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Inclusion of Higher Order
Harmonics in the Modeling
of Optimal Low-Thrust
Orbit Transfer’

Jean A. Kéchichian®

Abstract

The higher fidelity modeling of minimum-time transfers using continuous constant
acceleration low-thrust is depicted by including the higher zonal harmonics J3 and J4 for
the Earth gravity model. The inclusion of these higher order harmonics is of great bene-
fit in carrying out accurate transfer simulations, especially for long duration flights
dwelling in low altitudes where the effects of these zonals are greatest. The analysis pre-
sented here can also be coded in the flight guidance computer of spacecraft for au-
tonomous operations and on ground computers for solution uploads and resetting during
low-thrust transfers. Equinoctial elements are used to avoid singularities when orbits are
circular or equatorial and the applicability of the theory is of a general nature regardless
of the size, shape and spatial orientation of the orbits provided they are not of the para-
bolic or hyperbolic types. To this end, two sets of dynamic and adjoint differential equa-
tions in terms of nonsingular orbital elements are derived by further considering a more
accurate perturbation model in the form of the higher order Earth zonal harmonics J3 and
J4. Previous analyses involved only the first-order J> term in order to model optimal low-
thrust transfers between any two given circular or elliptic orbits. The first formulation
uses the eccentric longitude as the sixth element of an equinoctial set of elements while
describing the thrust as well as the zonal accelerations in the so called direct equinoctial
frame. The second formulation makes use of the true longitude as the sixth element in-
stead while resolving the thrust and the zonal accelerations in the rotating Euler-Hill
frame simplifying considerably the algebraic derivations leading to the generation of the
nonsingular differential equations that are also free of any singularity for the important
zero eccentricity and zero inclination cases often encountered in Earth orbit transfer
problems. The derivations of both nonsingular formulations are mutually validated by
generating an optimal transfer example that achieves the same target conditions regard-
less of which formulation is used.
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Introduction

This paper is a direct extension of several previous contributions made by this
author in the field of optimal orbit transfer using unaveraged precision-integrated
dynamics. The theory of orbital dynamics and optimal transfer has greatly bene-
fited from the pioneering contributions of Broucke, Cefola, and Edelbaum [1]-[3]
who introduced the use of nonsingular equinoctial orbital elements that are immune
to the nasty singularities inherent in circular and/or equatorial orbits. These ele-
ments were also adopted by Betts [4] and Walker [5] with a slight modification val-
idating their applicability for parabolic and hyperbolic orbits as well. Battin [6] in
his classical masterpiece discusses and defines equinoctial-based differential equa-
tions to integrate spacecraft trajectories. This author provided a series of contri-
butions [7]—-[13] directly applicable for optimal low-thrust orbit transfer work
using a variety of equinoctial elements sets while also considering the perturbative
effects of the oblateness of the Earth such as J,. More recently, Feistel [14] made
use of a form for the various zonal accelerations resolved in the inertial system and
given in terms of the radius vector components along the inertial directions [15]
and derived the partial derivatives of these acceleration vectors with respect to the
radius vector itself, which in turn allowed him to generate the partial derivatives of
these accelerations with respect to the equinoctial elements in order to finally pro-
duce the adjoint differential equations needed to solve the two point boundary value
problem orbit transfer. Besides J,, Feistel also considered the J3, Ja, Js and Js terms
while obtaining a quasi-perfect numerical agreement for J, with this author’s re-
sults, the latter based on the Gaussian formulation.

In this paper, two fundamental sets of equinoctial elements have been used to vali-
date the mathematical derivations that lead to the generation of the corresponding
nonsingular state and adjoint differential equations for direct use in operational guid-
ance applications. The elements used are a, h = e sin(Q) + w), k = e cos(Q) + w),
p = tan(i/2) sin (), 9= tan(i/2) cos Q) and either F = E + Q + w, the eccentric
longitude, or L = 6" +  + o the true longitude as the sixth element of the six-
element sets. Furthermore, the direct equinoctial frame (f g, W) which has been
historically used first such as in [1]—[3] is adopted for the a, 4, k, p, g, F formulation
to resolve the various accelerations. Because the right-hand sides of the differential
equations can also be cast in terms of F, there is no need to solve Kepler’s tran-
scendental equation at each integration step to extract F itself because it is being
directly integrated. The f, ¢, W unit vectors are such that f and g g are in the current
orbit plane with f rotated clockwise through the angle () from the direction of the
ascending node, g is 90 degrees ahead of f in the direction of the motion, while W is
along the instantaneous normal to the orbit plane.

The second more compact formulation adopts the set a, h, k, p, g, L and
resolves the various accelerations along the rotating £, 6, h Euler-Hill orbital frame
with £ along the radius vector r,  in the instantaneous orbit plane and 90 degrees
ahead of F along the direction of motion, and with h along the out-of-plane
direction. Contrary to the F formulation, there is no need to rotate the
accelerations due to J,, J; and J; from the T, 0 h frame to the f g, w frame, thus
simplifying to a large extent the algebraic derivations required to produce the
adjoint differential equations used in the steering of the thrust vector, when the
L formulation is used instead. The subsequent sections deal with the development
of the acceleration components due to the zonals both in terms of F and L, before
deriving the Euler-Lagrange equations for the various multipliers. A numerical
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comparison is shown at the end to show that both formulations lead to the exact
same transfers.

A short duration transfer example that was used before [7]—[13] is adopted here for
illustration purposes and in order to avoid very long integrations. The results presented
at the end of this paper show only small differences between the solutions using J»
only and those more elaborate ones using additionally higher harmonics. However
these differences become considerable for long duration transfers that spend a long
time at lower altitudes before spiraling out to the higher orbits where the perturba-
tions’ effects decrease very quickly. Additional discussions are provided in the Results
section to make the case for the adoption of the present higher-fidelity modeling.

Zonal Harmonics Perturbation Acceleration Components
in Euler-Hill Frame

Assuming that the Earth is symmetrical about its polar axis, its potential U can
then be written in terms of the zonal harmonics J, as

U= [1—EJ< ) Sg)] (D

where r is the magnitude of the spacecraft position vector with respect to the cen-
ter of the Earth, R, the radius of the Earth at the equator, J, the spacecraft declina-
tion with respect to the equator, P,(s5), the Legendre polynomials of order 7 in sin 8,
and w is the Earth gravity constant. The disturbing potential is then given by

—U-U=U-H= “‘EJ() 2(S5) )
r r n=2

Neglecting the Js and higher zonals, F takes the form

2 3
, n R (3, 1 R\ (5, 3
= —— R J— —_ — + _ —_ —_—
F r[]2<r><285 > J3 p 2S.s 2S6
+ 7 ﬁ _ﬁ 2+i (3)
\ r 8s6 g g

Replacing s5, by 7, the perturbing acceleration fj, is then given by the gradient of the
disturbing potential

37 1 52 3z
f, =VF = —uhLRV|—=% - — ] — uhRV| == -=—=
i Bz (2 re 2r) mJs < r 2 5)

35z 30 z? 3
—,LLJ4R4V<—F — ?7 + ﬁ) 4)

Because Vr =t and Vz = z, where T and Z are unit vectors along r and z, f;, can
then be expressed in the Euler-Hill frame (£, 6, h) as

3z. 3 15 z
A_ _ 2 + —
f, JINLY [—z <2r 5 6 )r]

1522 3 15z 357
_ 3 I + Pt S I
HhR [( 27 2r5>z 20 2 rs)r]
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The transformation from the Euler-Hill frame to the inertial equatorial frame
(X, ¥, z) is obtained through the three rotations involving the Eulerian angles (), i
and § = w + 6 where 6" stands for the true anomaly

X CcaCo — SaCiSg —CaSs — SOCiCo sas;\ [T
¥y | = | sacy + cacise —sasy + cacicy —casi || 0 (6)
Z SiSo SiCo Ci h

Because Z = s;5¢F + sico@ + chand z = Z - r = rs;so where r = rT, the accelera-
tion f;, can then be cast into the final form

3uoR? 1 3 " A "
f, = — ol [(— — —s,-2s§>l‘ + s2s9cob + SiCiseh]

i 4

r 2 2
LR n 1 A 1 A~
_ 'U‘_35 |:(6sis9 — 10s}s7)F + 3(15s,3s5c9 — 3sice)0 + E(lSs,«zc,»sg — 3cl-)h:|
r
SuJiR* 35 15 3\,
_ 7[(—7&%3 + 7s?s§ - Z)r
+ (7sisico — 3Si2S969)0A + (Tsicisi — 3sici39)ﬁ] (7)

