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Abstract: Electric propulsion is used for all electric propulsion satellites to perform the orbit transfer,
attitude control and station-keeping tasks. Generally electric propulsion subsystem contains 4 thrusters. But if
one thruster fails in the beginning of satellite lifetime, other thrusters will undertake all the firing tasks. The
firing time will be 2 to 3 times of thrusters without failure. Thus it may go beyond the allowed lifetime of
thruster. This paper puts forward two thruster redundancy configuration solutions with 6 thrusters to solve this
problem. Two layout configurations and their corresponding station-keeping strategies are simulated and
compared. The results show that the maximum firing time of both layout configurations can meet the lifetime
limitation. This solution is a good reference for all electric propulsion satellites design.
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1 Introduction

Electric  thrusters  become  the  standard
configuration of geostationary earth orbit satellite with
high
Nowadays, electric thruster can meet the requirements
of orbit
dumpling, more than just station-keeping

On Boeing 702SP all-electric-thruster satellite

platform, four electric thrusters are configured as

specific impulse, which can save fuel.

and moment
[1-2]

transfer, station-keeping

square between the back floor and the south and north

floor, the pointing direction can be regulated
accurately with thruster pointing assembly mechanism.
The configuration can meet the requirements of orbit
transfer, station-keeping and moment
which is the

geostationary earth orbit.

dumpling,,

most common configuration on
3 V ”

configuration is only for the use of station-keeping on

Similarly, the

HS-601 satellite platform'®’ | as well as the movable
square configuration on Electra satellite platform'*’ |
which expands the two axes thruster pointing assembly

mechanism to multiple degrees of freedom mechanical
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[ X ”
configuration is used on SGEO satellite platform with

arm. Besides square configuration, the
8 thrusters in separate path to backup each other
mounted between the east and west floor and the south
and north floor, which meets the requirements of
station-keeping and moment dumpling by combining

different thrusters, so thruster pointing assembly

mechanism is not necessary"”"

. In these configurations,
the Boeing 702SP satellite platform is more powerful
and more widely used.

Four electric thrusters are mounted on the Boeing
702SP all-electric-thruster satellite platform. The four
thrusters can work at the same time while every two
thrusters can be the backup of the other two. But if a
thruster encounters failure on early stage of lifetime,
the firing time will be 2 to 3 times of thrusters without
failure, which may exceed the designed work time. In
this article, a redundancy configuration scheme with 6
thrusters is designed to solve the problem.

2 Electric Thruster Redundancy Configuration
Schemes

4 thrusters are mounted on the back floor, near to
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the edges of the south and north floor. The thrust
direction points to satellite centroiding location. In this
article, the initial mass of the satellite on orbit is
3200 kg,
15 years is about 700 m/s, the thrust of a electric

station-keeping velocity increment in
thruster is 40 mN, and the specific impulse of is
40 mN, the allowed maximum work time of a thruster
is 15 000 h. Then in normal case every thruster’s work
time is 8 000 h in the configuration of four thrusters.
If a thruster encounters failure on early stage of
lifetime, the maximum work time of the backup
thruster is 18 000 h, which exceeds the designed work
time.

So, new configuration scheme of the thrusters
should be made by means of adding thrusters as little
as possible, designing new configuration and reducing
the maximum work time of a thruster.
added ( south
instance ) , the work time of the remain one thruster in

If one thruster is side for
north side will not be changed, which cannot meet the
lifetime requirement. So two thrusters are necessary.
The schemes of the configuration of two thrusters are
as belows.

(1) Two electric thruster are mounted in
symmetry method between the existing four thrusters,
as shown in Fig.1 and Fig.2 ( the existing four thruster
is numbered 1, 2, 3, 4, the new two thrusters are
numbered 7 and 8. The x and y coordinate axes point
to eigenaxis. The x axis points to the east and the y

axis points to the north on orbit).

by

2

oY YO

Back floor
of satellite

Fig.1 Six electric thrusters configuration in scheme 1

(2) Two electric thrusters are mounted in
skewed symmetry method in east and west side of the
existing thrusters, as shown in Fig.2 (the new two

thrusters are numbered 7 and 8) ;
.56 -

Back floor
of satellite

> 69
3 4 8

Fig.2 Six electric thrusters configuration in scheme 2

When a electric thruster encounters failure ( for
example, the third thruster is with failure in this

article ), according to basic principle of station-

keeping® "' the firing time must meet the
constraints below :
F .
7KN( Tnurth + Taouth) = V\'AL
m
(1)

