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Abstract

In this work, the Taylor series based technique, Analytic Continuation is implemented
to develop a method for the computation of the gravity and drag perturbed State
Transition Matrix (STM) incorporating adaptive time steps and expansion order. Ana-
lytic Continuation has been developed for the two-body problem based on two scalar
variables f and g, and their higher order time derivatives using Leibniz rule. The
method has been proven to be very precise and efficient in trajectory propagation.
The method is expanded to include the computation of the STM for the perturbed
two-body problem. Leibniz product rule is used to compute the partials for the recur-
sive formulas and an arbitrary order Taylor series is used to compute the STM. Four
types of orbits, LEO, MEO, GTO and HEO, are presented and the simulations are
run for 10 orbit periods. The accuracy of the STM is evaluated via RMS error for the
unperturbed cases, symplectic check for the gravity perturbed cases and error prop-
agation for the gravity and drag perturbed orbits. The results are compared against
analytical and high order numerical solvers (ODE45, ODE113 and ODES87) in terms
of accuracy. The results show that the method maintains double-precision accuracy
for all test cases and 1-2 orders of magnitude improvement in linear prediction results
compared to ODES87. The present approach is simple, adaptive and can readily be
expanded to compute the full spherical harmonics gravity perturbations as well as the
higher order state transition tensors.
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Introduction

In Astrodynamics, the State Transition Matrix (STM) of the two-body problem works
as a sensitivity of the current states to the initial conditions. Hence, it computes the
propagation of error of the initial states over time. Computing the STM is ubiquitous
to spaceflight dynamics, navigation and control, [20, 21, 26, 32]. Goodyear pre-
sented an exact analytical solution of the two-body Cartesian STM and the method
is valid for all types of orbits for the attractive force and for the hyperbolic and rec-
tilinear orbits for the repulsive force, [10]. However, it is complicated to introduce
third body effect in this method and the method requires transcendental function
evaluation, [21]. This method has been simplified to increase the numerical effi-
ciency for the Keplerian elliptical orbit, [6, 19]. However, gravity perturbation was
not incorporated in this simplified method, [6]. Recently a decoupled direct method
is developed by Hatten and Russel using fixed step size Runge-Kutta method, [13]. In
this method, first and second order STM is decoupled from the state propagation to
make the procedure computationally efficient. To formulate the STM with Spherical
Harmonic Gravity model, Read et al. applied Modified Chebyshev Picard Iteration
method, [25]. The method is shown to be well suited for parallel implementation
for additional speed of computation. Markley presented a J, perturbed approximate
Cartesian STM, [21]. This method is also capable of handling the n-body problem.
A major drawback of this method is that it is restricted by short time intervals. It can
compute the J, perturbation term for only up to 6 second time step.

A geometric method is developed by Gim and Alfriend to derive the STM for
the relative motion including gravitational perturbation, [9]. This method uses the
relationship between the relative states and the differential orbital elements. To
implement the STM in practical engineering applications, Yamanaka and Ankersen
linearized the differential equations of relative motion on elliptical orbits, [35]. This
linearized method is valid for unperturbed elliptical orbits. Koenig et al. derived
the STM using classical Keplerian orbit elements, [18]. They introduced J and
differential drag perturbation in their work.

In low earth orbit (LEO), there is another inevitable perturbation, which is atmo-
spheric drag. It depends on the shape, size and orientation of the orbiting body. Drag
perturbation has been extensively studied, [5, 7, 17]. Mavraganis and Michalakis
reviewed drag along with radiation pressure exerted by the major body on the minor
one, [22]. Vallado and Finkleman discussed the sources of uncertainty in the drag
models and evaluated the interrelation among different parameters of the problem,
[34]. The literature is rich with numerical techniques that study the orbit problem in
the presence of perturbations, [33]. More recently, parallel implementation of Mod-
ified Chebyshev Picard iteration on various gravity fields using multiple cores and
Graphic Processing Units (GPUs) are discussed, [1]. Atallah et al. also focused on the
comparison among different numerical integrators for perturbed orbit propagation in
terms of accuracy and efficiency, [2]. The Analytic Continuation method is a numer-
ical integration method that is based on Taylor series expansion and Leibniz product
rule. This method has already been proven to be very precise in solving unperturbed
and J, — Jg gravity perturbed two-body problem, [16, 31]. Later on, exponential
atmospheric drag model is introduced, [14]. Recently, the method has been further
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developed to handle the full spherical harmonics gravity potential up to 250 degree
and order, [15].

In this paper, the Analytic Continuation Method is used to derive the State Transi-
tion Matrix for the perturbed two-body problem. In “STM Derivation Using Adaptive
Analytic Continuation”, the procedure to derive the drag and gravity perturbed adap-
tive STM is discussed. In “Numerical Simulations”, first results for the unperturbed
case are compared with Lagrange’s F and G solution. Then the method is expanded
for the J, — Jg gravity perturbation terms and compared against ODE45 (based on
Runge-Kutta (4,5) integration method, [4, 8]), ODE113 (based on variable order
Adams-Bashforth-Moulton predictor corrector method, [27, 28]) and ODES87 (based
on 8-7th order Dormand and Prince formulas, [11, 12, 24]). Atmospheric drag model
is included and error propagation of the states using Analytic Continuation STM
are checked against the results using ODES&7. Finally, discussion of the results and
concluding remarks are presented in “Discussion” and “Conclusion”, respectively.

