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Abstract: The two line elements (TLEs), released by the North American Aerospace Defense Command (NO-
RAD), are chosen for CubeSats’ mission operators. Unfortunately. they have errors and other accompanied prob-
lems, which cause large deviations in the in-track component. When a TLE value is available at a certain epoch,
the dominant error is the angular error. It is proposed to correct the angular error by solving-for the mean argu-
ment of latitude at the desired epoch. A batch least squares technique and range rate measurements are used for the
correction process. With the assistance of satellite tool kit (STK) software and Matlab, a simulation to verify the
orbit determination (OD) technique is implemented. This paper provides an angular correction low cost OD meth-
od and presents a complete analysis for various test cases. This approach maintains high accuracy in cross-track
and radial and makes great improvement in in-track at the same time, but it is exclusive for circular orbits. When
it is applied to an elliptical orbit, the error will be unacceptable. Therefore, the angular error is corrected using the

longitude of periapsis which totally mitigates the error at the epoch under consideration. For inclinations less than
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20°, the mean longitude is preferred for the angular correction as it provides more accuracy compared with the

mean argument of latitude.
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Nomenclature
B* Ballistic coefficient
Uy Mean argument of latitude
Aum Mean longitude
:u Longitude of periapsis

0 Introduction

CubeSats have evolved from purely educa-
tional tools to a standard platform for technology
demonstration and scientific instrumentation and

Thanks to

their low cost in development, they are spreading

application in less than a decade’'?.

widely and becoming the lead in the list of choices
for satellite manufacturing. The CubeSats are

launched exclusively in low earth orbit (LEO) to

» Corresponding author, E-mail address:zhxiang2002@126. com.

Article ID:1005-1120(2018)03-0472-11

date, particularly at altitude less than 1 000
km"’. Now, they are increasingly being used for
science and service missions, such as atmospheric
studies using a constellation of CubeSats!, for-

L1 inter-satellite

8]

mation flying applications
links™®™, communications, Earth observationt
The problem of

determining the location of satellites has gained

and environmental monitoring™.

further importance with the increased number of
CubeSats.
been described in Ref. [10], but not many for

Orbit determination methods have

CubeSats. To accurately predict the state, inclu-
ding realistic measures of uncertainty, remains a
challenge. Not all CubeSats have a GPS receiver
or transponder to determine their orbit, and those
equipped with GPS receivers may suffer malfunc-
tion. For these reasons the TLE released by the

North American Aerospace Defense Command
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(NORAD) is mostly chosen for the CubeSats’
mission operators.

The TLE data are described by using Kepler
elements and force models parameters, where
they have been estimated by fitting an orbital
model to space surveillance tracking data. The
Kepler elements are mean elements which are
formed by removing secular and periodic varia-
tions in a certain way. They only capture the

smoothed time varying effects™'"*,

For wholly
gathering the benefit of the TLE, one of the mod-
els of the SGP series must be used to get good

137 because these periodic variations

predictions
have to be constructed in the same way they were
removed by NORAD. That is why not any pre-
diction model will suffice, and why SGP4 model
is tied to the TLE in LEO. TLE unfortunately
has errors. The major source of error is the
mathematical formation which causes the quick
propagation of error as time advances. Other as-
sociated problems that accompany the TLE are
the un-publishing of the error covariance and the
late-publishing of the TLE as NORAD does not
publish in holidays.

The range rate of a spacecraft is determined
by measuring the Doppler shift of a signal result
from the relative motion between the station and
the spacecraft. Tracking at radio wavelengths is
attractive since it is not affected by weather and
seasonal constraints, unlike the optical tracking
which is also not suitable for CubeSats due to
their very small size.

Doppler shift measurements are powerful and
contain a large amount of data that can be extrac-
ted. In addition to their low cost where they re-
quire only a single calibrated signal and a sensitive

[1415]  These measurements provide a way

receiver
to have more frequently updated orbital informa-
tion and therefore enhance communications with
better ground station pointing accuracy. They
stand out as being most suitable for single-site
tracking of small satellites. Updating the TLE on
every orbit improves the mission success rate. By

locally tracking, a satellite direct observational

data are immediately available. This gives the us-

er more flexibility in orbit determination rather
than only relying on predicted values from outside
sources. It is also a way to avoid cross tagging
that is easily perceived in CubeSats.

