixed derivatives. A number of
authors proposed to use multicomplex or hyperdual
numbers for high-precision calculation of the second
derivatives [12, 13]. However, this leads to an overly
large increase in computational costs due to the need
to calculate “extra” second derivatives that are not
used in the process of solving the problem. To over-
come this circumstance, we propose to use a different
mathematical object, complex dual numbers, or dual
numbers with complex coefficients [14, 15]. To lower
computational costs, complex dual numbers with a
vector dual part are used, which make it possible to
reduce the number of repeated computations of func-
tions and their first derivatives in comparison with
complex dual numbers with a scalar dual part or mul-
ticomplex and hyperdual numbers.

This paper presents a method for optimizing multi-
revolution trajectories of the orbit transfers of a space-
craft with an EPS using the algebra of complex dual
numbers; the method is based on the application of
the maximum principle and the continuation method.
The developed method sequentially solves the prob-
lems of optimizing the unperturbed trajectory of a
spacecraft with an ideally controlled engine, so called
power limited problem, using a continuation from
Keplerian motion and optimizing a perturbed trajec-
tory of a spacecraft with an EPS having bounded
thrust magnitude and constant exhaust velocity using
a continuation from the unperturbed optimal trajec-
tory of a spacecraft with an ideally controlled engine.

The paper has the following structure. Section 1
presents the mathematical model of motion. In Sec-
tion 2, an optimal control problem is formulated, to
which the considered trajectory optimization problem
is reduced. Using the maximum principle, this prob-
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lem is reduced to a boundary-value problem for a sys-
tem of ordinary differential equations. Section 3
describes a method for solving this boundary-value
problem; in the Conclusion, the main theoretical
results and features of the proposed method for opti-
mizing perturbed finite-thrust trajectories are pre-
sented. Numerical examples of the trajectory optimi-
zation are given in the second part of the article.

1. MATHEMATICAL MODEL OF MOTION

Let us consider a mathematical model for applica-
tion in the method of optimization of a multi-revolu-
tion finite-thrust trajectory taking into account the
influence of perturbing accelerations. The use of Car-
tesian coordinates for optimization of multi-revolu-
tion low-thrust trajectories is not really practical, since
the coordinates and velocity components of the space-
craft are short-period alternating functions, which
leads to the need to reduce the numerical integration
step and, therefore, to an increase in the computa-
tional complexity and growth of the global integration
error at large time intervals. The use of orbital ele-
ments can significantly increase the speed and accu-
racy of numerical integration. We use modified equi-
noctial orbital elements [16], which have no singulari-
ties (in contrast to classical Keplerian elements) in the
vicinity of circular and equatorial orbits. The advan-
tages of using the angular independent variable for the
mathematical model of spacecraft motion applied to
the optimization of multi-revolution trajectories
were shown in [17]. Thus, we will write the equations
of the perturbed controlled spacecraft motion in
modified equinoctial orbital elements using auxiliary
anomaly K [17] as an independent variable:

ap _ 20
d[( Hq3 1
2 +1)cos L +
%=p—2[sinLa,+(q )cos exa,—ﬁan},
dK uq q q
d 2 +1)sin L +
ﬁzp—z[—cosLaﬂL(q )sin eya,+£an},
dK uq q q
. 22
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Ly=L — K is the deviation of true longitude
L=v+m+Q from auxiliary longitude K,

s =140, +iy, g =

.. . T _
ipsinL —i,cosL, a,zS;cosﬁcosw+ap,, a, =

g=l+ecosL+e,sinlL,

SZsinﬁcosw+ap,, an=BZsin\p+alm, W is the

gr’gvitational parameter of themcentral celestial body; &
is the throttling function of thrust (8 = 1 with the pro-
pulsion system turned on, and & = 0 with the propul-
sion system turned off); T is the propulsion system
thrust; ¢ is the exhaust velocity; m is the spacecraft
mass; ¥ is pitch; y is yaw; a,,, a,,, and a,, are the com-
ponents of the perturbing acceleration; e is the eccen-
tricity; o is the argument of perigee; i is the inclina-
tion; Q is the right ascension of the ascending node;
and v is the true anomaly. In the right-hand parts of
system (1), the true longitude should be represented as
L=K+ Lg

Hereafter, we restrict ourselves to considering the
problem of a transfer between given orbits with a fixed
angular distance in true longitude AL = L,— L, (where
Ljand Lyare the initial and final values of the true lon-
gitude, respectively) and free transfer duration. In this
case, without loss of generality, the initial conditions
of motion for a fixed value of the initial auxiliary lon-
gitude K|, are set as

p(KO) = Po> €x (KO) = €x05 €y (KO) = €0,
ix (KO) = ixO’ iy (KO) = iyO,
Ly (Ky) = Ly — Ko, m(Ky) = my,

and the final conditions for the free final value of aux-
iliary longitude K,= K, + AK are set as

P(Ky)=ppe(Ky)=ey, e,(K;)=ey,
i (Kp) =iy, i,(K;) =iy, Lg(K;)=L, - K.
It should be noted that the initial value of true lon-
gitude K; without loss of generality can be chosen
equal to 0, while the initial value of true longitude L,

depending on the formulation of the problem, can be
fixed or free.