Using the trigonometric power relations to express s3, s3, 5§ in terms of the multiple-
angle expressions involving only first powers, and rearranging terms, the r, 6, h
components of f;, due to J, can be written as

() =~ 3’;iiR2(1 — 3s?57) ®)
(fo), = — 3M’fR2 5756Ce ©)
(f), = —Mr;fstic,»se (10)
For the J; zonal, )
(f) = _&351?3 6siso — %S?(%o - Szo)] (11)
(o) = — ”‘zjf %s?(ce — ¢3) — 3s,~c9] (12)
(s = - 2K g sl = ) — 3cf] (13)

And finally for the J4 zonal,

SuliR [ 35

(fr)]4 = — 'ugr‘:) 15S,2(1 — 029) - ?S?(?’ — 4dcyp + C49) — 3:| (14)
5udsR? i 7

(fg)]4 = - ,L;:() ZS?CQ(:SS@ - S33) - 3Si2S969] (15)
5uaR? I 7

(fh)]4 = - I-S:G IS?C,‘(Z&S@ - S39) - 3SiCiS9:| (16)
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These accelerations components can also be obtained directly from their inertial
representations as shown in the Appendix. The above derivations are thus validated.

The Treatment of the J3, J4 Perturbations within the Eccentric
Longitude Formulation

Following the analysis presented in [12] and [13], the dynamic equations for the
seta, h, k, p, g, F are readily augmented to include the higher zonals’ contributions as

a= (da/or)"(0f, + £, + £, +1f,) (17)
h = (0h/oE)'(Bf, + £, + £, + £5,) (18)
k = (9k/ob)"(f, + £, + £, + £,) (19)
p = (p/oe)'@f, + £, + £, + £;,) (20)
g = (dgq/ob)"(f; + £, + £, + £,,) (21
F = na/r + (0F/o¢)"(&f, + £, + £, + £,,) (22)

The Hamiltonian of this system of equations can be written as
" na
H = AM(z, F)fii+ A\p— + AIM(z, F)f);, + AIM(z, F)f;, + AIM(z, F)f;, (23)
r

and the Euler-Lagrange or adjoint equations are thus given by

ot

. oM . 0 oM(z, F
A= —0H/oz = —Al—fa— AF—<@) - ATijz — AMM(z, F)
0z 0Z\ 1 0z

) 0z

oM(z, F
(z, )f

(:)fj3 afl
—3 — AM(z, F)—= (24
9z J4 Mz )az (24)

oM(z, F
—AEth — AM(z, F) p
Z

_ )&"
oz :

The treatment of the J, perturbation is given in full detail for the particular set
z=(a, h,k, p,q, F) in [12] and [13], with all the necessary details of the deriva-
tions leading to the complete description of the dynamic and adjoint equations in-
cluding the elements of the M matrix and its various partials with respect to the
equinoctial elements of interest. In [12] there are some typographical errors con-
cerning the following equations which should read correctly as

6Y. na Y]
— = —[hkBsr — (1 — K*B)er] = — — eq. (80) of [7]
da 2r 2a
oMY F aY, oY, Yi
== [—2Y1 + G = sr) = + GkB = en)— - = BGlksy - hcf)ﬂ
A y(n) kB e N1
+ ’W[ 2( ak>F+ - B(sp hB)ah + G(hB SF)akah
kB i N R ¢
+ {1 — B(cF kp?) + (1 B)} T G(kB — cr) e
’ Y;
+ {(kSF - hCF)l — B - (1 - B)SF};
— (1 = B)(ksr — th)—I%] eq. (96) of [7]
n ok

fo=—12uLRr (1 + p* + ¢°)*(qY1 — pX1) (X1 + pY1) eq. (127) of [7]
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and finally

)
a_]: = —12uhR [~ 4K (q¥1 = pX)) (gXi + p¥)

+ K H{Yi(gX: + pY) + Xi(gY1 — pXi)}] eq. (176) of [7]

The journal version [13] of the original work [12] is however free of these typo-
graphic errors.

It has been shown in [8] that the classical elements i and 6 are related to p, g, L
by the expressions

B 2(p2 + q2)1/2

. 25
1+p°+ 4 25)
1 2 2

. (26)
1+p +g
qs. — pcL
T )" @7
qc, t ps,
T .
We also have 3sy — s39 = 453, co — c39 = 4cos3 such that
siso = 2(gs. — pe)/(1 + p* + ¢%) (29)
sico = 2(qer + ps)/(1 + p* + ¢?) (30)
32(gs. — per)’
3By — 539) = I — PO 31
O = T gy oy
32(gcL + psi) (gs. — per)’
3
2 _ — 2
N (Ce C39) (1 n p2 n q2)3 (3 )
8 _ 2 1 22
stei(l = c29) = gn —pay 1= p = g) (33)

(1+p+4q)

Expressions (11), (12) and (13) can now be written directly in terms of the nonsin-
gular elements as

iR (gs. — per) 80(gs. — pci)’
)y = — 1p — 4
= = e [ T U oy Y
utsR (geL + psi) (gs. — pcu)’
R ] R (o) B
_ whsR O -p =) (gs. — per)®
R 2] A Y i B

The above three acceleration components are readily converted to a form involving
F instead of L through the use of the relations [§]

1
qs. — pcL = 7(qY1 - pX)) (37)

1
gcL + psp = T(QXI + pY)) (38)
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They read as
()5 =

(fo)s =

- 12[.LJ3R3I‘76(QY1
+ 80usR’r 3(qY)
—60uJsRr (gXi + pY1) (gYs

—pX)(1 +p*+ )"
- pX)(1 +p* + g7
- pX)*(1 +p* + ¢

+ 3ulsRrC(gX + pY) (1 + p* + ¢) !

(fh)J3 =

=30ulsRr (1 — p* — A (1 + p* + ¢) gV

3
SRR = pt =) (L pt )

We have fr= c.f, —
X/nfr — N/0fo, fo =

SLf [ fg

SLf + CLfa,fm
W/nf, + Xa/Dfo fo =

- pXi)’

47

(39)

(40)

(41)

ﬁ, or in terms of F, f;=

The partlal derivatives of;,/0z have the same structure as in [8], namely with
= (f)nf + (f)rg + (f.)sW. The partials of f; are given by

3(({/")!3 _ G(Xl/r) (P +
a
a(ﬁ)/:‘, _ a(Xl/r)
oh - (f)h
) a(Xl/V)
ok - (f)h
s _
dp
I fss _
dq
) a(X,/r)
oF — () +

)ﬁ 8(({)13 _ B(Yl/i”) I/ n 3(f9)13
a da

Xi 3(fr)13 _ a(Yl/”) _ ﬁ I(fo)sy
oh an S oh

X 3(fr)13 B a(Yl/r) _ Y a(foln
ok —— (o ok

)ﬁ )y N 3(f6)/3

r dp r dp

X 9(f)ss Y1 0(fo)sy

r dq r dq

a(fr)Jg B a(Yl/ r) _ Y a(fo)s
S o o U OF

(42)

(43)

(44)

(45)

(46)

(47)

The partial derivatives of X;/r and Y;/r with respect to a, h, k and F appearing

above, are given in equations (146)—(153) of [8]. They involve the partials
9X,/0a = Xi/a and 9Y;/da = Yi/a given also in [8] as equations (77)—(78), and
the partials 9X,/dF and 9Y;/dF given in equations (117)—(118) in [8]. As in [8],
ar/da = r/a, or/dh = —asr, dr/dk = —acr and dr/dF = alksr — hcr) directly
derived from the orbit equation r = a(1 — kcr — hsy)

In a similar way, the partials of f, are given by

3(({2)/3 _ a(Yl/V) (o + Y 3(fr)13 a(Xl/r) foss + (f;)n 48)
(f)r a(Yl/") Y, 3(f)13 (Xl/r) Xi 9(fo)ss
o (f)m + o (fo)ss + o (49)
3(fg)J3 a(Yl/”) Y a(f)J3 a(Xl/ r) Xi 8(fe)13
ak (f)J% ak (f())J% ak (50)
(fg)13 _ & 3(ﬁ)13 + )ﬁ 3(f9)13 (51)

ap r odp r adp



48 Kéchichian

a(fg)Ja _ E a(fr)h + }ﬁ a(fﬂ)h

dq r dq r dq (52)
(fo)us 8Y1r Y1 9(f)s aXlr X1 9(fo)s
o _ A, M O ) KD
And finally for f,,

I(fw)n/da = 3(fi)r,/da (54)

I(fw)s/ 0h = 3(fi)ss/ Oh (55)

0 )/ 0k = 3( i)y Ok (56)

d(f)ss/dp = 3(fi)ss/ p (57)

d(f)n/9q = 3(fi)ss/0q (58)

d(f)s/OF = 9(fi)sy/ OF (59)

Note that the partials of X,/r and Y,/r with respect to 4 and k involve the partials
(0X,/0h)r, (8X,/0k)r, (0Y1/0h)r, (0Y1/dk)r, given in [8]. We can now generate the
partials of (f.)s;, (fo)s5 and (f)s; with respect to a, h, k, p, ¢ and F directly from
equations (39)—(41) of this paper.