Thanks to its convenience, the method has
been applied to CubeSats, as in Ref, [16 |, where
a low-cost orbit determination system utilizing
the Doppler shifts data. It has been successfully
validated, but the author used J2 model which de-
grades quickly as time propagates.

In Ref. [17], the authors’ goal was to pro-
vide a simple solution that enabled mission opera-
tors to accomplish self satellite tracking and orbit
determination. They corrected the satellite states
with their own ground station. Their method was
verified but had a low success rate in converging,
because the correlation between range rate meas-
urements and some orbit elements was insuffi-
cient to figure out every element in the TLE up-
dating process.

Previous work was done to evaluate correct
TLE by comparing it with accurate ephemeris
where a high accuracy ephemeris was available
and was provided by a GPS constellation"'.
Ref. [19] showed that the error growth in the in-
track error was significantly high compared to the
relative stability of the error of the other two
components. The in track error grew to 50 km af-
ter 5 d of propagation, while the error in other
components did not exceed 1. 5 km for the same
period of propagation.

In many applications, the circular or actually
near-circular orbits are widely chosen especially
for LEO. They have merits of full coverage and
image repetition for each point on earth"®!, An
example is that they can be assigned for small sat-
ellites forming a constellation in LEO with high
inclination combined with one large geosynchro-
nous satellite. This is used as alternative solu-
tions to communications problem by preventing
the high orbit hazards™!",

bit types that are preferred rather than others,

Although there are or-

the need for unpopular orbits will be desired and
the CubeSats are reasonable candidates to open

the door for new possibilities and trials.
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1  Correction Algorithm Using the
Argument of Latitude

Differential correction is the routine process-
ing of observations. The batch least squares
method is one of the differential correction rou-
tines. As mentioned before, thanks to its conven-
ience, Doppler shift measurements are used to
correct the initial state. There is a direct relation
between the frequency ( f) and the range rate
(p™) through the following relation

o fue fr

pir=C- T @D
where C is the speed of light, f, the CubeSat
transmitted frequency and f7 the received peak
frequency from the spectrum analyzer at discrete
time steps (1 =1,2,+,m ).

The state is propagated in-between measure-
ments by the SGP4 propagator, and the output of
the propagator is the position and the velocity in
the true equator mean equinox (TEME) frame.
The ground station coordinate is in a fixed frame.
The TEME position and velocity are transformed
to fixed coordinates ECI. The computed range

rate (p$) is hence found by

'?:u (2)
P P,

where p; is the range vector, p the range rate vec-
tor with respect to the ground station position co-
ordinate.

So by having the measured and computed
range rates p” and p¢ respectively, the residual
can be calculated by their difference, as

So. =p" — p; (3

The main purpose of thebatch least squares
technique is to minimize the residual through iter-
ations as having a nonlinear problem.

In LEO, the in-track error is caused by the
non-conservative force “drag” being the dominant
perturbation causing the large deviation in this
component. The B* is a presenter of this highly
effective force. It also mitigates errors which re-
sulting from the poor modeling of the gravitation-
al field. This means that the error resulting in the

in-track error is mainly from the B*. Any small

change in the value of this parameter will directly
effect the in-track error and change it. That is
why the value of B” is always modified"**!,

It has to be realized that when the perturba-
tions are dominant, the solved-for parameter is
B*. When a TLE value is available at a certain
epoch, the dominant error is the angular error.
The effect of perturbations at a very short time
period cannot be realized and hence the B* correc-
tion cannot be carried out. This TLE has errors
and it is needed to be corrected at the considered
date. The details of how to generate this TLE are
presented in Section 2. The mean argument of
latitude is proposed here to calculate the angular
error occurring in a circular orbit at a specific ep-
och.

The mean argument of latitude uy is defined
by

uy =w+ M )
where w is the argument of periapsis and M the
mean anomaly.

The partial derivative matrix, A, describes
how changes in the initial state affect the compu-
ted observations. Therefore, they are also called
the sensitivity partial derivatives.