()

(3)

2. OPTIMAL CONTROL PROBLEM

Let us consider the problem of optimizing an orbit
transfer, i.e., the problem of optimal control of a
dynamic system described by differential equations (1)
in order to transfer it from state (2) to state (3) with
minimum fuel consumption m, = m(K;) — m(K)).
Obviously, to solve this problem, we need to find func-
tions (programs) d(K), 3(K), and y(K) that minimize
the cost function

ty T K, T 3
J=[8Ldr= IST\/sz.
f ¢

kK, gcVH

C))
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The Pontryagin function of the optimal control

problem has the following form:
H=Hr+H,+H, 5

where
H; = 38Tk, [Q(A, sinOcosy + A4, cosVcos\y
m

+ A,,sin\p)—p’"—ﬂ},

c
1 2
H, = (ﬂj D
o Awle)
are the parts of the Pontryagin function, which
depend, respectively, on the thrust, perturbing accel-

erations, and the time costate variable p,,

H, = kk,(Aa, + Aa, + Aa,,),

A, =2pp, +[(g +1)cos L +e.] p.
+[(g+1)sinL +e,] p,,,
A, = q(sin Lp,, —cos Lp,,),
A, = &(=€,Pox + €Dy + Prx)
2

+ %(cos Lp, +sin Lp,),

ppa Pexs peya Dix> piya P> Pm» and p,are the costate vari-
ables to the corresponding state variables of the system

3
Ds €y €y by, by L, m, 8, ky = %\/z, k, = l\/z
g Vu qyu

Maximizing (5) with respect to ¥, y, and 9, we
obtain the following expressions for the optimal control:

sin® = A4,/A,, cos®=A4/A4,,
- _ (6)
siny = A,,/A, cosVy = A,,/A,

§=(1+sign$)/2, 8 #0; S [01], $=0, (7)

where 4, = A + A>, A=JA> + A + A2, S _fod _

m
P +1

c

Substituting (6) and (7) into (5), we obtain the
expression for the Hamiltonian of the optimal control
problem. The equations of the optimal motion have
the form

¥t

dx, _OH doy __9H

dK dp, dK = 0x,

Where X;r = (p, €y, eya ix’ iy’ LK, m, t)’ p; = (pp, Dexs peya
Pix piya PrK> P> pt)

To solve the trajectory optimization problem, it is
necessary to calculate eight initial values of costate
variables p,; and the final value of auxiliary longitude
K (a total of nine unknown variables). Boundary con-
ditions (2) and (3) define only six equations for these
nine unknown variables and must be supplemented
with three transversality conditions. To derive them,

)
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we consider the Lagrange endpoint function in the
following form [21, 30]:

I =(Lg (K,)+ K, —LO)K(Z +(Lg (Kp) + K, —Lf)k{
+ (x(Ky) =X (Lo)) M+ (x (K, ) = x, (L)) AL
+ (m(Ky) = my) hy, + (£(Ko) = 1) A

where XO kf lo kf 7LO lo are the Lagrange multipli-
ers, X = (p, €y, €, Iy, y)T is the part of the vector of
modified equmoctlal orbital spacecraft elements,

= (o> €x05 €05 Ix0s yO) and X, = (pp ey € I yf)
are the modified equinoctial elements of the initial
and final orbits, respectively. The transversality con-
ditions for this Lagrange endpoint function take the
following form:

by (K,) = ax%q)) =32, b (K,) = —aX?j(f) -,
pLK(KO)=ﬁ(’KO)=x‘2, pLK(Kf)=—%=—x{,
pa(K) =3, T =0 () = am?;f)—o,
mmvﬁﬂ?, p,<1<f>=—at(a,’(f)=o,
H(Ky) = =i =M1 H (Kp) = 5 =,
where py = (D, Pexs Pey Pis Piy) "

These conditions imply the relations p,,(K) =0
PAK) =0, p(Ko)+H(K))=0 and p,(K;)+
H(K;) = 0.Letusshow thatp;, + Histhe first integral

of system (8). Indeed, dpri = _9oH = _9H = —ﬁ,
dK oLy 0K dK
since Kand Lgare included in Hamiltonian (5) only as
the sum K + Ly and taking into account the known
properties of nonautonomous Hamiltonian systems.
Hence, it follows that d (p,x + H)/dK = 0;ie.,px+ H
is the first integral. Therefore, if p; .+ H is zero for any
K, this implies the identical equality to zero of this
expression on the entire trajectory. Taking into
account the accepted equality K, = 0, the additional

boundary condition is reduced to p, , (0) + H (0) = 0.

