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The Controi of Motion During Entry Into the Atmosphere

by ‘
D.Ye. Okhoteimskiy, A.P. Bukharkina, and Yu.F. Golubev

ABSTRACT

Results are presented of an investigation on the con-
struction of an algorithm for the control of a space-
craft descending into the atmosphere at a second cos-
mic velocity*. A multi-staged adaptive algorithm is
constructed for control during the descent segment of
the flight. Results are presented of the modeling
operations of the algortihm in a digital computer. It
is shown that the algorithm provided sufficient accu-
racy of control and smoothness in the adjustment pro-
cess for the existence of significant variations in
the distribution of the atmospheric parameters. The
paper is a continuation and development of the results
of earlier statements (Refs. 1-4).‘

1. Statement of the Problem

This paper is devoted to the problem of constructing an algorithm.
for the control of spacecraft motion during reentry into the earth's
atmosphere at velocities on an order of the second cosmic*. It s
assumed that the craft has a stabilized platform having three ac~
celerometers installed along a mutually perpendicular axis. Flight
control is effected due to change in direction of the lifting power
of the spacecraft with change in the bank angle. A calculation of
the necessary bank angle is produced by means of an on-board com-
puter and is based on an cnalysis of the measrement data.

* Translator's Note: The expression "second cosmic velocity" is
generally accepted to mean "escape velocity".
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In Refs. 1 and 2, an example was given of the construction of an
algorithm for control by the longitudinal motion of the spacecraft.
In Ref. 3, an algorithm for control was constructed by spatial
motion ensuring the achievement of the assigned landing sites by
distance and laterally In Ref. 4, an algortihm was presented for
determining the conditions of entry into the atmosPhere and a cal~-
culation for the for the initial conditions for integrating a sys-
tem of navigation equations; in addition, an analysis was presented
of the effects of errors in method, instrumentation, and operation,
and the range of atmospheric parameters on the operation of the
algorithm.

&

An algorithm for control during the segment of the first immersion
I, constructed and thoroughly analyzed in the cited references, en~-
sured the reliable introduction of the spacecraft into the final
segment of free flight II in'a sufficiently narrow region of the
parameters permitting compensation for the obtained deflection in
distance and flank with a utilization of the limited possibilities
for contrpl in the segment of the second immersion III (Fig. 1).

The algorithm was shown to be sufficiently stable as regards to error
and uncertainty in information on the range of atmospheric parameters
and ensured contrcl at practically all possible ranges of altitude to
perigees on an order of %15 km.

The resulis obtained disclosed a means for constructing even more
refined algorithms. 1In particular, it was desired to present instead
of a stepped dependence of the bank angle y on time, to obtain a con-
tinuous dependence which would more accurately be realized with the
motion of the spacecraft near the center of mass. It was also de-
sired that the limitation of the control moment be considered for a
bank turn and produce a calculation for the time necessary to process

- the measuring data and obtain a solution regarding a- change in the

bank angle. This paper appears to have made progress in this dlrectlon;

2. Logic of the Accepted Solution
. A Y ’
We checked, first of all, on an algorithm which was constructed on
the assumption that the processing of data is performed instantly.
Then we milow how a consideration was made of the time for the cal-
culations necessary for the accpetance of the solution.

We marked off a time interval within a section of the first immersion
at intervals of uniform length. We shall assume that a solution for
control is taken at the moment of transition from one interval to
another, that instantaneous changes of bank angle at an end value is
impossible, and that within one time interval the rate of change of

the bank angle Yy is constant. The function vy(t) shall be presented

as a broken line the salient p01nts of which coincide Wlth the boun-
daries of the time. 1ntervals. ‘ ,
Q

We also ncte that the’ change of Y durlng the passage through the

, boundary of an interval is llmlted by spe01flc boundarles, namely

|Y¢+1-Y i<P : “'{;i;f~» L (2.1)

2.
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Such a1 assumption simulates the bhoundedness of the control moment

in a bank. The value I simulates an increase of angular velocity
which may be obtained by the effect of the control moments in the
course of one time interval. In the accepted (assumed) model,
impulses are transmitted instantly at the moment of transition through
the boundaries of the intervals,

The derived function y(¢t) is similar to the motion in a bank which
may, in fact, be realized by a spacecraft under influences limited
ry the magnitude of the control moments.