F R,
7KT( T - Twesl ) == 7AD
m 3

east

In Eq.(1), (F/m) is the ratio between thrust
and mass, K, is normal projection coefficient, K, is

tangential projection coefficient, T’ is the sum of all

north

thrusters in north side firing time, T, is the sum of

south

all thrusters in south side firing time, 7', is the sum of

east

all thrusters in east side firing time, T, is the sum of

all thrusters in west side firing time, V, and R, are
geostationary Earth orbit nominal velocity and radius
of the orbit, Ai and AD are inclination and eccentricity
control quantity ( if the station-keeping strategy is
fixed period, the two quantity is almost fixed as well).

From formula (1) we know that scheme 1 is a
feasible plan. Because the remained thruster (1, 4, 5,
6) has four direction components in east, west, south
and north, thruster 5 and 6 can be the backup of
thruster 1 and 4, which can share the working time.
Thruster 7 and 8 can be the backup of thruster 1 and
4, which can share the working time. The increased
thrusters’ mass is only 5% of the satellite dry weight,
so its influence to the thruster working time is
negligible in this article. The following is the analysis
of the thruster’s performance in both schemes.

3 Electric Thruster Configuration Redundancy
Analysis

Redundancy means that the system still complete
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the task of station-keeping and permits the maximum
arbitrary failed thrusters. Station-keeping needs the
control of inclination vector Ai , eccentricity vector Ae

and mean longitude A'"7"

. Before analyzing the
the first is

to analyze the minimum thruster configuration. Here

redundancy of electric propulsion system,

shows the station-keeping control degrees of freedom.

The relative relation of the eccentricity vector
change and inclination vector change caused by one
electric thruster ignition is fixed (as shown in Fig.3,
in which §, =arctan( K,/2K) is the coupling angle of
the inclination-eccentricity, which is related to the
thrusters layout position. K is the shadow coefficient
at radial direction as well as K; is at the tangential
direction) , however, the mean longitude control and
the inclination-eccentricity control do not affect each other.

A

Ade

Fig.3 The coupling relation of the inclination-

eccentricity

The number of the minimum independent control
variables that thrusters igniting in any way to achieve
complete control of the inclination and eccentricity are
named as control degrees of freedom.

The eccentricity vector change and inclination
vector change caused by one electric thruster N times
ignition are;

. A, 1 cos(l,) |
Ai = {Ai] V, ,Z‘]KAvlisin(lk)}_
VZE'AV zk
Ae cos(l,)
{ :' ZAV (2K l:sin(lk) :' *
[ ﬁn(h) } ) JAKL + K 25 v,
e

—cos(l,)
(2)

Where AV, is velocity increment, [, is the satellite

longitude at the middle time of ignition, i, and e, are

. |cos (1)
i _[sin(lk)}
‘, :1£2K{c?s(lk)} +K{ sin( 1) }]
JAK: + KX sin(/,) —cos(1l,)
(3)

where i, and e, are only related to the thrusters layout

unit vectors.

position and the satellite longitude at the intermediate

instant of ignition. The phase angle of i, and e, is
fixed. It can be known that the eccentricity vector
change and inclination vector change caused by one
electric thruster N times ignition still keep fixed-phase.
So it can be taken as one ignition. And in this
ignition, the velocity increment AV, and the satellite
longitude at the intermediate instant / . are:

k,_drg(ﬁ i)

>
= avi

So, a thruster only has two degrees of freedom to

(4)

eccentricity and inclination, not related to ignition
times. Because the velocity increment and the satellite
longitude are functions of inclination vector change,
we can use inclination vector change as control
variable. Considering two thrusters ignite separately,
the change of eccentricity vector and inclination vector

iS:

Aiy, +Ai,,
Ai Ai,, +Ai,
Ae | |Ae,, +Ae,, |
Ae,, +Ae,,
1 0 1 0 I
0 1 0 1 iy
cosd,, sind,, cosd,  sind,, i, -
—sind,, cosd,, —sind,, Co0ss,, l-,<
2y
lTlx
i
A" (5)
l2x