This equation can be used to calculate the
unknown value of p;(0), which reduces the number
of unknown parameters of the boundary-value prob-
lem to eight. Ultimately, the boundary conditions for
the problem under consideration, taking into account

the possibility of using the equallty K, = 0 in the gen-
eral case, can be written as
Le(0) = Lo x(0) = o (L) m(O)=m,. o
1(0) =1y, prx(0)+ H(0)=0,
COSMIC RESEARCH Vol.59 No.5 2021
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Ly (Kp)+ K, =Ly, x(Kf)=x,(Ls),

Pm(Kf)=O, P;(Kf):(), (10)

and to solve the boundary-value problem of the maxi-
mum principle (8)—(10), it is required to calculate
eight components of vector p,;(0) and final auxiliary
longitude K at which the last equation in (9) and eight
scalar equations (10) are satisfied. Due to the depen-
dence of the Hamiltonian on p, x, the last equation in (9)
is reduced to a quadratic equation with respect to p; x(0).
This quadratic equation can be solved for given initial
conditions and the current value of other elements of
P, (0), after which p; (0), together with the last equa-
tion of (9), can be excluded from the boundary-value
problem, reducing its order to 8. It should be noted
that only one of the two solutions of the quadratic
equation for p; x(0) is a solution to this boundary-value
problem.

The main advantage of the considered formulation
of the trajectory optimization problem with a fixed
angular distance and free transfer duration is that for
same-type families of trajectories, judging by the
numerical analysis carried out earlier (e.g., in [17, 18]),
there is only one solution that satisfies the necessary
conditions of optimality. If a more traditional formu-
lation is used—trajectory optimization with a fixed
transfer duration and free angular distance—there are
many optimal solutions with different numbers of
orbits [10, 19, 20], which limits the convergence of
numerical methods and complicates the calculation of
globally optimal solutions.

It should be noted that, when optimizing unper-
turbed trajectories or in the case in which the perturbing
accelerations do not explicitly depend on time, the dif-
ferential equation for time can be excluded from the sys-
tem of differential equations for optimal motion
together with the boundary conditions for time and the
time costate variable. In this case, the Hamiltonian does
not explicitly depend on time; therefore, dp,/dK= 0 and
p/(K) = 0 by virtue of the last equation in (10). In this
case, the necessary condition for the optimality of the
transfer time (transversality condition) is fulfilled auto-
matically.

If it is necessary to optimize initial true longitude
L,, we use the Lagrange endpoint function in the fol-
lowing form to derive the transversality conditions [30]:

[ = (LK (Ko) + K, — Lo)kg +(LK(Kf) + Kf - Lf)x{
+ (Ly (K;)+ K, — Ly (Ky) — Ky —AL)A,
+ (x(Ky) = %o (Lo))" A% + (x(K,) =%, (L)) AL,

where A; is an additional Lagrange multiplier. The
transversality conditions with this end function will
take the form
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d/ 0

ol !
K,) = =A > Px K,)=- = _)"x’
T R N7
0/ 0 d/ f
K))=—"=2,, K )=—————=-A\7,
PLK( 0) BLK (Ko) PLK( f) aLK(Kf) L
d/ 0 d/ !
H(K)=——=-A;, H(K;)=—— =17,
( 0) aKo L ( f) aKf L
Ol _ 5 0 _(dXO_(L@jT;ﬁ -0
BLO L L dLO b'q )
T
i:k S dx, (Ly) V=0
aL, - Tt dL, "
These conditions imply the relations
T
ax . (L
pLK(Kf)+[%j P (K/)
o (1)
dxo<Lo>]
- Ky))—-| —= K,)=0
pLK( 0) ( dl, px( 0)

The first two equations, similar to the case of a
transfer with a fixed initial true longitude, are reduced
to an additional boundary condition represented by
the last equality in (9). Equation (11) for the case of
Keplerian initial and final orbits is simplified to

Prk (Kf) — DLk (Ko) =0.

Thus, the problem of optimizing the transfer tra-
jectory for a free L, is reduced to a boundary-value
problem for system of differential equations (8) with
boundary conditions (9)—(11). Having set K, = 0 with-
out loss of generality, to solve this problem it is neces-
sary to find eight components of vector p,,(0), initial
true longitude L,, and final auxiliary longitude K, at
which condition (11) and nine boundary conditions of
the following form are satisfied:

x(K;)=x,(Ls), pn(K;)=0,p(K;)=0,
complementary to the initial conditions at K= 0:

Ly (0) = Ly, x(0) =% (L),
m(0) = my, 1(0) = £,

(12)

(13)

3. METHOD FOR SOLVING
THE OPTIMAL CONTROL PROBLEM
USING COMPLEX DUAL NUMBERS

Let us consider the solution of boundary-value
problem (8)—(10) using the continuation method by
parameter in the form presented in [17, 21]. When
using this method, it is necessary to find such vector of

unknown parameters z = (pL(O), Kf)T at which the
residual vector becomes zero:

PETUKHOV, SUNG WOOK YOON

f=(pex (0)+ H(0), Ly (K;) + Ky = Ly,

(x(K;) =%, (L))" o (K)o 2s (K )

To solve the problem under consideration, in
addition to calculating residual vector fin the bound-
ary conditions by integrating system (8), it is neces-
sary to calculate the partial derivatives of the residual
vector with respect to continuation parameter T and
unknown parameters of the boundary-value problem z,
which include the initial values of costate variables
Pxi0 = Px1(0). To calculate these partial derivatives, it is
required to calculate the derivatives of the state and
costate variables with respect to T and py,, at the right
end of the trajectory. It is convenient to calculate such
derivatives by joint integration of differential equations
(8) with differential equations for dx,/dt, dpy,/dT,

0X,/0Py 10, and dpy;/Opy o

dx, _dH dpy _ _OJH
dK 9dp,, dK = 0x,
dox, _ IH ’iap,ﬂ:_am, (14)
dK ot 0Jtdp,, dK Jt 070X,
d o _ H dopg ___dH
dK dpy apxloapxl’ dK dpy apxloaxl’

in which case initial conditions (9) are supplemented
by the obvious relations

%zapxl _ ox, -0 9Py -E
aT aT apxlO ’ apxlO

for K= 0, where E is the unit matrix.

