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Abstract

The paper includes analysis of typical set of disturbances acting on ballistic spacecraft during
reentry the Earth atmosphere. It is shown that the most significant disturbing factors are
execution errors of de-boost impulse and variation of atmospheric parameters with respect to
standard values. Non-nominal aerodynamic characteristics and displacement of vehicle center of
mass from symmetry axis are disturbing factors also. There are analytical partial derivatives of
reentry parameters and landing point location with respect to de-boost impulse errors. For typical
de-orbit conditions the numerical values of derivatives are calculated. The paper contains also
investigation results of landing point dispersion due to disturbed atmosphere. Computational
Mode of the Earth Disturbed Atmosphere-CMEDA (KIAM RAYS) is used for reentry simulation.
The total number of calculated disturbed trgjectories is more than 5000. All presented results are
necessary for ballistic design and choice of optimal mission scheme for an orbital type reentry
vehicle.
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1. INTRODUCTION

The problem of ddivery experimental and observation results from orbit to the Earth arises
very often in the process of space research. The simplest and cheapest solution of the problem is
the use of a small ballistic reentry vehicle. Such kind vehicle has no control system for guidance
into the atmosphere. So, a dispersion of landing point may be significant, and it complicates the
search of vehicle and very often a safe landing also. If the vehicle is reusable, there is a problem
of heat flux restriction to retain the aerodynamic shape. Both factors are principal for choice of
vehicle shape and optimal mission scheme but the paper considers mainly an accuracy problem.

After mission analysis were obtained following preliminary results (Sikharulidze, 1998). The
initial mass of reentry vehicle is of 150...200 kg. The optimal thrust of de-boost engine is of 750
N. The aerodynamic shape is frustum of aconetype. Rational orbit is circular one with altitude of
250...300 km, in the plane of equator ailmost. Optimal reentry corridor on fight path angle B¢,
(between velocity vector and conditional boundary of the atmosphere at altitude of 100 km) is of
-3°...-4°. Corresponding value of de-boost velocity impulse is of 250...360 m/s. This corridor
provides a good landing accuracy and restricted heat flux also. The optimal direction of de-boost
impulse is against to orbital velocity vector. It provides a required reentry angle with minimum
propellant consumption, (Sikharulidze, 1982).



An analysis of derivatives (i.e. functions of influence) of reentry parameters or landing point
position with respect to errors allows to estimate the sensitivity of trajectory on disturbances.
Then it is possible to recognize the most significant factors and take measures for minimization
of their effects.

One of the most significant disturbing factors are errors of de-boost impulse AV realization on
* time of execution,
 value of de-boost impulse,

* in-plane orientation,
* out-of-plane orientation.

Another important disturbing factor is a difference of real atmosphere from standard one. To
obtain statistical characteristics (mathematical expectation, dispersion, maximum and minimum
deviation) it is necessary to calculate a few hundreds of reentry trajectories for each set of initial
conditions. Clearly that very important isa mode of the Earth disturbed atmosphere.

Enough important disturbing factor is a difference of real aerodynamic characteristics of
reentry vehicle from nominal values. The difference may arise due to 2 reasons.

* non-correct determination of characteristics,
» change of aerodynamic shape during reentry.

The first reason does not depend on type of reentry vehicle (single-usable or reusable). It is
known that at the project phase an error of aerodynamic coefficients determination is of 10...20%.
The second reason is essential for reentry vehicle with ablating (collapsed) heat protection
material. The aerodynamic shape of reusable reentry vehicle should not change in flight. In the
opposite case a reentry vehicle is no reusable one.

The last considered disturbing factor is a displacement (shift) of vehicle center of mass (c.m.)
from the symmetry axis. The displacement may arise due to
» error of c.m. position determination,

* movement of c.m. after expenditure of propellant, gas, etc.,
» asymmetric change of aerodynamic shapein flight.
For reusable reentry vehicle only the first and second reasons are essential.

The landing accuracy is very important for reentry vehicle, especially for reusable one. A high
landing accuracy allows to restrict a required landing polygon, simplifies tracking at the final
phase of trgjectory, makes easy the search of vehicle and its recovery after soft landing. It
provides also a good condition for capture the vehicle by helicopter at parachute descend phase if
the vehicle has no system of soft landing (solid motor or shock absorber).