STM Derivation Using Adaptive Analytic Continuation
In the Analytic Continuation technique, two scalar variables are defined as, f = r.r

and g, = f77 /2, where r is the position vector and p is an integer. In the two-body
problem, the acceleration vector is defined as,

@) = r(t)
r@)=—n 1
© (r(t).r(1))3/? M
where, r(t) is the position vector at current time and w is the standard gravitational

parameter.
Next, Leibniz product rule is implemented to derive the recursive formulas for
computing the higher order time derivatives of the variables:

) 4y — — (n (m) (n—m)
F™) = mZ:O (m>r @).x" ™ (1) 3)

a0 = =75 {80 0e 0 + iy () (51 g w0+

Fwey o)}
Finally, the higher order time derivatives of the position vector are substituted into
the Taylor series expansion to obtain position and velocity of the next time step as
shown in Eqs. 5 and 6,

“)

dT ™

r(t+dT) =r(t)+ Y _ ™)

: ®)
el m:
r@ +d7) =r'V ) + Z e T (6)
= (m —1)!

@ Springer


section*.4
section*.4

The Journal of the Astronautical Sciences (2020) 67:1412-1444 1415

To increase efficiency of computation, adaptive time step and expansion order are
applied to the method, [15]. As in embedded Runge-Kutta methods, the adaptation
is based on defining absolute and relative tolerances, §, and §,, respectively. The
expansion order is then determined from,

N = round(—=384c10g(8) + kinc) (7)

where, 6 is defined as, min(8,, |r|d,) in the first step and max(8,, 8, X fac) in the
subsequent steps. Here, fac for canonical units is defined as,

f l[r(z0)| — [r(®)]] x by ®)
ac = —
0 10000
The time step is then determined using,
dT = hyae x min(dT,, dTy) ©)]
SX(N—1)! Sx(N-2)!

where, dT, and dT} are calculated from ) D and EOE éé(N;z)’ respectively

which represent the last two terms in the Taylor series. The adaptation parameters
S fac» kine and h ¢4 are tuned towards accuracy or speed and to increase the method
robustness to handling different types of orbits.
According to the definition of the STM for the two-body problem, [3, 26]
dr(r+dT)  dr(z+dT)
6= [0511(! +dT. 1) ¢12(t +dT, t):| _ [ Ir (1) or( (1) } (10)

t+dT,t t+dT,t arD+d7) arV(r+dT)
$21 (1 + ) ¢t + ) 50 RO

where, ¢1] is the sensitivity of the next position to the current position, ¢1> is the
sensitivity of the next position to the current velocity, ¢, is the sensitivity of the next
velocity to the current position and ¢y, is the sensitivity of the next velocity to the
current velocity.

The same approach of the Taylor series expansion of the state variables are followed
to expand the elements of the STM, [29]

¢11(r+dT,r>=%=wr+fwﬁm>di—(:") (11
o2 +dT,t) = % =1y +an:l %m)d;_(!m) (12)
¢ﬂ0+dTJﬁ=Qﬂg%¥g2=¢&)+§:wW%T(1; (13)
¢ (t +dT, 1) = E)r(la)lfl—;;;m =y + mZ ymd - art 1; (14)

where, dT is the time step between the current position and the next position and

. (m) .
™ and ™ are defined as agr(l()t) nd ?; (])((t’)) respectively.
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The partial derivatives of r(¢), rD ), f and g, with respect to r(¢) and rD(z) can
be written as,

ar(r) _ orD@) _ I ar() _ oarD@)
ar() — arD(y X3 by T ar()
dgp®) _ gp(t)r(t) af @) _ 9gp®
O N A0 arMW @) — arh()

By substitution, the recursive formulas to calculate partial derivatives of the higher

order time derivatives of the variables, with respect to position and velocity are given

by,

=053 gy = 2r(0)

15)

= 01><3

ar(n+2) (1) {
—L =
dx

Z( )w"’” ORDY (Z)r(m(r)(}g’;’")} (16)
m=0

m=0

af @) ~ (n (m) . (n—m) — (n (m) (n—m)

ogy Vo) 0D M, 1)y 2 ()
X f(t)[ F+2(F g0+ P06k

+Z< ) (F(m—H) (n— m)(t)+f(m+l)(t)G(n m))

+Z< )(F(m) (n— ’"+l)(t)+f(m)(t)G(n m-H))} (18)

agy" @)

(m)
where, x = r(t) or vV (), Fy" = 2520 and G = %20

Zonal Perturbations

For the J» — Jg zonal perturbations, the higher order partial derivatives are obtained.
In this section we show the detailed derivation for the J, perturbation and refer the
reader to the appendix for the detailed derivation of J3 — Jg. The J> acceleration is
given by, [16, 26]

(1=5) %
= ==35 (%) (37| (1-5G7)
(3-5(%)?%)%

5 r r (19)

xgs — 5xz7g7
= 3w}, | yes —Syzier
3zg5 — 527g7

where, req is equatorial radius of earth and J, = 1082.63 x 1076, [26].
In order to obtain the recursions for the higher order partials, we define a constant,

Cy, = ——Jzureq, and 2 new variables, B, and Cy, as,

Bp=rg, Co=2" (20)
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The higher order time derivatives of the newly defined variables are given by,

n n
n n
BW =Y (m)ﬁm)g;"’") cm =Y :(m)c;’”)lz("m 1)
m=0

m=0
Hence, the higher order time derivatives of the J, perturbation acceleration is
computed as,