15)

In accordance with (5), Hamiltonian H of the per-
turbed problem can be represented as H= H,+ H,+ H,.
Partial derivatives dH/dp,,, 0H;/0x,, and dH,/dx, are
easily expressed in the explicit form; thus, the mixed sec-
ond derivatives 0>H/dT10py,, 0*H/0py;00Py;, 0>H7/0T0X,,
0*H /0py,00X,, 0>H,/010X,, and 0°H,/dp,,,0X,, which are
necessary for calculating the right-hand parts of sys-
tem (14), can be easily calculated with a high accuracy
using the complex step differentiation [22—25] under
condition of calculating the first derivatives d H/dp,,,
0H;/0x,, and dH,/0x, in the complex domain using
small increments in the imaginary parts of the com-
plex representation of T and elements of vector py,.
The problem of accurately calculating derivatives
0H,/0x,, 0°H,/0t0x,, and 9°H,/0p 40X, appears to be
significantly more complicated. Indeed, term H, in
the Hamiltonian depends on the perturbing accelera-
tions. The components of the perturbing accelerations
depend on x; and are calculated using complicated
algorithms that, in the general case, do not allow one
to present an accurate analytical estimate of their
derivatives with respect to the components of the state
vector. Of course, it is possible to compute with these
algorithms using complex or dual numbers to calculate
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0H,/0x, by the complex step differentiation [22—25] or
automatic differentiation using the algebra of dual
numbers [26, 29]; however, to calculate the required
second derivatives dH,/dt0x; and 9°H,/dpy,,0X,, one
will need to use a less accurate and less robust method,
for example, the finite difference method. Alterna-
tively, in a number of studies for the accurate calcula-
tion of the second derivatives of real functions, it is
proposed to use multicomplex [12] or hyperdual [13,
28] numbers. The main disadvantage of methods
using multicomplex or hyperdual numbers is the large
computational cost, in particular, due to the associ-
ated calculation of the second derivatives of the form

0°H,/07, asz/axf, and 821-1[,/8pi]0 that are not used
in the problem under consideration. To implement a
high-accuracy calculation of only the required sec-
ond-order derivatives of the real function H,, we pro-
pose to use complex dual numbers [ 14, 15].

Since the calculation of derivatives using complex
dual numbers is actually a combination of differentia-
tion methods using complex and dual numbers, we
present the basic relations for numerical differentiation
using the complex step differentiation [22—25] and
automatic differentiation with dual numbers [26, 27].

The complex step differentiation was discovered in
1967 [22, 23], forgotten, and rediscovered in 1998 [24],
and since then it has been used in many applications, for
example, [1, 17]. This method is designed to calculate
the derivatives of differentiable real functions of a real
argument. Obviously, for x,7e R, f():R - R, we
can expand the function f in a Taylor series using a
small increment in the imaginary part of the argu-
ment, as a result of which we obtain an approximate
expression for its derivative:

o Ldf(x) 1,,d°f(x) ;
f(x+ih)= f(x)+ih ok e +0(h’)

. df (x 3
= Im[f (x +ih)] :h%+0(h )

- a’fdgcx) _ Im[f(:+ih)]+0(h2).

Unlike the finite difference method, the numerator
in the last formula does not contain the difference of
the functions at close values of the argument; there-
fore, the differentiation step can be chosen to be suffi-
ciently small to ensure the accuracy of calculating the
derivative of the same order as the accuracy of calcu-
lating the function.

There is also a well-known method of automatic
differentiation based on the Clifford algebra, more
precisely, on the use of dual numbers [26]. Let us con-
sider

z=x+eh € =0, x,he R f():R>R,
RP(z) = x, DP(z) = h
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Expanding fin a Taylor series using the increment
in the dual part of the argument, we obtain the exact
expression for the derivative of this function:

Fx+eh) = f(x)+ehafd—ix)

- df (x) _ DP[f (x +¢h)]
dx h

or dfd(x) =DP[f(x+¢)].

The notation DP(*) is used here for the operation of
isolating the dual part of a number: DP(x + ¢h) = A.

This method makes it possible to slightly reduce
the computational costs in comparison with the com-
plex step differentiation, especially when using dual
numbers with a vector dual part [26]. For example,
using dual numbers with a two-dimensional vector
dual part, one can calculate both partial derivatives of
a real function of two variables using single calculation
of this function in the dual domain:

X=X tE€X +EXy, Y=Yy +TEN T €,
e =¢es=¢g¢,=0, x,y,€ R, i=0...2,
RP(x) £ x,, DP:(x) = x,,
2=f(Yy)r 2=2 185 +62%
Zf(.x0+8] '1+82'O,y0+81'0+82'1)
af(X03y0)+8 af (xo, o)

2
ax, 9y

= @Z DP1 [f(x+817y+82)]’
X

Jf (x,
dy
Here, we use the notation DP,(-) for the operation of
isolating the ith dual part of the number and RP(-) for
isolating the real part of the number.

