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Tundra Constellation Design and Stationkeeping
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Constellations of satellites in Tundra orbits provide an innovative alternative to the increasingly crowded geo-
stationary orbit belt. The Tundra constellation uses three or more spacecraft in inclined geosynchronous orbits.
The nominal orbit design for the constellation must minimize any undesirable perturbation effects to provide af-
fordable stationkeeping costs. We describe a study of the Tundra orbit regime and design of constellations given a
sample set of basic constraints. Frozen and partially frozen orbits are then sought from which to construct constel-
lations allowing for reduced stationkeeping requirements. Perturbation effects from third-body and geopotential
sources are quantified and used to select orbits that will provide the needed coverage while providing a reasonable

propellant budget.
Nomenclature
a = orbit semimajor axis
a = perturbing body semimajor axis
e = orbit eccentricity
e’ = perturbing body eccentricity
F = semimajor axis scaling factor
h = semi-equinoctial element
i = orbit inclination
i’ = perturbing body inclination
J = oblateness geopotential coefficient
k = semi-equinoctial element
M = orbit mean anomaly
n = orbit mean motion
R = disturbing potential function
Rg = radius of the Earth
r = radial distance
A = Q-
AV, = normal velocity change
AV, = radial velocity change
AV, = transverse velocity change
I = gravitational parameter
v = orbit true anomaly
Q = orbit ascending node
Q' = perturbing body ascending node
w = orbit argument of perigee

Introduction

N 26 July 1963, Syncom 2 became the first geostation-
ary satellite.! Since then, hundreds of satellites have been
launched into geostationary orbit. Today, there are more than 270
operational satellites occupying geostationary orbit. Most of these
satellites are built to operate for more than a decade, and construc-
tion of more new satellites continues. As aresult, the available space
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to place new satellites is growing sparse. In response to the in-
creasing difficulty in obtaining orbital slots in geostationary orbit,
some innovative companies are breaking away from the geosatellite
“mold” and are using constellations of satellites in inclined, eccen-
tric, geosynchronous orbits, known as “Tundra” orbits, from which
to distribute their services.

The Tundra orbit constellation is a relatively new idea in the
commercial satellite world.? To date, Sirius Satellite Radio, Inc., is
the only commercial company operating satellites in this regime.’
To increase the commercial viability of this type of constellation,
a constellation design method that reduces the propellant required
for orbit maintenance while providing the needed communications
coverage is desirable.

There has only been limited study of this regime to date. Turner*
discusses several commercial uses for Tundra orbits, whereas an
alternative to the use of Tundra orbits was proposed in two related
efforts,>® which examined the use of 8-h orbits near the critical in-
clination in constellation design to provide communication services
to northern latitudes. Dufour’ used Walker’s coverage analysis to
consider the use of elliptical orbits to provide zonal coverage. These
various constellations provide good coverage, but might require the
spacecraft to pass through high-radiation environments repeatedly.
Another study® briefly considered the use of inclined and eccentric
doubly geosynchronous orbits for Earth observation. Although these
efforts mainly discussed the applications of such orbits, only one
early stationkeeping strategy was proposed.” However, the third-
body effects of solar and lunar gravity were not addressed and can
perturb an actual constellation into a less useful form. The cur-
rent study shows that these third-body perturbations significantly
influence these orbits. The study of their effects helps determine an
effective way to reduce stationkeeping requirements.

In any constellation design, an effective way to reduce station-
keeping propellant is to reduce the number of orbit parameters re-
quiring correction. This can either be achieved by allowing large
tolerances on specific elements or by identifying a nominal orbit
that is “frozen,” such that one or more elements do not vary greatly
over time. The former is usually not a practical solution because the
payload will typically require substantially smaller tolerances than
would otherwise occur naturally. Frozen orbits, however, are rou-
tinely used in operations today. A constellation of frozen or nearly
frozen orbits could be used to realize propellant savings for con-
stellation operators. The open literature contains numerous works
that involve frozen orbits, including Refs. 10 and 11 that identify
a variety of frozen orbits for different applications. Many of these
studies do not apply to orbits with higher levels of eccentricity as
is used in the current study, or examine the effects of third-body
perturbations to the frozen nature of an orbit.
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A four-step process is used to achieve a constellation design pro-
cess providing reduced stationkeeping requirements. First, a nu-
merical survey of the orbit regime is performed to characterize the
behavior of these orbits. This will verify that frozen orbits exist and
allow for the validation of assumptions used to simplify analytical
and numerical modeling. Second is an analytic approach for identi-
fying frozen orbits. Although the numerical survey provides a rough
approximation of the initial conditions for frozen orbits, an analytic
approach to determining the best initial conditions is desirable. The
third is constellation design, which can be assembled using frozen
and partially frozen (discussed in detail later) orbits. Last is a quan-
titative evaluation of the stationkeeping requirements as well as the
evaluation of various performance metrics of the constellation.