100 "
a =r9"P 0 =c,{l0 1 0 B§”>—5Z<”;)B;’")c§"m> (22)
00 3

The partial derivatives of Eqgs. 21 and 22 with respect to position and velocity are
then expressed as,

(n) n (m (n—m)
i =Z(n) LN A @3)
ax o \m ax ax
(n) n (m)
ax —\m 8)( ax
al.()H~2) 10} 1 O O E)B(”) dB
(n—m)
Z—=Cp1|0 1 0 mO()(3 o
0 0 3 (25)
(m) 9Cy" ™"
+ B7m 5)( )

where, x is r(r) or rV (¢).
Finally, Eq. 25 is added to Eq. 11 through Eq. 14 to obtain the J, perturbed STM
as,

n n (m)
ar™ or, (t) dT™
_ (m) Ja
Prn+dT 0=+ ) YW —— 43 —2—— (26)
m=1 m=1
L dT I (@) g
¢1212(l‘+dT7f)=wv+Z¢v T+ZWT (27)
m=1 m=1
M o dT®D L@ ar b
t+dT,t) = 28
$21,(t +dT. 1) = ! +Zw _1)!+m§ T @
M Y S O
t+dT,t) = 29
¢, +dT, 1) +Zw _1)!+m2_2 Y

Atmospheric Drag Perturbation

A canon ball drag model is re-derived using analytic continuation method, [14]. The
acceleration for the drag model is given by, [34]

CpA 2 Vrel
aqr = —r (t) = —= (r)—v
r dr m rel v

= —pl|Vretl|Vrel (30)

rel |
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where, p(r) is the atmospheric density, Cp is the drag coefficient, A is the reference
area, and v, is the relative velocity of the satellite with respect to Earth defined as,
x4 Yog
Viel = I‘(l) —Wwgp XTI = y(l) — XWg (31)
z(D
From Eq. 31, the higher order time derivatives of the relative velocity is,
x D 00 gy
Vi = [ 20D —xMog (32)
7D

To calculate the higher order time derivatives of the relative velocity magnitude,
[ Vrer |(”), two new variables similar to f and g,, Eqs. 3 and 4, are introduced as,

2
FO2 = vyl (33)

Applying Leibniz product rule, the higher order time derivatives of the variables in
Eq. 33 are expressed as,

fvrel = Vrel-Vrel  8Bvrel =

n
m _ n\ _(m) _(n—m)
fvrel - Z (m>vrel ‘vrel (34)
m=0

+) _ D) 1 M 5 (k1) (n=m) _
||V”’l||(n )= = 8urel 7vrel{ fvrelgvrel + Z_: ( )( vrel 8vrel

(m) (n—m+1)
fvrelgvrel ) }

p(r) is defined according to the Exponential Model of atmospheric density, [33], as

(35)

helip—ho Reg+hg ||

p(r) =poe” H — =poe H e H (36)

where, pg is the nominal density, R,y is the equatorial radius of Earth, i, is the
altitude, hg is the base altitude, and H is the scale height. From Egs. 30 and 36, the
equation of p is given by,

1C4A Req+ho _ |r] _lr

p=x——poe A e H =Be 7 (37
m
where, B is a constant. The first order time derivative of p is,
1
5D — _ s 38
o 7Pl (38)

Applying Leibniz product rule on Eq. 38 the higher order time derivative of p is

derived as,
1 & n
s+l _ _ © ~(m) r (n—m++1) 39
o i §O<m)p Ir| (39)
m=

The higher order time derivatives of the acceleration due to drag is calculated using,
[14]

n n—i
(n) (n+2) (') () —i=J)
adr - ra'r (t) - ZZ z']'(n )1 l ||Vrel|| ! Vrel (40)
i=0 j=0
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The recursive formula for the partial derivatives of the drag perturbation acceleration
with respect to position and velocity is then expressed as,

2 —i ,
arg;l"‘r )(t) n n—i f’l' ap(l) (]) (il—i—j)
=YY vrer| v,
ax i=0j=ol']'(n_l_])' ax

; (n—i—j)
o Vet i ' H v
(@) 2lVre (n—=i=j) | @) () @Vrel
+p" Ty rd + o IVrallV rg—x @

9o v I . .
where, "g—, Dvel and AVl gre calculated separately as shown in the Appendix.
x 7 ax 3
(1) (1) . o
%’r( no an ai’(t)(l) are then added to Eqgs. 26 to 29 to include drag perturbation in

computing the STM.

Algorithms 1 — 3 in the Appendix show the steps for the full implementation of
the analytic continuation method to compute the J, — Jg and drag perturbed STM for
the two-body problem.

Numerical Simulations

In this section, numerical results are presented for the derived STM via the Analytic
Continuation technique for 4 orbits as shown in Table 1. Each orbit is propagated for
10 orbit periods.

First, Analytic Continuation is utilized to compute the STM for the unperturbed
orbits and compared versus the closed-form solution by Battin, [3], via computing
the RMS error. Next, J, — Jg perturbation is added and the STM computed with
Analytic Continuation is compared against MATLAB ODE45, ODE113 and ODE87
in terms of accuracy via the symplectic check. Finally, an exponential drag model is
added to the J, — Jg perturbed STM and the results are compared against ODES87 via
error propagation. All codes are written and compiled using MATLAB R2019a and
canonical units. To compare the numerical results, three different methods are used;
calculation of RMS error, the symplectic check and error propagation of the states.