In the general case, both methods are approxi-
mately equally good for high-precision computation
of the first derivatives. However, none of these meth-
ods can accurately calculate the second derivatives. We
propose to use complex dual numbers to calculate the
second derivatives [14, 15]. Complex dual numbers are
dual numbers with complex coefficients:

= [ (X0, 0) + €

z=x+ex, =0, x,xeC,
CP(z) = x, CDP(z) = x'.

The notation CDP(-) is used here for the operation of
isolation of the complex dual part of the number, while
CP() is used for the isolation of the complex part of
the number.

To calculate the mixed second derivative of a real
function fwith respect to x and y, one can supplement x
with the unit dual part (x = x, + €) and y with the small
imaginary part (y =y, + ih, h < 1), where x,, y,, and &
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are real numbers. The analysis of the expansion of this
function fin a Taylor series in the vicinity of the point
(xo, ¥o) allows us to show that the calculation of the
complex-dual representation of the function leads to a
simple expression for the mixed second derivative:

af(xoaJ’o) 2a f(anyO)
9o 2 s
J , af(xo,J’o) 1 282f(x0,y0)
+ eq— R +ih —=h
S{E)xo LF (%0, 30) +1 Y, 2 Byé

+ O(hS) N of (X0, %) _ Im{CP[f (x, )]} N 0(h2),

aJ’o h

P a00) _ RefeDPLf (x, )] +0(),
0x,

a2f(x0’y0) _ Im{CDP[f (x’

axoa)’() h

In the general case, the data structure considered
below, which represents complex dual number X with
a vector dual part, contains a scalar value of complex

J(x,p) = f(x0, %)+ ih

y)]}+0(h2).

part x and an array of » numbers x; representing the
complex-dual part:

n
' ' 2
X=x+2x,~8,», where x,x; € C, € =¢gg
i=l

;= 0Vi, j.

The assignment operation X= U, U = u + 27—1 UE;
is equivalent to assigning the corresponding values to
the complex and complex-dual parts: x =u, x; = u;,
i=1-—n. If Uis a complex or real number, the com-
plex-dual part of Xis assigned a zero value. In the gen-
eral case, complex numbers are viewed as complex
dual numbers with a zero complex-dual part, just as
real numbers can be viewed as complex numbers with
a zero imaginary part.

The operation of isolating the complex part of a
complex dual number is

CP(X) = x,
and the operation of isolating the ith complex-dual
part is
CDP,(X) = x

The comparison operations (>, <, =, >, <) are per-
formed using only real parts from the complex parts of
complex dual numbers:

X~ Uif Re(x) ~ Re(u) (~ is one of the comparison
operations: >, <, =, #, > or ).

Arithmetic operations on complex dual numbers

are defined as follows: X U = x tu + Z(x, tTu; )di,

~X=-x=3" xid,, XU = xu+ Z;(’d”f " xf”;)di’

PETUKHOV, SUNG WOOK YOON

X/U = Xitly = Xitl; d Complex dual repre-

oy

u.

1

sentation of elementary functions @(X) has the form

n
O(X)=@(x)+ D" xie;do(x)/dx.

If we consider a scalar real function f{x, y) with a
real vector argument x and a scalar argument y, its
value, the first and second mixed partial derivatives
can be calculated using single calculation of the func-
tion in the complex dual domain f{x + €, y + ih) using
the following expressions:

f(x.y) = Re{CP[f (x + &,y + ih)l} + O(K),
I (x,5)
T = L m(CPLF (x e,y + i)+ O (1),
M:Re{cnp[f(xﬂ,yﬂh I+ o(#),
ox
If(xy) 1 ' ’
L) L im{CDP(f (x+ 5.y + h)] + O(F),
€ CDP, ()
wheree=| } |,CDP()= -dimx=dime=n.
Sn CDPn()

The following scheme is proposed for solving the
problem of optimizing a perturbed trajectory with a
finite thrust.

(1) The initial data are set, including the elements

105 x0> yo)T, initial
true longitude L,, elements of the final orbit

of the initial orbit x, = (py,e.0,€,0. 0,1

X, = ( Pyseys yrsbys iyf)T , tr'ansfer apgular distance
AL (the final true longitude is determined by the rela-
tion L,= L, + AL), initial spacecraft mass m,, thrust 7,
and exhaust velocity ¢ of the propulsion system.

(2) The continuation method is used to solve the
boundary-value problem for optimizing the unper-
turbed trajectory of a spacecraft with an ideally con-
trolled engine of limited power (LP trajectories, see
[21, 30]). Zero values p,(0) = p,(0) = p,,(0) = p,(0) =
Pi(0) =p (0) = 0 are used as an initial guess values for
costate variables (which corresponds to spacecraft
coasting along the initial orbit); the initial guess for the
unknown final value of the auxiliary longitude is set
equal to the transfer angular distance: K,= AL.

