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SPACETRACK REPORT NO. 3

MODELS FOR PROPAGATION OF
NORAD ELEMENT SETS

I

FELIX R. HOOTS
RONALD L. ROEHRICH

General perturbations element sets generated by NORAD can

be used to predict position and velocity of Earth-orbiting

objects. To do this one must be careful to use a prediction

method which is compatible with the way in which the elements

were generated. Equations for five compatible models are

given here along with corresponding FORTRAN IV computer

code. With this information a user will be able to make

satellite predictions which are completely compatible with

NORAD predictions.
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1. INTRODUCTION

NORAD maintains general perturbations element sets on all

resident space objects. These element sets are periodically

refined so as to maintain a reasonable prediction capability

on all space objects. In turn, these element sets are provided

to users. The purpose of this report is to provide the user

with a means of propagating these element sets in time to

obtain a position and velocity of the space object.

The most important point to be noted is that not just any

prediction model will suffice. The NORAD element sets are

"mean" values obtained by removing periodic variations in a

particular way. In order to obtain good predictions, these

periodic variations must be reconstructed (by the prediction

model) in exactly the same way they were removed by NORAD.

Hence, inputting NORAD element sets into a different model

(even though the model may be more accurate or even a numerical

integrator) will result in degraded predictions. The NORAD

element sets must be used with one of the models described in

this report in order to retain maximum prediction accuracy.

All space objects are classified by NORAD as near-Earth

(period less than 225 minutes) or deep-space (period greater

than or equal 225 minutes). Depending on the period, the

NORAD element sets are automatically generated with the near-

Earth or deep-space model. The user can then calculate the

satellite period and know which prediction model to use.



2. THE PROPAGATION MODELS

Five mathematical models for prediction of satellite

position and velocity are available. The first of these, SGP,

was developed by Hilton & Kuhlman (1966) and is used for

near-Earth satellites. This model uses a simplification of

the work of Kozai (1959) for its gravitational model and it

takes the drag effect on mean motion as linear in time.

This assumption dictates a quadratic variation of mean anom-

aly with time. The drag effect on eccentricity is modeled

in such a way that perigee height remains constant.

The second model, SGP4, was developed by Ken Cranford

in 1970 (see Lane and Hoots 1979) and is used for near-Earth

satellites. This model was obtained by simplification of the

more extensive analytical theory of Lane and Cranford (1969)

which uses the solution of Brouwer (1959) for its gravitational

model and a power density function for its atmospheric model

(see Lane, et al 1962).

The next model, SDP4, is an extension of SGP4 to be used

for deep-space satellites. The deep-space equations were

developed by Hujsak (1979) and model the gravitational effects

of the moon and sun as well as certain sectoral and tesseral

Earth harmonics which are of particular importance for half-

day and one-day period orbits.

The SGP8 model (see Hoots 1980) is used for near-Earth
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satellites and is obtained by simplification of an extensive

analytical theory of Hoots (to appear) which uses the same

gravitational and atmospheric models as Lane and Cranford did

but integrates the differential equations in a much different

manner.

Finally, the SDP8 model is an extension of SGP8 to be

used for deep-space satellites. The deep-space effects are

modeled in SDP8 with the same equations used in SDP4.

3. COMPATIBILITY WITH NORAD ELEMENT SETS

The NORAD element sets are currently generated with either

SGP4 or SDP4 depending on whether the satellite is near-Earth

or deep-space. For element sets sent to external users, the

value of mean motion is altered slightly and a pseudo-drag

term (A/2) is generated. These changes allow an SGP user to

make compatible predictions in the following manner. If the

satellite is near-Earth, then the pseudo-drag term used in

SGP simulates the drag effect of the SGP4 model. If the

satellite is deep-space, then the pseudo-drag term used in SGP

simulates the deep-space secular effects of SDP4.

For SGP4 and SDP4 users, the mean motion is first recovered

from its altered form and the drag effect is obtained from the

SGP4 drag term (B*) with the pseudo-drag term being ignored.

The value of the mean motion can be used to determine whether

the satellite is near-Earth or deep-space (and hence whether

SGP4 or SDP4 was used to generate the element set). From
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this information the user can decide whether to use SGP4 or

SDP4 for propagation and hence be assured of agreement with

NORAD predictions.

The SGP8 and SDP8 models have the same gravitational and

atmospheric models as SGP4 and SDP4, although the form of the

solution equations is quite different. Additionally, SGP8

and SDP8 use a ballistic coefficient (B term) in the drag

equations rather than the B* drag term. However, compatible

predictions can be made with NORAD element sets by first cal-

culating a B term from the SGP4 B* drag term.

At the present time consideration is being given to re-

placing SGP4 and SDP4 by SGP8 and SDP8 as the NORAD satellite

models. In such a case the new NORAD element sets would still

give compatible predictions for SGP, SGP4, and SDP4 users and,

for SGP8 and SDP8 users, would give agreement with NORAD predic-

tions.