For (f,)s;, we have the partials

a(f, ar
(f)ﬁ 72 JR3 -7 (qYl pXI)(l + p2 + q2)71
da da
) ) ¢
— 12u;Rr° a5 TP (1+p+ )"

ar
= 640 iR (q¥y = pXa) (1 + p? + )

Y, X
+ 240 3R’ r 4 (qY) — pxl)2<qa—1 P ‘) 1+ p*+ g% (60)
a(fr)h - ar -
== T2ulsRr 7| — | (g¥y — pX) (1 + p* + ¢)!
h LS F(qn pX)(1 +p* + ¢q°)

_ aY 0X _
— 12usRr 6[q<8_hl) - p< ahl> ](1 +p+q)!

9
—~ 64OMJ3R3r9(8—;) (g¥y — pX))’(1 + p* + ¢9)°
F

aY X
+ 240uds R Mgy — pX)* | g ) - pl = |arp e
o ), oh

(61)

I f)n

ar
= T2ulsRr’ Yi—pX)(1 +p*+¢)"
" 5 <ak>(q1 pX) (1 +p* + q)

Y, X
— R2pdsRr | gl — | — 1+p+4¢)"!
wJsRr [q(ak>F p<6k>]( P’ +q)
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3 —9 ar 3 2 2\—3
= 640 iR | (¥ = pX)'(1+ P+ )
F
)4 X
+ 240 3R r ¥ (qY1 — pX))? 1 +p*+
wJ3Rr*(qY, p1)[<ak> <ak>]( pt+a)”
(62)
a(f)
S _ 2usRr°Xi(1 + p* + ¢») !
+ 12ulsRr(qY, — pX) (1 + p* + ¢>)22p
— 240 3R ¥ (qYy — pX\)’Xa(1 + p* + ¢) 3
— 240uJsR3r ¥ (qYy — pXi)*(1 + p* + ¢»)*2p (63)
a(f)
; 5 IR V(L + P )
q
+ 12uJsRr(qY: — pX) (1 + p* + ¢») ?2q
+ 240uJsRr 3 (qYy — pX)Yi(1 + p* + ¢)°
— 240usRr ¥ (qYy — pX)’(1 + p* + ) *2q (64)
P
(éfF)JS 72 JR3 77_(qY1 le) (1 + p2 + qZ)*l
E) ). ¢
— 2ulRr g —p—— |l + p* + ¢
wJsR’r (an paF>( P +4q)
F)
- 640MJ3R3r‘95:(qY1 —pX)'(1L+ p*+ ¢
Y, 0X,
+ 240 J3Rr 3(qY X)Vlg— —p— (1 + p* + 65
wJsRr (g — p1)<an paF>( pP+aq) (65)
For (fy)s;, we have
P P
% - 480,LJ3R3r*9a—;(qX1 +pY) (gY1 — pX)*(1 + p* + ¢»)°
X Y,
— 60uJsR (qa—l + pa—1> (@i — pX)*(0 +p* + ¢
Y. 0X
— 120w 3R ¥(gX, + pY)) (Y — pX)) (qa—al - pa—al) (1+p+q)"
P
. 18,LLJ3R3r_7—r(qX1 +pY) (1 + p2 + ¢)!
E).¢ Y,
+ 3usRr (qa—l p—l>(1 +p+q)! (66)
a
F) P
((;CZ)“ = 480uJ:R°r 9< az (gX, + pY) (q¥y — pX)*(1 + p* + ¢?) >

)
(5

_ 60MJ3R3 |:q > <8Y1> :|(qY1 _ pX1)2(1 + p2 + q2)—3
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s Y, 2
— 120u/sRr (gX: + pY) (qYy — pX)| q| — | —
oh |/ oh

ar
XA+p*+gH)7 - 18,UJ3R31’7<a—h> (gX: + pY) (1 + p* + g»)7!
F

+ 3R r ¢ |:q<a—Xl> + <8Y1> :|(1 +p*+ ¢! (67)
oh Jr oh

F) )
o foy _ 4805 R () (X, + pYi) (g¥y — pX)*(1 + p* + ¢
ok ok )
E)'e ay
- 6Op,J3R3r8[q<a—kl) + <akl> ](qn PX)2(1 + p* + ¢9) 73
F
ay ax
— 120 JsRYr HgXi + pY) (q¥i — pX)| gl — | — p| =
ok ok
ar
XA+p*+4g)° - 18M13R3r7<a—k> (gX, + pY) (1 + p* + g»)!
F
ol (ax v
+ 3usRr q E +p 6k (1 + p + ‘I) (68)
F
9
—(af Dot ORI YigYs — pX(L 4 P+ )
p
+ 120 3R r ¥(gXi + pY1) (g¥y — pX)Xi(1 + p* + ¢°)°
+ 180w /3R r*(gXi + pY1) (g1 — pX.)* (1 + p* + ¢*)*2p
+ 3RO (1 + pP + ¢!
— 3usRr(gX, + pY) (1 + p* + ¢») 22 (69)
9
—(59)’3 = —60uJsR'r Xi(gYy — pXiV(1 + p* + ¢
q
— 120uJsRr*(gX: + pY)) (¥ — pX)Yi(1 + p* + ¢°)°
+ 180usRr*(gX: + pY1) (Y1 — pX))* (1 + p* + ¢*) *2q
+ 3uRr X (1 + p* + ¢) !
= 3R (gX, + pY) (1 + p* + ¢) 72 (70)
9 9
o fory _ 480 TR < (qXy + pY)) (¥ — pXi* (1 + p* + )
OF oF
ax Y
- 60,UJ3R3r8|:q<a—Fl> + (8Fl>:|(qY1 pX) (1 +p* 4+ ¢H)?
Y, X,
— 120udsRr 4 (gX, + pY) (qYs — pX —) -
wJsRr*(gXi + pY1) (g¥y — p 1)[(1(81,) p<aF>]

d
X (1 + P2 + q2)73 - 18/.LJ3R3I’77£7(QX1 + le)(l + p2 + q2)—1

X Y,
+ 3IUJ3R37_6|:Q<6_FI> + (61;)](1 +p + ¢! (71)
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For (f)s;, we have the partials

a(fh)h
da

a(fh)h

dh

d (fh)13

ok

A( fi)s5
dp

a(fh)h

a(fh)h

9
_ 210,uJ3R3r’8a—r(1 — P =P+ P+ PgY — pX))
a
— 60ulsRr (1 — p* — A + p* + ¢°) gy — pX))

da paa 2

51

Y, 09X, 15 _ or —
X [q— - —] = wLR (L= pt =) (L pt )

F)
= 210uJsR*r® <a—;> (1 —p* =)+ p*+ ¢) gy — pX))?
F
— 60usRr (1 — p* — @) (1 + p* + ¢) (g1 — pX)
o | for 0X 15 oo 97
oy 9% | 1 e e[ 97
q ah F p ah F 2 M ’ ah F
XA =p =) +p +4)"
F)
= 210uJ3Rr 8 <5};> 1=p*—gHA + p*+ ¢g») 7 (gYy — pX))?
F
— 60usRr (1 — p* = ) (1 + p* + ¢°) (g1 — pX))
x 6Y| 6X1 15 JR3 6 or
oy _ (o) | D e O
q ak F p ak F 2 M ’ ak F
XA =p=—¢g)A+p +qg)"
= 60usRr p(1 + p* + ¢*) (gY) — pX))?