(3) The continuation method is used to solve bound-
ary-value problem of the maximum principle (8)—(10) to
optimize a limited-thrust trajectory (LT trajectory).
The values obtained during the optimization of the LP
trajectory are used as an initial guess for the unknown
initial values of the costate variables p,, poys Deys Pixs Py
and p g and final auxiliary longitude K. The initial
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guess values for p,,(0) and p,(0) are set equal to 0. To
implement the homotopy between LP and CEV tra-

jectories, the following system of differential equations
is used:

(1-7v)k+ 1:6 k]k2
ax _ oA’ A + thiky, —— E)A
dk l-t+ rA ap
(1-7v)k+ 1:8 kk, T
dly _ A" A 4k, QA AL _p dm 5y T
dK 1—T+TA opx apLK dK dK c
(1-1) 2 ka? 4 6T Y +1 hy(Oky oy AT
dp ox | Ox ox 0x 0H,
ap _ _ -1 , (16)
dkK -1+ rA ox
(1-1) L kA 4 ST L. [a’@ £ g0 ﬂ
dpix _ _ ox | 0L, oLy E)LK 3 ‘caH‘”
dK 1-1+14 oLy’
0H
dK ot dK m
1 5 tion of the system of differential equations (16) and
where k = — p_ partial derivatives of the state and costate vectors with
2q u respect to the unknown parameters of the boundary-

This system at T = 0 coincides with the system of dif-
ferential equations for unperturbed transfer with an ide-
ally controlled engine, and at T = 1 it coincides with sys-
tem (8). The choice of this type of differential equations
ensures the time independence of the right-hand sides
of system (8) at T = 0, which allows using p(K) = 0.

The proposed method uses the simultaneous inte-
gration of the equations of motion (16) and partial
derivatives of the state and costate vectors with respect
to unknown parameters of the boundary-value prob-
lem z and continuation parameter T (for further calcu-
lation of df/dz and df/dt). For this purpose, the unper-
turbed right-hand sides of the differential equations
for 0x,/dz, dp,,/dz, 0x,/dT, and dp,,/dT are calcu-
lated using the complex step differentiation. The
required mixed derivatives of the form 9?H,/0x,0z
and 9’H,/0x,07 are calculated using automatic differ-
entiation with respect to x; in the complex-dual
domain followed by the differentiation with respect to
z or T using the complex step differentiation. There is
no necessity to include the derivatives of the state and
costate vectors with respect to the final value of auxil-
iary longitude K, in the integrated variables, since they
are calculated after the integration of system (16) from
K, to K, by one additional call of the function for cal-
culating the right-hand sides of system (16).

Thus, the system of equations for eight state vari-
ables, eight costate variables. and their derivatives with
respect to the initial values of eight costate variables and
the continuation parameter T is integrated simultane-
ously: 8 + 8 + (8 + 8)(8 + 1) = 160 equations in total.
The indices of the variables used in the joint integra-
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value problem and the continuation parameter are
given in Table 1. This table uses the notation y; for the

T
elements of the vectory = (XIT, pI,) .

A scheme is given below for calculating the right-
hand sides of the differential equations of the per-
turbed optimal motion, including the calculation of
the second mixed derivatives of the perturbed part of
the Hamiltonian with respect to the orbital elements
and the initial values of the costate variables (we con-
sider the case of taking into account perturbations
from the geopotential harmonics up to given degree
and order, as well as lunisolar perturbations).

1. Calculate the ephemeris data necessary for fur-
ther computation of the perturbing accelerations
(matrix M of transition from the geocentric inertial
coordinate system ICRS to the geocentric equatorial
rotating coordinate system ITRS [31] and its time
derivative, vectors of position r, and velocity v, of the
Moon (/= 1) and the Sun (/= 2) in the ICRS). To fur-
ther calculate the required time derivatives, their com-
plex-dual representation is used in the form M, =M +
&dM/dt, v, =1, + v, [=1,2.

2.Setj=1.

3. Ifj <9, then calculate the complex representa-
tion of vectory: y, = y; + ih,0y,/0z;, or otherwise cal-
culate the complex representation of continuation
parameter T: T =T + ih,;; Where h ;< 1 is the size of
the differentiation step in the complex step differenti-
ation, k =1-16,j=1-8.

4. The unperturbed terms of the right-hand sides
of the differential equations for the state and costate
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Table 1. The indices of the variables used in the joint integration of system of differential equations (16) and partial deriv-
atives of the state and costate vectors with respect to the unknown parameters of the boundary-value problem and the con-