There are several techniques to solve A ma-
trix, analytical, numerical or by finite differen-
cing. However, when using the SGP4 model, it
is more suitable to use the finite differencing tech-

nique. Hence, A is defined as

dpiCun) pi Cun +A,,) —['),(HM)

A,‘ - auM — AuM (5)
So that the corrected uy can be obtained as
Suy =(ATA) T . Ab\‘é (6)

The error root sum square (RSS) of the re-
siduals in each iteration is used to check when to
quit the recursiveal gorithm. It is considered con-
verged when RSS becomes stable or smaller than
a preset termination threshold. The outermost
loop is a “while” loop that waits for convergence.
If the algorithm is converged, a corrected state is

obtained.

2 Simulation

In this section, the correction algorithm is
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verified by simulation.
2.1 Analyzing the error of TLE

To understand more about how error propa-
gates and which parameter causes it, we consider
the followings.

The satellite tool kit (STK) is used as an al-
ternative for generating ephemeris, when real
ephemeris is not available. Firstly, a high-preci-
sion orbital propagator ( HPOP)' generates a
15 d nominal orbit at an altitude of 350 km with
0.000 1 eccentricity. Secondly, from a segment
of that orbit, a TLE is generated using a 1 d fit
span. The fit span is very important when gener-
ating the TLE (usually the period for generating a
TLE in operation is 1—2 d). This TLE is consid-
ered as the NORAD TLE and hence a SGP4 orbit
is generated. The position error between the two
generated orbits is depicted in Fig. 1. It is obvious
that the biggest error is in the in-track compo-
nent, as previously discussed. The difference be-
tween the two orbits is there for a good measure
of the TLE orbit error.
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Position

Fig.1 TLE vs HPOP (w= 63.746 9°, M= 15.038 4°)

Considering Figs. 1,2 with values for the an-
gles (w= 63.746 9°, M= 15. 038 4°) and (w=
62.746 9°, M= 14.038 4°) , we realize that small
change (4 1° ) in the angles results in obvious
change in the in-track component and has no
effect on the other two components . This is a lit-
tle exaggerated but it can just indicate the direct
connection between any change in the angles and
the in-track error.

2.2 Generating the epoch TLE

The batch least squares state estimation al-

S
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)
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Fig.2 TLE vs HPOP (w= 62.746 9°, M= 14.038 4°)

gorithm was carried out in Matlab, and the only
solved-for element the argument of latitude as in-
troduced in Section 2. 1. A Matlab code along
with STK software was used to test and verify the
OD algorithm. NJUST Ground Station was se-
lected as the observation station. The nominal or-
bit and NORAD TLE were generated as intro-
duced in Section 2. 1. The initial conditions used
in the simulation are listed in Table 1. They are
very similar to NJUST?2 initial conditions, which
is one of the CubeSats of the QB50 mission. The
epoch TLE is generated as follows.

Table 1 Initial condition

Parameter Value

Semi major axis a/km 6 758. 14

Eccentricity e 0.000 1
Inclination i / (%) 98
Argument of perigee w /(°) 0
RAANQ /() 40
True anomaly v /(%) 75

Area / mass ( A/m) 0.004 3

Considering Fig. 1, it is clear that the in-
track error started to deviate nearly at the 5th
day, reaching 30 km. A segment from the NO-
RAD TLE orbit was used to generate a new TLE.
The epoch of this TLE was the time of the satel-
lite access over the ground station on the 5th day.
The TLE is named “access epoch TLE” to pre-
vent confusion with the NORAD TLE. Range
rate data was generated from the nominal orbit
simulating the measured range rate. They were

generated around the same epoch under considera-
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tion and the measurement interval was 1. It was
desirable to select a pass which has a reasonable
length of time, about 5—10 min on the same
day.

In the Matlab code, the angles (w, M) were
solved-for individually, instead of their sum di-
rectly. A isa (1X2) matrix. It evaluates the cor-
rection at each measurement time such that

20.() _ plw+4,) —p(w)

A(l91): Jw Aw
o 25 (VD p (M Ay — p (M)
Al 2) = M= A 7

The corrected w and M are as follows

S :
{ }—(ATA) e A (8)
oM

The inputs to run the Matlab code were the
measured range rate and access epoch TLE. Re-
sults are declared in Table 2, namely the test case
NJUST?2. The corrected angles were used to cor-
rect the initial epoch TLE. By comparing the cor-
rected orbit with the nominal orbit, it is found
that the in-track error has decreased from 30 km
to the range of 0—2 km. This is clear when com-
paring Fig. 1 and Fig. 3 at the 5th day which is the

epoch under consideration.