2. SET OF DISTURBANCESAND ESTIMATION OF LANDING ACCURACY

Landing accuracy significantly depends on given set of disturbing factors, their values and
possible combination. The most significant disturbances are: de-boost impulse execution time,
disturbed atmosphere, non-nominal ballistic coefficient and c.m. displacement from symmetry
axis. Preliminary estimation of landing accuracy we can get in linear approximation by use partial
derivatives of downrange and crossrange with respect to disturbing factors. At analysis of
disturbances one uses some mathematical models these differ from real physical processes. It is
impossible also to take into account all real disturbances due to insufficient understanding of real
physical processes. So, calculated landing error should be 20...30% less than given polygon to
provide the necessary reserve of landing accuracy.



2.1. De-boost errors

An error of de-boost impulse execution time dtq, only shifts the reentry trajectory. Derivative
of landing point position with respect to execution time error is (Sikharulidze, 1999, NT-164)

OL/0tg = VairRE /1air.
(1)
HereV isacircular velocity, rq isaradius of orbit, Re = 6378 km is the Earth mean radius. For
circular orbit with altitude of Ha, = 300 km (all following results are given for this orbit) thereis
oL/otg, = 7380 m/s. It means that only 1s error of de-boost maneuver execution time shifts the
landing point on 7380 m.

An error of de-boost impulse value &(AV) influences on initial conditions of reentry, i.e., on
reentry velocity Ve, and angle B¢, (see Figure 1). Besides, the error changes an angular range of
extra-atmospheric trajectory ®e, (from de-boost point to reentry point) and flight time t ¢, at this
phase. As a result, geocentric coordinates of reentry point (latitude ¢o and longitude Ag) are
changed.

Derivative of entry velocity with respect to de-boost impulse value AV is

VedOAV= - (1-AV/ Var) | (Ve Var). @)

For reentry angles B¢, = - 3° and —4° the value of derivativeis of 0Ve«/0AV= - 0.97.
Derivative of reentry angle with respect to de-boost impulse value is determined by equation

00en/OAV = -360°(rar/ra){ [(Far/ra)-1/[2- (rairlra+1)(1-AVI V) } [TV (Ve Var) 7. ()

Here ry = Rethy is the radius of atmosphere, hy = 100 km is the altitude of conditional boundary
of the atmosphere. There are 90e/dAV= -0.009 degree/(m/s) if 8= - 3° and -0.007 degree/(m/s)
if Oen= - 4°.

Derivative of extra-atmospheric angular range with respect to de-boost impulse valueis

0P e/IAV = -360% [ (rair/ra)-11/[2- (radra+1)(L-AV/ Va) I} 2 Vel 1-(1-(AV I Va) A}, (4)

There are d®/0AV= -0.14 degree/(m/s) if Be= -3° and -0.07 degree/(m/s) if Be= -4°. In the
second case the sensitivity is 2 times | ess.

Derivative of extra-atmospheric flight time with respect to de-boost impulse value is described
by very complicated equation, so below are given only numerical values: dtey/0AV= -2 §(m/s) if
Ben=-3° and -15/(M/s) if Ben= - 4°. In the second case the sensitivity is 2 times less also.

Very important property of optimal de-boost maneuver (against to motion direction at the
circular orbit) was proved early (Sikharulidze, 1999, NT-164). The maneuver provides both the
maximal value of reentry angle B « [ and non-sendtivity in linear approximation of total
descent trajectory to small errors of de-boost impulse orientation in the motion plane. It means
that all derivatives of motion parameters at extra-atmospheric phase with respect to impulse
orientation in the orbit plane (pitch angle 9 in Figure 1) are zero.

An error of de-boost impulse orientation in the horizontal plane (yaw angle Y in Figure 1)
produces a side component of de-boost impulse AV«. As aresult, the motion plane turns around
the local vertical (i.e. radius-vector of initial point) by asmall angle. In the same time the descent
trajectory (in a new plane) does not change. A side displacement of landing point AB appears,
and its value depends on derivative



OAB/OAV & = V¢irRe Sinds/[1- (AV/IVair)F. (5)

Here ®s is a total angular range from de-boost point to landing one. There are 0AB/OAV « =
-770 m/(m/s) if Ben=-3° and -670 m/(m/s) if Ben= -4°.
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Figure 1. Scheme of de-boost maneuver Figure 2. Angular range of atmospheric phase

2.2. Variation of density and wind

The model of disturbed atmosphere is very important for simulation of reentry trajectory. It
means more for ballistic reentry when the vehicle has no guidance into the atmosphere.