Tundra Orbit Constellations

A Tundra orbit is not any single orbit; rather, it is an orbit with
specific characteristics. A Tundra orbit is characterized first by a
geosynchronous period. The second key feature of a Tundra orbit is
nonzero inclination. The nonzero inclination allows the satellite to
travel into the northern and southern hemispheres. Lastly, a nonzero
orbital eccentricity coupled with an argument of perigee equal to
either 270 or 90 deg results in the satellite spending more time in
the northern or southern hemisphere, respectively.

This type of orbit has many attractive features to a commercial op-
erator. The geosynchronous period of the orbit allows each satellite
to maintain its position over the same region of the world allowing
operators to tailor their services to a specific market region. The
higher inclinations allow the satellite to broadcast with higher ele-
vation angles into that desired region. As the satellite travels into the
higher latitudes, the signals are received on the ground from over-
head rather than from a low elevation angle. This feature mitigates
the “urban jungle” effect in large cities as well as providing cover-
age into remote mountainous or heavily forested regions. A nonzero
eccentricity coupled with an argument of perigee near 90 or 270 deg
also allows the satellite to spend more time over the desired hemi-
sphere, subsequently increasing the time the satellite spends over
the desired region. An example ground trace of a Tundra orbit is
shown in Fig. 1.

To provide continuous around-the-clock coverage to a region, a
group of satellites in similar orbits is required. Because a satellite
passes above and below the equator during each orbit, a portion of
the orbit is not usable for service delivery. This unusable portion is
defined as those times in the orbit when the elevation angle to the
coverage area is less than zero (although a 5-deg “mask” was used in
this study to account for ground interference from mountains, build-
ings, etc.). In the case of Fig. 1, this unusable region corresponds
roughly to the area below the equator (when targeting coverage to
the northern hemisphere). Thus, the minimum number of satellites

Fig. 1 Tundra orbit ground trace.

Table 1 Baseline orbital elements

Parameter Value
Semimajor axis a, km 42,164.16
Inclination 7, deg 63.4
Eccentricity e 0.2684
Argument of perigee w, deg 270
Right ascension of the 30, 150, 270

ascending node €2, deg

required to provide around-the-clock coverage of a region is simply
the integer number of satellites required such that sum of their cov-
erage time is greater than 24 h per day. However, this only provides
the number of satellites for continuous coverage. Because one of the
benefits of a Tundra orbit is high elevation angle coverage, it follows
that the more satellites there are in the constellation the higher the
average elevation angle will be.

As a basis for this study, a baseline constellation of three orbits
was selected. These orbits provide a foundation from which to gauge
the relative benefit of one orbit vs another. The orbital elements
of these baseline orbits are shown in Table 1. The semimajor axis
corresponds to a geosynchronous orbital period. The inclination, set
to the critical value to reduce perigee drift, allows the satellite to rise
to higher latitudes, where a majority of the population centers around
the world are located. The nonzero eccentricity causes the satellite
to pass through different portions of the orbit at different rates. The
baseline eccentricity roughly splits each orbit into three 8-h blocks,
from ascending node to apogee, apogee to descending node, and
from descending node through perigee and back to the ascending
node. The argument of perigee is chosen to place apogee in the
northern hemisphere. The ascending nodes were arbitrarily selected
to define three evenly spaced orbit planes to provide a constellation
of satellites in which at least two satellites will always be above
the equator, capable of delivering services to a designated region.
Last, the mean anomaly is time and date dependent and together
with the ascending node defines the area over which the satellite
orbits Earth.

Tundra Orbit Behavior

To date, Tundra orbits have not yet been used significantly, and
thus there is not a great volume of data or analyses in the open liter-
ature concerning the behavior of satellites in such orbits. Thus, it is
insightful to perform numerical simulations of the orbit regime to
determine the general behavior of these orbits under the influence
of various perturbations. The most significant perturbative acceler-
ations were examined: Earth’s geopotential, solar and lunar gravity.
(Drag and solar radiation pressure were shown to have negligible
effect on Tundra orbits.'?)

To show how the range of orbits behaves, a series of one-year
simulations were performed using the orbit propagator POHOP de-
veloped by the Jet Propulsion Laboratory, California Institute of
Technology. This propagator is useful for these studies because it
allows all of the perturbations of interest to be modeled either inde-
pendently or in combination. Along with the solar and lunar gravi-
tation, these simulations used the GEMT?2 Earth gravity field model
of degree eight and order eight. The initial conditions of the simula-
tions were varied in ascending node and inclination: ascending node
was varied from 30 to 360 deg at 30-deg intervals, and inclination
varied from 30 to 70 deg at 10-deg intervals.

The results of the simulations are presented as contour plots in
Figs. 2a-2d. The ascending node is shown along the abscissa, while
inclination is depicted along the ordinate. The shading of the contour
illustrates the magnitude of deviation from the initial condition after
one year. More detailed results can be found in Refs. 12 and 13.