Table 2 Results before and after applying the correction algorithm using u,,

In-track Angle values before Hat Number of Angle values after Hat
Test Correction error at the . before iterations and after
correction convergence
case day correction correction/ state of convergence/
day/km w/ rad M/ rad @) convergence , / rad M/ rad )
NJUST?2 5th 301 0.858 5 5.958 4 390.579 6 11 0.912 6 5.899 7 390. 316
1 6th 34+1 4,210 2 2.335 8 375.057 6 15 4,273 3 2.267 4 374.754 6
2 5th —31£3 5.695 0 1.571 0 416.311 2 11 5.690 5 1.580 7 416. 609
3 7th 10+3 4.914 2 2.244 3 Diverge
4 7th 20+5 5.451 5 1.401 7 Diverge
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Fig. 3 Modified TLE vs HPOP

The Doppler shift measurements of a satellite
pass over a tracking station presented an S-shape
called Doppler curve of the pass, where it crossed
the zero at the closest satellite approach, i.e. the
highest elevation above the horizon. The meas-

ured and the computed range are plotted in

Fig. 4.
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Fig. 4 Measured and computed range rates

3 Tests

3.1 Circular orbits at different inclinations

Further test cases to test and verify the an-
gular correction OD technique was carried out.
Circular orbits for CubeSats with different initial
conditions are presented in Table 3.

Table 2 shows results before and after apply-
ing the correction algorithm. Figs. 5—6 show the
TLE cases 1, 2. As shown in Figs. 5—6, the er-

ror before and after the correction process for test
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Table 3 Initial condition of HPOP orbits

Test case a / km e i/ /¢ w/ (O M/ ) A/m
1 680 0 0.000 2 70 0 0 0 0.02
2 690 0 0. 000 627 40. 514 35.65 236.41 307.91 0.02
3 670 0 0. 000 4 35 0 0 0 0.004 3
4 6 800. 14 0.001 28.5 0 0 0 0.02

dropped to 042 km (this is clear when comparing
the TLE error before correction and TLE error
after correction for the same test case), at the ep-
och where the correction process occurred at 6th
and 5th days, respectively.

From Table 2, the test cases 3 and 4 have di-
verged. To find the reason for this divergence an
important definition must be introduced: Observ-
ability which indicates the ability to uniquely de-
termine the state from the corresponding observa-
tionst*”!, These observations depend on the site’s
location. The partial derivatives in the correction
matrix A are too small due to the low observabili-
ty, causing the divergence in low inclination orbit

cases. For that reason, the site’s location must

be changed for better observability and to over-
come the divergence. In the simulation scenario
the ground station location is changed to [ 0°,
—60°]. The ground station was chosen to be lo-
cated on the equator so that the equatorial and
low inclined orbits were observable. For further
analysis and to cover the low inclination orbits,
five more test cases were introduced with inclina-
tions (0°~—40°) in order to determine the bounda-
ries of the angular correction with inclination and
to analyze its accuracy. Table 4 shows the initial
conditions for the HPOP orbits. They are the
same for all the following five test cases only the
inclination changes and each test case is named for

its assigned inclination.

Table 4 Initial condition for HPOP orbits except inclination

Test case a / km e

2/

w/ (7 M/ A/m

All 6 878. 14 0.001

198 150 0.004 3

Position

t/d
(a) TLE error before correction
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(b) TLE error after correction

Fig.5 Test case 1

Position difference / km

(a) TLE error before correction

difference

t/d
(b) TLE error after correction

Fig. 6 Test case 2
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After correction using u, » the convergence
occurred, but not in the error dropped to the
range 0—2 km as the cases with higher inclina-
tion, instead of all cases. To see and analyze the
amount of error decrease, another angle was in-
troduced and corrected so as to be compared with
the u,, correction results. The mean longitude A,, is
defined as follows

Av=0+wt+M €D

In the batch least squares, Ay was the solved-
for parameter accounting for the total angular er-
ror. The angle Q presented the additional effect
In Tables 5,6, the

results of the simulation for various test cases are

between the angle Ay and uy, .

tabulated declaring the computed values before
and after correction using angles uy and Ay » re-
spectively. Figs. 7—10 show the in-track error af-
ter correcting using both angles uy and Ay for the

[0°, 5°, 10°, 20°] inclination, respectively.

