University of "w
Strathclyde
Glasgow

Strathprints Institutional Repository

Owens, Steven Robert and Macdonald, Malcolm (2011) A novel approach to hybrid propulsion
transfers. In: 62nd International Astronautical Congress 2011, 2011-10-03 - 2011-10-07, Cape
Town,.

Strathprints is designed to allow users to access the research output of the University of Strathclyde.
Copyright © and Moral Rights for the papers on this site are retained by the individual authors
and/or other copyright owners. You may not engage in further distribution of the material for any
profitmaking activities or any commercial gain. You may freely distribute both the url (http://
strathprints.strath.ac.uk/) and the content of this paper for research or study, educational, or
not-for-profit purposes without prior permission or charge.

Any correspondence concerning this service should be sent to Strathprints administrator:
mailto:strathprints@strath.ac.uk

http://strathprints.strath.ac.uk/


http://strathprints.strath.ac.uk/
http://strathprints.strath.ac.uk/
mailto:strathprints@strath.ac.uk
http://strathprints.strath.ac.uk/

IAC-11.C1.9.7
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Malcolm Macdonald
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This paper introduces a hybrid propulsion transé@med a Hohmann Spiral, incorporating low and hhylust
technologies, analogous to the high-thrust bi-dlifransfer. To understand this transfer fullysitcompared to a
standard high thrust Hohmann and a bi-elliptic4fan Two critical specific impulse ratios are ded independent
of time that determine the point this novel transfensumes the exact amount of fuel as the two eostptransfer
types. It is found that these ratios are validdoth a circular and elliptical starting orbit smdpas the apogee of the
elliptical orbit coincides with the target orbitdias. An expression representing the fuel masdifrads derived
dependent of time in order to allow a bound solutipace. The final part of this paper investigates orbit
transfer case studies, one is a Geostationary fera@gbit to Geostationary Earth Orbit based on Atghabus
platform specification and the other is from LowrtBaOrbit to an orbit near the Moon. It is founcetthrust
required to complete the former transfer in a dfmtiduration of 90 days exceeds current technolgy as such
provides a technology requirement for future speafedt is found however, for spacecraft of sigeahtly smaller
mass, in the region of 1000kg, compared to AlphgMesx. mass at Launch =8100kg), the transfer comesuthe
same fuel mass as a standard high-thrust Hohmansfér with realistic low-thrust propulsion valugb0mN,
300mN and 450mN) within the set duration of 90 ddwsaddition, it is shown that utilising upratelarusters
(210mN, 420mN and 630mN) a fuel mass saving camdde. This could provide a potential transfer aléve for
future smaller spacecraft. The second case studguad to a maximum thrust of 150mN, but the misslaration
is not specified to highlight the variation. Itfaund that the HST offers fuel mass savings of hby$% compared
to a standard high-thrust transfer and approximéaté% compared to a bi-elliptic transfer for difat scenarios.

I. NOMENCLATURE

g —gravitational acceleration

U - gravitational constant

Myry — SPacecraft mass without fuel

Myet — Spacecraft mass with total fuel

Mhighe — high-thrust system fuel mass

myste— hybrid system fuel mass

My, — Spacecraft mass after phase 1 of the transfer
AVhigh—high-thrust only system delta V

AVy —high-thrust portion of hybrid system delta V
AV, —low-thrust portion of hybrid system delta V
Isp — high-thrust system specific impulse