RMS Error for the Unperturbed STM

The RMS Error for each element of the STM in the time domain of 10 orbit peri-
ods is computed from the difference between the elements of the unperturbed STMs

Table 1 Orbits used for numerical simulation

Orbit type a, m e f,deg i, deg w, deg Q, deg p, S

LEO 7.3090 x 10° 0.1 0 60 30 45 6.2187 x 103
MEO 1.0964 x 107 0.4 0 60 30 45 1.1425 x 10*
GTO 2.6353 x 107 0.6 0 60 30 45 42574 x 10*
HEO 2.6999 x 107 0.7 0 60 30 45 4.4152 x 10*
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computed using Battin’s method, [3], and the Analytic Continuation technique as
shown in Eq. 42.

N
Eij= | > (Mijx — Liji)*/n (42)
k=1

where, M and Lijx are (i,j)th terms of the STM at k-th time step from Battin’s
method, [3] and Analytic Continuation method, respectively, Ej;j is the RMS Error of
the (i,j)th term of the unperturbed STM and N is the total number of steps.

The RMS errors for the 36 elements of the STM are calculated using Eq. 42 for
the four orbit test cases and the results are shown in Tables 2, 3, 4 and 5, [30].

Symplectic Error for the Gravity Perturbed STM
The symplectic nature of the J, — Jg perturbed STM is examined and elements of the

error matrix are plotted versus orbital periods. The matrix [¢] is called symplectic, if
it satisfies Eq. 43, [26]

[¢17 [/1[¢] = [J] (43)
where, [¢] is the STM and [J] is a skew-symmetric matrix defined by,
03x3  I3x3
J1= 44
7] |:_I3><3 03><3] “4)

The absolute error in the symplectic nature of the J, — Jg perturbed STM is calculated
by Eq. 45, [25]

[Evm] = |81 /1] - 1V]] (45)

where, [ E;y,,.] is the symplectic error matrix.

For the J, — Jg perturbed cases, the results of the 10 orbit periods of the elements
of the [ Esy;,. ] matrix of every step using Analytic Continuation method are compared
with the results using ODE87, ODE113 and ODEA45. In this case, the initial and final
time is provided to the solvers and the flexibility is given to the methods to select
the time steps for the calculation. The results of the four different orbits are plotted
as scattered points versus orbital period as shown in Figs. 1, 2, 3, 4, 5, 6, 7 and 8.
Next, the gravity perturbed STM is generated up to 1,000 orbit periods using Analytic
Continuation and compared against the results of ODE87, ODE113 and ODE45. The
comparison results are shown in Figs. 9, 10, 11 and 12 via the average of the 36

Table 2 RMS error of the elements of the unperturbed STM of LEO orbit using analytic continuation
method

1.0321x 10714 1.1407x 10~ 1.1602x10~1*  3.0963x10~15 2.0116x10~1° 1.9838x 10~
1.1549x 10714 1.0611x10~"*  1.1140x10~'* 1.8159x 10715 27891x10~1° 1.9482x10~ 15
1.1558x 10714 1.1194x 107 1.2449%x1071%  1.9529x10~15  2.1390x 10~ 3.1526x 10~
4.1929x 107 5.0363x 1071  52110x107'* 9.9586x10~15 1.1175x10~"* 1.1535x 10~
53762x 1071 43015x107"* 4.6076x107* 1.1310x10~* 1.0214x10~'* 1.0811x10~*
49465x 107 4.8024x 10~ 5.0345x10~'* 1.1488x 10~ 1.0872x10~'* 12112x10~"
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Table 3 RMS error of the elements of the unperturbed STM of MEO orbit using analytic continuation

method

1.3001x 10714 1.2068x10~1*  1.3815x1071* 5.3630x10715 4.1199%x 10" 3.5938x 10~
1.2966x 10714 1.2538x1071*  1.4639x1071* 4.2915x10715 58364x 10~ 3.7207x10~ 15
1.3809x 10714 1.4671x10714  1.6078x10~1* 3.6011x10~15 3.4896x 10~ 5.9507x 10~
5613510714 59875x 10714 6.4843x 10714 1.3514x107 1.3916x1071% 1.4804x 10~
6.0697x 1071 55575%x1071*  6.3070x 107  1.3909x10~!* 1.3552x10~'* 1.5129x 104
6.3330x 1071 6.3677x1071*  6.7548x1071*  1.4793x 10~ 1.5162x10~"* 1.1771x10~ 14

elements of the symplectic error matrix, Eyyp,., versus orbital period. The Analytic
Continuation is then used to propagate the STMs of the four orbit types for 10,000
orbit periods. The average symplectic check results at per orbit is used and the results
are shown in Fig. 13. When performing these symplectic error calculations, both
relative and absolute tolerance are set to 10713 to get the highest possible accurate
results for the STM generation from the MATLAB ODE suite.