+ 180u/sRr (1 = p* — @) (1 + p* + ¢)*plgVs — pX\)’
+ 60usRr (1 — p* — A + p* + ¢ *(gY) — pX)X,
= 3udsRrp(1 + p* + g»)!
= 3ulRr(1 = p =) (L +p*+ ¢)7Pp
= 60usR’r 7q(1 + p* + ¢°) 7 (gY) — pX))?
+ 180 sR (1 — p* — A (1 + p* + P 7q(gY — pX,)?
— 60ussRr (1 — p* = A (1 + p* + ) (gYy — pX)Yi
= 3ulsRr g1 + p* + )"
—3uliRr 1 —pP =AU+ P+ D)
ar
= 210M]3R3r’8a—F(1 -pP =) + p*+ ) gn — pX))?
— 60uLsRr (1 —p* — @) (1 + p* + ¢»)(g¥y — pX)
s | 2X) _ (9%
Noar ) P\oF
15

6 0T -
— LR (L=pt =) (L4 pt 4 )

(72)

(73)

(74)

(75)

(76)

(77)
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The J, accelerations given in equations (14)—(16) in terms of the angles i and 6
are converted to a form involving the equinoctial elements by using the
equivalencies

st(1 = c29) = 8(gse. — per)’/(1 + p* + ¢°)° (78)

sisoeco = 4(gs. — per) (ger + ps) /(1 + p* + ) (79)

siciso =2(1 = p* = ¢°) (gs. — per) /(1 + p* + ¢°) (80)

stco(3ss — s30) = 64(gs. — pe)(ger + psi)/(1 + p* + ¢)* (1)

sici(3so = s30) = 32(gse — per)’ (1 = p* = ¢)/(1 + p* + 49" (82)

st(3 — 4cap + ca0) = 128(gs. — per)*/(1 + p* + ¢»)* (83)

Therefore, the J4 acceleration components can be written as

(S = —T5uJaR*r%(gse — pel)’(1 + p* + ¢7)7°

15
+ 350 JsR*r %(gs. — per)*(1 + p* + g»)* + < wJiRr ¢ (84)

(foly = —280uJiR*r%(gs. — per)(ger + ps) (1 + p* + ¢)~*
+ 30uJsR*r (gs. — per) (ger + pst) (1 + p* + ¢gH) 2 (85)
(fidry = —140uiR*r*(gs. — pe)’(1 = p* = ¢*) (1 + p* + ¢)*
+ 15uaRYr%(gs. — pe) 1 — p* — @) (1 + p> + ) (86)
And in terms of the fast variable F, the J, acceleration components take the form

(fzg = —T5pduR'r (@Y1 — pX)*(1 + p* + ¢°)°
15
+ 350 LR gV = pX)'(L+ p* + ¢7) " 4 o iR (87)

(fo)y = —280uJuR*r "(qY — pXi)’(gX, + pY) (1 + p* + ¢)*
+ 30uLiRr*(gY) — pX) (gXo + pY) (1 + p* + g7 (88)

(fi)y = —140uaR*r(qYy — pX)’(1 — p* — ¢>) (1 + p> + ¢°)*
+ I5uiRr (gV —pX) (1 = p* = @)1 +p* + ¢ (89)

The partial derivatives of;,/0z with £, = (£),f + (f.),, & + (f),,h are identical
to equations (43)—(59) except that the J; accelerations are replaced by the J, coun-
terparts shown in equations (87)—(89) above. These last three equations are used to
generate the partials of (f;),, (fo)s,, and (f4),, with respect to a, h, k, p, g and F. For
(f»)us the six partial derivatives can be written as

a(f, 9
3fd _ 600JsR'r® = (qY1 — pX\P (1 + p* + )
da da
v, X
- 150,LLJ4R4}’_8(QY1 - pX|) (C]a_al - ])a_al> 1+ p2 + qz)_2

0
— 3500 R4 é(qn —pX)* (1 + P+ )
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Y )¢
+ 1400 JsRY 1 (gY — pX1)3<q—1 - p—'> (1+p+q)

45 ar
— I LWLRYTT 90
g BT 0

3(f )14

ar
= 600uJsR'r" Yo = pX)*(1+ p* + ¢
o 4 ((:)h)F(QI P. I)( )4 ('I)

dY, X
— 150uJsR 8 (qYy — pX) [q(a—h‘> - p( Ghl) ] (1+p+ )7

d
— 3500 4R <a—2> (g — pX)*(1 + p* + ¢)™*
F

Y axX
+ 1400p iR (qvy — pX)*| gl =2 | — p[ &2 Py
o ), oh

45 4 o[ OrF
- = — 1
4 uJ4R'r <8h>p C2))

A(fr)sy

" = 600uJ4R* ‘9(6 ) (qYy — pX))’ (1 + p* + ¢°)°

)4 X
-1 R 3(qY, — pX —| - 1+p°+
50udsRr 3 (qY) — p ‘)[q<ak)F (ak> ]( pP+q)

d
— 3500 /4R <é) (qVy — pX)*( + p* + )7
F

3y X
+ 1400p iR gy, — pXi| gl &) - p[ 2 e
ok | s ok

4 ok ) ¢
Iy _
op

4 ad
4 wIiRY <_r> (92)

= 150psR 2 (qY) — pX)Xi(1 + p* + ¢ 2

+ 300ulaRYrS(qYy — pX)X(1 + p* + @)
— 1400u iR (qY) — pX)’Xi(1 + p* + @)~
— 2800 JsR' r(qYs — pX)*(1 + p* + ) p (93)

a(f . -
% = —150uJuRr 2 (q¥1 — pX)Yi(1 + p* + ¢) 2

+ 300uliRYr (qYy — pX)* (1 + p* + ¢) g

+ 1400 iR (g1 — pX)*Yi(1 + p* + )™

— 2800uJsR r(qY, — pX)*(1 + p* + ¢)) g (94)
A(fr)sy

S = 600 wJiRr ’9—(qY1 pX)*(1 + p* + ¢°)?
Y, X,

— 150uJs R 3 (gYy — pX — —p— |+ p* +
wJiR'r3(qY, pl)[an paF]( pP+a)
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0
— 3500 iR é(qYu —pX)* (1 + P+ )

EY ). €
+ 1400w J. R °(qY, — pX))*| g— — p=— |(1 + p* +
wJsRr(qY, pl)[an paF]( p+ag)t
45 ar
— = WLRYTT— 95
4 HHET &)

For (f3),,, in a similar way, the partial derivatives are obtained as

9
(fe)"‘ = 2800uiR* ! —(qYl PX) (gXi + pY) (1 + p* + ¢9)™*

Y, 0X,
J da

— 840uJuR'r " (qY1 — pX1)2<q— o e
X (gXi + pY)(1 + p* + ¢»)~*
0X, d

— 280 iR (qY, — pXI)S[qa— + pa—} 1+p+4g)

9
- 240,uJ4R4r_98—;(qY1 — pX)) (gXi + pY) (1 + p* + ¢

aY 0X
+ 30u iR 8 <qa—1 - pa—l> (gXi + pY) (1 + p* + ¢*)°

d ]
+ 30uJaRY 2 (qY) — pX)) <q—l + p—) 1+p+4¢)7 (96)

I(fo)uy

or
= 2800, R*r “<a ) (g1 — pX\)*(gX, + pY) (1 + p* + A

[ [ oy, 0x,
— 840 R (g, — pX)| gl = | = p| =
wJaRr " (qY, pl)_q<ah>F p<ah)F]

X (gXi + pY)(1 +p* + )"

[ (ox 3y,
_ 280MJ4R4r_10(qY1 _ le)S q<_1> + <ahl> :|(1 + pz + q2)~4
| F

ar
— 240MJ4R47‘9(8—h> (gY1 — pX1) (gXi + pY) (1 + p2 + 6]2)72
F

Y 4
+ 3O/u,J4R4r8[q<a—hl) - p< ah> ](qX1 +pr)(1 +p* +¢)7°

0X, Y]
+ 30/.LJ4R4I”78 (qY1 - pX1) |:q<a—h> + (8/’!) :|(1 + p +q )
G

I(fo)sy

or
S~ 2800u LR*r ”<a > (qY1 — pXi)*(gX, + pY)(1 + p* + ¢)~*

) Y, aX,
_ 840 JR4 10 Y _ X 2 - —
wsRr "% (qY Pl)[Q<ak> P(ak)]
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a(f9)14
d

