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ONE CONTROL ALGORITHM FOR FINAL RATE OF DESCENT OF AUTOMATIC VEHICLES

IN BARTIAR ATNOSPHERE

N. H. Ivanov, A. I. Martynov

‘

.
ABSTRACT Proposed is a simple controd algoritha for the finalj
rate of descent of automatic vehicles in the Martian atnosPhote vhich
gives a minimum speed at a certain final altitude. The lifting force
vector is controlled by changing effective guality. Presented here
are numerical results obtained from estisating the effectiveness of
the proposed algocritham for tvo hypothetical landing vehicles having
the same value of available quality Kme = 0.3 but a different reduced

load on the frontal surface: Py = 80 kgf/a2 and Py = 250 kgf/m2. END

ABSTRACT -
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The rarefied Martian atmosphere complicates the landing of space ‘
vehicles on its surface vhen aerodynamic braking is used. In a number }
of studies (see, for example [1}[{3])) it has been shown that only in
the presence of automatic guidance facilities assuring relatively

.accurate entry into the atmosphere (navigation corridor >f entry with 4

respect to altitude of conditional pericenter AH:. = 150 km) and in
using landing vehicles (LV) with lifting force, can almost coamplete
damping of the energy of the LV be achieved by using the atmosphere.
Here one of the central problems is that of creating a systea for
controlling landing (LCS). The considerable scatter in entry
conditions (primary with respect to altitude of the conditional
pericenter of entry trajectory //:), the high degree of indeterminacy

in the value of atmosphere parameters [2] in coambination with the

requirement for maximal simplicity and reliability of the LCS

complicate the solution to this problea.

The problem of controlling a LV in the Martian atmosphere, at
least in the first stage, can be foraulated as a probleam of

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

rate should be minimal for creating the most favorable conditions for

operation of a soft landing system (SLS). It is assumed that whea/=H,




——————

=

S— - D U S ———. =

DoC = 0196 PAGE 3

the regime of steady-state descent has not yet begun. Plight range
L plays no substantial role, and can be ignored. With automatic LV in

mind, load factor limitations need not be considered.

Given in this article is an analysis of an automatic control
algoritha for final speed, which has a simple structure and requires
only simple measuring and calculation devices for its achievement. At
the same time the algoritha does possess the necessary uni versality
and flexibility for use under different conditions of approach to
Mars. The proposed algoritha provides reliable and sufficiently
accurate guidance of the LV to the assigned final altitude H=H,
vith a velocity value close to the minisal while maintaining the
altitude limitatioma H> H™" Studied in this case vas the egquation

using the angle of roll at which the effective aerodynamic equality
Ky = K¢cos 1,

vhere Ki= K, i8 the value of quality at a balanced angls of attack,

7 - of roll.

Normal control progralm. Studies conducted earlier [3) showed
that results close to optimal from the standpoint of obtainiag Viam
for LV vith average values of reduced load on the frontal surface P'

= G/cyS, provides a control program vwith a single switching of the .
X

roll angle. The LV enters the Martian atmosphere with a minimal value

PR - SRS PP ——
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of effective guality Kmin(1=1mss)- At & certain moment in time
there occurs the transition to flight with K,y =K,.,.(1=0). Thereafter
vehicle movement occurs with a constant value of K, Despite the
fact that the position of the swvitching point is largely dependent on
many factors (primarily on the parameters of atmosphere, initial
entry conditions and characteristics of the vehicle), as a whole the
contrpl program is extresely simple and can therefore be ased in the
capacity of a nominal program for creating a control algoritha. Por
this purpose ve must determine by onboard means a switchiang point
vhich will satisfy the conditions of the problem which has been posed
for obtainimg Vimn with the actual parameters of the tra jectory,

LV, and the atmosphere.

Selection of switching line. In the general case the switching
point for each specific i-th trajectory can be assigned by
coordisates V. 9. /. where @ is the angle of inclination of the
trajectory to the horizon. As already mentioned, flight ramge Lin is
not included in the nusber of parameters, since no limitations on the
flight range of the LV are imposed by the conditions of the probleas.
The family of disturbed trajectories vill have a corresponding family
of svitching points Vim %im Hinn Thes ve can plot a certain surface
for switchings of the roll angle in the space of phase cbordinates
Ve 0, H,.., Gemerally it is difficult for onboard facilities to

“pemorize® such A‘ surface, and in order to use it we must have a

i D i e i i i Pt




DpoC = 0196 PAGE 5

computer for calculating the current values of V, 8, and 4 aboard the

L. ?

Let us use the very widely employed method of tramsition froa V,

6, H to certain, to some degree equivalent, parameters, which are

more accessible to measurement by simple onboard facilities, for
4

example, apparent velocity Vs-g.’fn,dt, loadfactor n, aand the

L derivative from the loadfactor with respect to time n,. Obtaining =,
| involves certain technical difficulties, and thus to plot the control
L . algorjtha ve must first examine only two parameters 'S and o, . Ia #
} this case the three-dimensional switching surface Vim 8, H,n bDresks
dowa into a certain curve im the plane of the phase coordinates Vs
and n... Paraseter ":» caft be replaced by paraameter /» - sgwitching
time, vhich is calculated from a certain fixed value of loadfactor n,