Error Propagation for Gravity and Drag Perturbed STM

To check the error propagation of the states using the STM, first the trajectory, x;, is
computed with a nominal set of initial conditions, Table 1. A perturbation is intro-
duced to the initial states as shown in Table 6. Linear prediction is used to compute
the trajectory, x;, at the desired time steps using the STM as shown in Eq. 46. The
“true” trajectory is propagated separately using the perturbed initial conditions. The
error is then computed as the difference between the true states, xg;, and the predicted
states X;, [9]. The error propagation compares J» — Jg gravity and drag perturbed
Analytic Continuation results for the four orbit types in Table 1 against ODES87 for
10 orbit periods. The results of the error propagation of the position and velocity are
shown in Figs. 14, 15, 16, 17, 18, 19, 20, and 21.

dx; = [¢i-116x;—1
X; =x; +6x;
Error; = xgi — X;

(40)

Table 4 RMS error of the elements of the unperturbed STM of GTO orbit using analytic continuation
method

5.7472x 10714
5.6596 x 1014
6.0043x 1014
1.4040x 10713
1.4460x 1013
1.6240x 1013

5.6612x 10714
5.3806x 10714
6.2014x 10714
1.4312x 10713
1.3571x 10713
1.4051x 10~13

6.0073x 10714
6.2004x 10714
6.9477x 1014
1.6615x 10713
1.4333x10713
1.5874x 10713

4.6730x 10714
5.3259%x 10714
3.6157x 1014
6.1345x 10714
6.1956x 1014
6.6002x 1014

5.1744x 10714
3.9513x 10714
44593 x 10714
6.1973x 10714
5.9009 x 10714
6.5827x 10714

3.5453%x 10714
4.6154x 10714
6.4106x 10714
6.6039x 10714
6.5825x 10714
7.6861x 10714
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Table 5 RMS error of the elements of the unperturbed STM of HEO orbit using analytic continuation

method

3.1151x 10712
3.0536x 10712
3.5437x10~12
1.9463x 1011
2.0477x 1011
2.0899x 10~

3.0525%x 10712
3.0748x 10712
3.2934x 10~12
2.0158x 10711
1.7508 x 10~ 11
1.8752x 10711

3.5452x 1012
3.2955x 10712
3.4803x 1012
2.1143x 1071
1.9179x 10~ 1
2.0422x 10~ 1

8.5518x 1013
9.7523x 10713
7.8115x10~13
3.4252x10~12
3.3607 x 1012
3.8501x 1012

9.4291x 10713
7.4920x 10713
8.9159x 10~ 13
3.3592x 10~12
3.3031x 10712
3.5538x 1012

7.4181x 10713
8.9767x 10~ 13
1.1442x 1012
3.8517x 10712
3.5563 %1012

3.8493x 10712

Discussion

As shown in Tables 2 to 5 the unperturbed STMs computed via the Analytic Contin-
uation technique maintained 11 - 16 digits of accuracy in the RMS error across all 36
elements for all types of orbits when compared against the analytic solution by Bat-
tin, [3]. The check is performed for 10 orbit periods and the RMS error is computed
for each element at each time step.

ODES7

Analytic Continuation o0

PN i i £
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T e
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g fins 9
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Fig. 1 STMs symplectic check vs orbital period using Analytic Continuation and ODES87 for gravity
perturbed LEO
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Table 6 Initial states and initial perturbations of the orbits

Orbit type  Initial states Initial perturbations

LEO Py, m [2.8654 5.1911 2.8484]x 10° 8Py, m [2.8654 5.1911 2.8484]
Vo, m/s  [-5.3862 —0.3867 6.1232]x10°> §Vp, m/s [-0.0054 —0.0004 0.0061]

MEO Py, m [2.8654 5.1911 2.8484]x10° 8Py, m [2.8654 5.1911 2.8484]
Vo, m/s  [-6.0765 —0.4363 6.9078]x10° 8Vp, m/s [-0.0061 —0.0004 0.0069]

GTO Py, m [4.5916 83184 4.5644]x 10° 8Py, m [4.5916 8.3184 4.5644]
Vo, m/s  [-5.1317 —0.3684 5.8338]x10° 8V, m/s [-0.0051 —0.0004 0.0058]

HEO Py, m [3.5283 6.3921 3.5074]x 10° 8Py, m [3.5283 6.3921 3.5074]
Vo, m/s  [-6.0343 —0.4332 6.8598]x10° 8Vp, m/s  [-0.0060 —0.0004 0.0069]

The symplectic check is used for accuracy verification when gravitational pertur-
bations, J» — Je, are considered. Analytic Continuation is compared against ODE45,
ODEI113 and ODES87. For LEO, Figs. 1 and 2, Analytic Continuation, maintained
double precision accuracy for the full 10 orbit periods, whereas all other integrators
lost between 4 - 6 digits of accuracy towards the end of the simulations. In terms of

Analytic Continuation

08 \ ‘

N <
N ~
T T

o

Position Error (m)

06 I I I
0 2 4 6

Orbital Revolution

Position Error (m)