A fo)u _
dq

d (f 9)14 _
oF

X (gX; +pY)(1 +p*+

X 3y,
— 280u LR qY, — pX )| gl =) +p(=) A+ P+ D
ak F ak F

F
- 24Op,J4R4r9<5:> (qY1 — pX)) (gXi + pY) (1 + p* + ¢») 2
F
e 0X
+30uliR | gl =) —pl=) |@Xi +py)(1 +p + )7
ok |, ok )

0X Y
+ 30udiRr 3 (q¥y — pX) | gl == ) +pl =2 |1+ p+ D)
ak F ak F

(93)
840 iR (q¥y — pXi)’Xi(gX + pY) (1 + p* + ¢)*
— 280u iR (qYy — pX )P Yi(1 + p* + ¢) 7
+ 2240u iR (qYy — pX))* (gXi + pY) (1 + p* + ¢*)p
— 30uJsR X, (gXy + pY) (1 + p* + ¢)?
+ 30ulsR (g — pX)Yi(1 + p* + ¢
— 120uiRYS(qYs — pX)) (gXi + pY) (1 + p* + ¢ p ©9)
—840uJuR'r (Y1 — pXi)*Yi(gX: + pY) (1 + p* + ¢)*
— 280u iR (qYy — pX )’ Xi(1 + p* + ¢A) 7
+ 2240 iR (qYy — pXi)’ (gXi + pY) (1 + p* + ¢°)q
+ 30u iR Y1 (gX: + pY) (1 + p* + ¢
+ 30pJsRY S (qY) — pX)Xi (1 + p* + ¢) 7>
— 120pJsR* ¥ (gY1 — pX)) (gXi + pY) (1 + p* + ¢)7q (100)

9
2800,U,J4R4r_“§2(qY1 — pX)*(gXi + pY) (1 + p> + )™

8Y1 aXl
— 840 LR (Y, — pX )| ¢g— — p—
wlsR'r (qY — pXi) Ior ~Pof

X (gX, + pY)(1 + p* + ¢)*
0X, aY,

— 280 iR gy — pXi)| g5 + p
wJsRr (g, Pl)[an P

:|(1 +p2 + q2)—4

0
- 240,LLJ4R4r’°a—;(qY1 - pX)(gX: + pY) (1 + p* + ¢*)?

aY 0X,
+ 30uLRYr | g—= — p—= ) (gXi + pY)) (1 + p* + ¢»)?
s r(an paF>(q1 pY) (1 + p* + q%)
0X, aY
+ 30uLuRY ¥ (gYy — pX) | q—= + p—= | (1 + p* + ¢)?
wJsR'r* (gY) p1)<an paF>( P+ qd)

(101)
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And finally for (f;),, the relevant partials can be cast in the form

0 J
% = 1260;LJ4R4r’ma—r (gV, — pX)*Q —p* —gH (1 + p*+ )
a a

v aXi
qaa paa
XA =p =g )A+p+4)*

- 420MJ4R4}”79(6]Y1 - pX1)2<

ar
= 105 R~ == (g¥1 = pX) (1 = p* = ) (1 + p* + )

) )¢ .
+ 15uJsR*r 7<qa—a‘ —~ pa—a‘> 1=—p =AU +p+¢)2 (102

9 9
3ibs _ 1a60uskr (25 (q¥y - pX(1 = 2 — (1 + p + gD
oh oh ),
aY, 0xX,
— D20ul R (qY, — pX)? gl — | — p[ =
wJaR'r > (gY1 — pX,) [q<ah>F p(ah)F]
X (1 _pZ _ q2)(1 + p2 _;’_ q2)*4
F)
— 105/J,J4R4r_8<a—2> (g —pX)( = p" =) +p*+ g7
F
('9Y1 aXI
+ 150 R T g\ — ) —p|l= ) [A—-P =AU +p +¢)7
wJaR*r [q(ah>F p(éh)F]( r—q)1+p+q)
(103)
0 or
s _ 1260u iR\ — | (qY1 — pX))’(1 = p* — > (1 + p* + ¢»)*
ok ok |
Y, 0x,
— D20uliR Yy — pX)*| gl — ] — p| —
wJaR'r > (qYy — pX1) [q<ak>F p(ak)F]
XA =p =g )A+p+4¢)"
p)
- 105;LJ4R4r8<52> @V —pX)(1 —p* = +p*+ )
F
aY, 0x,
+15 JR4—7 -1 _ - 1_2_ 21_;’_ 2_"_ 2\—2
wJaR'r [q(6k>F p(ak)F]( r=q¢)1+p+q)
(104)
9
—(;]1)14 = R0uLsR'r°(gY) — pX))’X, (1 — p* — > (1 + p* + ¢*)*
p

+ 280u iR *(qY1 — pXi)’p(1 + p* + ¢)~*

+ 1120uliR°(q¥1 — pX)*(1 = p* = ) (1 + p* + ¢ p

— 15 R X (1 — PP — A+ p* + )72

— 30u R r 7 (qYy — pX)p(1 + p* + ¢*)?

— 60 iR r (qYi — pX)(1 —p* = g) (1 + p* + ¢) 7 p (105)
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9
—(52)’4 = —420uLRY°(gYy — pX)Vi (1 = p* = g) (1 + p* + ¢
+ 280uduRY(qY) — pX)’q(1 + p* + )
+ 1120w R (qY) — pX)*(1 — p* — ) (1 + p* + ¢") g
+ 150 LR V(1 = pP = A1+ p* + ¢)7?
— 30uJsRYr 7 (qY1 — pX)g(1 + p* + ¢ 2
— 60 iR (gY1 — pX)) (1 — p* = ¢ (1 + p* + ¢) g (106)
d 9
il _ 12600 LR " (g, — pX)*(1 — p* — g (1 + p* + ¢))*
OF OF
) E) ) ¢
— 220 LR (qY) — pX)| g— — p—
wJaR'r (Y — p. 1)<an P8F>

X1 =p =) +p +4¢)"
3
— 105uJ4R4r’8§r:(qY1 —pX)(1 =p = +p*+q)7°

Y, X
+ 15uliR [ g— — p=—= (1 — p* — A1 + p* + ¢»)2 107
M4r<an paF)( r-q¢)1+p+4q° (107)

The Treatment of the J3, J, Perturbations within
the True Longitude Formulation

The dynamic and adjoint equations for the true longitude formulation were given
in references [7] and [11]. The dynamic equations are given by

[ ] Bhi Bh Bf 0
h BY B% B% 0
. U
k B% B% B% 0
= N B, + B+ B, |+ 108
p B Bih B o | () 2 s s 0 (108)
u
g| | B4 Bh: BL|S 0
L] |Bh Bbh Bk na(1 — i — i)'
2
’

Unlike the eccentric longitude formulation of the previous section, where the
thrust acceleration, the components of the rows of matri§ M, and the J,, J3, and J,
accelerations were resolved along tAheA equinoctial frame f, g, W, this true longitude
formulation uses the Euler-Hill £, 6, h frame such that the rows of matrix B" above
as well as the thrust and zonal accelerations are resolved in this Hill frame. The
Hamiltonian and the adjoint differential equations for the combined thrust and J,
perturbations given in reference [11] are completed below by the addition of the
higher order J; and J, terms such that with the unit vector & = (u,, ug, )

H = AIBLz)f,a + A\[nd*(1 — h* — i)'?/r*] + AIBX(z) (£, + £, + £,)  (109)

. oH ) d | na¥(1 — n* — k)2
A,=——= -, —fiu— AL — >
0z 0z 0z r
oOB" of; of; of;
- AN —, +f,+f,) - AIB{—=2+ =+ 110
© 0z (&, ’3 ) - (az 0z 0z (110)
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In reference [11], J3 and J4 were not included in the analysis, and there f;, was
simply written as f. The of;;/0z and 9fu/dz partials are needed to complete this
analysis. Note that the partial derivatives of matrix B“ with respect to
z = (a, h, k, p, q, L) as given in the appendix of reference [7] have two typographic
errors in equations (A65) and (A74) that should read as

Bl = n"'a *rG '(gs. — pcr) (A65) of [2]

2

9 2 1 — h2 _ 1/2 dJ
- |:na ( ) ] = —2na2r’3G5’; — na’r*kG™! (A74) of [2]
.