It can be seen in Figs. 2a—2d that all of the orbital elements, except
for the ascending node, have regions where their yearly deviations
are quite small. Of particular interest is the argument of perigee.
For all values of ascending node, there is a corresponding value
of inclination that should ostensibly freeze the perigee point. This
has the potential to create significant propellant savings because the
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Fig. 2a Eccentricity deviation caused by solar, lunar, and geopotential
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Fig. 2¢ Ascending node deviation caused by solar, lunar, and geopo-
tential perturbations.
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Fig. 2d Argument of perigee deviation caused by solar, lunar, and
geopotential perturbations.

argument of perigee can be costly to correct in large, high-energy
orbits such as the Tundra type. Inclination and eccentricity also have
regions of low variation that correlate to the value of the ascending
node. These simulations show that there are initial orbit conditions
that will likely allow eccentricity, inclination and/or the argument
of perigee to be frozen.

Seeking Frozen Orbits

The results presented in the preceding section provide a rough
numerical assessment of the effects of the most significant pertur-
bations for a Tundra-type orbit. However, a method by which to
identify specific orbital elements for the orbits of the constellation
needs to be provided. To reduce stationkeeping costs, a frozen or
near-frozen orbit that minimizes the changes to eccentricity and
argument of perigee is sought.

The gravitational forces of the Earth, sun, and moon are the pri-
mary perturbations affecting these orbits. A model was sought that
would include these effects yet be simple enough to allow the an-
alytic identification of frozen orbits. The open literature contains
many works that address the effects of third-body perturbations.
Those by Broucke'* and Cefola'> are noteworthy here, because
they address long-term third-body effects, and Ref. 15 provides
a good survey of literature related to third-body effects. Kwok!®
presents a doubly averaged potential function for third-body per-
turbations expressed in planet—equator coordinates. Using planet—
equator coordinates allows the third-body potential to be easily
added to the geopotential function. To eliminate the singularity when
eccentricity is zero, Kwok uses semi-equinoctial elements # and
k with

h = esin(w) (D

k = ecos(w) 2)
The remaining classical orbital elements semimajor axis a, in-
clination 7, and right ascension of the ascending node (£2) are then

used with i and k. The needed equations of motion'® using the
semi-equinoctial elements are

dh_«/l—eZBR kcoti OR

- _ i et 3
dr na? ok na2«/1—e2 0i ®
de  J1-¢e? 8R+ hcoti OR @
dr na* 0h nazm i
di _ coti 0R haR 1 oR )
dr na’J1—e2\ oh ok na’«/1 —e?sini 9€2
dQ 1 OR
- ©)

dr na?s/1—e?sini B

This function, as a result of the doubly averaged third-body pertur-
bation, is given by Kwok as

R= (' /a)(a/a)[1/(1 —eHF]((3sin® i’ — 1)
x [3sini(1— &2+ h?) — 3(14 362 + 2h?)]
+ 3 sin 2i’[5kh sin Asini 4 3 sin2i cos A(1 — k* + 4h2)]
+3 sin2i’{% cos2A[5(k% — h?) + sin®i (1 — k2 4+ 4h?)]
— Skh cos i sinZA}) (7

where the variables with primes refer to the perturbing body and p” is
the gravitational parameter of the perturbing body. This expanded
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potential has been averaged over the mean anomaly of both the
spacecraft orbit and the perturbing body, then truncated at first or-
der. Thus, an implicit assumption is that the orbital elements of the
spacecraft vary slowly during one orbit of the perturbing body. The
partial derivatives needed by the equations of motion in Egs. (3-6)
are then

2
oR ! 1 3 (3 1
EoEL) — L2h( Zsini - - @sin?i - 1)
oh  a'\d' )] 1—ev: (2 \4 2
3 .. . .
+§sm21 sini(5k sin A + 8h cosi cos A)

3
~3 sin? i'[h cos 2A(1 + 4 cos? i) + 5k cosisin2A]} ®)

2
IR 1 3 (3 1
SR L Zk( Zsin2i - 2 ) sinti+ 1)
0k a'\d ) (1-e2) 2 \4 2

3
+ 3 sin 2i’ sini (5h sin A + 2k cosi cos A)

3
+ 3 sin® i'[k cos 2A(4 + cos? i) — 5h cosi sin 2A]} )

IR (a\ 1 3,01
—=—|=) ———|;sin°i' — -
di a\a' ) q1-—er: \4 2
3
X [5 sini cosi(l — k2 +4h2):|
3 . . 2. 2 2
+§stz [(2cos”i — 1) cos A(1 — k= 4+ 4h~)
.. 3 . I e . 2 2
+5khcoszsmA]+§sm2z [sini cosi(l —k“+4h")cos2A
+ S5kh sini sin ZA]} (10)
AR w(a) 1 3
LA ———— 1 =sin2i'sini[5kh cos A
02 a\a /) (1-e2)3 8
— cosisin A(l — k% + 4h%)]

3
-3 sin? i’ sin2A[(1 — h% + 4k?) — cos 2i (1 — k> + 4h?)]