Isp. — low-thrust system specific impulse

Ispcins— Hohmann Vs HST critical specific impulse
ratio

Ispcens— bi-elliptic Vs HST critical specific impulse
ratio

T —low-thrust system thrust value

r; —initial orbit radius

r, —target orbit radius

r. —circular transfer orbit

a; —semi-major axis betweenandr,

R1 —target/initial orbit ratio

R2 —circular/initial orbit ratio

R2* — critical circular/initial orbit ratio

t; —hybrid transfer phase 1 duration (high-thrust)

t, — hybrid transfer phase 2 duration (low-thrust)

ty —total hybrid transfer duration



II. INTRODUCTION

This paper investigates an orbit transfer enabled
through hybrid propulsion incorporating low and
high-thrust technologies. The orbit transfer named
Hohmann-Spiral (HST), is analogous to the high-
thrust bi-elliptic transfer that involves three iolges

to capture the target orbit; in the bi-elliptic rieder,

the first impulse occurs at the initial orbit arehds
the spacecraft into an elliptical orbit far beyatnd
target orbit. At the apoapsis a second impulse is
applied increasing the orbit energy and initiatthg
return leg of the elliptical transfer. At the persés a
third impulse is used to slow the spacecraft and
capture into the final orbit. In a similar fashitime
hybrid method uses two high-thrust impulses to
firstly reach the apoapsis via an elliptical oraitd
then to circularise at this radius. Subsequently th
low-thrust system is activated and instead of
following an elliptical orbit towards the target, a
spiral trajectory is used until the final orbitresached.

To date, research in the area of hybrid propulsion
transfers has focused on the use of a hybrid
propulsion system where the low-thrust engine is
activated at a point between the initial orbit sadjet
orbit [1-3]. Figure 1 below shows this common
transfer type.
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Figure 1 Standard Hybrid Transfer Technique

An important element of current research is
determining the optimum specific impulse. This
paper derives the critical specific impulse ratios
which a hybrid system is equivalent to that of ghhi
thrust system utilising a standard Hohmann and bi-
elliptic transfer. Circular and elliptical startirggbits

are considered in separate subsections. The amnalysi
firstly omits time, which can be drastically incsea
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when considering a low-thrust system. It is then
extended to consider this and thus determine the
practicality for real mission scenarios through
selected case studies. Figure 2 and 3 detail the
different transfer type comparisons. The following
assumptions are valid throughout the paper;

e orbits are co-planar

« finite burn losses are ignored

« sphere of influence of the Earth is ignored

Circular

o —F NN Intermediate
Bi-Elliptic A A DN Orbit, r
Transfer - /// [ \
N
2-Impulse
Hohmann
Transfer
Initial
[i Orbit, rj
Hohmann-Spiral b
High-Thrust i
Transfer \
\ A
\
\
Hohmann-Spiral \ )
Low-Thrust N -~
Transfer ~—— -
e Target
Orbit, ry

Figure 2 HST compared with 2-Impulse Hohmann apelligitic
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Figure 3 HST compared with 1-Impulse Hohmann arelliytic
transfer starting in elliptical orbit

II. CRITICAL ISP DERIVATION

This section derives a critical specific impulséiaa
which takes into consideration both the high and lo
thrust systems and determines the critical point at
which a HST consumes the same amount of fuel as
both a Hohmann and bi-elliptic transfer. The transf
starting in an elliptical orbit has an apogee at an
altitude coinciding with the target orbit and ineth
high-thrust only case requires 1l-impulse to capture
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This is also accounted for in this section. Théiaai
ratio for the Hohmann and HST is referred to as
Ispchns and for the bi-elliptic and HST igpkens The
generalised form is derived below before being
applied to the different scenarios in the following
subsections.

Firstly it is necessary to define the fuel masstfoms

for the high and low thrust systems. The equations
below represent the high thrust and hybrid system
respectively.

-AVhigh>

— exp< 9lspH [1]

Mhighr __ 1

Myer

(—AVH) (—AV,_)
TUSTE — 1 — exp \'spi/ exp \I'spL

e (2]

By comparing these equations the following
condition is derived in which the hybrid system is
equivalent or better in terms of fuel mass fraction

~MVhigh —-AVy —Avy )

exp( 9lspH ) < exp<y'spu)exp<y'spL

(3]
This can be simplified to give the following condit

IspL AV
Ispp — AVhigh—AVy [4]

This equation confirms that at the point the high
thrust fuel consumption is equal to the hybrid fuel
consumption the critical specific impulse ratio ¢sn
calculated. This ratio indicates that, for a gigen of
initial conditions, any value above this will shdke
hybrid system to be more fuel effective.