In each moment of the accepted solution, the wvalue vy, and consequently,
the bank angles at the nearest time intgerval, are selected from the
condition, which together with the bank angles in the remaining time
of travel in the segment of the first immersion, shall provide the
necessary flight distance. Just as this was done in Refs. 1-4, a
double integration for the equation of forward motion was performed
from the moment of the acceptance of the solution to the end of the
segment of the first immersion on the basis of the results which

may determine both the value for distance (range) obtained during the
selection of some value for Y in the nearest interval, and the magnitude
of the effect on the distance of changes in the selection of ¥. These
data made it possible to compute the necessary value for ¥.

The logic of the accepted solution was shown by the feasihility to take
differences in the initial stage of motion up to a momeiit close to
acheiving maximum thrust velocity and in the remaining part of the
segment in the first immersion. We described some of the examined

. variants of the loglc and ‘presented arguments in justlflcatlon of the

accepted variants.

~ One of the simplest may be a variant when a change,in the bank angle

is set along this or another consideration outside the limits of the
nearest interval (¢4, t;,,) in which y is selected from the conditions
obtained by the requlred istances. At the end of the nearest 1nterval,
a dlsruptlon of v is cpns1dered (Pig. 2a). Inasmuch as at point ¢;,

a drop is not considered, repedated use is made of the algoxithm at
point t;.7, etc. producing the function y(t) in the form of a break.
However, the assumption of a disruption at the end of the interval is
reduced to the appearance of an undesireable serrated change in

Y(t).

This can be avoided if a selection is made of not one, but simultaneously,
of the two nearest sections of the break, as shown in Fig. 2b. The
origin of the first of the selected links is determined by the value ¥y
available to the moment ¢;, and the end of the second link is determined

by the condition of the continuous union with the already accepted
factor ¥(%) after a moment of time t;;z. The value y at moment t;_ 4,

is determined by the selection of the y in the first interval and
varies with its changes. For all possible values of y in the first Ak
interval of the examined factors, vy(t) appears to be a centinuous functiong
The use of the described double—llnk made it poss1b1e to get rid of B
the serration. “

An examination of Flg. 2b shows that if all condltlons in which a
solutlon at p01nt ts was taken were retalned and, subsequently, the
PR “ ;3 v“‘ B
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counstructed double-link did not contradict the condition in Eq. 2.1,
then, at moment ¢, . the first iink of the new double link would

match with the second link of the preceding, but the second link would
coincide with a segment of the accepted factor y(t) for the subsequent
value of time; that is, would have accomplished a passage at ¥(t) by
means of the double-link found at point %¢;. This indicates, specmf;—
cally, that 1f we had deflected, for some reason, from the given fac-
tor ¥(%), then after two time intervals we would again have returned
to it. This also indicates that if in the capacity of"¥(¢) any
break from a permissible number is taken, then the angle y leaves in
the process of control and will deteriorate.

In reality, because of the ignorance of the actual distribution of the
atmospheric density, the conditions for accepting the solution lessen
from point to point, and the indicated process, in a pure form, does
not occur. In additicn, depending on the detected appearance, during
the flight, of a character of change in the' atmospheric density, it

is expedient to produce a change in the ¥(t). Nevertheless, the
algorithm utilizing the logic of the double link proved to be suf-
ficiently effective and was accepted initially in the second part

of the segment of the first 1mmer51on.

The application of a double link in the first part of the motion
proved to be insufficient because of the tendency to provide a sel-
ection of the parameters of the double link in conditions of low ef-
ficiency and its subsequent increase in proportion to an increase in
the velocity of the thrust leading to the need for strong modulation
by the parameters of the double link, as a result of which, the process
of regulation is found to 'be not sufficiently smooth. When descending,
the efficiency of using a double link is found to be completely
feasible.

In the first part of the motion, a more extended interval of change

in the bank angle was found by suitable modulation; this consisted

of a link of fixed (constant) value of the angle y encompassing several
time intervals, of one link, developing in that segment from the avail-
able value of the angle vy to point t;, and a segment of forced modu-
lation of the further passage of y (Fig. 2b) for providing the continu-
ity of interlinking with ¥(t). The modulated condition of the function
v(t) is shown by a dashed line. 1In proportlon to the advance to the
region of maximum thrust velocity, the segment of constant y selected

- 1s shorter and produces sufficiently smooth interlinking of the des-

cribed logic with the logic of the double link.