tinuation parameter

Variable | p e | e Iy i, | Lg | t m | Pp | Pex | Poy | Pix | Py | Pk | Pt | Pm
¥, 1 2 3 4 5 6 7 8 9| 10| 11| 12| 13| 14| 15| 16
9y:/9p,0 17 18] 19| 20 | 21 | 22| 23 | 24 | 25| 26 | 27 | 28 | 29 | 30 | 31 | 32
i/ | 33| 34| 35| 36 | 37| 38| 39| 40 | 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48
0Yi/0Peyo | 49 | 50 | S1 | 52| 53| 54 | 55| S6 | 57 | S8 | 59 | 60 | 61 | 62 | 63 | 64
Vi/pio | 65 | 66 | 67 | 68 | 69 | 70 | 71| 72| 73| 74| 75| 76| 77| 78 | 79 | 80
9yi/opyo | 81 | 82 | 83 | 84 | 85 | 8 | 87 | 8 | 89 | 90 | 91 | 92 | 93 | 94 | 95 | 96
/x| 97 | 98 | 99 | 100 | 101 | 102 | 103 | 104 | 105 | 106 | 107 | 108 | 109 | 110 | 111 | 112
9y,/9p s 13 | 114 | 115 | 116 | 117 | 118 | 119 | 120 | 121 | 122 | 123 | 124 | 125 | 126 | 127 | 128
Y/ | 129 | 130 | 131 | 132 | 133 | 134 | 135 | 136 | 137 | 138 | 139 | 140 | 141 | 142 | 143 | 144
dy,;/ot 145 | 146 | 147 | 148 | 149 | 150 | 151 | 152 | 153 | 154 | 155 [ 156 | 157 | 158 | 159 | 160

variables are calculated in the complex representation
using the complex representation of y (j < 9) or t (j =9).
The smoothing of the step-like throttling function ()

is used in the form §(S) = (1 + S/\/S2 +cg’ (’c))/2,

where ¢ = 2(«6 + 1) ~ 4.828427 and (1) is a positive

regularizing term that regulates the degree of close-
ness of the approximation to the step-like throttling
function: the smaller €, the closer the approximation
is to the step function. The ¢ value itself is a linear
function of the continuation parameter T: at the
beginning of the continuation, at T = 0, € is rather
large; as a result, the dd/dS value remains sufficiently
small in the vicinity of S = 0. At the end of the contin-
uation, at T = 1, € becomes sufficiently small for an
acceptable approximation of the throttling step-like
function of thrust. In this study, we used the depen-
dence €(t) = 1 — T + 1, where g,= 10~*—107.

5. Copies of the state variables in a complex-dual
representation with a unit vector dual part are created:
p+81’ex+829ey+839ix+84’ iy+859LK+86’t+87’
and m + &;.

6. State coordinates r, v are calculated from those
copies using the complex-dual algebra.

7. The complex-dual representation of the basis
vectors of the local-vertical-local-horizontal (LVLH)
reference frame in ICRS is calculated.

8. The complex-dual representation of the per-
turbing accelerations in ICRS is calculated using the
real representations of the planetary positions and
the transformation matrix between ITRS and ICRS if
J # 7; and otherwise, their complex-dual representa-
tions are used.

9. The complex-dual representation of the perturb-
ing accelerations in the LVLH reference frame is cal-
culated.

10. The perturbed part of Hamiltonian H, is calcu-
lated in the complex-dual representation.

11. The derivatives of H, with respect to the state
variables (terms of the right-hand sides of differential
equations for costate variables) are calculated. In this
case, the complex representation of the derivative of
H, with respect to the kth state variable turns out to be
equal to the kth complex-dual part of the complex-
dual representation of H,.

12. Right-hand sides g of the perturbed system (16)
are calculated in the complex representation.

13. The derivatives of the right-hand sides of the
differential equations with respect to the initial values
of the costate variables are calculated using the com-
plex step method: dg/dz; = Im(g)/h,; (G < 9) or
0g/0t = Im(g)/h,; G = 9). As a result, the right-hand
sides of the differential equations are calculated for
0,/9z; (j < 9) or dy,/0T (j = 9).

14. If necessary, Hamiltonian H (5) is calculated in
the complex representation. If j < 9, the derivatives
0H/dz;= Im(H)/h,yare calculated by the complex step
differentiation; otherwise, the derivatives 0H/0T
Im(H)/h gy, 0H/OK = 0H/0Ly and the real representa-
tion of the Hamiltonian H = Re(H) are calculated by
the complex step differentiation.

15. If j =9, then go to step 16; else, setj =/ +1 and
go to step 3.

16. The right-hand sides of the differential equa-
tions for y are calculated in the real representation:
dy/dK = Re(g).

17. Return to the calling program.

Matrix M of transition from ICRS to ITRS and its
derivative are calculated using the SOFA library of the
International Astronomical Union [31], and the posi-
tion and velocity vectors of the Moon and the Sun are
calculated using the JPL ephemeris software [32].
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The input parameters for calculating the right-
hand sides of the differential system for vector y and its
derivatives are the current value of auxiliary longitude
K, the current value of vector y and its derivatives
dy/0z; (j = 1-8), dy/01 set by a real array in the order
specified by Table 1. The output parameters are the
right-hand sides of system of differential equations (16)
g and their derivatives dg/dz; (j = 1-8), dg/dT repre-
sented as a real array in the same order.