Il.i. 2-Impulse Hohmann and HST

This section uses the generalised equations frem th
section above and derives the critical specificulag

for the case considering a high thrust systemsiriij

the 2-Impulse Hohmann transfer and HST.
Considering equation 4 and Figure 2 above, the
following definitions are true for this scenario.
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w, = i [t 5]

where rc > rt, (for the case when rt > rc, the vatu
in this equation are simply switched to correspond

with Figure 1.)
_w_ﬁ+ﬁ_
Ti Ti+Tt T Tt
TR (6]
e T

w_ 2 _ JE + JE _

T ri+re T T 7]
,ZM 2u [

Z B ritre

It should be noted thaAVyg, represents the high
thrust Hohmann transfer method fropdirectly to ¢
whereasAVy represents the high thrust part of the
hybrid system.

AVpign =

By then introducing the orbit ratios of target mitial

(R1 = r/r;) and circular to initialR2 = r./r;), equation

4 for this scenario can be simplified to give the
expression in equation 8.

IspL

= Ispcuus =
1 1
- (8]
1 1 1 1 1 1 1 1
\/1* TR1 *Jl Tz ’Jﬁ T+ Rl *Jﬁ - Tzt w1 7

Ispn

The above equation is now only dependent on two
variablesR1 andR2. In the case where the initial and
target orbits are known, the critical ratio is slynp
dependent on the value. Varying this will give a
range of transfer orbits with a given critical oati
defining the point where the hybrid system is
equivalent in terms of fuel mass fraction.

From the equations it is clear that, for the caadit
when the high thrust section of the HST equalsadliat
the pure high thrust system, a singularity exists
singularity signifies the region in which the HST
requires more fuel than the Hohmann transfer and
consequently would be required to add mass rather
than remove it to operate. Due to this singulatitg
graphs below are bound to regions that are deemed
feasible for both current and near future propulsio
capabilities.[4-8]
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Figure 4 and Figure 5 represent the scenario where
< r, whereas Figure 6 and Figure 7 represent the
scenario where, > r.. For the 2D plots a value of
R1=6.4(r, = 42,164km) is used and represents a
standard LEO (Low Earth Orbit) to GEO
(Geostationary earth Orbit) transfer. A LEO altieud
of 200km is used.[9]

Isp Rgtlo
>

&1 No Benefit

Figure 4 Hohmann and Hybrid Critical Specific ImpaiRatio
with VaryingR2 (r.<ry)

Figure 5 Hohmann and Hybrid Critical Specific ImgeiRatio
with VaryingR1 andR2 (r. < ry)

It can be seen from the above figures that valdes o
R2 smaller than 6, for a standard LEO — GEO
transfer, represent realistigdnnsratios and therefore

certain missions may benefit, in terms of fuel mass
fraction alone, from using this approach. For
example, considering the new 500N Bipropellant
European Apogee Motor (EAM) developed by

IAC-11.C1.9.7

Astrium, with a minimum specific impulse of 325s
a low-thrust specific impulse range is identifiesl a
anything above 780s.

The following two figures represent > r, and
represent the main focus of this paper. Figurelévbe
indicates that as the transfer orbit increasesthus

R2 increases, sjchns decreases. This suggests that
depending on the mission characteristics and the
system configuration used, there is once again a
potential fuel mass saving.

