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I

ORE CONTR OL ALGORI T HN FOR FINAL RATE OF DESCENT OF AUT ON A TI C VEHI CLES

II MAR TIA N ATM OSP H ERE

N. N . Ivanov , A. I. Nartynov

a
a
S

USTRACT Proposed is a simple contrG l algorithm for the f inal

rat. of descent of automatic v•kicles ii tbs Nartian atmo spher e which

gives a stalin. speed at a certain final altitude. Tb• lit tu g  force

vector is cont roll ed by changing effective quality. Presen ted here

are namerical results obtained from estisating the effectiveness of

the proposed algor ithm for two hyp.tk.tMal Lasding vehicles having

the same valu , of available quality K,... • 0.3 but a diffsren t reduced

load on the frontal surface : ~~ — 80 kgVs’ an d 11
% — 250 t9f/.~ . EN D

ABSTUCT

I 
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the rarefied Martian atmosphere compl icates the landing of space

vehicLes on its surface when aerodynamic braking is used. In a number

of stu dies (see, for example [13-( 3]) it has bees shown that only in

the presence of automatic guidance facilities assuring rel atively

accurate entry int o the atmosphere (navigation corridor 3t entry with

re spect to altitude of cond itional per icente~ âH a 150 km ) and in

using la nding vehicles (L V) with lifting force , can almost complete

damp ing of the energy of the LV be achieved by ~~ing the at .osphere.

He re one of the central problems is that of creating a syste m for

controllin g landing (LCS) . The considerable scatter in ent ry

cond itions (primar y with respect to altit nde of the condit iona l

pericenter of entry traj ectory H) ,  the high degree of indet erminacy

in the val ue of atmospher e parameters [2] in combination with the

requirement for maxima l simplicity an4 reliabilit y of the LCS

Compli cate the sOlutioa to this pr oblem.

The problem of controlling a LV in the Martian atmosp here , at

least in the first stag. , can b fermul at.d as a problem of

control ling the rate of descent V, at a given final altitude H,. This

rate should be minimal for creating the most favorabl , conditions for

operation of a soft landing system (SLS). It is assumed that  •heiH =H 1

— ~~~- . --. .-—----------—--- - . .  

_ _______  _____  -- - - - - - - .. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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the r~~iae of steady—state descent has not yet begun. Flight range

L plays no substantial role, and can be ignored. Vith automatic LV in

mind, load factor limitations need not be considered.

Given in this article is an analysis of an automatic control

algorithm for final speed, which has a simple structure and requires

only simple measuring and ca’culation devices for its achievement. At

the same time the algorithm does possess the necessary uni versality

and flexibility for use under different conditions of approach to

Mars. The proposed algorithm provides reliable and sufficiently

accurute guidance of the LV to the assi9led final altiteds H = H ~
with a velocity value close to the minima L while mainta ining the

altitude limitatiss H>H~~. Studied in this case was the equation

using the angle of rol l at which the effective aerody namic equality

K,.—K.cosi,

~~ere I(,—K ,~. is the value of quality at a balamced aigle of attack ,

— of roll.

Normal control program. Studies conducted earlier (3) showed
that resul ts d oss to optimal from the standpoint of obtainiaq V..1.

for LV with average values of reduced load on the frontal surface

• G/c~ S, provides a control program with a single switching of the

roll angi.. Th. LV enters the Nartii. at aospker s with a mi ni.a l va lue

- .. - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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of effective quality K~1~(1—~~,1). At a certa in moment in time

there occurs the transition to flight with K~~—K.,1(i=O). Thsresfter

vehicle movemen t occurs with a constant value of K,. Desp ite the
I

fact that the position of the switching paint is largely dependent on

many factors (primarily on the paramete rs of atmosphere, initial

entry conditions and characteristics of the vehicle), as a whole the

contrpl program is extremely simple and can therefore be a sed in the

capacity of a nominal program for cz.atieq a control algorithm. For

this purpose we must determine by onboard means a switchim g point

which will satisfy the conditions of the proble. which has been posed

for obtain ing V,,., with the actual parameters of the trajectory,

LV. and the atmosphere.

Selection of switching line. In the general case the switching

point t.x each ap.cific i-tb trajectory can be assigned by

coordiaate. V, .  5,,, H,,, vh~~ e • is the angle of inclination •f the

trajector y to the horizon. As already mentioned, flight ra ngs L,. ts

sot included in the number of parameters , since no limitations on the

f light range of the LV are imposed by th. conditions of the problems.