Computational Model of the Earth Disturbed Atmosphere - CMEDA was developed at the
Keldysh Institute of Applied Mathematics (KIAM) in 1968-1998 (Sikharulidze, Korchagin,
Kostochko, 1999). The CMEDA isintended for
» development of vehicle guidance algorithms,

» estimation of expected accuracy of maneuver,
» determination of aerodynamic loads, €etc.

It is the global model for altitudes from O km up to 120 km and includes all 12 months of the
year. The CMEDA contains season-latitude, diurnal and random components of density
variations and a wind field also. It alows to generate an unlimited number of disturbed
atmosphere states for simulation of various flight conditions.

A variation of density op is represented as normalized deviation of disturbed density p from
standard one ps :

Op=(p—ps)/ Ps - (6)



Thetotal variation includes season-latitude, diurnal and random components
Op=20ps (H, ¢, N)+0pa(H, ¢, 1) +0p (H, A, ¢, N, &), @)

where H isan dtitude, ¢ isalatitude, A isalongitude, N is a month number, T is alocal solar
time, & isarandom vector.

Season-latitude and diurnal variations are systematic and describe a mean or expected state
of atmosphere as function of altitude, latitude, month and local time. The random component
determines a difference between “actual” state of atmosphere and systematic components. For
description of random component the method of normalizing functions was developed. It is based
on the analysis of experimental measurement data. Three normalizing functions allow simulating
the harmonic density variations as function of altitude, latitude and longitude.

The model of wind contains zonal (along the parallel) and meridian components of a wind
velocity. The zonal component U consists of three terms, season-latitude, diurnal and random:

U=Ugq+Ug+U;. (8

The meridian component has a random nature.

Software of the CMEDA is compatible with any operational system that contains C-compiler.

While vehicle flightsinto the atmosphere, dispersion of landing point arises due to variation of
density and wind. The bigger is reentry angle |6, |, the smaller is dispersion. So, for reentry angle
of 8= -3° the mean square root of downrange variation is of 0. = 4.83 km and crossrange one
is of og =1.20 km. The limit errors of landing point in assumption of standard (normal)
distribution law are of AL = 30, = £14.5 km and AB = 30 = £3.6 km . If reentry angle is of
Ben=-4°, there are accordingly o, = 4.03km, og =1.15kmand AL =+12.1 km, AB = +3.4km.
Landing accuracy after de-boost at the quasi-equatorial orbit does not depend amost on the
season (month). Maximum difference is of 10% (Sikharulidze, Korchagin, Moraes, 1999).

2.3. Uncertainty of aerodynamic coefficients

Any variation of aerodynamic coefficient from nominal value is a significant disturbing factor.
Redlly, derivative of velocity on time for motion into the atmosphere is described by equation

dV/dt = -oppV?/2 —g siné, (9)

where op = CpS/misaballistic coefficient of reentry vehicle, Cpisadrag force coefficient, Sisa
middle are, m isamass of vehicle, p isadensity of atmosphere, V isan air velocity (with respect
to the atmosphere), g is a gravity acceleration, 6 is a flight path angle. Common accuracy of Cp
determination is of 10...20%.

Figure 2 shows that angular range of atmospheric trajectory ® versus Igop is alinear function
almost (with accuracy of 1%). It may be described by equation

®4 (Op, Ben = -3°) = 10.764°- 2.457° (Ig op + 3.0). (10)
If g is an accuracy of op determination (for example g = 0.1...0.2), then qop is a variation of

ballistic coefficient from nominal value. The landing point possible downrange displacement due
to uncertainty of ballistic coefficient op (or drag coefficient Cp) is of



AL (8en = -3°) = (110 km/degree) 0d4/dop(q op = -119 kmg. (11)

This equation proves very important result (Sikharulidze, 1999, NT-164): possible landing point
displacement due to variation of ballistic coefficient op within limit of accuracy depends only on
reentry angle 8« and given accuracy q but does not depend on value of ballistic coefficient. If
g = 0.1 (accuracy of op determination is of 10%) the possible landing point displacement is of
+12 km.