P —

IspSalio
>

2T No Benefit

+——+ H——t +——t +——+ +——+ +——+ = t
100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250
R2

Figure 6 Hohmann and Hybrid Critical Specific ImgriRatio
with VaryingR2 (r. > r)

Figure 7 Hohmann and Hybrid Critical Specific ImpaiRatio
with VaryingR1 andR2 (r. > ry)

" Astrium, E.500 N Bipropellant European Apogee
Motor  (EAM) 2011; Available from:
http://cs.astrium.eads.net/sp/spacecraft-
propulsion/apogee-motors/500n-apogee-motor.htmi
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I1Lii. 3-Impulse Bi-elliptic and HST

Using the generalised equations as done previously,
this section focuses on the case comparing the 3-
Impulse bi-elliptic transfer with the HST. However
due to previous work on bi-elliptic transfers
determining that the critical ratio where this st
outperforms a Hohmann transferris>15.58[10], no
smaller orbit ratio is considered in this secti@n.
transfer to the Moon from a low Earth orbit with an
altitude of 250km is considered giving an
approximate value oR1 = 59'(r, = 0.391x10%m).
This is based on the assumption that the lunat @rbi
circular.

Using Equation 4 and Figure 2 the following
definition is used for the bi-elliptic scenario. &h
low-thrust spiral and high-thrust sections of th8TH
remain unchanged.

_ |2 2u 2u 2u
AVhiyh_ _—+J__—_

T T +TC Tc T +TC

2 2 2 2
\/_ﬂ oy e g
Tc ritre Tt

For this scenaridAVyg, represents a 3 Impulse bi-
elliptic transfer whereas before it represented a
Hohmann transfer. By then using the orbit ratios
defined in the previous section, the critical sfieci
impulse ratio can be calculated. This is given Welo

IspL _ l _
Ispn spCBHS

1 [

2R1 2R2
i sl
R1  R1+R2 R2  R1+R2 2R1 2R2

[10]

As discussed in the previous section, this equasion
now only dependent on the variabl@s and R2
which are a function of the initial, target andcailar
intermediate orbit. If the initial and target ogbire
defined the only variable undefined R2. By then
varying the circular intermediate orbit, a range of
Ispcens Values can be obtained detailing the point at

T NASA. Moon Fact Sheet2010; Available from;
http://nssdc.gsfc.nasa.gov/planetary/factsheet/faoon
ct.html
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which the HST consumes exactly the same amount of
fuel mass as the bi-elliptic transfer. Figure 8 and
Figure 9 show the nature of this function. Simiiar

the case of the Hohmann transfer comparison, it can
be seen that with increasiRg there is a decrease in

IspCBHS

P —

Isp Ratio

No Benefit

s { ) s 4 ) { } 1 { ) 1 N
100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 2S0
R2

Figure 8 Bi-elliptic and Hybrid Critical Specifierpulse Ratio
with VaryingR2 (r. > ry)

Isp Ratia 10 b
8
&
4

100

o S o
No Benefit ** .. DN %

Figure 9 Bi-elliptic and Hybrid Critical Specifiepulse Ratio
with VaryingR1 andR2 (r. > ry)

I1Liii. Elliptical Initial Orbit

Using the generalised equations as done in the
previous two sections this case considers a highly
elliptical starting orbit with an apogee at the sam
altitude of the target orbit so as the high-thrasly
transfer requires 1-impulse to capture. Both the
Hohmann transfer and bi-elliptic transfer types are
considered in this section. Using Equation 4 the
following definitions are used for the Hohmann
transfer. The low-thrust spiral section remains
unchanged.
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S TR TR
Avhigh—\/:t ot [11]

2 2 2 2
AVy = _ﬂ__ﬂ_\/_ﬂ__ﬂ _

Ti T'l'+Tc T Ti+Tt

2 2
[r_ 2, [
Tc rit+re Tc

After substituting these values into equation 4sit
found that with a little simplification it reduces

give the same equation as described in the Hohmann
Transfer section earlier. As such, equation 8 exdus
as a representation of both a circular and ellbtic
initial orbit.

[12]

For the bi-elliptic transfer, also starting in an
elliptical orbit, it is again found that the equatican
be shown to equal equation 10. The different délta
requirements are given below to highlight the
variance with the previous bi-elliptic comparison.
The low-thrust spiral section remains unchanged.

AV, ., = [PR_ 20 _ (2R 20
high T ritre T ritr,

EZE-EE.