Tb. family of dist urbed traj ectories sill have a corr esponding family

of sw itching points V,~ S,. H 1.. Th u. we can plot a certain surface

for switchings of th. roll angl. in the space of phase coo rdinates

V., 5,, H,., asner all y it is di f f i cult for onboard facilities to

~mesorixeM such £ surfacs , and in order to use it we must have a 
- — - ----—-.-- .~~~~~~- - - - - - -  - - - - -  

-- - - - - - ~~~~~~~~~~~~~~~~~~ ____*_____ —S— -- - -  ~~~~~~~~~~~~~~~~ - ~~~~~~~~~ 1. ~~~~~~~~~~~~~~ —. ‘~--~—~~----~ — ~-~ ——~-~~- -‘--- -A
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computer for calculating the current values of V, e, and ~ aboard the

LV .

Let us use the very widel y emp loyed method of transition from V.

0, H to certain, to some degree equivalent, parameters, wh ich are

more accessible to measurement by simple onboa~d facilities, for

examp Le, ap parent velocity Vs .. loadi actor n
~ 

and the

decivative from the loadf actor wit h respsct to tine A .  Ob taining a,

involves certain technical difficulties, and thus to plot the control

algor 4.thm we must first examine only two parameters V~ an& n~. La
this case the three—dimensiona l sw itching surface V,,, 5,., H,, ~~~~~~
dowa into a certain curve in the plane of the phase ceerdi na tes Vs.

and I,.. Paranetsr fl .. cam he replaced by parameter 1u — switching

time, which is calculated from a certain fixed value of loadfactor n~
— m’% app arent velocit y V~

The main fact ors which affect selection of the switch ing point

for a LV wit h assigned charact er ist ics a~d for a certain a ssigned

entry speed are the scatter in altitude of the conditional pericenter

of .n try trajector ies LII , ind ter minancy in the vales at atmosphe re

parameters Lp, error in the entry velocit y of the LV LI ’,,, u.ttsr in

the projected ball istic parase ters of the LV LPa an4 AK,.~, •
assumed ma ximum Va lues of th. disturbances wh ich are given are given

_ _  ~~~:;~~~~-TIi:I~I~ ~~~~~
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Nav igation error with respect to alt~itude at o 4~&...4.

pericen tor taH,••,•••~ ±150 km

S
Error in value of available quality LX...... ±10 Gb

Error in value of reduced load on frontal

surface &p~.. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ± 100/.

Error in entr y speed *V1, •........ ..‘........ ±0. 2 km/s.

Oscil lations in at .ospher ic density are considered within the

limits of the mini mal and maxi mal models (2j:

P.,. = O,O12r°~~’; PM. = O,013e-.0.CSN, p_., 0,019 m.

I n the case of a disturb a mce of any one type (for exa mple ,

disturbance with respect t. LII,) we sill have a certain sw itching

l ine La the form of the d.pendeue A,, (Vs.) or f , (V, .). - Per u.asp le, in

Fig. 1 for a LV with ~~ 80 kgf/n a we have a family of switching

lime. for the mai n disturbances (all switchin g disturbances are

assumed to be indspendent with a normal law of distribution) . Here we

see that th . posit ion of the switching po int is mainly inf luenced by

- -  - - -
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the chan ge in para meter in H.. The switching line correspo nding to

this case (we call it nominal) will also be used to plot the control

algorithm (Figs. 2—a) . The position of the nomina l switching line in

plane ~~x . ‘S~ (or t,, Vs.) must be determined taking into consideration

the dynamics of m3tion of the vehicle about the center of the masses.

Therefore, after we have selected the switching line on the basis of

analyuing nominal trajectories which cafl for instantaneous switching

of the roll angle, we must replot this lir !e, this time con sidering

the turning dynamics with respect to the roll angle (see F igs. 2—i).

Exact determination of the location of the LV within the navigation

corridor of the entry (~H, • ±100—2150 hi) would make it possible to

further define the switching moment of the roll angle and focus

attention on other disturbing factors, tkus assuring that we obtain a

minimal value for a final velocity at the assigned final altitude .

However, existing methods for independently determining entry

conditions (in the simplest form) do not allow us to solve this
I

problem. Thus, for example , the method ith ich uses information on the

natur. of change in any p rameter measured on board the LV

(loadlactor , integral from loadf actor , etc.) over a certain time

i~ terval (
~ 3. produces error in determini ng H, ~~ the or der of

150—170 km in flig ht near the lower boundary of the navigation

corridor of entry. For this reason we present below a synthesis of

cont ro l withou t specification of the initial entr y conditions.

_ _ _  _ _  _ _ —_ _ _ _ _ _ _ _ _ _ _
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The studies, part of the results of which are shown in Figs.