400

300

no
o
o

o
o

o

-100

-200

-300

ODES7

4 6 8 10
Orbital Revolution

Fig. 14 Linear prediction position error(m) vs orbital revolution using Analytic Continuation and ODE87

for gravity and drag perturbed LEO
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accuracy, ODES87 performed the best relative to ODE113 and ODE45, and ODE113
marginally outperformed ODE45. However, for ODES7, ODE113 and ODEA45, the
accumulation of truncation and round-off errors are evident in the loss of accuracy as
the simulation time increases, whereas for Analytic Continuation, the ability to adapt
to arbitrary order in the Taylor series enabled it to maintain double precision through-
out the simulation. As the eccentricity, and consequently the nonlinearity, [23], is
increased, the accuracy of ODE87, ODE113 and ODE45 degrades over the 10 orbit
periods, whereas Analytic Continuation maintains double precision for MEO, GTO
and HEO as shown in Figs. 3 to 8. The Analytic Continuation method is then used
to generate STMs up to 1,000 orbit periods and compared against ODE87, ODE113
and ODEA45 using the average symplectic error of the STMs, as shown in Figs. 9
to 12. Results for 1000 orbits and beyond (Fig. 13) show that the Analytic Continua-
tion method is able to maintain double precision in the symplectic check whereas the
other methods lost between 10 - 12 digits of accuracy at 1000 orbits. It has to be noted
that all numerical integration methods, including Analytic Continuation, were set to
the lowest absolute and relative tolerance which explains the similarity in results of
ODE45, ODE113 and ODES87 at 1000 orbits. If tolerances were to be set to their
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default values the lower order methods (particularly ODE45) will lose an additional
4-5 orders of magnitude when compared with ODES7. Finally, in the case of drag per-
turbation, linear prediction is used to verify the results where Analytic Continuation
is compared against ODES&7 for the four types of orbits. From the results presented in
Figs. 14 to 21, Analytic Continuation outperforms ODE87 in linear prediction error
in all test cases. For the LEO case, Analytic Continuation is two orders of magnitude
more accurate compared to ODES7 in position, Fig. 14, and three order of magnitude
in velocity, Fig. 15. For MEO and GTO, Analytic continuation achieved one order of
magnitude more accuracy in position and velocity, Figs. 16 to 19. Finally, for HEO,
Analytic Continuation is shown to be 3 - 4 times more accurate as shown in Figs. 20
and 21 for position and velocity, respectively. We attribute the significant improve-
ment in LEO results to the higher effect drag perturbation has on LEO versus the
other orbits which take advantage of the more accurate STM produced by Analytic
Continuation to produce better linear prediction results.

Conclusion

In this work, the State Transition Matrix of the perturbed two body problem is derived
using the higher order Analytic Continuation technique. All the higher order partial
derivatives are computed recursively by utilizing Leibniz rule and scalar variables
transformations. The recursive relations shown for J, — Jg and drag perturbations
can be readily generalized for arbitrary order perturbations, [15]. Simulation results
are presented for four different types of orbits: LEO, MEO, GTO and HEO, for up to
10,000 orbit periods and compared with ODE45, ODE113 and ODES7. For all cases,
Analytic Continuation STM maintains machine precision that is enabled by the adap-
tation scheme combined with the ability of computing arbitrary higher order partials.
The cases presented include unperturbed orbits where the RMS error for each ele-
ment of the STM is computed and compared against Lagrange’s F and G solution.
For the gravity perturbed cases, the accumulation of truncation and round-off errors
in ODE45, ODE113 and ODER87 is observed whereas Analytic Continuation main-
tained double-precision accuracy. Finally, with the introduction of drag, the STM
computed via Analytic Continuation is shown to outperform ODES7 (in terms of
accuracy) for all the test cases in linear prediction results.

The present method for computing the STM is simple, highly accurate and can be
readily expanded to include higher order perturbations. The same recursions can also
be expanded to compute the higher order state transition tensors. Areas that will be
explored in future research.
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Appendix
Recursive Relations for J, — Js and Drag Perturbations
In this section, the recursive relations of the J3 — Jg perturbed acceleration are pre-

sented along with the derivation of the partial derivatives for the STM computation.
The J3 — Jg perturbation accelerations are defined as,
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where, Cy,, Cy,, Cys, and C, are defined as,

CJ3 = E 3/’”}4 CJ4 = §J4Mrgq
1 1
Cus = glsuryy Cog == Jomre, (51)

Bj, and C,, are defined in Eq. 20, req is the equatorial radius of the Earth and the
values of J3 — Jg are given by, [26],

J3=—-252x10"% Jy=-161x10"°
Js = —0.15x 107%  Jy =057 x 107° (52)

The higher order time derivatives of the J3 — Jg perturbation accelerations are derived
as,
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The partial derivatives of the higher order time derivatives in Eqgs. 53 to 56 are
recursively computed as,
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where, x is r(t) or rD ).
For the drag perturbation, the partial derivatives of the higher order time deriva-
tives of p, v, and ||v,|| are computed as,
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where, Vrel, fv(fgl, gl()'Z:ll) and p"*D are defined in Eqs. 32, 34, 35, and 39,
m ffi’Z my _ gl
respectively. Forely = and Gorely = s
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The Taylor series expansions for the perturbed STM sub-blocks can be then
expressed as,
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where, ¥, and v, are defined as I0) and T (t),respectlvely.

Algorithms for Implementing Analytic Continuation

In this section, Algorithm 1 - Algorithm 3 are presented for the implementation of the
present Analytic Continuation Method. In Algorithm 1 the derivation of the unper-
turbed STM is shown. Algorithm 2 presents the derivation of the J, — Jg perturbed
STM. Finally, Algorithm 3 includes the J> — Jg and drag perturbed STM computation
via the Analytic Continuation method.
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Algorithm 1 Algorithm for unperturbed STM computation using analytic contin-
uation method.