Tc re+re Te ri+re

n_ 2 |k
T Tt+Tc T

2 2 2, 2,
AV = _ﬂ__ﬂ_J p_ 2 _

Ti T'i+1‘c T_l Ti+rt
’214 2u ’u
—_—— — + _

Tc rit+re Tc

I1l.iv. Comparing Critical Specific Impulse Ratios

[14]

As described by the previous two sections, theee ar
two critical ratios related to using the hybrid iorb
raising method and as such it is necessary to ca@mpa
these ratios to determine how they interact witthea
other. This section investigates this interactiow a
highlights the range of critical ratios where thid
technique outperforms both the Hohmann and bi-
elliptic transfer methods. Figure 10 compares the
two critical ratios considering the lunar transéerin

the previous bi-elliptic section. It can be seeatth
both kpchnsand Lycens tend to zero with increasing
R2 as expected. It is noted thagckns is always
higher than d,cuns Which is expected, especially in

IAC-11.C1.9.7

this case ag1>15.58 which was previously defined
as the critical point at which a bi-elliptic traasfis
more efficient than the Hohmann transfer type.

-

Isp Ratio

No Benefit

B e e R A L e e L
100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 2S0
R1

@ Bi-Eliiptic and Hybrid Critical Isp
& Hohmann and Hybrid Critical Isp

Figure 10 Hohmann and HST Critical Specific ImpuRagio
compared with bi-elliptic and HST (R1 = 59)

Figure 11 gives a 3-dimensional representatiomef t
two critical ratios. It highlights the region in wh
the critical ratios intersect and indicates whene o
transfer type assumes control of the system i. th
critical specific impulse ratio has to exceed Weltie

for the HST to become more fuel-efficient than both
the Hohmann and bi-elliptic transfers.

& Bi-Elliptic and Hybrid Critical Isp
Hohmann and Hybrid Critical Isp

Figure 11 Hohmann and HST Critical Specific ImpuRegio
compared with bi-elliptic and HST

It can be seen that any value Rif <~ 12 gives the
HST and Hohmann critical ratio control of the syste
and any value oR1 >~ 15 ensures the HST and bi-
elliptic critical ratio has control. This leavegeagion

of uncertainty where the two critical ratios inegk

in which it is difficult to distinguish which has
control. As validation for this work it was decideul
consider this region of intersection, as it wasnfibu
previously by Escobal that when comparing the
Hohmann and bi-elliptic transfer types there is a
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similar region of uncertainty whent.93876 < R1 <
15.58176 .[10] It was found that a test is required to
determine which transfer is superior and discovered
that as R1- 11.93876, R2 > » , whereas for the
upper bound wherR1 - 15.58176, R2 —» R1. This
means that for this novel transfer it can be
determined, depending on the value R¥, which
critical ratio must be considered to ensure the HST
manoeuvre is superior by performing a similar test
Escobal. The test for this novel transfer can be
demonstrated, and hence provide validation, by
equating the critical ratios for each transfer tyjpe
this case equation 8 and 10. It follows that

R2 R1 R1
\/R2+1 - JR1+1 + JRZ(R1+R2) +
RZ__ 1
R1(R1+R2) | +|R1(R1+1)

[ 1
R2(R2+1) \/E\/; =0

This equation can be solved 82, corresponding to
the zero of equation 15, within the range93876 <
R1 < 15.58176. Table 1 below shows tH2, ratio at
severaR1 values.

(15]

R1 Value R2, Value

11.93876 o (1x10")
12 815.82
13 48.90
14 26.10
15 18.19

15.58545 15.58176

Table 1 R1 and R2/alues within Region of Uncertainty

It should be noted that the valueRif = 15.58545 is
used as the function failed to provide any restiem
R1=15.58176 was considered. This is due to the
complex nature of the function whe&1=R2,. From
the naturally decreasing form of the function ih d¢se
said that anR2 value greater thaR2, will ensure the
critical ratio, comparing a HST to bi-elliptic, has
control of the system. Anything smaller will resint
the critical ratio comparing HST to a Hohmann
transfer having control. This coincides with therkvo
of Escobal who drew a similar conclusion when
determining the most efficient transfer in thisiogg
of uncertainty.