4. GENERAL PROGRAM DESCRIPTION

The five ephemeris packages cited in section two have each

been programmed in FORTRAN IV as stand-alone subroutines. They

each access the two function subroutines ACTAN and FMOD2P and

the deep-space equations access the function subroutine THETAG.

The function subroutine ACTAN is a two argument (quadrant pre-

serving) arctangent subroutine which has been specifically

designed to return the angle within the range of 0 to 27. The

function subroutine FMOD2P takes an angle and returns the modulo
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by 2n of that angle. The function subroutine THETAG calculates

the epoch time in days since 1950 Jan 0.0 jTC, stores this in

common, and ret-urns-the right_Ascension of Greenwich at epoch,

One additional subroutine DEEP is accessed by SDP4 and

SDP8 to obtain the deep-space perturbations to be added to the

main equations of motion.

The main program DRIVER reads the input NORAD 2-line element

set in either G-card internal format or T-card transmission for-

mat and calls the appropriate ephemeris package as specified by

the user. The DRIVER converts the elements to the units of radians

and minutes before calling the appropriate subroutine. The ephem-

eris package returns position and velocity in units of Earth radii

and minutes. These are converted by the DRIVER to kilometers and

seconds for printout.

All physical constants are contained in the constants com-

mon Cl and can be changed through the data statements in the

DRIVER. The one exception is the physical constants used only

in DEEP which are set in the data statements in DEEP.

In the following sections the equations and program listing

are given for each ephemeris model. Every effort has been made

to maintain a strict parallel structure between the equations and

the computer code.

S. THE SGP MODEL

The NORAD mean element sets can be used for prediction with

SGP. All symbols not defined below are defined in the list of

S



symbols in section twelve, Predictions are made by first"cal-

culating the constants

k e 2/3
al -

0

3 E2aE (3 cos 2 io TI)
6  2 2) 3/2

1 2 134 3a °  = a I  - 3 6 1 " 6

Po = a (1 e0 2)

qo = a (1- e0)

Lo Mo + W° + 0o
0c M 0 4 0  0

2d 3 aE
= - 2 2 -- no cos io

J23 a 2 o ( cos2 io -i)

2 = 0PO

The secular effects of atmospheric drag and gravitation are

included through the equations

n 0 2/
a =a o 0 n

S + 2()(t - t o) + 3 })(t -t )2

2 6

" 6



qo0

f or a> qo
10-6 for a_< q0

p- a (1 -e 2 )

sis " =0 + U-t (t to)
0

S = + dw (t t
s 0 0

0

L s  = L + (n + + dQ) o t + - t o 2

+ - (t -t ) 3
6 o

where (t - to) is time since epoch.

Long-period periodics are included through the equations

ai J3 aEayNL : e sin wS 2 J2 s sin i
ayNSL -esl 0 2 Jp o

S1 3 aE [3 + 5 cos io0
L = Ls  4 J2 P axNSL sin i0  1 + Cos i o

where

axNSL - e cos

Solve Kepler's equation for E + w(by iteration to the

desired accuracy), where

(E + w)i + 1= (E + w)i + A(E + wi
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with
U r ayNSL cos CE + w)i + axNS sin (E + w)i - (E +w)

ACE + (I = 13 - ayNSL sin (E + w)i , axNSL Cos (E + w)i +

U = L ,- 0sso

and

CE-+ w)} " U.

Then calculate the intermediate partially osculating) quantities

e cos E = axNSL cos (E + w) + ayNSL sin (E + w)

e sin E - axNSL sin (E + w) - ayNSL cos (E + w)

eL  =(axNSL) 2+ (ayNSL) 2

PL =a (I-eL)

r = a (1 - e cos E)

r= k e sin E
e r

e sin E

sin u a [sin CE + w) ayNSL axNSL

e sin E

cosu= [cos CE + w) a
o axNSL +ayNSL 1 2



sinuutan 1- ( c u)

Short-period perturbations are now included by

2
aE *2

rk -r + -J a sin 2 i cos 2u

1 a 2 2

uk =u- J2 --. (7 cos ir -1) sin 2u
PL

2

J2 - cos i sin 2u
k 4 2 L2

2
i + 3 E sin i cos i cos 2u.

'k 0o 2 2 0o

Then unit orientation vectors are calculated by

U = M sin uk + N cos uk

V = M Cos Uk - N sin uk

where

mx = sin co ik

M= M= cos k cos ik

Mz = sin ik
I = ak

Nx = cos

N = sin Qk

Nz =0
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Then position and velocity are given by

r= rk U

and

= U + (r )V.