1
2
3
4
5
6
7
8

9

10

11

12
13
14

15
16
17
18
19

20
21
22

23

24

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

Initialize r(fy), ¥V (19) and T, where T is the orbital period;
Set value for 84, 8y, 8 fac and kjne;

Get

N;// > Eq. 7

fork =1— i,,, do

end

Getr®(r);// > Eq.1
f=rr

FO =2,

@ =2r® rM 4 2p r®;

3

g =f"7
1 3 23 .
f) =308

g =—14 (%f‘“gﬁl) +3/Pg+ f(”gé”);
forn=1— N do
Getr"*?:// » Eq.2
Get f™:// > Eq.3
Get g§"+1) ;// > Eq.4
end
GetdT >;// > Eq.9
Getr(t +dT);// > Eq.5
GetrD(r +dT);// > Eq.6

ar arD oM gr  f() dg3(0) _Af()  dgz®) .
Get ar’ arM > “or * grM> 3r(r) > ar@) * arM (1)’ arMD(r) ° // > Eq.15

forn=1— Ndo

8r<"+2)(1) 3l‘<"+2)(l‘) )
Get ar(n ° ar(r) ;// > Eq. 16

M@ M@,
Get ar@) ° 81'(1)(),‘) 5 // > Eq. 17
ORI O]
@ * ar ()

Get

end

Get ¢11(t +dT,1); //
Get p1o(t +dT,1); //
Get ¢p1(t +dT,1); //
Get ¢ (t +dT,t); //
if t + dT = T then

| break;

elseif 1 + dT > T then
‘ dT=T-t;

;// > Eq. 18

Eq. 11
Eq. 12
Eq. 13
Eq. 14

vV vVvVvVvy

continue;
else
GetN;// > Eq.7
continue;

end
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Algorithm 2 Algorithm for J-J¢ perturbed STM computation using analytic

continuation method.

1 Initialize r(p), r“)(tg) and T, where T is the orbital period;

2 Set value for 84, 8, 8 fac and Kjnc;

3 GetN;// > Eq.7
4 fork =1— i do

5

(1> ;// > Egs.24,25,57, 58,59,

3 // > Egs. 17, 18,23, and 24

5 f—rr' f“)—2rr“);
-y <1 (1) &p
‘ = h = g0
(1 (1
7 szrgp;Bp)zr‘l)gp+rgp)
8 Cr=zz; C;l) =zWz 4220 ;
9 Co=Cao1z;C = CP 2+ Cuorz®
2 2 2 (2 (2.
10 Getr,Z L9 97 rJ5 Ty // > Egs. 19,47,48, 49, and 50
(2) [ 1 () (2) (2) (2) (2) 2) .
11 r'(t) = “(r(t).r(t))3/z RS AR W Al A
12 f@ =2k D 4 2p @ ;
2 1 1 1
13 g,;)=77(%f‘”g(p)+%f‘2)gp+f‘”g(p));
2) 5] )
14 By =rPg, + 2r(”g; +rgl
15 Cf) =7@z+2:0z0) 4 2@
16 c? :C‘izllz+261(1]2]z(]) + Coo12?;
17 where, pis 3,5,7,9,11, 13 and 15 and « is 3, 4, 5 and 6.
18 Getr® v r® e ¥ 7/ b Egs.22,53,54, 55, and 56
19 forn =3 — N do
20 PO— (- Z)r("”g‘" —2-m) +r‘”) +r(J”) +r(") +r‘,’” +r<;;)
21 Get f™, g% BY ;// > Egs.3,4,and 21
(n) .
2 G = an:o ()™ 2=
23 GetC":// » Eq.21
2 Get r§ D p{ D D pOD 0D/ o Bgs. 22, 53,54, 55, and 56
25 end
26 GetdT >;// > Eq.9
27 Getr(t +dT), vVt +dT); // > Egs.5,and 6
ar orD arM g af() g _af(1)  dgp() |
28 Get > Hr 91‘ > e () * @ e (r)’ arD(r) ;// > Eq. 15
29 Get aB” and ar(” 3// > Eq.23
aC _ .
30 E z +z8 ar >
3 3,-\12» = 3,.\1» 7+73,.m )
2) 4.2 (2) 2) 2) 4.2 2) 2) (2) (2)
2 Get 9Ca 360( 3r!2 drj2 arj3 9r,3 ary erA r’)rlS r’)rlS arj6 and . El
Tr 0 b Tar 0 pr(0 > ar * ) Tar * pr( > ar 0 ) ar
and 60
33 forn =0— N do
(n+2) (n+2)
M Get &7 02 // > Eq. 16
2, 2 2 P 2, 2 2
. arjﬂ2+ !)6 _ ar("+z’ ar(,";» ) ary;*» ) dr(n+ ) ar (H+ ) . ary:» ) )
W or [P P ?iz. [
1+ (n (n oL (n (n
% drj"2 Js _ arntd) ar), ar), oy ar)| + ary .
ar( or( or(D i or(D i e
W Get f\7'+|‘ af("“) agwﬂ\ iig (n+1) iiB;,"H' 311‘,(7"“) acﬂ({nﬂ; aC‘LyH»I)
arD > —ar * ar( ° or > e > ar °  gr
arf’nzt'é) arfnzt?) 3rf"+3) +1)
38 Get —5 S e 3r“‘ ;// > Egs.25,and 57
8 (n+'£) 3rf;;+3) 3ry'+3‘ ar (j":3) ar(j:+3) ar(n+3)
39 Get —3—, TR0 Ty TR0 e arm ;// > Egs. 58,59, and 60
40 end
41 Get 11,—Js (t +dT, 1), p125,— s (t +dT, 1) ; // > Egs. 61, and 62
2 Get 214, (t +dT, 1), ¢4, 45t +dT,1) 5 // > Egs. 63, and 64
43 if  + dT = T then
44 | break;
45 elseif  + dT > T then
46 dT=T-t;
47 continue;
48 else
49 GetN;// » Eq.7
50 continue;
51 end
52 end
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Algorithm 3 Algorithm for J,-J¢ and drag perturbed STM computation using
analytic continuation method.

