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We investigate in this article the optimized orbit transfer of a space vehicle, revolving
initially around the primary, in a similar orbit to that of the Earth around the Sun, in
an elliptic trajectory, to another similar elliptic orbit of an adequate outer planet. We
assume the elements of the initial orbit to be that of the Earth, and the elements of
the final orbit to be that of an outer adequate planet, Mars for instance. We assume
the elements of the two impulse Hohmann generalized configuration (the case of elliptic,
non coplanar orbits) to be a1, e1, a2, e2, ar, er. From the very beginning, we should
assign 6 = a1 + ag, the total plane change required. oy is the plane change at the first
instantaneous impulse at peri—apse, which will be minimized, and as the plane change
at the second instantaneous thrust at apo—apse.
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1. Introduction

The Hohmann transfer is the minimum two impulse transfer between coplanar cir-
cular and elliptic orbits [1]. As for the derivations of the velocity change require-
ments AV, AVy and transfer time, we can draw a graph which illustrates total

energy /satellite mass as a function of orbit period P = 2”;;/2 that means a plot of

& versus 2771 a®/?. Plotted results are extensively established [1], [2]. For classi-
a @

cal Hohmann transfer if %(15.58, r9)1r1, is not satisfied, then the Hohmann transfer
is no longer optimal. For these conditions Bi—elliptic transfers are always more
economical in propellant than Hohmann transfer configurations [1]. The Hohmann
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transfer is a relatively simple maneuver, especially the classical model. It may be
simplified or complicated easily, and we may encounter very difficult situations.
This can be easily seen from the literature of orbit transfer [3]. There exist four
feasible Hohmann configurations according to the coincidence of peri—apse and apo-
apse of the three ellipses. We consider the first of them [4]. Radius or major axis
change, in the process of orbit transfer may be coupled by a plane change for the
circular or elliptic orbit transfer. This is an important practical procedure. The
optimal two impulse transfer that satisfy these conditions is the Hohmann transfer,
with split plane change. The first AV; thrust not only produces a transfer ellipse
but also induce a rotation of the orbital plane. At the second impulse, a second tilt
is induced as well as the production of the final elliptic orbit. An engine firing in
the out—of plane direction is required for the change of plane. The point of firing
becomes a point in the new orbit, and the burn point becomes the intersection of
the current orbit and the desired orbit. Definitely, we should perform plane change
in the smartest way, since it is fuel expensive, anyway you do them. Even without
the examination of the specific equations, planning a space mission, reduces to a
problem of geometry, timing, mechanics of orbital motion, and a lot of common
sense.

2. Method and Results

In this article we investigate the generalized Hohmann orbit transfer with split —
plane change. We take into account, the first configuration, where the apo—apse of
the transfer orbit coincides with the apo—apse of the final orbit, and the peri—apse
of the initial and the transfer orbit are coincident [5], Fig. 1. AV; produces at
peri—apse of initial orbit, a transfer ellipse as well as a plane change «y. Similarly
at apo—apse, AVs rotates the orbit plane through an angle oy = 6 —a; , and designs
the final elliptic orbit as shown in Fig. 2, Fig. 3 and Fig. 4, represent the velocity
vector triangular addition AVy , AV, respectively.

Figure 1 Generalized Hohmann Transfer
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Aer ar (1 =+ €T)
(1 —e2)
Va, = ———=
Ar as (1 + e2)

The increments of velocities at peri—apse and apo—apse of the elliptic transfer orbit
is given by

pd+e) p+er)

2 _
AVl o al (1 — 61) ar (1 — €T)
p(lte) | [ pd+er)
_2\/{a1 (1 61)} {GT(leT)}Cosal W
Az o= M (I1—e2) | pu(l—er)

as (1+€2) ar (1+6T)
/u‘(1762) ,U,(lfeT)
_2\/{‘12 (1—1—62)} {aT (1+6T)}COS (0 —aq) (2)

AVp = (JAVZ +/AVZ = AV, + AV, (3)
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where 6 is arbitrary and given by 6 = a1 + a5 and e , ar are calculated from the
formulae
[CLQ (1 + 62) — Q1 (1 — 61)] o b4 — b1

o= laz (14 ea) +ar (L —e1)]  ba+b @

[a2 (1+ 62) + a1 (1 761)] _ b4+b1

ar = D) 2 (5>

where

b1 = ax (1 - 81)

by = as (1 + 62)

a1 to be optimized by the condition of minimization

When checking the second order conditions, we treat the functional V[y] as a
function of € i.e. V(e).