Iy
where Ai, , Ai,, Ai,, Ai, are four independent
control variables that the two thrusters can provide. If
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the matrix A is full rank, the two thrusters have 4
control degrees of freedom to the eccentricity and
inclination vectors. It can achieve the complete control
to the eccentricity and inclination vectors. The
condition that the matrix A is full rank is.
det(A) # 0
(cosd,, —cosd,,) > + (sind,, —sind,,) > #

06, # 0,
(6)

The above formula demonstrates that the matrix A
is full rank when 6,,#8,,. Because coupling angle &,
is only a function of the thruster layout position, the
conclusion can be drawn that the combination of 2
arbitrary thrusters has 4 control degrees of freedom to
the eccentricity and inclination. While the coupling
angle of 2 thrusters is close, according to the vector
synthesis, the efficiency of maintaining the position is
very low. When the coupling angle of two thrusters is
180°
keeping efficiency is the best.

from each other, the efficiency of station

The control of mean longitude only needs
tangential thrust and one thruster can only provide the
tangential thrust to the east or the west with the zero
control freedom degree of mean longitude. The control
freedom degree of mean longitude is 1 in the condition
that there is a combination of two thrusters which can
provide the tangential thrust to the east or the west at
the same time.

Assume the horizontal distance between thrusters
is 600 mm, the longitudinal distance is 2 600 mm,
the centroid height is 1 600 mm ( the direction of
thrusters is pointed to centriod ). The coupling angle
and tangential thrust of the 8 thrusters involved in the
scheme 1 and the scheme 2 are shown in Table 1.

Table 1 The coupling angle and the tangential thrust
direction of the thruster

Index of the Coupling angle Tangential thrust

thruster 6.(°) direction
1 69.444 0 East
2 110.556 0 West
3 249.444 0 East
4 290.556 0 West
5 90.000 0 No tangential component
6 270.000 0 No tangential component
7 53.130 1 East
8 306.869 9 West
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Based on the above analysis, it can be known
that among 4 rectangular configuration thrusters 1, 2,
3 and 4, the combination that can achieve completely
maintaining position included; 1-2, 1-4, 3-2, 3-4,
and the permitted maximum number of arbitrary
broken thrusters is 1. The added 5 and 6 thrusters in
scheme 1 are not able to provide the tangential

component, so it cannot increase the system
redundancy. The added 7 and 8 thrusters in scheme 2
are able to provide the combination of the complete
maintaining the position; 7-2, 7-4, 8-1, 8-3, and
the permitted maximum number of arbitrary broken
thrusters is 2. The system redundancy increases from 1

to 2.

4 Design and Simulation of Position-keeping
Strategy

In the limiting working condition, if there is one
thruster broken at the beginning of lifetime, the
strategy of station-keeping needs to be designed
properably, so that the left working time of the
thruster is balanced as far as possible and the longest
working time of one thruster can satisfy the limitation
of the working lifetime.

The station-keeping strategy of scheme 1 shows
below .

1) Using the thruster 1, 4, 5 and 6 to maintain
the position. These four thrusters ignite each one time
uas one control cycle. Usually it is two-day period for
one control cycle. After a certain amount of control
cycles, the free two days left are specially used for
orbit-confirming rather than station-keeping''*~*" .

2) The thruster 1 and the thruster 4 make the
mean longitude control and part of inclination control.
And the thruster 5 and the thruster 6 make part of
inclination control and the whole eccentricity control.
The inclination proportion that the combination 1-4
and combination 5-6 afford can be adjusted in order
to make the longest working time of one thrust lowest.

According to the above strategy of station-
keeping, and after the simulation, the conclusion that
the time of thrusters ignition with station-keeping per
year as shown in Table 2 and Figs. 4 — 5. The
proportion of the combination 1 -4 and combination
7-8 in 15 years life is 1 : 1.
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Table 2 Statistics of thrusters igniting time in Scheme-two

Average ignition time
Index of the

in a control cycle

Total ignition time

. Longest working time of
Propellant consumption

one thruster in 15 years

thruster er year(h k
(h) per year(h) (ke) lifetime (h)
1 1.868 292.406
4 3.822 598.273
6.753 9 267.361
5 3.947 617.824
9 2.155 337.362
35 T o —— Thruster! firing
™ — Tnser e 90 Thrusterd firing
—_ Thruster5 firing Thruster3 finng
o = Thruster6 firing e Thrustcr6 firing
55,3000
£ | IRL
250 ||| |||I iy
s ||
kS
5 2001 l
g 180° 0°
2 1500
<
= )
)
) il Hill
0 5 10 15 20 25 30