Increasing the capacity of the algorithm to cope with the uncertainties
in determining density was accomplished by decreasing the time intervals
and, more often, producing the accepted solution. In this instance, the
range of temporary bases for the double link would be insufficient
which would lead to a strong perturbatlon of its parameters and a dis-
turbance of the eveness of the control.in the same way as occured dur-
ing the utilization of the double link in the first segment of the

~motion up to the zone of greatest thrust velocity. For overcoming

this difficulty, it proved to be expedient to somewhat modify the logic
of the double link, doubling the length of both of its links. 1In the
accepted scheme, each of the links of the double link consisted of

two intervals of time. WAfter arriving at point t;.7(Fig 2d), the
construction of a new double link was produced with the same time

span of the links, but shlf;ed to one. time interval, etc. | '
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The logic of the first stage of motion in a segment of the first
immersion also proved to be feasible by a slight modification be-
cause of a link derived in a plot of the constancy of y and selec-,
ted by two similar time intervals; howevexr, a review of the solution
was produced after the passage of each interval.

Wwith the solution of the boundary value problem about reac@ing the
assigned distance, it could be shown that an gbrupt change in the
angle of inclination produces more than thig is possible according
to the constraint of Eg. 2.l. In this instance, we selected maximum

possibilities for the examined interval for the value 7.

For control of the flight distance, it is sufficient to have the op-
portunity to change the angle y within a range of from 0 to w. When

¥y = 0, the entire lift is up; when y = m, it 1is down. Juring the
intermediate values of vy, a vertical projection of lift has‘an'lnter—
mediate value. Specifically, when vy = m/2, the component lifting force
in a plane of the longitudinal motion is equal to zero, anq the long-
itudinal motion is similar to the motion of a spacecraft without lift.

In order to overcome, effectively, the uncertainties of the atmospheric
parameters, an analysis is conducted, during the flight, of the devi-
ations in density from standard distributions. Using kinematic parameters
of motion and obtaining integrating systems of navigation equations based
on initial sonditions and current values, the component of acceleration
for aerodynamic forces may be computed at each moment of motion for the
value of density p and the value &=p/p providing a relation of the

actual density at a given point to its®halue from the accepted standard

distribution. The longitudinal motion of the value £ is found by some
function -of time the behavior of which, in the former, shall be known
for each moment of time. Assuming, as in Refs. 1 - 4, that £ is suf-
ficiently even coordinate function, we obtain the function £(t) for the
longitudinal motion which will also be sufficiently smooth permitting an
extrapolation forward in a brief time interwval. The utilization of such
an extrapolation is proved to be useful while conducting integrated
equations of forward motion in the process of accepting the solution.

Information about the possible character of change in £(t) in the im-

mediate future was also used during the selection of ¥(t) outside the
bounds of that time interval in which the selection of y was made from
conditions ensuring the assigned distance. In this manner it was pos-
sible to ensure an adaptation and reserve margin of control for over-
comming a deviation in density, the appearance of which, judging by the
passage of the function £(t), could be anticiapted in the immediate
future. -

The original function ¥(t) is seen as a broken line in Fig. 2d. A seg-
ment of the constant value y = £ joins an oblique line with another
segment of constant value taken initially as 7/2. Brake moments t, and
t, were chosen beforehand and fixed. With modulation &% in the process,
of the solution of the marginal problem of the inclined segment was

also modulated as shown in Fig. 2d by the dashed line. During the _
transition from one time interval to another, the length of the modulated
segment is naturally decreased. In the vicinity of t;, a transitionm
occured in the logic of the double-link or its modified variant.

4




Adaptation is produced by means of introducing a change in the position
of the segment of the curve of ¥(t) following point t,. The value m
(Fig. 2d) was computed by the formula

m=% + 8y | (2.2)
where the second component, just as in Refs. 1 - 4) was determined by

the formula ,

= f(t)LAE + BE] (2,8)
where 4 and B are the selected experimental Zonstants, E and £ are the
values of the first and second functions of E(t), computed at the mom-~
ent of the accepted solution for a multiple approximated passage E(t)
in which the interval of time, preceding this moment, f(t) is a certain
function of time equal tozero (null) to a zone of maximal thrust ve-
locity, then linearly increasing and reachlng a given value then remamns
constant. The parameters of the function f(t) were selected experi-
mentally. The con31deratlons leadlng to an introduction of adaptation
of this type, are provided in detail in Refs. 1 and 2.