For reentry angle Be, = -4° there are following equations:

@4 (O, Ben = -4%)= 8.395%1.783°(Ig op +3.0), (12)
AL (Bgn = -4° = -85 kmig. (13)

If g = 0.1 the possible landing point displacement isof +8.5 km. Thisvalueis 1.4 times less than
in the case of reentry angle of B, = -3°.

For ballistic reentry vehicle a lift force coefficient is zero in nominal case (C_.=0), and any
displacement of c.m. from symmetry axis is one of the most significant disturbing factors. It
violates the axial symmetry of vehicle mass distribution while the aerodynamic shape retains the
axial symmetry. Asaresult, atrim angle of attack aim arises that is almost constant during flight
into the atmosphere. The angle of attack produces a lift force L that changes the ballistic reentry
trajectory in controlled one with casual guidance law. A disturbing force acts in the orthogonal
plane to the air velocity V. A direction of lift force L in this plane is random that produces a
casual guidance law.

A disturbance of ballistic trgjectory depends on lift-to-drag ratio kyim= L/D = C./Cp. In linear
approximation, derivative of lift-to-drag ratio with respect to c.m. displacement from symmetry
axis (-yr) is described by equation (Sikharulidze, 1999, NT-164)

dKyim/dye = -CL%/[Cpb(X/b)(1+ CL%/Cp)]. (14)

Here C.% = dC_/0a is aderivative of lift coefficient with respect to the angle of attack, b isamain
linear size of vehicle (diameter or length), xg/b is a static stability margin. For Apollo shape
reentry vehicle there are at ayim = 0: Cp =1.2, C.*=-1.01 rad™. If static stability margin is of xg/b
=-0.1 (typical value) and b=1 m, then dkyin/dyr =-0.053 mm™. It means that c.m. displacement on
1 mm only produces lift-to-drag ratio kyin= 0.053. If the entry angle is of 8e,=-3°, this value of
Kyim may generate downrange error of -46 km...+60 km and crossrange error of £12 km. If Bg=-
4°, there are the downrange error of -33 km...+44 km and crossrange error of +10 km. Vehicle
rotation around symmetry axis with angular velocity of wy =10...20 degree/s (roll rate) alows
significantly reduce (almost to zero) the effect of c.m. displacement from symmetry axis.
Efficient action of arisen lift force is near zero, and descent tragjectory is close to ballistic one.

2.4. Estimation of landing accur acy

Analysis of landing point accuracy under considered set of disturbances includes calculation
more than 5000 reentry trajectories.

Preliminary estimation of landing accuracy in linear approximation may be obtained by partial
derivatives of downrange and crossrange with respect to disturbing factors. There are four groups



of errors. Errors of the first group affect on landing point directly (de-boost impulse execution
time dty, and side component of de-boost impulse AV«). The total error of execution time takes
into account the non-nominal value of thrust (0P =+ 1%) and delay of engine input valve during
switch-on and switch-off. An error of the second group [error of de-boost impulse value d(AV)]
disturbs reentry parameters at the boundary of atmosphere and, as a result, produces a dispersion
of landing point. The error of de-boost impulse value takes into account the error of integrator
(= 0.5%) and dispersion of thrust impulse during switch-off (£5%). In this case the atmospheric
phase of trgectory significantly influences on dispersion of landing point. An error of the third
group (error of engine orientation in the motion plane) in linear approximation does not influence
on the landing accuracy. Errors of the fourth group are not related with de-boost maneuver
(disturbed atmosphere, non-nominal ballistic coefficient, c.m. displacement from symmetry axis).

All results of landing accuracy analysis are presented in Table 1. One can see that among
downrange errors the biggest component is due to error of de-boost impulse value. The second
reason is disturbed atmosphere. Non-nominal drag coefficient and c.m. displacement from
symmetry axis generate approximately equal errors. The total downrange error ( £30. ) is of
AL = +28.6 km for reentry angle of 8= -3°and  + 21.8 km for reentry angle of Be= -4°.