15kh

Sinzi/COSiCOSZA} (1)

These are summed with the potential derivatives due to J, (higher-
order geopotential terms can also be similarly added) to the equa-
tions of motion. The disturbing potential derivatives due to J, only
are

dR 3  RX1—(3/2)sin%i
— =ph2 T Ty 12
on 21 (1_e2)% (12
R 3 RZ1-(3/2) sinzik (13)
k277 (1—e2)3
oR 3 R2 sinicosi
— =—puh—F——h (14)
0i 2 a* (1 —e2)2

R _ 0 (15)
Q-

With this model available in the convenient reference of Earth’s
equatorial plane, attention is turned to seeking frozen orbits. The ap-
proach begins by fixing the semimajor axis at the geosynchronous
value (42,164.16 km) and the argument of perigee at 270 deg. Then
eccentricity, inclination, and right ascension of the ascending node
were varied from their baseline values in Table 1 to seek frozen or-
bits. In particular, orbits were sought such that eccentricity and argu-
ment of perigee are frozen, or at least vary slowly so that they might
be easily controlled with stationkeeping. In the semi-equinoctial
elements, the frozen orbit requirement is then

dh =0 (16)
dr —
dk =0 (17)
dr —

Because the argument of perigee w =270 deg, then h = —e, and
k = 0. The equations of motion (3) and (4) then simplify to

dh V1 —e20R
Y (18)
dr na* 0k

de V1-¢203R ecoti OR
dt = na® dh  pa2J1—e 0i

Setting Eqgs. (18) and (19) to zero in an attempt to freeze the orbit
requires that

19)

dR
5 OR JOR
(l—e)ﬁ +ecotz¥:0 21

The MATLAB® function “fmins” was used to minimize the rss
value of Egs. (20) and (21) using the baseline elements of Table 1
as initial values. At the end of the search by fmins, the rss was very
small (3.5072 x 10~°) and effectively zero. Thus, roots were found
that satisfy Egs. (20) and (21) and are shown in Table 2. Note that
these values correspond to regions of small variances in Fig. 2, as
expected.

To test whether these “improved” elements actually froze the or-
bit, additional simulations were run. A simulation was run that tested
the improved orbit using a more realistic perturbation environment.
The geopotential model was expanded to 42 x 42, and drag and so-
lar radiation pressure were included. (Arbitrary but typical satellite
characteristics were used: mass = 2000 kg, area =75 m?, and drag
coefficient = 2.0.) Figures 3a—3d show that the “improved” elements
do reduce the drift rate of eccentricity and argument of perigee. Al-
though not truly frozen, the orbit behavior is clearly improved. Thus
the improved orbital elements should provide a practical nominal
orbit for use in a Tundra constellation.

Note that a previous study'? showed that over a one-year period
drag and solar radiation pressure had negligible effect (although
increased values of spacecraft cross-section area from larger so-
lar panels and antennas were not specifically considered and could
lead to significant perturbative effects). Reference 13 also includes
a comparison of the results shown in Fig. 3 to a simulation in which
solar radiation pressure and drag were omitted, showing nearly iden-
tical element histories. Thus for the baseline parameters used in this
study, drag and solar radiation pressure are not of prime concern in
the constellation design.

Table 2 Frozen orbit algorithm results

Parameter Initial value Solved value
Inclination i, deg 63.5 62.314
Eccentricity e 0.2684 0.3440
Argument of perigee w, deg 270 270
Right ascension of the 30 8.666

ascending node €2, deg
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Constellation Design

Tundra constellations have many possible configurations, typi-
cally ranging from three to six satellites. A three-satellite configura-
tion was arbitrarily chosen for this initial study. All orbits were cho-
sen as geosynchronous, with inclinations above 30 deg and nonzero
eccentricity. This combination of elements allows the constellation
to provide the benefits mentioned in the Introduction.

Part of the nominal orbit design process is defining the operational
requirements of the constellation. A Tundra constellation would
likely be used to provide a telecommunications service to one of the
major population centers of the world. A majority of these centers are
located in the northern hemisphere at latitudes greater than 30 deg
and less than 70 deg. Thus the argument of perigee of each orbit
must be near 270 deg and the inclination constrained to a region
between 30 and 70 deg to provide an orbit with apogee over desired
regions.

Another key consideration is the duration of time the satellite is
in view of its customers. If the eccentricity is too small, the satellite
will not provide coverage for a sufficient period of time because the
apogee loiter time will be too short. Alternately, if eccentricity is too
large, the satellite will cross into the Van Allen radiation belts. Thus,
the eccentricity is constrained to values roughly between 0.13 and
0.50. These selections correspond to a 14-h dwell time near apogee
and a perigee height just above the outer Van Allen belt (the high
proton region, in particular), respectively.!”