2—4, indicated that the nominal switching line can be appr oximated

with sufficient accuracy by simple linear or quadratic dependences of

loadfactor ~.. or tine I, on apparent velocity:

n2,~—~~~(cj Vh +b 1 Vs n + a j ); (1)

= ~~ (m1 vh + k1 Vs ,~ + Ii), (2)

where j  is the number of approximation segments; a,, b1, c1, 1,, k1, m1 —

constant coefficie nts.

Control algor ithm. The control algor ithm is as follow s. The LV

enters the dense layers of the atmosphe~~ K,. K.~.(i...). At a certain

moment m~ • measurement of the cur re~t values of loadf actor ~~r ret

or time tv,, d ap p arent velocity Vs,,. be~ iss on board the LV.

Caloedated simultaneously is the value of the loadfactor fl~” or time

et which the transition to flight should be made with

IC,.-. K,., (~=O):

fl~’’ ~~ (c,V’s y,i,+b,Vs ,.,+c,); (3)

(4)

_ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~
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where V31.. is ti, current value of appa rent velocity, measured on

board the LV. During the descent process the cur rent measu red

parameters flx e,. , t~. are constantly compared with the calculated

n~~’, t~’t”. As soon as the current value of Loadfactor or time become s

greater than the calculat ed

-~~~ ~bIC I• t 
~ 15fl~ Tt~ ~~ , LTk ~~ ,

the command is issued to switch K,. from K~in ( 1.1.) to K,a. (i 0). TO

increase the working reliability of the control system this command

is issued with a certain delay time, during which the conditions of

(5) are checked. Then there begins the process of transition of the

LV to flight with K,•— K..., . the duration of which depends on the

parameters of angular stabilization and external conditions.

Thereafter the flight of the LV is stabilized with K,4=K.u until the

soft landi ng syste m is activated.

Evaluating efficiency of cont rol algorithms. The efficiency of

the cont rol algorithm was evaluated as follows. The main

disturbances , whose maximal values were given above , are assumed to

be random , indepen dent of one another , and having a normal law of

dirtrjbution:

—---________________ - . -- . - -__________ ______ 
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H, =R, + A1 AHu mu, K K +A 2 AK.. , I (6)
a°x P~+4s&°.,.,, Vr1 P,, + A4 AV,x rnu p .-.p +A~Ap .,,. I

lore H. K , P~’ V, P represent the nominal values (mathematical

expectations) of the altitude of the conditional pericenter of the

entry trajectory, the quality of the LV, load op the frontal surface,

entry velocity, and density, respectively ;

LHgmaz, AK..,, AP~,,11, A V.,.., 4.”— the maximal value of the expected

deviation of the corresponding parameter from the nominal value; A 1_,

— random values with nominal law of distr ibut io~, zero ma t hematica l

expectation, and mean square deviation of 1/3. Accuracy in

determinin g the fi nal speed was estima ted using the method proposed

by B. G. Dostupov (5). $ere the value of the mathematical expectation

of this final veloc ity M ( V ,) and ti. triple mean square dev iation

wer e determined with the control syste. working and with the

sum effect of all disturbances.

Numerical results. The effectiveness of th, work of the control

algorithm was estimated according to the described method for two

types of LV with the same value of available quality ~(p~~ • 8.3 but

with different values for the reduced load on the frontal surface:

P,=80 kgf/ml aM 250 kgf/ m5. The zimal val ue of the tell angle was

assume d egusl to r.~~— )8O° for LV with P 8Ok~f/.m and 1.~~— 135’ f.r

LV with P. =250 kgf/ea.

L __
~~~~~~~~~~~~~~~~~~~~~~~

_ _ _  _ _ _   _ _ _
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The movement of the LV (taking into account turning dyna m ics

with respect to roll) and the control algorithm were calcu lated on

the digita l computer. Here we dealt with direct entry into the

Martian atmosphere (V~~=6- km/a) . The minimal permissible flight

altitude was assumed equal to the final altitude (H ~~ =H ,) .

The effect of disturbances on the value of the final velocity

was estimated for two variations of the control algoritin, the first

of which uses a switching line in the form of dependence fi .. (Vs.) ( e

rigs. 3 and 4), the second in the form ef t,( Vs,) (sen rig. 2).
I

In the first case the switching line is approxima ted with

sufficient accuracy by a straight line for the LV with P,—80 kgf/m :

II.. — — Vs. + 12~5

- 
and a pol ynomina l of the 2nd degree for a LV with P, 250 kqf/m’:

U

n1. — .l ,IV ~.+ II ,! Vs,— 3,5.

In ta. second case the switching Use is best approximated by

tic straight limes for the LV with P,.— 80 k~f,sm~:

whis V, c~ 1.86 ks$ t,’.. 140 V,.+. ~~.70,

_________

~



F- 
— - -—- -.---— - . - - -—- -

~~~~~~~~~~~~~~~~~~~~~~~ - - - -• - - - - - -

- - ~~~~~~~a~ 4> ~~~~~~~~~~~~ — — — -—-- - - --- —- -.- — _
~___ .  - -—-- — - . - - -- —~~~ - -- --- — - - — — - - -.