Nth station keeping period

Fig.4 The thruster ignition arc in scheme 1

The station-keeping strategy of scheme 2 shows
below :

1) Using two thrusters when maintaining the
position (such as 1-4 combination or 7-8 combination ) ,
and two thrusters ignite each one time as a control
cycle. Usually it is two-day period for a control cycle.
After a certain amount of control cycles, the free two
days left are specially used for orbit-confirming rather
than station-keeping.

2) The proportion that the combination 1-4 and
combination 7-8 afford in 15 years life can be

270°

Fig.5 Distribution of the thruster ignition arc in

scheme 1
adjusted in order to make the longest working time of
one thrust lowest.

According to the above strategy of the station-
keeping, and after the simulation, the conclusion that
the time of thrusters ignition with station-keeping in
one year as shown in Table 3 and Figs.6 —9. The
proportion of the combination 1-4 and combination 7-
8 in 15 years life is 1.05 : 1.

Table 4
schemes.

shows comparison between the two

Table 3 Statistics of thrusters igniting time in scheme 2

Longest working

Index th Average ignition Total ignition time in Propellant Suggested working time of one
ndex the
thrust timein a control one year consumption time of 15 years thruster in
ruster
cycle(h) (h) (kg) lifetime ( year) 15 years
lifetime(h)
NW(1) 6.020 942.303
8.015 7.691 9 602.476
SE(4) 7.976 1 248.546
NW(7) 7.323 1 146.314
9.000 7.309 9 602.476
SE(8) 8.393 1313.774
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—— Thruster] first firing 350 —— Thruster7 first firing
“T'hruster4 first firing Thruster8 first ﬁrmg
= Thrusterl second firing Thruster7 second firing
\5/0350' —— Thruster4 second firing 3000 T Thruster8 second firing
£ E
£ =
=300 =
o = 250 ‘ |
£250 | 5 | | |
=
= | | | | = 2007 |
£200 | | | | e
5 g
2150 a1l ‘ ‘ ‘ ‘
2 1501 E
=Tl Il ] I
fn 100L ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 2 100} ‘
= |
50 s0L . ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Nth station keeping period Nth station keeping period
Fig.6 The ignition arc with the thruster 1- 4 Fig.7  The ignition arc with the thruster 7 -8
working in scheme 2 working in scheme 2
Tvuger) fst fing 0° Thrser o e
hrustera lirst hirmg, Tl ter? d fi
—i Thrusiors socond firing
180° 180° 0°
2700 2700
Fig.8 Distribution of the ignition arc with the Fig.9 Distribution of the ignition arc with the
thruster 1-4 working in scheme 2 thruster 7-8 working in scheme 2
Table 4 Comparison between the two schemes
Longest
. . Propellant
System firing time .
Schemes . consumption Notes
redundancy for electric
per year (kg)
thrusters (h)
If one thruster fails, the thrusters in other pairs can afford all the firing tasks of
15 years. If two thrusters in east pair or west pair fail, station-keeping cannot be
Scheme 1 1 9267 6.753 ) . . e .
achieved. If two thrusters in south pair or north pair fail, the thrusters in other
pairs can go on with the work.
If one thruster failing the thrusters in other pair can afford all the firing tasks of
Scheme 2 2 9 602 8.495 15 years. If two thrusters failing the thrusters in other pair can go on with the

work.

5 Conclusions

The maximum working time of an electric thruster
in both schemes can meet the limitation of 15 000 h,
with abundant allowance. Scheme 1 holds advantage
slightly in firing time and station-keeping efficiency,
while system redundancy is higher in scheme 2, which

- 60 -

means that reconfigurability, is better. In the design of
electric propulsion systems, scheme 1 is better for the
thrusters with not enough mature flying experience
while scheme 2 is better for the thrusters with enough
mature flying experience.

The innovation points of this paper are the two
thruster redundancy configuration solutions with 6

thrusters. The results show that the maximum firing
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time of both layout configurations can meet the
lifetime limitation. This solution is a good reference
for all electric propulsion satellites design.
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