Each satellite requires its own unique plane, and, to maintain
proper phasing, they must be separated by 360 deg/n, where n is
the number of satellites in the constellation. For simplicity, the as-
cending node of the first satellite defines the ascending node for
the remaining satellites in the constellation by subsequently adding
360 deg/n for each satellite. The parameter ranges defined as allow-
able are summarized in Table 3.

Nearly Frozen Orbits

With the allowable constellation parameters defined, frozen or
nearly frozen orbits are sought that have orbital elements within the
ranges defined in Table 3 but that still meet mission objectives. The
orbits used for the constellation are selected in a two-step process.
The first step is to use the analytic equations (20) and (21) to deter-
mine at least one frozen orbit. The second step is to complete the
constellation using orbits spaced at the specified ascending node in-
terval, given in Table 3, using orbits that have had the orbit element
variations reduced as much as possible, or nearly frozen.

Using the frozen orbit search results in Table 2, the ascending
node values of the two companion orbits then become defined at
the intervals given in Table 3. Because fmins optimizes the function
over all possible values of the ascending node, searching for the
companion orbits is further constrained because the remaining as-
cending node values are then fixed. A constrained, one-dimensional
optimizer is used to determine the remaining two companion orbits.
In particular, Brent’s method'® is employed to determine values of
e and i for the companion orbits.

Because only one variable can be optimized using Brent’s method,
the best variable to be optimized must be determined. Eccentricity
cannot be optimized because it is recognized from Fig. 2 that varia-
tion in eccentricity is predominately a function of ascending node,
and the ascending nodes for the companion orbits are now fixed.

Table 3 Constellation orbital element
allowable ranges

Parameter Value
Semimajor axis a®, km 42,164
Inclination 7, deg 30-70
Eccentricity e 0.13-0.50
Argument of perigee w, deg 270
Right ascension of the Q, 1 + 120,
ascending node €2, deg Q1 4240

2The semimajor axis is varied from the value given in
Table 1 to better match the rotational rate of the Earth
when taking into account the presence of perturbations.
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Thus i becomes the best candidate to vary using Brent’s method
to determine the ideal inclination to minimize the drift in the argu-
ment of perigee. The methodology involves stepping through small
increments of e while evaluating values of i. When the minimum
values of Egs. (20) and (21) are determined (typically on the order
of 107 km?/s?), the result is a nearly frozen companion orbit.

Frozen and nearly frozen orbits were determined to create a three-
satellite Tundra orbit constellation. The frozen Tundra constellation
elements are shown in Table 4.

To verify the frozen behavior of these orbits, five-year element
histories were generated without implementing any corrective ma-
neuvers. Each orbit was propagated using the POHOP orbit prop-
agator with an 8 x 8 geopotential model as well as with solar and
lunar third-body effects. The orbit element histories for each satellite
are shown in Figs. 4a—4d.

The initial eccentricity for both companions, satellites 2 and 3,
drifted to the minimum allowable eccentricity during the search for
nearly frozen orbits. When consulting the results of the orbit regime
characterization, this is not surprising. It can be seen in Fig. 2a that
for the ascending nodes selected eccentricity variation over time is
reduced as the initial value of e correspondingly became smaller.

Constellation Performance

Once a constellation is designed, its ability to perform its mission
must be evaluated. In the case of commercial Tundra orbit constella-
tions, the quality of coverage the constellation provides is the highest
priority. The key coverage parameter is elevation angle with the best
coverage supplied at elevation angles above 60 deg. To evaluate how
well the frozen Tundra constellation performs, sample markets of the
United States and Europe were examined. These markets were given
priority for their commercial marketability; however, the coverage
assessment could be applied to any potential market. Representative
cities within each region provide a benchmark of coverage quality.
The cities evaluated for the two market cases are summarized in
Table 5.

To verify the quality of the constellation coverage, elevation an-
gles to various cities were evaluated. To do this, the elevation angle
to each satellite over a single day was computed. A Keplerian prop-
agation with no perturbations was executed for each satellite over
one orbit. During that orbit, at each time step (10 min), the elevation
angle was calculated for the latitude and longitude of each city.

A key component in coverage quality is the mean longitude (the
average subsatellite longitude over an orbit); all satellites in the

Table 4 Frozen Tundra constellation elements

Element Sat 1 Sat 2 Sat3
a,* km 42,158.7 42,153.5 42,153.5
i, deg 62.3136 48.3078 48.0590
e 0.3440 0.1300 0.1300
w, deg 270 270 270
Q, deg 8.6657 127 249
M. deg 127.73 322.62 205.88

2The semimajor axes were selected such that the mean satel-
lite longitude remained near the desired value for one year.
YEpoch of 1 January 2004, 00:00 UT.