Table 1. Main components of landing point error, km

Group Reason of error Reentry angle
_30 _40
Downrange errors

1 Execution time of de-boost impulse (3P = +1%) +1.67 +255

2 Error of de-boost impulse value (+£0.5%) +18.71 +14.03

3 Error of de-boost engine orientation in the motion 0 0
plane (pitch angle 9= +1.5°)

4 Disturbed atmosphere (CMEDA) +145 +12.1
Non-nominal drag coefficient (dop = £10%) +120 +87
Displacement of c.m. from symmetry axis + 105 +7.0
Total downrange error (+30.) + 28.6* +21.8*

+ 26.6** +20.7**
Crossrange errors

1 Error of de-boost engine orientation in +4.77 +6.3

the horizontal plane (yaw angle ) = +1.5°)

4 Disturbed atmosphere (CMEDA) +3.6 +34
Displacement of c.m. from symmetry axis +24 +21

Total crossrange error (+30s) 6.4 +7.5"
+ 6.0%* +7.2%*

* Without angular rotation
** With roll rate of wy=10...20 degree/s



Among crossrange errors the biggest one is due to error of de-boost impulse orientation out of
motion plane. The second reason (on value) is disturbed atmosphere. The total crossrange error
(+30g) isof ABz=+6.4 km for reentry angle of 8= -3° and +7.5 km for reentry angle of 8gn=-4°
(Sikharulidze, 1999, NT-170).

If vehicle rotates around symmetry axis with angular velocity of wy =10...20 degree/s, the total
downrange error will be of ALs = +26.6 km for reentry angle of 8e= -3° and +20.7 km for reentry
angle of Be,=-4°. The total crossrange error will be of ABs= +6.0 km for reentry angle 8e=-3° and
+7.2 km for reentry angle of 8e,=-4°. Accuracy increases insignificantly due to assumption about
small c.m. displacement from symmetry axis (only £0.2 mm). In case of bigger displacement a
difference will be more significant.

Obtained accuracy of landing point depends on accepted assumptions about errors of de-orbit
maneuver and parameters of vehicle, disturbed atmosphere, etc. May be this accuracy is
optimistic one but it illustrates an order of expected landing accuracy. To guarantee the landing
within given polygon, it is necessary to have a reserve (about of 20...30%) for compensation of
non-considered disturbances and inaccuracy of motion model. Really, it isimpossible to provide
a high landing accuracy for ballistic reentry vehicle. Very often this task has solution by use the
guided parachute system at the final phase of trajectory.

The modern guided parachute can provide lift-to-drag ratio of kpa = L/D = 2. It means that
horizontal transfer may be 2 times bigger than vertical one. If parachute starts operation at
altitude of Hpa = 15 km it can compensate landing error about of 30 km. For Hpar = 10 km it can
compensate landing error about of 20 km. The tracking ground radar that measures a distance to
vehicle (may be, velocity also) and angular position can provide correction of motion at the
landing phase. The onboard equipment for parachute control may be very simple.

2.5. Acknowledgements

The author would like to express his gratitude to CNPq for the financial support provided
during the development of this research, “Reentry Dynamics of Space Vehicles’ (grant
300.115/98-2000).

3. REFERENCES

o Sikharulidze, Y.G., 1982, “Ballistics of Vehicle’, Moscow, Nauka, 351p. (book in Russian),

o Sikharulidze, Y.G., 1998, “Reentry Dynamics of Space V ehicles: Choice of Optimal Mission
Schemes’, Technical Report NT-152/ASE-N/98, Centro Técnico Aeroespacial, Instituto de
Aeronautica e Espaco, SP, Brazil, 84p.

o Sikharulidze, Y.G., 1999, “Reentry Dynamics of Space Vehicles. Determination and
Analysis of Parametric Errors and Dispersions’, Technical Report NT-164/ASE-N/99,
Centro Técnico Aeroespacial, Instituto de Aeronautica e Espaco, SP, Brazil, 99p.

e Sikharulidze, Y.G., Korchagin, A.N., Kostochko, P.M., 1999, “Computational Model of the
Earth Disturbed Atmosphere “, Space Research Journal, Vol.37, No.3, Moscow, pp.367-375.

» Sikharulidze, Y.G., Korchagin, A.N., Moraes, P., Jr.,1999, " Analysis of Accuracy at Ballistic
Reentry in the Earth Atmosphere”, RBCM-Journal of the Brazilian Society of Mechanical
Sciences, Vol.21- Special issue: Proceedings of the 14" International Symposium on Space
Flight Dynamics, Foz do Iguagy, Brazil, pp.523-533.

o Sikharulidze, Y.G., 1999, “Reentry Dynamics of Space Vehicles: Studies on Ground Impact
Point Dispersions’, Technical Report NT-170/ASE-N/99, Centro Técnico Aeroespacial,
Instituto de Aeronautica e Espaco, SP, Brazil, 29p.