Now using the expressions for (f,)s, (fo)s; and (fi)s, in equations (34)—(36),
directly in terms of a, h, k, p, ¢ and L, we have for (f,);;, the partials with respect
to the elements a, h, k, p, ¢ and L as

af,
Wy _ 60w JiR*r° ( ) (gs. = per) (1 + p* + g9
da L
3, 8r 3
— 400p R *| = ) (gsi — pe)* (I +p* + ¢7)” (111
ajr
af,
Wy _ 60,LLJ3R3r*6 (gse — pe) (1 + p* + )"
oh oh/,
3, 81’ 3
= 400p s R | = C]sL pe)’ (1 +p* + ¢°)” (112)
af,
o fdry _ 60MJ3R3f6 (gs. — per) (1 + p* + ¢!
ok ok )y
9
— 4005 R 5’;) (s — per)* (1 + p* + ¢) (113)
L
a(f;
% = RulsRr (1 + p* + ¢»)7!
p
+ 24pdsRr (g, — per) (1 + p* + ¢)72p
— 240uJsRr 3 (gse — per)’el(l + p* + ¢)°
— 480 3R (s — pe)* (1 + p* + ) 7*p (114)
af,
—(af b _ —12ul3Rr s (1 + p* + 7))
q

+ 24psRr (s, — per) (1 + p* + ) 7%q
+ 240u 3R 3 (gse — pe)’si(1 + p* + ¢) 7>
— 480uJsR°r (gse — per)* (1 + p* + ¢) 7% (115)

a( fr _of OF -
% = 60uJ3Rr 6<£> (gs. — pe) (1 + p* + ¢!
L
— 12uJsRr > (ger + pso) (1 + p> + ¢)7!
d
— 400,uJ3R3r"<a—£> (gs. — per)*(1 + p* + ¢»)~°
L

+ 240}LJ3R3V75(QSL - ch)z(ch + pso) (1 + P2 + ‘12)73 (116)
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For the (fy),; partials, we have in a similar way

a(fo)
o 300,uJ3R3r_6( ) (ger + psi) (gs — per)*(1 + p* + ¢»)7°
L
— 15uh3Rr < ) (ger + psp) (1 + p> + g»)7! (117)
a(fo)
O 300 5K (ch + psi) (gs. — pe)* (1 + p* + ¢7)7°
oh 6h
3..—6 ar 2 2\—1
— 15uB5R°r <£> (ger + ps)) (1 + p* + ¢°) (118)
L
a(fs) 9
Jos _ 300 3R r ¢ il (qer + ps) (gse — pe)* (1 + p* + ¢
ok ok/,
ar
- 15MJ3R3r6<a—k> (gew + ps) (1 + p> + ¢! (119)
L
J
—(({;)13 = —60uSsRr sp(gs. — per)*(1 + p* + ¢») 3
+ 120 3R’ r(ger + ps) (gs. — peder(l + p* + )71
+ 360usR’r(ger + psi) (gse — per)* (1 + p> + ¢7)7*p
+ 3uhsRr s (1 + p* + ¢H)7!
— 6usRr (gL + pst) (1 + p* + ¢») °p (120)
J
—(({;)h = —60usRr cr(gs — pe)* (1 + p* + ¢%)7°
— 120/.LJ3R37'75(QCL + psi) (gse — per)sc(1 + Pz + ‘12)73
+ 360uJsRr *(ger + psi) (gs. — per)* (1 + p* + ¢») g
+ 3ulsRrc(1 + p* + ¢7)7!
— 6 3R (geL + ps)) (1 + p* + ¢7) g (121)
J ar
(;Cz)h = 300uJsR’r _6(6 ) (ger + psi) (gs. — per)* (1 + p* + ¢g») 7

+ 60usRr (s — per) (1 + p* + ¢7) 7
— 120pJ3R*r(gse. — per) (ger + ps)* (1 + p* + ¢)7°
d
— 15U BB < ) (ge + ps) (1 + p* + ¢!
oL/,
— 3usRr > (gs. — pe) (1 + p* + ¢gH) 7! (122)
For ()5, the relevant partial derivatives take the form
d ar
(af‘Z)B _ 150 JR'«& —6(6 ) (qSL pCL)Z(l _p2 _ q2) (1 +p2 + qZ)—S

15
—EV«JsR‘ ‘6(8 ) A=-pP = )1 +p + )" (123)
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(/) o[ Or )
8213 = 150uJ3R’r 6(8 ) (gs. — pcr)’(A = p* = HA +p* + ¢)7°
15 _
_7/‘1",3R3 6<ah> A-=p—H0 +p*+g>)"! (124)
a( fn [ or _
% = 150uJsR%r 6<a_k> (gse — per)* (0 —p* =) +p* + ¢»)7°
L
) JR3r6 ar 1-=-p=—»U +p*+g)! (125)
> JINE (?k p q p q
a(fi)s
g 2 = 60ussR S (gs. — pere(l — p* — @) (1 + p* + ¢
+ 60uJsRr S (gs, — pe)’p(1 + p* + ¢9) 7>
+ 180 3R *(gs. — per)*(1 — p* — g (1 + p* + ) *p
—3ulsRr (1 + 2+ P!
= 3uliRr>(1 = p =)+ p* + ¢)7%p (126)
a(fi)s
8—q3 = —60uJsRr > (gs, — pe)sc(1 — p* — ¢*)(1 + p* + ¢°)°
+ 60uJsRr >(gs. — pe)’q(1 + p* + ¢°)7°
+ 180usRr *(gs. — pe)*(1 — p* — g (1 + p* + ¢
_ 3/J“I3R3r*5q(1 +p2 + q2)71
= 3uLsRr(1 = p =)+ p* + ¢°) g (127)
a( fi) _of Or _
_8}413 = 150pJ5R°r 6<a_L) (gse — per)’(1 = p* =) (A +p* + ¢)7°
L
— 60 3R’ (gse — ped) (qer + ps) (1 — p* = ) (1 + p* + ¢°)7°
15 ar
— 2pBR ) (1= p = @1+ p + ) (128)
2 (‘)L L

In a similar way using the f;, acceleration components given in equations (84)—(86)
in terms of a, h, k, p, ¢ and L, we have for the ( f,);, component, the partials

d ar
(f )’4 = 450uiR’r 7<a ) (gs. — pe)* (1 + p* + ¢) 72
d 45 oar
— 2100uJsR*r’ &z (gs. — per)*(1 + p* + ¢ ™* — — uJaR*r™’ 4
aa L 4 aa L
(129)

I(f)u

ar
o = 450uJ4R*r 7<ah> (gs. — pe)’ (1 + p* + ¢*)7°

or 45 or
— 2100 LR 7| — - A+ p+ gDt — —ulRY
wJaR'r <ah>L(qsL pe)t (1 + p* + g7 7 s (ah)L

(130)
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a(f; d
A _ 450usiR'r () (g5 — ped)* (1 + p* + )
ok k).

9 45 0
- 2100MJ4R4V7<8_]:> (gse — pe)*(1 + p* + ¢ — Z/_LJ4R4r7<_r>
t L

a(f;
—(({)14 = 150uJsR*r ®(gs. — pcr)e(1 + p* + g*) 72

+ 300uJaR* (g — per)* (1 + p* + ¢ 7p
— 1400u 4R *(gs. — per)er(l + p* + )~
— 2800 JsR*r%(gse — pe)*(1 + p* + ¢*)°p (132)

af,
% = —150udsR T (gs. — per)s(1 + p* + ¢*) 2

+ 300uJsR*r%(gs. — per)* (1 + p* + ¢°) ¢

+ 14000 iR °(gs. — per)’sc (1 + p* + ¢~

— 2800w 4R r ®(gs. — pc)*(1 + p* + g») g (133)

ol fr . or B
% = 450 JsR"r 7(£>L(QSL —pc)’ (1 +p* + ¢)7°

— 150uJsR*r(gs. — per) (ger + ps) (1 + p* + ¢) 7
9
—~ 2100uJ4R4r7<a—£> (gs. — pe)* (1 + p* + ¢)™*
L
+ 1400u iR r (s, — per)*(ger + pst) (1 + p* + ¢~

45 ar
— — R — 134
g4 HIRT <8L>L (134)