Table 5 Representative North American and
European cities

City Latitude, °N Longitude, °E
North America
Miami 25.783 —79.717
Boston 42.367 —70.967
Vancouver 49.200 —123.170
Los Angeles 34.050 —117.767
Europe
Madrid 40.260 —3.420
London 51.570 0.280
Athens 38.000 23.380
Moscow 55.450 37.370
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constellation were defined with identical mean longitudes. When
the argument of perigee equals 270 deg, the ground track can be
bisected about the mean satellite longitude, with apogee and perigee
located at the mean longitude. Thus, the mean longitude relative to
the region of interest can bias coverage east or west. In the case of
the North American market, the mean longitude is selected to be 90°
west longitude; for the European example, the mean longitude is 17°
east. Figures 5 and 6 show the constellation composite maximum
elevation angle time history over one day for the various cities.

Figures 5 and 6 show that the goal of 60-deg elevation angle cover-
age is nearly met. In Fig. 5 there is aregion at around 300 min, where
the elevation dips fairly low for the two southern-most markets. This
region corresponds to when satellite 1 is at apogee. Because this orbit
has the highest inclination, the southern-most cities suffer degraded
elevation angle coverage as satellite 1 reaches apogee. The other
regions of short-term elevation angle coverage correspond to the
transition from one satellite providing the highest elevation angles
to another.

Stationkeeping

Once a complete constellation has been assembled, its station-
keeping requirements can be evaluated. The primary goal is to main-
tain the integrity of the constellation and the coverage it provides.

Methodology

It has been observed for Tundra orbits that nearly all of the orbit
elements have long period variations that exceed a reasonable tol-
erance after one year or more. The approach used here is to correct
the orbital elements using a traditional “bang-bang” control method.
A maneuver interval of once per year was arbitrarily selected. To
perform this stationkeeping evaluation, an orbit propagator based
in MATLAB® was used. The propagator uses Cowell’s method for
the long-term prediction of spacecraft behavior subject to perturba-
tions and compares favorably to the POHOP propagator cited earlier.
The MATLAB-based propagator is favored for this phase because

it allows the necessary stationkeeping algorithms to be built around
the propagator. In this way after each propagation period, station-
keeping maneuvers were automatically performed. Following the
completion of the maneuvers, the propagation was resumed, and
the process was repeated until completion.

The nominal orbits were defined as described in the preceding
sections. Each orbit was propagated at one-year intervals for a total
of five years. The propagation used a geopotential model of degree
eight and order eight (higher-order terms had minimal effects on the
results but significantly slowed computational time), solar and lunar
gravity. At the conclusion of each propagation period, the need for
stationkeeping maneuvers was evaluated. The need for maneuvers
was determined by comparing the propagated orbit to the nominal
one. If a given element had varied from the nominal value more
than its defined tolerance, it was reset to its nominal value using a
stationkeeping maneuver.

A Tundra orbit constellation requires the elements €2, a, and e
be controlled precisely to maintain the integrity of the constellation
and the cohesiveness of operations. The remaining two parameters,
w and i, are less critical to the actual operations of the constellation
and do not need to be maintained as precisely. However, w and i do
impact the quality of the coverage and cannot be ignored. Taking
these considerations into account, allowable orbit element devia-
tions are defined such that, when exceeded, a corrective maneuver
is deemed necessary.

The tolerances selected for each element are designed to ensure
the constellation’s integrity. Sample (estimated) values were used
in this study. The magnitude of ¢ must be maintained near the syn-
chronous radius in order for the satellite to remain over the desired
coverage region; a tolerance of 1 km is used. The eccentricity e must
be kept near its design value, or the transition from one satellite to
another (as one rises and the other sets) would be adversely affected.
The tolerance on e was defined as +0.005. This variation on e cor-
responds to a maximum 4.5-min variation on the time spent in the
coverage region and would thus be a total of 9 min for two satellites.
The value of @ must also be maintained closely, for as w increases
or decreases the satellite transition is affected, as is the quality of
the elevation angle coverage. The tolerance on w was selected as
1 deg. Inclination is a key parameter in each orbit remaining frozen.
The combination of i and €2 define the magnitude of the drift of w.
Because €2 regresses slowly, i is maintained to within 1 deg of the
nominal value.

In the case of €2, a specific value is not the concern, but the
relative motion of €2 of all of the satellites must be controlled. For
this study, 2 for all satellites is controlled to the mean €2 regression
rate of the constellation. The key to this method is to utilize the
semimajor axis (i.e., the orbital period) to maintain the satellite’s
mean longitude rather than a specific ascending node value. Varying
the orbital period accordingly allows the satellite to counteract any
effect the regressing node has on the mean longitude.

To maintain the broader focus of this study on the overall sta-
tionkeeping costs and to simplify the stationkeeping computations,
the mean longitude is not maintained. Instead, the initial value of a
accounts for both the tesseral harmonic perturbation on semimajor
axis'® as well as the effect of nodal regression. The initial value
of a selected results in the mean longitude drifting away from, ap-
proximately 6 deg, then back to its initial value during the one-year
propagation periods between stationkeeping events. If a tighter tol-
erance on mean longitude is desired, more frequent maneuvers to
adjust the semimajor axis can be performed at a minimal cost.