A FORTRAN IV computer code listing of the subroutine SGP

is given below.
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1 SGP 31 OCT 83

SUBROUTINE SGP(IFLAG,TSINCE)
3 COMMON/El/XMO, XNODEO,OMEGAO,EO,XINCL,XNO;XNDT20,XNDD60O,3STARP

----47 - f X,Y,Z ,XDOT,YDOT,ZDOT,EPOCH,DS50

5 COMMON/Cl/CK2,CK4,E6A,QOMS2T,S,TOTHRD,

---- 6- f J3XKE,XKMPER, XMNPD A, A E

7 DOUBLE PRECISION EPOCH,DS50
8

9 IF(IFLAG.EQ.O) GO TO 19

10
11 INITIALIZATION

13 CI= CK2*1.5
14 C2Z CK2/4.0
15 C3- CK2/2.0

16 C4- XJ3*AE**31 (4.0*CK2)
17 COSIO=COS(XINCL)
18 SINIO-SINCXINCL)
19 Al=(XKE/XNO)**TOTHRD

20 D 1 C1/A1/A1*(3.*COSIO*COSIO-1.)/(1 .- EO*EO)**f TI

21 AO=Al*(1 .- l./3.*Dl-D1*D1-134./81.*Dl*Dl*D1)
dz PO=AO*(1.-EO*EO)

23 QO=AO*(l .- EO)
e4 XLO=XMO+OMEG AOXWNODEO
25 D102 C3 *SINIO*SINIO
zo DZU= Le *U.*cuSIOwCOSIu-1.)
27 D3O=Cl*COSIO
28 D40=03OWSINIO
29 PO2NO=XNO/(PO*PO)
3-0 OMbUl=L*J T2NU*(5.*LUSIU*LU51U-1.)
31 XNODOT=-2.*D30*PO2NO

33 C6=C4*SINIO
-- 4 1 F L A-Gx

35
-- 36 UFUAt UR SECULAR URAVI IY AND AIMUtiPHtRIL 0RAb

37
58 19 AAXNU (2.*XNUIU++3.*XN)UOU*IS INL)* i NLt
39 A=AO*(XNO/A) **TOTHRD

.4 a- E 0-6 A
41 IF(A.GT.QO) E=1.-QO/A

43 XNODES= XNODEO+XNODOT*TSINCE
44 OMGA43 0MEGAo+uMGDl*lSl NLt:

45 XLS=FMOD2P (XLO+(XNO+OMGDT+XNODOT+(XNDT20+XNDD60*TSI NCE) *
46-- S TSI N-CE-*TSINC E
47

.. G PEtRl --PER- 1 uD CS
49
50 ANXNLmL=E S O0 ( OI.GA $)
51 AYNSL=E*SIN(OMGAS)-C6/P

AXL-F P-r t tS-C-5-te* A XN SL )
53

-54 SOLVI KEPLERS-E UAON
55
Do U=I 0i2v (XL-XNUUtS)
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57 ITEM3=0
b5 E0o =U
.5*9 T EM5=1.
60 20 SINEO1=SIN(EO1 )
61 COSEO1=COS(EO1 )
-04 IF(AdS(TEM5).LT.E6A) GO TO 3U

63 IF(ITEM3.GE.10) GO TO 30

64 I TEM3=ITEM3+1
65 TEM5= .- COSE01 *AXNSL-S INE01 *AYNSL
66 TEi45=(U-AYNSL*COSE01 +AXNSL*SINEO1-EO1 )/TEM5
67 TEM2=AaS(TEM5)
68 aIF(TEMZ.GT.I.) TEM5=TEM!TEM5
69 EO1=EO1+TEM5
-U GO TO ZU
71
l* SHORT PERIOD PRELIMINARY QUANTITIES
73
74 3U ECOSE=AXNSL*COSE01+AYNSL*SINEO1
75 ESINE=AXNSL*SI NEO1-AYNSL*COSE01
f6 ELZ=AXNSL*AXNS L+AYNSL*AYNSL
77 PLxA*(1.-EL2)
8 PLZ=PL*PL

79 R=A*(1.-ECOSE)
8U RDOT=XKE*SORT(A)f/R*ESINE
81 RVDOT=XKE*SQRT(PL)/R

... TEMP=ESINEI(1.+SQRT(1.-ELe))

83 SINU=A/R* (SINEO1-AYNSL-AXNSL*TEMP)
C-SU=A/R* (COS E O--WNSIAYNSL*TEMP)

85 SU=ACTAN(SINU, COSU)

87 * UPDATE FOR SHORT PERIODICS
T88

'89 SIN2U=(COSU+COSu)*SINU
v- 0US zu=1.-2. * 5 1 NU* S1 NU

91 RK=R+DlO/PL*COS2U
UK=SU-DZOIPL* *51NZU

93 XNODEK=XNODES+D30*SIN2U/PL2
94 XINCK =XINCLeD4U7PLZ*L0s2U
95

-t* ORNTATION VECTORS

97
SS1 NUK=S1N(UK)

99 COSUK=COS(UK)
iUu 5INNUK=blNtXNODEK)

101 COSNOK=COS(XNODEK)
1-TUZ -S INIK=SIN(XINCK)
103 COSIK=COS(XINCK)

XMX=-SI NNOK*CO 51K
105 XMY=COSiIOK*COSIK
1U6 UX=XMX*SINUK+C OSNOK*COSUK

107 UY=XMY*SINUK+S INNOK*COSUK
8 U4=biNIK*b NUK

109 VX=XMX*COSUK-C OSNOK*SINUK
... Tl VY=XMY*COSUK-S INNOK*SI NUK

1- 1 VZ=SINIK*COSUK
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