For the (f3),, partials, we have

s _ 1680MJ4R4F‘7<%>L(qsL — pc)’(ger + ps) (1 + p* + ¢

— 180uJuR' ™ (%)L(cm — per) (ger + ps) (1 + p* + ¢ (135)
a(;‘:l)m — 1680,uJ4R4r7<%)L(qsL — pc)(ger + ps) (1 + p* + ¢»)~*

— 180pJuR'r’ (% L(qSL — per) (ger + ps) (L +p> + 6772 (136)
% = 1680MJ4R4F‘7<§—Z L(qSL = pe)’(ger + pso) (1 + p* + ¢~

ar
— 180uJuRr™” (5«) (gs. — per) (ger + pst) (1 + p* + ¢») 7 (137)
L
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(J;i)j“ 840uJuR'r(gs. — ped)erlger + ps) (1 + p* + ¢~
— 280 iR (gse — per)’se(1 + p* + )~
+ 2240u iR %(gs. — per)(qer + ps)(1 + p* + ¢~
— 30uiR'r ci(ger + psi) (1 + p* + @)
+ 30pdiRr %(gs. — per)si(l + p* + ¢
— 120piR'r *(gs. — per) (ger + pst) (1 + p* + g5 7p
9
% = —840uJuR'r %(gs. — pc)si(ger + ps) (1 + p> + ¢)*
— 280 iR % (gs. — per)er(l + p* + ¢~
+ 2240 JsR'r*(gs. — per)*(ger + psi) (1 + p* + ¢) g
+ 30uJaR r Osi(ger + psi) (1 + p* + ¢) 72
+ 30uJsRr(gs. — per)en(l + p* + ¢) 72

— 120p iR %(gs. — per) (ger + psi) (1 + p* + ¢7) g

d d
(f)j“ 1680 J4R*r 7((3;) (gsi — per)’(ger + pso) (1 + p* + ¢»)~*
L

— 840uJuR*r(gs. — per) (e, + psi)* (1 + p> + g7~
+ 280 iR (gs. — per)' (1 + p* + )7

d
- 180[.LJ4R4}’_7<é> (gs. — per) (gew + ps) (1 + p> + ¢7)77
L

+ 30psRY O (ger + psi)* (1 + p* + ¢
— 30uiR'r (gse — per)* (1 + p* + ¢»)7?

And finally for (f,),,, the six partial derivatives are obtained as

a(fh)m
da

L
9
— 90uJ4R'r’ (ai) (gse = pe) (1 = p> = @) (1 + p* + ¢°)
L
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(138)

(139)

(140)

0
= 840,uJ4R4r‘7<a—;> (gs — pcr)’Q —p* —gH A +p* + g»)*

(141)
a(fi) ar
L7 840ussR'r 7| - ) (g5 — per)* (1 — p* — g (1 + p* + g)
oh oh ).
- 90uJ4R4r‘7< ) (gse = pc) (1 = p* = @) (A + p*+ ¢ (142)
a(fi) or
({ZM = S40u LRy 7( > (gse —pe)’ (1 —p* =) (A +p* + ¢
L
- 90,uJ4R4r_7< ) (gse — pe) (1 — p* =) (L +p* + ¢ (143)
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9
% = 420usR'r *(gs. — per)er(1 — p* — @) (1 + p* + )"

+ 280 iR % (gse — per)’p(1 + p* + ¢»)~*

+ 1120uduRr ®(gs. — per)’(1 = p* — @) (1 + p* + ¢)

— 15u iR r Cc(1 = p* = @) (1 + p* + )72

— 30uJaR* % (gs. — pe)p(1 + p* + ¢*) 2

— 60uJsR*r (gqs — per) (1 — p* — A (1 + p* + ¢)7p (144)
9
—(5:1)’4 = —420pJuR'r(gse. — per)’se(l = p* = g) (1 + p* + ¢

+ 280uuR* 0 (gse — pe)’q(1 + p* + ¢») ™

+ 1120w sRr%(gs, — per)® (0 — p* — ) (1 + p* + ¢H) g

+ 1SR s (1 = p* = A1+ p* + ¢)7?

— 30uJsR*r°(gs. — pe)g(1 + p* + ¢»)7?

— 60udsR'r (gs. — per) (1 = p* — @) (1 + p* + ") g (145)
a(ﬁ)J4 _

ar
——= = 840uLiR*r 7| — —pe) =p =) +p° + 4"
L wl.R'r <8L>L(qsL pe)’ (L =p* = ¢ ) (1 +p* + q°)
— 420 iR %(gs. — per)*(ger + pso) (1 — p* — > (1 + p> + ¢»)~*
9
- 90MJ4R4F7<8_£) (gse —pe) (1 = p* = @)1+ p* + ¢)7°
L

+ 15uuR*r %(ger + ps) (1 — p* — ¢H (A + p* + ¢H) 2 (146)

or or ar ar . .

Note thatthe | — ), | — |, | =), | — ] partials appearing in the above equa-
da), \oh), \ok), \oL),

tions, are as in equation (65) of reference [11], namely

ar r ar r
(g)L =2 <a—h> ST e et )

N T ey, (L) =Dt ks
k), al - - T o), T T aa - -1

Numerical Results

We first show the need to include the J; and J, accelerations by running an opti-
mal trajectory generated in [12] and [13] with only J, taken into account. The
initial and final orbits for the example transfer are shown in Table 1. The overall
minimum-time solution is obtained by also searching for the optimal departure
point on the initial orbit at time ¢t = 0 as well as the optimal arrival location on the
final orbit at time #;, which is itself one of the search parameters. The shooting
method is used by starting from guessed values for the five multipliers at time
t = 0, namely, (Ao, (An)o, (Ao, (Ap)o, (Ag)o as well as the initial mean longitude
(A)o or rather eccentric longitude (F), corresponding to the initial angular position
(0)o. The value of # is also guessed and the dynamic and adjoint differential
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equations with J, only are integrated forward in time simultaneously starting from
(Ar)o = 0 until # while thrusting along the optimal @ orientation given by
= ATM(z, F)/|ATM(z, F)| that effectively maximizes the Hamiltonian H in equa-
tion (23) with fj, and fj, turned off. The quantities (Aa)o, (An)o, (Ao, (Ao, (Ag)o as
well as (F), and ¢ are slowly adjusted until the final orbit parameters (a);, (h);, (k)
(p)s> (q)r that correspond to the target a, e, i, {), @ given in Table 1 are met to within
a reasonably small tolerance, with (F); = 0 and H; = 1 also satisfied.

The initial and final orbit parameters are given as classical elements in Table 1
but are converted at time r = O to obtain the equinoctial equivalents to start the
integrations, and converted from the equinoctials at # to the equivalent classicals
for tabulation purposes.

The initial values of the converged multipliers are given by (A,)o =
4.800100306s/km, (An)o = 8.060772261 X 10%s, (Ao = —9.150040837 X 10°s,
(Ap)o = 3.281827358 X 10's, ()0 = —2.254928992 X 10*s, the optimal initial
location was obtained as (A)o = —2.299291130 rad, and the minimum time # was
obtained as 58,104.83438s.

With (A) corresponding to the mean anomaly My = —131.7396776 deg the state
and costate equations are propagated forward in time starting from the converged
multipliers above and using equations (108) and (110) by firing along the optimal
direction 1= ATB"(z)/|AIB"(z)| until #;=58,104.83438s. Both # and the con-
verged multipliers as well as the optimal (A), correspond to the optimal solution ob-
tained with J, only [12], [13]. Thus three runs are made using these converged
values, the first two using the original J, formulation of [11], [12], and [13] respec-
tively and the third run using equations (108) and (110) of this present paper with
J3 and J, turned on in order to fly the trajectory using a more accurate Earth gravity
model. The first two runs from time ¢ = 0 to #; will achieve the desired end condi-
tions because the initial converged multiplier values are the optimal ones correspond-
ing to the simplified gravity model that uses J, only. Obviously using these converged
values to fly with a more accurate gravity model that uses J», J; and J4 and termi-
nating the flight at the J>-optimal flight time #; will fail to meet the end conditions.