Once a maneuver is deemed necessary, the required AV must
be calculated. Meirovitch’s formulation® expressing changes in or-
bit elements caused by impulsive maneuvers provides a convenient
means by which to compute the AV. These changes are given as

2 esinv a
Aa=—|AV,——— + AV, —/1 — €2 22
“ n( Jise AN e) 2

Ji=& 2
Ae=Y""¢ Av,sinv+m/,i<1—e2—r—2) (23)
na er a
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where r is the radial distance to the satellite from Earth’s center.
The impulses are expressed in component form as AV,, AV,, and
AV, along the transverse, radial, and orbit normal directions, re-
spectively.

Because most satellites perform maneuvers either normally or
transversely within the orbit plane (and not radially), the radial terms
are omitted from Eqs. (22-26). Furthermore, because the magnitude
of the needed correction to each orbit element is known, the respec-
tive required normal or transverse AV for each can be determined
as follows:

Normal AV (AV,):

na’*y/1 —e?

AV, = AN ———— 27
" ‘r cos(w + v) @7
2 1 — 2Qini
AV, =A@y — T (28)
r sin(w + v)
na*(1 — ée?)
AV, = —Aw (29)
V1 —e2[rcotisin(w + v)]
Transverse AV (AV,):
AV, = Aa—2 30)
= a————
' 2a/1— &2
AV, = A ner 31)
= Ae
' VI—E(1 - e —r2/a?)
AV, = A nae (32)

w«/l —e[1+r/a(l —e?)]sinv

Equations (27-32) show that each element is corrected with ei-
ther a normal or transverse AV maneuver. Because of the nonzero
eccentricity, the effectiveness of AV, is affected by the true anomaly
of the maneuver. Thus, it is important to specify the location of each
maneuver.

Three parameters are affected by AV,: @, i, and w. The large
inclination of a Tundra orbit makes correcting w using AV, inef-
ficient [resulting from the cot(i) term in Eq. (29)]. Therefore, the
effect of AV, on w is not used to find the true anomaly; rather, the
(small) change in w caused by AV, is calculated using Eq. (24) and
added to the needed Aw correction, which is then corrected using
the AV,component as described next.

The normal-maneuver true anomaly v, is defined as the place
where the desired Ai and A2 can be achieved simultaneously using
one AV, application. This can be determined by setting Eq. (27)
equal to Eq. (28) and solving for v, resulting in

AQsini
v, = arctan (7> —w 33)
Al

The AV, component is used to correct the elements a, e, and
w. Typically, the AV, required to obtain the needed Ae and Aw
is significantly larger than what is required for Aa. Additionally,
when only considering AV;, Aa is affected only slightly by the true
anomaly of the maneuver while the semimajor axis increases with
a positive AV, and decreases with a negative AV,. Therefore, it is

20
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Fig. 7 AYV; vs true anomaly.

not practical to use a maneuver performed at a single true anomaly
because the (single) maneuver needed to correct e and w would not
result in the proper correction to the semimajor axis.

Equations (31) and (32) are functions of true anomaly and behave
like cosecant and secant functions, respectively. Thus, there are two
distinct true anomalies at which the desired Ae and Aw can be
achieved for the same AV,. This condition is illustrated in Fig. 7 for
an arbitrary Tundra orbit given sample Ae and Aw values. Because
performing all of the required AV, at a single true anomaly will
change semimajor axis more than is required, the necessary AV,
must be split between the two true anomalies such that the desired
Aa is also achieved. The transverse-maneuver true anomalies are de-
termined numerically by stepping true anomaly in small increments
(first from O to 180 deg then from 180 to 360 deg) and evaluating the
ratio of Egs. (31) and (32). The transverse-maneuver true anomaly
is defined where the ratio is nearly equal to one, as illustrated in
Fig. 7 by the intersection points that occur twice per orbit.

A similar method is used to determine the amount of AV, that
is performed at each true anomaly. A scaling factor F (0-100%) is
applied to the first maneuver, performed at the first true anomaly,
and the change of orbit elements is calculated. Given the adjusted
orbit elements, the second maneuver performs the remaining AV,
at the second true anomaly. Because the maneuvers at the two true
anomalies are in opposite directions, the semimajor axis is both
increased and decreased; summing produces the residual Aa. A
simplified algorithm is as follows:

Aa; ~ FAV, (34)
Aay, ~ (1 — F)AV, 35)
Aa = Aa; + Aay (36)

If Aa is not close enough to the needed change, F' is adjusted,
and a new Aa is computed. The loop continues until a value for '
is found that achieves the needed correction to the semimajor axis.