Q
Q
=]
(0]
2
Q
=
=
S

Fig. 7 0° case: Correction using Ay (zoom) (same as uy

correction results)

It was found that there was no difference be-
tween the two angles corrections at 0° inclination
Fig. 7 shows the result. In the 5° case, when cor-
recting-for uy . the error dropped to 6—7 km
(noticing that the initial error for this case was
11£3 at the 6th day), while correcting-for Ay the
error dropped to 3—4 km, as shown in Fig. 8.
There was a 3 km difference between the correc-
tions of the two angles at that inclination. This
difference was due to the addition of  in the cor-
rection process which is seen through the angle
Ay . For the 10° case, the error dropped from
31%2 km at the 6th day to 8—9 km using u,, while

Position difference

t/d
(a) Correction using u,, (zoom)

on difference / km

t/d
(b) Correction using A,, (zoom)

Fig. 8 5° case

Position d

t/d
(a) Correction using u,, (zoom)
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]
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t/d
(b) Correction using A,, (zoom)

Fig. 9 10° case
using Ay dropped to 4—5 km, as shown in Fig. 9.
In the 20° case, there was no difference between the

two angle corrections, either as depicted in Fig. 10.
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In the 40° inclination case, uy » Ay correction re-
sults were identical. This indicates that at inclina-

3 tions 20° and above, the effect of RAAN disap-
g pears and the angular correction using uy is suffi-
cient. There is an error ranging from 3—5 km in
& inclinations less than 20° using Ay . This indicates
™ .
that an angular correction is not enough when re-
ally high precision is needed, but when coarse ac-
[ curacy is needed it is acceptable. The angular cor-
Fig. 10 20° case: Correction using Ay (same as wuy cor- rection can hence be carriedout depending on the
rection results) inclination of the orbit . For inclinations higher than
Table 5 Results before and after applying the correction algorithm using u,,
N f
In-track Angle values Unt umber o Angle values
iterations uy after
Test  Correction  error at before before after
) . and state of convergence/
case day  the correction correction correction/ convergence
day/k ) convergence/ )
ay/xm w/ rad M/ rad loop w /rad M/ rad
0° 7th 14 6.168 4 6.231 8 710.479 1 9 6.149 8 6.248 5 710. 370 3
5° 6th 1143 4.393 6 0.221 2 264.408 5 8 4.427 0 0.186 5 264.334 1
10° 6th 31+2 4,397 1 0.212 9 264.133 6 9 4.442 1 0.163 7 263.892 9
20° 5th 39+2 4.111 0 0.166 6 245.088 4 9 4.040 2 0.231 3 244.738 9
40° 6th 562 4,117 4 1.587 5 326.866 6 7 4.050 2 1.645 9 326.362 5
Table 6 Results before and after applying the correction algorithm using A,
In-track Angle values Au Numbér of Angle values Au
: 1terations .
Test Correction error at the before correction before after convergence after
d . o and state of ,
case ay correction correction/ convergence
day/k Q/ w/ M/ “ convergence/ Q/ w/ M/ (i
ay/km ; ; i i ; .
rad rad rad loop rad rad rad
0° 7th 14 3.990 5 6.168 4 6.231 8 939.117 9 4 3.931 8 6.208 2 6.248 8 939.009 1
5° 6th 1143  5.6649 4.3936 0.221 2 588.983 4 7 5.661 3 4.3999 0.2170 588. 897 5
10° 6th 3142 5.676 3 4.397 1 0.2129 589.361 6 8 5.673 8 4.387 9 0.220 1 589.103 8
20° 5 th 39+2 5.8391 4.1110 0.166 6 579.644 2 4 5.838 3 4.109 2 0.163 5 579. 317 6
40° 6 th 5642 5.799 7 4.117 4 1.587 5 659.164 9 8 5.800 1 4.1195 1.576 2 658. 660 9
20°, the correction using uy was sufficient, while gle was introduced for clearer analysis. The lon-
for orbits with inclinations less than 20°, the Ay gitude of periapsis w is defined as follows
was preferred for providing better accuracy. ®»=0+1w )