IAC-11.C1.9.7

IV. FUEL MASS FRACTION ANALYSIS (TIME
DEPENDENT)

This section derives an equation that describes the
fuel mass fraction consumed by the HST manoeuvre
when a time constraint is included.

AV, —AV,
MASTF _ 1-— exp[(g’SFZ>+(ﬁ>] [16]
Myet
where
T
AV, = oz (t2) [17]
tT = t1 + tz [18]
t,=m |2 [19]
un
a; = It (14 R2) [20]
Substituting these into Equation 16 yields
MusrF _ 1-—
Myer
[ rt + 3
| g / (moz tr- \/— 21sz \ [21]

1
|
(;Isnn) +\ glspy, J

exp

The above equation now has the functionality to
include an overall mission duration, allowing a
design space to be created.

V. CASE STUDIES

V.i. Alphabus Mission Scenario

This section considers a transfer of the new ESA
satellite platform, Alphabus, from GTO to GEO
using a HST compared to a standard Hohmann
transfer. Table 2provides the specification for the

i European Space Agenckn Extended European
Capability. 2010; Available from:
http://telecom.esa.int/telecom/www/object/index.cfm

?fobjectid=1139
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transfer. It is assumed that the launch vehiclegda
the spacecraft in GTO with zero inclination to
coincide with the assumption that orbits are co-
planar.

Transfer Specification Property
Initial Orbit GTO Perigee
Radius, r(km) 6628
Initial Orbit GTO Apogee
Radius, f(km) 42,164
Target Orbit Radius GEQ, 42.164
(km)
Mission Duration 90
Limit,tr(days)
European Apogee Motor 395
Specific Impulse, gt ()
T6 Thruster Specific 4500
Impulse, L, (S)
Gravitational Constant, p 4
(1) 3.986x1d
Gravity, g (m/9) 9.81
Alphabus Maximum
Launch (Wet) Mass , ya; 8100
(kg)
Calculated Parameters
R1(r/r}) 6.36
I spcHs 13.846

Table 2 Alphabus GTO - GEO Specification

Firstly it is necessary to determine the point htcl

the HST transfer consumes the exact amount of fuel
as the Hohmann transfer. This is done by first
determiningR1 which allows the correct critical ratio
to be considered. As this is a GTO-GEO trangfer

is found by using the target orbit radius and ahiti
orbit perigee radius. As shown in the table above,
R1=6.36(r, = 42,164km) which by then considering
the critical ratio, also in the table above, equat

can be rearranged to calcul&2 Upon doing this it

is found thatR2 = 150.39 which represents an
intermediate orbit roughly 23 times greater than
GTO. This can then be used in association with
equation 21 which can be re-arranged to calculae t
desired thrust based on the information above. The
re-arranged equation is

Mfuel IspL
mo >+ V"’spH] [22]

—

—moz[g’spl.loy(l—

T =
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It is noted that in this case;, has been set to equal
that of a standard 2-impulse Hohmann transfer. ¢Jsin
this, it is found that the required thrust for this
mission specification i2193.5mN. Table 3 below
summarises the required performance to enable this
mission. It can be seen that to equal the fuel mass
consumption of a 2-impulse Hohmann transfer the
HST requires 15 T6 thrusters rated at 150 mN, which
is a standard value within the T6 operating range[5
and 11 thrusters for the maximum thrust
demonstrated under experimental conditidns.