1 Initialize r(f9), ¥V (t9) and T, where T is the orbital period;

2
3
4

5

e ® 9 o

11

12
13
14
15

16
17
18
19
20
21
22
23

24
25

26
27
28
29
30
31

32
33
34

35

36

37

38

39
40

41

42
43
44
45
46
47
48
49
50
51
52
53

Set value for 84, 8y, & fac and kinc;
GetN;// > Eq.7
for k =1 — ija do

. . -5 ., & .
f=rrsfO =g, =771 =550,
B,=rg); B(l) — “)g +l‘g(l)
Cr=zz; C“) Wz 42205 Cp = Comrz; € =CV 24+ Cuy 2V
Getr?, r‘,z),r_‘,z’,r‘z’ 25 // > Eqs. 19,47, 48,49, and 50
Get Vyef, o, T, f,z, s/ > Eqi(zfl 3(72) and(S)() o o o
(2) r() .
r'o() = ~H Do +r,2 +rh BRSSP S
. (9] (M.
1O =260 30 4oy @ ;oD ,7 (%f‘”g,, +LF@g, 4 gl )
@ _ . (1), (D 2)
B, =19, +2rg," +r1g
P P P P
CEZ) =@z 420D 4 @ ;C&z) = C;z,)lz + ZCLL),Z(” +Cyo12? 5
where, pis 3,5,7,9, 11, 13 and 15 and « is 3,4, 5 and 6.
Getr® ) xQ D xP 17/ o Egs. 22,53, 54,55, and 56
Getvm/,,o“) v . // > Egs. 32,38, and 40
forn=3—> N do
rm — - ;:1_20 (n 2) (m)g(n —2—m) +r(n) +r]-4) +r(n) +r(n) +l‘_(;;) +r{(;:);
Get /™, g% BS” ; // » Egs. 3,4, and 21
P = T (et
GetC{" ;// > Eq.21
Get r§ ™0 rGrt ) il QD p0HD /o Bgs. 22, 53,54, 55, and 56
Getv(" b p(” D r‘”“’ // > Egs. 32,39, and 40
end
GetdT >;// > Eq.9
Getr(t +dT), vVt +dT); // > Eqgs. 5, and 6

o or® ) ar 0 gy - A0 80 L, Ea. 15
Get 5. 3rm' dr > 30 IR e aro@” wrda > Eg.

Get af” and dr”) 3/ > Eq 23
e e
T =R TiR b = vt iy
Get ‘C" 0Ce 90 and 2. // » Egs.24,and 61

ar * gr)’ or @ i

Get ‘3:;gl dng: 3HVmH and JHVHIH :// & Egs. 62, and 64
s S e . 62,

o) m,r,z» or ‘2) or f? or f,i’ o) o o) o) r)r‘,? ar® an?
Get —#-, 571ty e a1 Fr 0 ap T e ar v arhc Tar and ; ar + // > Egs. 25,57, 58,59, 60, and 41
forn=0— N do

Get (ir‘.,::Z) s ";:ﬁ’ ;// > Eq.16
r’r\,v;»ll)& _ ar42) ar \n+2) . ary;%»z) ar \n+2) ar(j’;+27 ar(jr:»ﬁ
arz ar a N arz a N arz 3r2 ’
ar' ();+ ;6 B 3rw+2) dryH» ) ar \V;+ ) ar \VH» ) ar \V;+ ) 3"‘/:' ) )
a0 = Tar® art |+ a0 + arf' U RO
afn+1 afn+1 (n+1) (n+1)
Get ‘”;,: ’, agr“*)’, 32:’,7, % ;// > Egs.17,and 18
Bt 33\;v+l) 6(‘&"“7 (i(‘é"“) aplnth)  gyntl)
Get P Dr MCa 0Cw drTl 8T // o Egs. 23,24, and 61
(n+1) (D) JOR——
Get av’a‘—’ a,:’r+',,, % and d”"{;{# ;// > Egs. 62, and 64
end

ar(rHJ) 3r\;1+3) hr(;H»?b ar \VH»?) ar(;l+37 3r\;1+3) hr(;H»%P ar \VH»?) ir‘,”+3) hr(;H»?P hr()H»” dr\”‘*‘)
Get N EURIE arm R runtiey arm S e~ S 3 // > Egs. 25,
57, 58, 59, 60, and 41
Get ¢117,—sg.ar (t +dT, 1), $124,—js.ar(t +dT, )3 // >, Egs. 65, and 66
Get o1, —sgar (t +dT, 1), $205,—js,ar t +dT,1) 3 // > Egs. 67, and 68
if 1 + dT = T then

| break;

elseif 7 + dT > T then
dT=T-t;
continue;

else
GetN;// » Eq.7
continue;

end

end
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included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
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