We set lfT‘s/ = 0 and consequently, we acquire the first order necessary condi-
tion for an extremal. For distinction between maximization and minimization we

dAVy _
50, = 0.

. . 2 .
calculate the second derivative ddt‘;. We find the following second order necessary
conditions:

2 . .
‘ﬁl}{ < 0 — for maximize of V,
2 . . .
Lilt‘; > 0 — for minimize of V.
As for second order sufficient conditions:
2 . .
‘Zt‘; < 0 — for maximize of V,
2 . . .
‘Zt‘zf > 0 — for minimize of V,

cf. [5] for definitions.
For the first configuration

Let
1 1
A, = M (Lhe B = (Lter
al 1-— €1 ar 1-— er

w [1—es M 1—er
o= p, =
! as <1+€2) ! ar <1—|—6T>

whence

1/2
AVyr = (Al + By —2v/ A1 B, Cosal)
(7)
1/2
+ (C’l + Dy —2+/C1 Dy cos (0 — al))

By partial differentiation with respect to «; and equating to zero, and after rear-
rangements and clearing fractions, we find that

A1B1 sin2 (0751 ClDl sin2 (9 — 041)

= 8
A1 +Bl 72\/14131 COS (x1 Cl +D1 72\/01D1 COS (970[1) ( )
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From which we can deduce

A1 B [Cl + D; —2+/C1Dy (bm +av/1— xQ)} (1 — x2)
9)
=C1D; [Al + By -2 Alle} [(aQ — b2) 2% + b2 — 2abz\/1 — 1‘2}

where:
T = cosaq V1—22=sinm a =sinf b= cosf (10)

After some reductions, we find

A1B; (Cy + Dy) — C1Dy (A1 + By) b?

+ (2011)1@# - 2bA131M) x

—{A1B1 (C1 + D1) + C1Dy (A1 + By) (a® — b*) } 2?
+{2641B,/C1 Dy + 20, DAL By (a2 - 1) } o
- M{zaAlBlm— 2abCy Dy (A1 + By) x
+ (4abCy D1 v/A By — 2041 B1y/C1 Dy ) 2

Let

A1B; (Cy + D) — C1Dy (A, + B) b = E;

20, D1\/A1 B1b? — 204, B1\/C1Dy = B,

—{41B1 (C1 + D1) + C1Dy (A1 + By) (a® = V) } = B3
204, B1\/C1 Dy + 2C1 Di\/A, By (a* %) = E
2aA1B1\/C1D; = Es

—2abCy Dy (A1 + By) = Es

4abCy Dy\/A1 By — 2aA1By\/C1 Dy =

1.€.

E1 + EQZ‘ + E3332 + E41‘3 =V 1-— QZ‘Q (E5 + EG.’II + E7J,‘2) (11)
After squaring and some reductions, we may write

(Ef — E2) 4+ (2E1E; — 2E5Fg) ©

2E\F5 + E3 — 2B5E; — E¢ + E2) 2*

OF\Ey + 2E2E3 — 2EgFy + 2E5Eg) (12)
2E,Eq+ E5 — B3 +2EsF7 + E¢) «

+(
+(
+(
+ (2E3E4 + 2EgE7) 2° + (Ef + E7) 2% =0
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Set

E? ~FE}=V, 2F\E,—2E;Fs =T,
2FFE3 + E5 —2E5F; — E? + E2 = U3
QF\Ey + 2E2FEs5 — 2EgE7 + 2E5FE = Uy
2F2E, + E3 + 2F5E; + B — B2 = U5
2F3E, +2EgE, = Ug; E? + E2 = 0,

That means after some reductions, we get an equation of degree 6 in
T =cosaj :

Y1 + Yo + P32® 4+ az® + Y5t + e’ + hra® =0 (13)

where the E‘s appearing in the ‘s are functions of one parameter «; and could
be expressed in terms of ay, ag, €1, ez [6], which are constants since they are the
known elements of the terminal orbits.