Thrusters Required to meet
T6 Thrust (mN) Thrust?/alue

150 15

210 11

Table 3 T6 Thrusters required for Alphabus Mission

In order to introduce any mass benefit to the sgyste
the following changes can be made;

» Increase low-thrust engine specific impulse
* Increase transfer duration and heRge
* Increase thrust of system

It is well understood that this technology requiesin

is not readily available and is unlikely to be atya
point in the near future. It should be noted howeve
that this study is based on the maximum launch mass
of the Alphabus platform. As the transfer duratisn
known to vary with the spacecraft mass it can be
shown that for a realistic thrust range, as shown i
Figure 12, there is potential application for this
transfer when considering smaller spacecraft. The
figure below and Table 4 highlight the spacecraft
mass required at launch for a system fitting the
Alphabus specification detailed in Table 2, whieimc
deliver the satellite to GEO in the defined transfe
duration of 90 days. With this initial mass andustr
range, the HST consumes the exact amount of fuel as
the Hohmann transfer. Table 4 details the mass
breakdown of these different transfers. It is known
that most GEO platforms have a dry mass much
greater than this, but with the increased intenest
smaller spacecraft this could provide a viable
alternate orbit transfer solution.

$ Qinetiq. T6 Gridded lon Engine. Available from:
http://www?2.ginetiqg.com/home/markets/related _mark
ets/space/electric_propulsion/electric_propulsité0/
gridded _ion_engine.html

Pageof 11



2000

1800 -

1600

1400

1200 -

@

=}

=]
T

e

! 1 i i i ! i
40 50 60 70 80 90 100 110 120 130

Transfer Duration (days)

——1xT6 Thruster

—2xT6 Thruster
— 3xT6 Thruster

8

Spacecraft Mass @ Launch (kg)
=)

e

=]

=]
T

8

o

o
=}

Figure 12 Spacecraft Mass at Launch against TraBsfeation

V.ii. Lunar Mission Scenario

This section of the paper focuses on a Lunar Missio
Scenario where there is no set specification. iBhis
demonstrate the potential of this transfer when
considering distant targets. As there is no
specification for this, the same propulsion system
values used for the Alphabus study are considered.
The transfer has a starting orbit in LEO and for
simplicity the target orbit is considered to be the
distance between the Earth and Moon, In this case,
similar to the analysis on page 5, which compahed t
bi-elliptic and HST R1=59. The table below provides

a more detailed specification of the transfer.

Launch (Wet) Dry mass, ngy
Thrust, T (mN) Mass, M, (ko) (ka)
1 x T6 (150) 554 350
2 x T6 (300) 1108 699
3 XxT6 (450) 1662 1048

Table 4 Mass Breakdown of Spacecraft at Fuel Break®oint

It can be shown that if the same initial mass isdus
but the T6 thruster is uprated to its maximum thrus
as previously defined then a mass saving is passibl
The mission duration remains unchanged butRthe
value differs. This is now defined a2=223 which
represents an intermediate orbit approximately 35
times greater than GTO. Table 5 below shows the
potential mass saving if the uprated T6 thruster is
used on the spacecraft in the different configoreti
shown.

Transfer Specification Property
Initial Orbit LEO Radius,;r 6628
(km)
Target Orbit Radius, (km) 391,052
Initial Spacecraft Mass, 1000
Myet (KY)
European Apogee Motor 305
Specific Impulse, g (S)
T6 Thruster Specific 4500
Impulse, L (s)
1XT6 Thrust, T (mN) 150
Calculated Parameters
R1(r/r;) 59
IspceHs 13.846

Thrust, T (V\ll_;;”l:/cl::ss Dry mass, Mass
(mN) | may(kg) | Saving (kg)
Myer (K9)
1xT6 (210) 554 357 7
2 x T6 (420) 1108 714 15
3 x T6 (630) 1662 1071 23

Table 5 Mass Saving with Increased Thrust

It should be noted that the low-thrust system
acceleration is based on the spacecraft mass after
Phase 1 of the transfer. As such it can be assumed
that as the spacecraft expels mass the acceleration
will increase resulting in the spacecraft takingsle
than 90 days to reach the target orbit.
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Table 6 Lunar Mission Specification