We chose the [0°, —60°] as the ground sta-

3.2 An elliptical case

The initial conditions for an elliptical case are

tion coordinates in this simulation scenario. For

this elliptical case, the corrections of uy and @

listed in Table 7. The initial error was 109 km at were carried out to find the difference between the

the 6th day and configured in Fig. 11. A new an- two angles. Their results are shown in Fig. 12,



480 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 35

ifference

Position

t/d
(a) Before correction

g
Y

Position difference

t/d
(b) Before correction (zoom)

Position difference / km

t/d
(a) Correcting using u,,

o
g
=
(]
Q
|
Qo
5]
o
=
g
5]
=
172]
)
(¥

t/d
(b) Correcting using @

Fig. 11 Initial error of the elliptical case
Fig. 12 Elliptical case
Table 7 Initial condition for the HPOP orbit of the elliptical case
Test case a / km e i/ /¢ w/ () M/ A/m
Elliptical 7 278.14 0.1 40 70 180 150 0.004 3

After correcting using the angle uy , the er-
ror dropped from 109 km to 50 km. This error is
not acceptable and indicates that the correction for
uypis only applicable for circular orbits. The cor-
rection for @ caused the error to drop to 0 km,and
this angular correction absorbed all the errors at
the considered epoch.

Elliptical orbits are not the best choice for
LEO, since circular orbits are more preferable. It
is realized that the error propagates quickly as
time advances not only in the in-track component
but also in the radial component. More analysis
concerning elliptical cases will be presented in fu-
ture work. This analysis indicates that the correc-
tion using uy, is exclusive for circular orbits and that

the angular correction is related to the orbit type.

4 Conclusions

A very effective and low cost OD technique

for CubeSats in LEO was carried out self-depend-
ently. It was verified using Matlab code and
STK. The OD was effectively used to avoid error
propagation of the TLE by correcting the in-track
error significantly at the epoch under considera-
tion. An angular correction was conducted by sol-
ving-for the mean argument of latitude in a batch
least squares method. This method of OD is ap-
plied for satellites in circular orbits only because
for an elliptical case the error was not acceptable
even when coarse accuracy is needed. When intro-
ducing the longitude of periapsis to correct the
angular error, the error dropped from 109 km to
0 km at the considered epoch. Although elliptical
orbits are not the best choice for LEO, the angu-
lar correction was carried to know its limits and
boundaries. It was seen that the angular correc-

tion depended on the orbit type and based on @

which was a better choice than uy, for elliptical or-
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bits. More analysis concerning elliptical cases and
the angular correction OD will be presented in fu-
ture work with a different propagator.

The sequence in the analysis was intentional
to see the problems when applying the angular
OD. It depends on the ground station location and
its observability for different circular orbits with
different inclinations. The angular OD was ap-
plied on orbits with inclinations ranging from (0°
to 98°) to provide a complete study on its accura-
cy and its relation with inclination. At different
inclinations, the choice of the more suitable angle
for the correction process will provide higher ac-
curacy. For inclinations 20°and above, uy, is suffi-
cient while for inclinations less than 20°, Ay pro-
vides better accuracy than uy . The in-track error
ranged from 0—2 km in inclinations 20° and high-
er while the error ranged from 2—8 km in inclina-
tions less than 20° after correcting uy . For incli-
nations less than 20°, the error ranged from
3—5 km when correcting Ay . This angular cor-
rection technique can be considered as a backup
procedure when normal procedures assigned for a
certain mission fail depending on your own
ground station for correction. Due to the lack of
real data, the method was only verified through
simulation which provided very promising re-
sults. It is known that when using real data, the
error is expected to be increased. For future
work, an effective way is to compare the results
with real satellite ephemeris when available for
more accurate verification and test the technique
when real Doppler measurements available. More

analysis concerning elliptical orbits can be carried

out involving higher altitudes for flexibility.
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