Table 1 shows the achieved final parameters for this LEO to GEO transfer using
the Achieved [L] of [11] and Achieved [F] of [12] and [13] formulations using J,
only, and the present paper Achieved [L] formulation using J», J3 and J4, i.e., equa-
tions (108)—(110). As in all runs, we use f,=9.8 X 10°km/s* and
J,=1.08263 X 107%, J; = —2.56 X 107°°, J, = —1.58 X 107°, and a Runge-
Kutta 78 integration method as given by the Fehlberg coefficients with relative and
absolute error controls set at the 10~ level.

As expected, the Achieved [L]-J> and Achieved [F]-J> forward runs meet the tar-
get conditions effectively as shown in Table 1, while the Achieved [L]-J/>J3J4 run
misses the final semimajor axis by 4 km and the argument of perigee by 4 deg or
equivalently the final position by as much. These results show that restricting our-
selves to a reduced model with J; only and using the corresponding optimal solu-
tion to fly in the more realistic and accurate model with J,, J3 and J4 will miss the
target even for this very short duration transfer which experiences very little per-
turbation from the zonal harmonics. These differences will be dramatically more
enhanced for long duration transfers that dwell for long periods of time in the grav-
ity well at LEO where the zonal perturbations affect the trajectories considerably.

Note that the integrated value of L at the final time #;, namely L = 45.4919264 deg
from Achieved [L], corresponds to M =45.411543 deg which corresponds to the
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optimal insertion point on the target orbit with J, only. As discussed above, the value
of M as well as the values of the other parameters from Achieved [L]-J,J5J4 are
clearly significantly different due to the addition of the J; and J, terms.

We now generate an optimal minimum-time trajectory using equations
(108)—(110) and searching on the initial values of (A.)o, (An)o, (Ao, (Ap)o, (Ag)os
and L, and starting with (A.)o = O until the final a, h, k p, g (A) =0,
and H =1 are satisfied. The result is (A,)o = 4.800362521 s/km, (A;)o =
8.064085075 X 10%s, (Ao = —9.149918686 X 10°s, (A,)o = 3.284285354 X 10's,
(Ao = —2.254952264 X 10%s,  (L)o = —2.299361237 rad, and =
58,104.96895 s.

Because ey = 0, wo = 0 and Qo = 0, (L), is identical to (M), = —131.7436944
deg. Using these initial values, the Achieved [L]-J,J5Js [equations (108)—(110)],
and Achieved [F]-J,J3Js [equations (17)—(24)] parameters at time #; are in perfect
agreement as seen in Table 2, thus validating both the L and F formulations of the
present paper. Note that (A.)o = (Ar)o = 0.

As stated above, this fast transfer trajectory experiences very little zonal pertur-
bation effects and that is why the J,-optimized and the present J»J3Js-optimized so-
lutions differ very little in total flight time #; as well as in the final insertion location.
These differences can become quite substantial and cannot be neglected both dur-
ing preliminary designs and actual operations. Even the small differences seen in
this present example can be misleading because if the J; and J4 perturbations are
not accounted for, and the solutions rely only on the J>-only model, they cannot be
flown accurately as shown in Table 1 due to the presence of the higher order har-
monics. In fact, further harmonics such as Js and Js must also be included extend-
ing the present analysis especially for long duration transfers spanning several
months with a considerable amount spent in LEO.

However, it is possible to use a cruder J,-only model and continuously update the
transfer solution during an actual flight in order to eventually correct for the effects of
the unmodelled higher order perturbations as the spacecraft approaches its higher des-
tination orbit such as GEO. It is however better to use a more refined model such as
the one exposed here even if continuous updates are planned for actual flights because
more accurate and economical trajectories can then be flown. If low-thrust is used in-
stead to transfer to lower orbits or if the transfers are done entirely in low orbit and of
long duration, then higher fidelity models are even more beneficial to implement.

The value of F = 45.45009839 deg corresponds to M = 45.40920885 deg and
the value of L = 45.49094391 deg corresponds to M = 45.40920884 deg indicat-
ing perfect agreement for the optimized insertion location on the target orbit.

Conclusion

A higher-fidelity modeling of optimal low-thrust transfers between any given cir-
cular or elliptic orbits using a more complete Earth gravity model in the form of
higher-order harmonics has thus been derived based on the Gaussian form of the
dynamic system equations in terms of the nonsingular equinoctial elements.

Two previously developed formulations based on the use of the eccentric and
true longitude as the sixth or fast orbit element respectively, and fully accounting
for the J, perturbation both in the dynamic and adjoint differential equations, have
been extended in this present paper by the inclusion of the higher zonal harmonics
terms J; and J4 in order to generate even higher accuracy optimal low-thrust tra-
jectories than with J, alone. A fast LEO to GEO minimum-time transfer using a
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relatively high constant thrust acceleration is generated for illustration purposes and
the achieved trajectories from both formulations are compared leading to a perfect
match, thus validating both formulations at once. The consideration of two differ-
ent formulations is necessary in order to make sure that the nonsingular state and
adjoint differential equations are both free of algebraic and coding errors regardless
of which formulation is adopted for operational use. The true longitude formulation
which also resolves the various accelerations in the Euler-Hill frame is more con-
cise and easier to derive than the eccentric longitude formulation which resolves the
accelerations along the direct equinoctial frame. However, the latter formulation
was the one that was historically developed first. All the derivations were done by
hand without the use of any symbolic manipulation software. The numerical results
and their discussion show the benefits of adopting this more refined theory for both
simulations and flight guidance applications. The consideration of additional har-
monics such as Js and Js within the present context of the Gaussian formulation can
lead to even higher accuracy modeling of optimal low-thrust transfers.
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Appendix: Transformation of the J3, Js Inertial Accelerations
to the Rotating Frame

The perturbation accelerations due to J3 and J, in the Euler-Hill frame can also
be obtained directly from the inertial system X, ¥, Z. Going back to equation (3) for
the disturbing potential F’, we have with r = (x> + y> + )% ar/ox = x/r,
dr/dy = y/r, dr/dz = z/r, such that for the J; terms, and in view of sy = z/r

) 5(RY\? 3
F=oF Jox = —’:—fJ33<7> (3% - 7%) (A-1)
. , wy 5 (RN .z z
y=0F'/dy = —FJ3E<7> (37—77 (A-2)
3(R\3 35 7
i=oF Jor=-Sn (=) (102 -25 -1 (A-3)
r 2\ r r 3r z

Replacing x, y and z above by their respective expressions in terms of the Eulerian
angles with x = r(cace — sacise), ¥y = r(sace + cacisg) and z = rs;se and in view
of the rotation matrix in equation (6), and after some algebra,

()53 = (cace — sacise)X + (sace + cacise)y + siseZ

. /«LJ3R3

r5

(6si59 — 10s3s3) (A-4)

In a similar way

(fo)s3 = (—case — sacice)k + (—sase + cacice)y + sicoZ

LR | 15
I Mz:ﬁ [ZS?(C(; - C39) - 3S,‘C9:| (A-S)
(fi)s; = sasik — casy + 2
JLiR?
- £ 5 (155t — 3c) (A-6)
For the J, accelerations
R 4 5 4 2
x=aF'/ax=—“—fJ4<—> —<—63Z—4+42Z—2—3> (A7)
r r 8 r r
R\45 4 2
yzaF’/ayz—“—fJ4<—> —<—63Z—4+42Z—2—3> (A-8)
r r 8 r r
R 4 5 4 2
Z=6F’/6z=—ﬂ—3ZJ4<—> —<—63Z—4+70Z—2— 15> (A-9)
r r 8 r r

which leads to the expressions
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(), = (caco — sacise)k + (sace + cacise)y + sisoZ
. 5,4,LJ4
810

(—35stst + 30s%s3 — 3)

. 1
where s} can be written as § (3 — 4cap + ca0).

(fo)s, = (—case — sacice)k + (—sase + cacice)y + sicoZ
_ 5/.LJ4R
20

(7stsico — 3stsocq)

1
with s3 = ZBSG — 530

(fi)s, = sasik — casy + ¢z

5 4
= — ZJ';R (7sicisy — 3sicisg)
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(A-10)

(A-11)

(A-12)

These expressions are equivalent to those in equations (11)—(16). The inertial
accelerations, namely %, ¥, Z, for both the J5 and J4 terms can be found in reference
[15]. However, the J, terms in equations (9.7-4) and (9.7- 6) of that reference
have a typographlcal error as they should read J» 2( ) (5Z — 1) and

2( V(3 - 55 5) respectively. The symbol r, is used as R in this paper.