The vector of residuals of the boundary-value
problem f, matrix 0f/0z, and vector of/dT necessary for
calculating the right-hand sides of the differential
equations of the continuation method [15, 17, 21, 30]
are calculated after integrating the differential equa-
tions for y, dy/dz; (j = 1-8), and dy/dt. To calculate
them, it is necessary to specify the current continuation
parameter T and the current values of the vector of
unknown parameters of the boundary-value problem z.
All the input and output parameters are real type vari-
ables. To calculate the right-hand sides of the system
of differential equations of the continuation method, it
is first needed to determine the initial conditions for
integrating system of differential equations (16) for y
extended by the equations for the derivatives ay/azj
(= 1-8), dy/or:

Y1= Do V27 €5

y3:ey0’ Y4 = Lo, y5:iy09
V6= Lkw=1Ly, y7=0(,=0, ys=my,

Yo =21 = Ppo> V10T 22T Pex0> V11 T 237 Peyos
Y12 =247 Pixos V13 = 357 Piyos
Yia=™ 36 = Prko> Y15 =271~ P> Vie = 28~ Pmo>
Yiirs = OWins/07; =1, i=1-8,
and the remaining the array values (corresponding

to the initial values of the derivatives dy,.s/dz;, i # /) are
set to zero.

The initial auxiliary longitude is set to zero: K, = 0.
The final auxiliary longitude is equal to the current
value of the final auxiliary longitude: K= z,.

After setting the initial conditions, the boundaries
of the integration interval of K|, Krand the settings of
the integration method, the Hamiltonian and its deriv-
atives are calculated at the initial point of the trajectory,
the residual determined by the last equation (9) is cal-
culated. Next, we numerically integrate the joint sys-
tem of differential equations (16) and equations for the
required partial derivatives using the previously
described scheme for calculating the right-hand sides
of the differential equations of the perturbed optimal
motion, fill in the arrays representing the vector of
residuals of the boundary value problem f, matrix df/0z,
and vector df/dt using the results of numerical inte-
gration and use them to calculate the right-hand
sides of the differential equations of the continuation
method [15]. The system of differential equations of
the continuation method is numerically integrated
over the continuation parameter T from 0 to 1. For
numerical integration, the Gragg—Bulirsch—Stoer
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method with an adaptive step and order is used [33].
After each successful step of numerical integration, the
accumulated computational error is corrected using a
limited number of iterations of Newton’s method for
the equation f = (1 — 1)b. After successful completion
of the numerical integration over T, the vector of
unknown parameters of the boundary-value problem z
(the state vector of the system of differential equations
of continuation) contains the desired solution to the
problem of optimizing the perturbed trajectory.

CONCLUSIONS

Theoretical foundations and a method for optimiz-
ing perturbed finite-thrust trajectories using complex
dual numbers are presented. The problem of optimi-
zation of a transfer with a fixed angular distance and
free duration is considered. In such a setting, judging
by the available computational experience, there is
only one value of the transfer duration that satisfies the
necessary optimality conditions within one family of
optimal solutions (for example, C- or E-trajectories).
This allows avoiding some of the computational diffi-
culties associated with the existence of multiple locally
optimal values of the transfer angular distance in a more
traditional formulation of the trajectory optimization
problem, in which the transfer duration is fixed and the
angular distance is taken as free [ 18, 20, 21, 30]. To sim-
plify the formulation of the problem, an auxiliary lon-
gitude is used as an independent variable instead of
time [21, 30]. A complete system of necessary opti-
mality conditions for variants with a fixed and free
value of the initial true longitude of the spacecraft is
presented.

One difficulty in optimizing perturbed trajectories
using the maximum principle is the need to accurately
calculate the derivatives of perturbing accelerations
with respect to state coordinates. In high-precision
models of motion, the perturbing accelerations are
calculated using complicated algorithms; therefore, it
is practically impossible to represent expressions for
their derivatives in a closed form. The situation is com-
plicated by the fact that in order to solve the maxi-
mum-principle boundary-value problem, it is neces-
sary to calculate the derivatives of the residuals of the
boundary-value problem with respect to the initial val-
ues of the costate variables. These residuals depend on
the final values of the state variables and costate vari-
ables, which, in turn, depend on the derivatives of the
perturbing accelerations with respect to the state vec-
tor through the differential equations of optimal
motion. Thus, in fact, to calculate the derivatives of
the residuals with respect to the initial values of the
costate variables, it is required to calculate the second-
order mixed derivatives of the perturbing accelerations
with respect to the state vector and initial values of
costate variables. To solve the problem of calculating
those second derivatives with high accuracy, in this
study we develop a method based on the use of com-
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plex-dual numbers, which was previously proposed
in [15]. The proposed method makes it possible to
automate the preparation of the mathematical model
necessary to optimize the perturbed trajectory when
using the maximum principle and the continuation
method, by automating the calculation of the deriva-
tives of the perturbing accelerations with respect to the
state vector using complex dual numbers, followed by
the calculation of the required derivatives of the residual
vector of the boundary value problem using the com-
plex step differentiation. To overcome the computa-
tional instability associated with the presence of corner
points in the dependence of the residuals of the bound-
ary-value problem on its unknown parameters with
simultaneous vanishing of the switching function and
its time derivative, smoothing of the thrust step function
is used. The proposed method was implemented in the
form of experimental software, on which a series of
numerical experiments were carried out. The numerical
results obtained using the developed method are pre-
sented in the second part of the paper.
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