As R1>15.58 this analysis only considers the HST
and bi-elliptic critical ratio but does offer a
comparison to the standard 2-impulse Hohmann
transfer when analysing the results. Using theeslu
specified in the table it is found that, in order the
HST to equal the fuel consumption of the bi-eltpti
transfer,R2 = 106.62. This is approximately 1.8 times
the lunar orbit of the Earth. Based on this nunaret
the thrust specified, the figure below highlighte t
potential fuel mass saving with increased It also
plots the transfer duration to show the relatiopshi
betweerk2 and duration.
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Figure 13 Bi-elliptic and HST Comparison

Figure 13 suggests that there is a time benefit in
addition to the fuel mass benefit by using the HST
method and going beyond the fuel mass equilibrium
point. If R2= 300 (5.08 Earth-Moon Distance) the
mass saving compared to the Bi-elliptic transfer is
approximately 7kg. Compared to a 2-impulse
Hohmann transfer the mass saving is 30 kg. The
duration of the HST is 71 days compared to 132 days
for the Bi-elliptic Transfer. Table 7 shows the
comparison between the HST, bi-elliptic and
Hohmann transfers for a range Rf values. The
duration of the chemical transfer is excluded as it
always shorter than the HST.

Fuel Mass Saving | Transfer Duration
R2 (Earth-Moon | Compared To (kg) |  (days) [Saving
Distance) Chemical| Compared to Bi-
Bi-elliptic elliptic]
5.08 36 711[61]
7
7.63 3 122[109]
9
10.17 38 180[168]
12

Table 7 HST Lunar Transfer Comparison

This table highlights that with a great®2 ratio this

transfer

can offer

real

benefits

for

technologies. Although the mass saving is relagivel
small, it could extend the spacecraft lifetimetifid
used as fuel for simple on orbit manoeuvres.
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realistic

VI. CONCLUSION

This paper has derived a critical specific impulse
ratio for the Hohmann Spiral Transfer (HST)
compared to the standard Hohmann and bi-elliptic
transfers. These ratios determine the exact pdint a
which the HST consumes the same amount of fuel as
the standard transfer. It is shown that a fuel mass
saving can be achieved if the spacecraft enters a
circular orbit way beyond the target orbit, before
initiating its spiral return with the low-thrust
propulsion system. It is found that the criticafioa

are valid for elliptical starting orbits so long #w
apogee of the starting orbit coincides with theear
orbit radius.

Upon comparing the two critical ratios, for values
R1(ry/r;) > 15.58 the bi-elliptic and HST critical ratio
assumes control of the system and thus defines the
minimum technology requirements to ensure the HST
out-performs the standard transfers. Similarlyjsit
shown that forRl < 11.938 the Hohmann and HST
critical ratio assumes control of the system. Thirou
this analysis, a region of uncertainty, whete938 <

R1 < 15.58, is identified. This work coincides with
that of Escobal[10] when comparing the Hohmann
and Bi-elliptic transfers. Using the test described
Section Il it is shown aR1 - 11.93876, R2(r./r;) =

o , whereas for the upper bound Rs— 15.58176,

R2 - R1. These findings again tie in with the work of
Escobal and provide validation for the analysisimit
this paper.

In the first case study, investigating a GTO — GEO
transfer based on the specification of the new
Alphabus platform at maximum launch mass
(8100kg), it is found that to complete the transfer

90 days a thrust of 2193.5mN is required. Thidés t
equivalent of 15 T6 thrusters rated at 150mN each,
thus proving this transfer unrealistic at preseat b
providing a technology requirement for future
spacecraft. When considering current technology (1,
2 and 3xT6 thrusters), an initial launch mass is
derived which can offer a fuel mass saving compared
to a standard 2-impulse Hohmann manoeuvre. Table
4 and 5 show the different available wet masses at
launch and dry masses delivered on orbit. The skcon
case study investigates a potential transfer fr&® L

to the Moon. The transfer has no fixed time duratio
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but is limited to one T6 thruster and an initial

spacecraft mass of 1000kg. It is found that for
different R2 values the HST outperforms the bi-

elliptic transfer and can offer small fuel massisgs

in the region of 1.5%. When compared to the high-
thrust transfer a saving of approximately 35kg (5%)
is achievable.

10.
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