DOC — 0196 PAGE 12

vies V3> 1.8$ isle t~= 23.8 •V5~ -4- 0.2.

The values of the final speed which the vehicle attains at a

certain fi nal alt itude ~~. under th, influence of different types of
6

disturbing factors in the case of controlled descent using the

described algorithm, are shown in the table.

The mat hematical expectation M ( V ,) and triple mean sq uare

deviation of the final velocity A V,_ ± 3 s  for tie combined action of

all disturbances, determined by the method of B. G. Dostupov, are,
I

resp ectively :

for algorithm with switching line t, (Vs .)

H, — 3,5 i w , P~~~ =80 *~ /~w’, M (V,) = 246 A V. — 3a —
=- 47 im/s

H,=2 x.w, Pr=80 4pM’, M ( V ) = 2 0 8  h i/i, AV— 3a= .
=32 m~/E;

= 
, SCM — 250 i,f/ ii’, M ( V,) — 444 s.t/s, A V, 3.

for a lgorithm with swtiching Us. ii,.( Vs.)

H,=3,5 sc.w, Pr—80 41/n~ M (V,)=237 ,iui /i, £V,=43 vs/a,
H.= 2 % ~w.Pr =80 *,f f r )  M ( V) = 2 0 6  imp s, £V,~~ 33 us / s .

If we compare the work of the cont rol algorithm under w real*

L - - . .— - — - — - --.~~~~- —. . ~~~~~~~~~~ . - ~~~~~~~~~~~ ~~ - - —..
-—~~~~~~~~~~ —— — — - — .

~~~—
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L

conditions (taking into consideration the turning dynamics of the LV,

effects of variou s disturba nces) with “ideal” control (ins tantaneous 
-

turning of the LV, optimal switching point for each specif ic

trajectory), then we note that possible error in the work of the

algorithm for control of the final speed is (3.):
-

on a vehicle with P~ 
aA kgf/ma and K~~, O. 3i Fl, • 3.5 ks A V, — 6$

ifs when t, (Vs .); H, • 2 km AV, • 45 s/a when t, (Vs .); H, • 3.5 is, A V,

• 55 m’s when n1.(Vs.); H, • 2 km. ~ V, • 4* ~~s when n,, (Vs .);

on a vehicle with P~ • 250 kgf /m m , K~.... 0.3: H , • 5 km,-: aV, —

56 n/s hem t,( Vs ,) .

Shown for comparison in the table are data for the case where in

Place of the switchin g line a single switching point is used . This

correspond s to entry along the center of the corridor. Apparently in

this case it is virtually impossible to achieve reliable descent of
I the LV onto the surface of the planet.

These materials show that the effectiveness of the wDrkin g of a

LCS using the propose d algorithm is virtually ind spssdest of the

method of assigning the switching line in the for m ~~ Js , ,(V, .) •~
t,(Va.). The cau sal scatter in th, value of th. final velocity for the

working control system decreases with a decrease in the fi na l

-— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - —
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altitude H, at which the soft landing system makes its entry.

Methodological error constitutes a value on the order of 50 n/s.

The proposed control algorithm can be used in plotting control

systems of final descent speed for vehicles with an average value of

reduced load on the frontal surface and with a low value Df available

quality at various rates of entry into the Martian atmosphere. The

algorithm can be achieved b y using simple measuring devices (for

examp le, the accelerometer, integrator, clocks) and a simple computer

for arithmetic and logic functions. The control syste. can be

adjusted by a simple conversion of the coefficients which approximate
I.

the switching line and are stored by the onboard computer.

Manuscript received 2 January 1971
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Pig. 1. ~IY: (1) kgf/ma, U) k m/a.

C,)
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Pig. 2. KEY: (1) a, (2) kgf/mS, (3) km/a, (*~ Switching line *~ (~1~ )

without y dynamics considered, (5) swtiching line ~,óQvit i y
dynamics considered , (6) km/s.

(a.)
tft~ir) ~~~~~~~~~~~~ ‘N

a’1t~ / ‘#S
~~~~~~~~~~~~~~~~~~~~~

.
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7
~~~~~

dy
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.=,1,, 4_____ ~~~~ _/
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