3.A Calculation for the Time of Processing Data

In the preceding accour ¥, it was assumed that the calculations associated
with a reduction of the measurements that the acceptance of the solu-
tions were produced instantly. We eliminated one time interval from

the computations. We shall consider that all calculations associated
with the control selection are produced by basic information obtained

by the initial interval. BSimultaneously, an integration of the equa-
tions of navigation problems were made and data concerning the passage
of the function £(t) were stored; however, these data were only used

in the next act of accepatance of the solution in the next time interval.

Between the end of the admission of information for the acceptance
of the solution and the beginning of the completlon of the solution,
there is a lag of one tlme interval.

It is possible to compute for the lag by introducing a small change in
the algorithm, the logic of which was described in the preceding section.
We shall consider that the entire loglc is retained, but the selection
of v in the nearest time interval is based on information obtained up
to a moment of one time interval sooner. In order to enter into the
logic of the algorithm without a lag it is necessary to conduct a cal-
" culation for a value of one time interval. The value of function & (t)
we obtain by extrapolation. The coordinate conversion and component of
velocity we obtain by integrating the equations of motion in one inter-
val using an extrapolated value for £(t). Values entering the formula
for an addition to the function ¥(t) were obtained by means of extra-
polation., After such a conversion, everything is done as if the indi-
cated data were obtained from a solution of the navmgatlon problem
based on measuregments made in a time interval ellmlnated in this lnstance
for completion of the calculatlon. : \

to investigate the effect of lag by a small modlflcatlon of the algorithm
constructed without calculatlon for the lag. o
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Such arn approach proved to be convenient because it was euff1c1ently S3 mpl&ﬁ
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~to the passage of the functimn E(t) in conformance with Egs. 2‘2 and 2.3.
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The accepted assumption is that in a time intexrval deleted foxr the
acceptance of the solution, the incomming measurements and navigation
data may not be used; this may be the most simple and convenient way
for constructing the algorithm. Together with this, the results
obtained with this assumption, give an upper estimate of the negative
effect of th.: lag since the data entering during the time of the
calculation could,in principle, be partially utilized; this can pos-
itively be stated to be characteristic of the algorithm of control.

4. Results of Modeling

The development and testing of the algorithm was conducted by a com=
pter. The components of aerodynamic,aaceleration were,computed by

the integration of a system of equations imitating the moving object.

In these equations, divergencies of the atmospheric parameters were |
interpolated from the standard distribution and the equations according
to the selection of the bank angle which were developed by the control
algorithm. The control algorithm, realized in the form of the pro-
gramed complex, took the information from the imitated equation as tha
measured one, conducted the integrated system of navmgatmonal equations,
accomplished the predictions of motion, the solutions of the boundary
value problems, adaptation, predicted the function E(t), and produced
other operations, provided for the logic of its operation,and devel-
oped a solution for a change in the bank angle in the nearest time
interval.

The same deviation of direction was used as a disturbance of the atmos-
pheric parameters which was used during the development of the precedlng
algorithms and described in Refs. 2 and 3. These deviations are imi-
tated as variations in the distribution of density along the vertical 3
and as variations along the flight route. Their wvalue, evidently, is i
somewhat greater than the variation which may be encountered in actual
flight,and the algorlthm capable of successfully overcomlng them shall °
have a certain margin of safety.

Some results of the model:ng are presented in Pig. 3a. The heavy broken
line represents a change in the bank angle of ¥y durlng a perloa of flight
in the first immersion sector. The readout for time is carried from a
point having an altitude of 150 km. The inclusion of the algorithm

takes place at a momentwhen an interval from a g-load reaches a certain
given wvalue. At flrst, in a zone where the effectiveness is still not
great, the equation is not carried out and the angle is established as 5
equal to the value Yy, selected in relation to the height of the conditionall:
perigee. After the passage of an intexval of time of 45 sec, the logic
of the prediction is put into motion and tne acceptance of the solution.
A thin solid line represents the dependence £ (t) formed along the flight
trajectory. The dashed line, at times, was given the value m equal to
the height of the right band in Fig. 2b. This value changes in relation -

We can see that for a variant, pictured in Fig. 3a,- flow Y beaan qulte

mildly. The development of the tendency to a deflection of the density

to increase 1s fended off by a lessening of the y angle and an increase = |}

in the component of lifting forces influencing the longitudinal motion. |
| g ’
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The increase of £ (t) ceases quite abruptly and is replaced by a decrease.
In view of such a sitwation, there is produced, beforehand, a transition
to an increase of y and-bearing of the lifting forces of the craft down-
wards with a goal of preventing the flight of the craft from the atmos~-
phere until its velocity shall be in a sufficient degree of hraking.