When a needed maneuver is computed, the spacecraft velocity
state is updated accordingly, and the propagation is resumed using
the full model with all perturbations active.

Performance Evaluation

There are two primary metrics considered in assessing the station-
keeping methodology: success in maintaining the orbital elements
within required tolerances and the amount of AV required to main-
tain them. Figures 8—10 show that a, e, i, and w were corrected after
each one-year propagation period only when their value exceeded
their respective tolerance.

It is clearly seen that all of the elements do not require yearly
correction. In each plot, the various maneuvers can be seen as the
vertical line, or “spike” within the element time history. A spike
appearing in only one element and not another is evidence that the
maneuver true anomaly corresponds to a position such that only one
of the various elements needed to be corrected. Similarly, the large
spikes in the semimajor axis history correspond to when eccentricity
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or argument of perigee (or both) were corrected. The algorithm to
proportionally split AV, is evidenced by the semimajor axis always
being reset to the desired value as well.

Figures 11a—11c illustrate the ascending node variation of each
satellite over time with respect to the constellation mean 2 regres-
sion rate, 4.67 deg per year. The variation of each orbit’s ascending
node from the mean is seen as each satellite diverges from zero. A
maneuver to adjust the ascending node to correspond to the mean
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regression rate is similarly represented by the vertical line in the time
history. All three orbit planes vary less than a quarter of a degree a
year keeping the required corrections small and further helping to
reduce AV.

The magnitude and frequency of corrections translate directly to
required orbit maintenance A V. To provide a clearer picture of the
true costs over time, the total AV was averaged to provide a yearly
AV requirement. The yearly AV requirements directly impact the
cost in both mass of the propellant(s) and the propulsion subsystem.
The yearly AV requirements for each satellite in the constellation
are summarized in Table 6.



912 BRUNO AND PERNICKA

Table 7 Comparison constellation elements

Element Sat 1 Sat 2 Sat 3
a, km 42,164.2 42,164.2 42,164.2
i, deg 63.4 63.4 63.4

e 0.2684 0.2684 0.2684
w, deg 270 270 270
Q, deg 30 150 270
M,* deg 101.02 281.33 185.99

2Epoch of 1 January 2004, 00:00 U.T.

Table 8 Orbit maintenance yearly
AYV comparison constellation

Spacecraft AV,, m/s AV;, m/s
Satellite 1 29.7365 10.2430
Satellite 2 47.1633 46.4372
Satellite 3 14.4301 36.0858
Average 30.4433 30.9220

As a more meaningful assessment of the constellation design,
a comparison baseline (nonfrozen) constellation using the values
taken from Table 1 with orbit elements as shown in Table 7 was also
used to simulate orbit maintenance requirements.

The values of e and w of the baseline orbits vary more rapidly over
time than those of the frozen constellation resulting in a requirement
for yearly correction of both increasing their required AV. The
required AV is further increased because the €2 regression rates
between satellites are more varied. Table 8 summarizes the required
AV for this constellation’s maintenance.

It can be seen that there is significant reduction in the required
AV for orbit maintenance using the frozen constellation. The frozen
constellation can reduce AV requirements by over 37 m/s per year
per spacecraft, on average. The most significant savings occur in the
transverse direction. This results from the significant reduction in
required w and e corrections as a result of the frozen nature of the
orbits.

Conclusions

The Tundra orbit regime can be a commercially viable alternative
to geostationary orbit. These orbits can be made even more desirable
by using frozen and nearly frozen orbits as a basis for constellation
design. Use of these orbits results in significant reductions in the
required orbit maintenance AV while nearly achieving the desired
coverage goals. These savings can be returned to the operator in the
form of lower procurement and operating costs.

Nearly frozen orbits in the Tundra regime have been identified and
can be of use to future mission designers. A constellation designed
with such orbits provides an operator with significant propellant
savings over the lifetime of the constellation and thus significant
cost savings. The method for searching for frozen orbits described
here uses a doubly averaged perturbation model in identifying use-
ful Tundra orbits. Adaptation of the frozen orbit search allows the
discovery of partially frozen or nearly frozen orbits with which a
complete constellation can be designed. Future efforts will attempt
to “better” freeze the orbits by selecting elements that minimize drift
over time (instead of at the initial time only).

This study examined only one Tundra constellation configuration.
Although significant orbit maintenance benefits are shown, the cov-
erage limitations of the three-satellite constellation and the limits on
the allowable orbit elements are also exhibited. The quality of cover-
age could be improved either by increasing the minimum allowable

eccentricity or by adding additional satellites to the constellation.
Increasing the minimum eccentricity would ensure a greater per-
centage of time spent in the hemisphere of interest. This would
likely come at a relatively small cost in additional AV relative to
the baseline constellation. Similarly, the coverage could also be im-
proved by the addition of one or more satellites. Finally, examination
of how much drift can be tolerated in various elements (RAAN in
particular) will be a topic of future study.
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