3. Discussion

The Hohmann transfer is an optimal two impulse transfer. We suppose that the
first increment at peri—apse AV, not only produces a transfer elliptic orbit, but
also rotates the orbital plane by an optimal angle «;.

At apo—apse the second increment of velocity AV, will produce the trajectory
of the final elliptic orbit and rotates the orbit plane by an angle as = © — a;. We
have AVy = AVy; + AV,. For the minimization of AVy we have the condition
OAVr / Oaq = 0. By expansions, rearrangements and clearing fractions, we ac-
quire through a purely analytical method, except for the resolution of the alge-
braic sixth degree equation, the value of the optimized «; i.e. (a1)opt, Whence
(a2)opt = © — (@1)opt- By substitution of (a)ept, we can easily evaluate (AV7),pt
and (AVy)ep from Eqgs 1, 2, and (AVy)ain = (AV1)ope + (AVa)ope [6]. The sixth
degree algebraic equation O(z%) Eq.13 could be easily solved by a mathematica
software program.

In this article we laid the foundation of the theory. The approach is purely ana-
lytical except the solution of Eq. 13 which is numerical. No numerical illustrations
are included, for the time being, for instance for the obtenition of numerical results
for the elliptic Hohmann Earth — outer planets, configurations. This will be done
in the second part of the paper. We restrict ourselves here to the consideration of
the first configuration.
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Appendix

David Eagle [7], exposed an excellent clear topic about the optimization of the
classical Hohmann transfer, for coplanar and non—coplanar circular orbits invented

in the year 1925 by the German engineer Walter Hohmann. Eagle cited the following
remarks concerning this transfer:

1. Two impulses 180° apart are required in the direction of motion, collinear
with velocity vector at peri—apse and apo—apse of transfer orbit.

2. Velocity and not position of vehicle is changed instantaneously.
3. Both thrusts are posigrade, i.e. in direction of orbital motion.

4. The transfer time from first to second impulse is given by

’7':’]'(]/(%3 a:%(n——i-rf)
Script i, f refer to initial circular orbit and final circular orbit respectively;

a denotes semi major axis of transfer ellipse.

He derived the following formulae for the purpose of his article:

AVA = Viey/1+ R2 — 2R, cos 0,

AVy = Vlc\/Rg + R?R3 — 2R3 R3 cos by
AV, = AV + AV,

92& = 01 + 92
Ri= 21— Ry= 27" Ry= [o "
Tty rf ri +ry
Vie = local circular velocity = L
g

0, = plane change associated with first impulse
0> = plane change associated with second impulse

0; = total plane change angle between initial and final orbit

The necessary condition for optimization is:

8AVt Rl sin 01 R%R5 sin 92
96, V1+ R} —2Rycos0;  /R}+ R3R? — 2R3R;3cos 0,
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Nomenclature:
AV,

AV,

AVyr = AV, + AV,
7

ay

as

ar

€1

€2

er

1

r2

a1

Q2

O =0+ a

increment of velocity at peri—apse impulse.
increment of velocity at apo—apse impulse.

constant of gravitation.
semi—major axis of initial orbit.
semi—major axis of final orbit.
semi—major axis of transfer orbit.
eccentricity of initial orbit.
eccentricity of final orbit.
eccentricity of transfer orbit.
initial radius (classical Hohmann).
final radius (classical Hohmann).
plane change at peri—apse.

plane change at apo—apse.

total plane change.
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