The rapmd change of the situation with regard to the passage of the
function £ (t) requmres very rapid reaction., In consequence of the ac~
cepted limitation on the value of the skip yand the presence of the
time interwval dividing the moment of the receiving of infcrmation from
the moment of acceptance of the solutlon, in the system there is a
certain inertia which lessens the rapidity of the reaction. An abrupt
change of the passage & (t) leads to the yield of the angle y on the
upper pause where it remains until the end of the motion in the segment
of the first immersion. The lag occurs with a slewing of all lifting
forces of the craft downwaxds wh&ch, in spite of the accepted measures,
leads to the craft's emerging in a segment of free flight at excess
speed, and the po;nt of entry into the atmosphere in a segment of the
second immexrsion is shown by a displacement longitudinal to the flight
at 210 km. Such a deflection may be coimmpensated for without difficulty
by control in a segment of the second immersion since there is a profound
inner admissible range of deflection.

We note that the variant shown in Flg. 3a appeared to be the greatest of
the observed variants of deflection in the distribution of the density

of the atmosphere. This variation of density distribution proved to be
difficult for processing, especmally because after the abrupt change

of passage E(t) there was a reduction in dens;ty compared to the ‘
standard. As a consequence .0of that, the available margln of influence 3
of the craft's lifting forces on its motion is shown to be inadequate. H
As shown by the calculatlons, such steep transitions from a decrease of

the fuction £(t) to an increase prVed to be slgnlficantly more easy

to overcome. B

The rest of the examined variants in the deflection of density, reduced
to a deflection of the range of the points of entry, are significantly
less than the variant shown in Fig. 3a. In this instance, when the’
process of control was completed, not at the pause, the deflection in
range was usually within several tens of kilometers and essentially
determined the accuracy of the integration ahead with a solution of

the boundary wvalue problem. \

The curve in Fig. 3b is more even than in Fig. 3a for the passage of
function £ (t) during the transition from increase to decrease although
it attracts a brief exit of the bank ‘angle at a pause, but the process
of control is concluded in the inner region and ensures a high accuracy ;
in the entry points for a segment of the second immexrsion. | N

A more prolonged period of pause provmdes a place for the variant in
Fig. 3c, however, at the end of the motion a descent takes place from
that pause. A ,

In Fig, 3d a variant is presented in a density deflectlon characterlzed,
by that deflection taking place, essent;ally, to the side of increased
density. A sufficiently fast change in the passage of E(t) from a

8.
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decrease to an increcase leading to a lower pause which answeres the
utilization of all available lifting forces for the possibility of

a more rapid exit from the atmosphere in order to prevent excessive
damping of the velocity and the assoclated deflection of the entry
points to an undershot., As a result of the timely pause, the resulting
undershot was insignificant,

In Fig. 3e the entire process of control takes place without pause. The
deflection in range is small. It can be seen that the flow of function
E(t) influences the amount of the parameter of adaptation m and the
passage of the bank angle,

In Fig, 3f a variant is presented where the intense decrease of & leads
to an upper pause in a certain time. The deflection in range is also
very small.

The results of the modeling showed that with a reasonable choice of
parameters, an algorithm may make it sufficiantly stable with respect
to a variation in the distribution of density and to ensure an entry
point in a segment of the second immersion a reliable reduction

of the craft in a region of the parameters making possmble an effective
solution of the control problem in a second immersion and the descent
¢f the craft in an assigned area with great accuracy.

Submitted for publication on

3 December 1968
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HFIGgRES

Fig. 1. Descent trajectory into the atmosphere. 'I- a segment of the
first immersion, II-a segment of motion outside the limits
of the atmosphere, III-a segment of the second immersion.
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