= n% apparent velocity Vg = V8o

The main factors which affect selection of the switching point

for a LV with assigned characteristics and for a certain assigned
entry speed are the scatter in altitude of the conditional pericenter
of entry trajectocries A/. iasdeteraminancy in the valee of atmosphere
paramneters Ap, error in the entry velocity of the LV AV,,, seatter in
the projected ballistic paraseters of the LV AP, and 4Kya. The

assuned maxisum values of the disturbances which are givea are given

belows
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Navigation error with respect to altitude of condibinal

pericenter 4/4: ceasecee $£150 kn
Brror in value of available quality AK...... #1090/,
Brror in value of reduced load on frontal
SULface AP ecccccccccccccavcccccoassscscccse 2109/,
BILor in entrY Spe@d 4V, cceecceccccc’scncccss £0.2 kn/s.

O0scillations in atmospheric density are comsidered within the
lisits of the minimal and maxisal models [2]:
’-|.=0.0l2¢-°'“”; P..-=0,013C"°'“”. Pmax ==-'0,0|9¢-°'°7”.

In the case of a disturbamce of any ome type (for exaample,
disturbance with respect teo A/, we will have a certain switching
line jin the fora of the dependesoe 7.:(Vs.) er t,(Vs.). Por ezasple, in
rig. 1 for a LV with P, = 80 kgf/n? ve have a family of switching
lines for the main disturbances (all swvitching disturbances are
assuaed to be independent with a norsal lavw of disttibuti.o'u). Here wve

see that the position of the gwitching point is mainly inf luenced by

.

)

b=
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the change in parameter ia /. The switching line corresponding to

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

algoritha (FPigs. 2-4). The position of the nominal switching line in
plame %:m Vsa (or f. Vsa) must be determined taking into consideration
the dynamics of motion of the vehicle about the center of the masses.
Therefore, after we have selected the switching line on the basis of
analyeing nominal trajectories which call for instantaneous switching
of the roll angle, we must replot this line, this time considering
the turning dynamics vith respect to the roll angle (see Figs. 2-4).
Bxact determination of the location of the LV within the navigation
corridor of the entry (AH. = £100-2150 km) would make it possible to
further define the switching moment of the roll angle and focus
attention on other disturbing factors, thus assuring that we obtain a
sinimal value for a final velocity at the assigmed final altitude.
However, existing methods for independently determining entry

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

problea. Thus, for example, the method which uses information on the
nature of change in any paraseter measured on board the LV
(loadfactor, integral from loadfactor, ete.) over a certain time
igterval (8], produces error in detersinimg /. ea the order of
150-170 km in f1light near the lover boundary of the navigation

corridor of eatry. Por this reason we preseat below a synthesis of

control without specification of the initial entry conditions.
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The studies, part of the results of which are showa in Figs.
2-4, indicated that the nominal switching line can be approximated
vith sufficient accuracy by simple linear or gquadratic dependences of

loadfactor ”:» or time ! on apparent velocity:
o= D(c;Vin+b, Vsa+ay); ()
J

t,,=2j:(m, Va4 k) Vsa+ 1), (2)

vhere j is the number of approximation segmeatss %, 2,,¢, I/, &k, m; =

constant coefficients.

Control algorithm. The control algoritha is as follows. The LV
enters the dense layers of the atmosphers Kip=Kan(Tmsx) At a certain
moment a, = n: measureaent of the current values of loadfactor #::«

or time %« and apparent velocity Vs:« begins on board the LV.

Calcedated simultaneously is the value of the lcadfactor 7:'n or time
£ at which the transition to flight should be made vith

ns = 2o Vit by Vs t-a)) 3

‘zm_ ;(m]V’Stu‘ij VStcl"l"’/ ’ ‘“)
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vhere Vs.. is the current value of appareat velocity, measured on
board the LV. During the descent process the current measured
parameters fn::x, frx are constantly compared with the calculated
n¥a', 68''. As soon as the current value of loadfactor or time becomes

greater than the calculated

Ry rex > u‘;l'clw; trex > ts.ﬂy (5,

the command is issued to switch K.y from Kmin(fm:) t0 Kap(1=0). To
increase the vorking reliability of the control system this comaand
is issued with a certain delay time, during which the conditions of
(5) are checked. Then there begins the process of transition of the
LY to flight with K.y = Kus, . the duration of vhich depends om the
parameters of angular stabilization and external conditionms.
Thereafter the flight of the LV is stabilized with Kw=Kax until the

soft landing systea is activated.

Bvaluating efficiency of control algorithss. The efficiency of
the control algoritham wvas evaluated as follows. The main
disturbances, vhose maximal values were given above, are assumed to

be random, independent of ome another, and having a normal law of

distrjibution:
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anﬁ: + A, AH, max, K= R_+ Az AKnu. } “,

P;=px+A3Apnn: Vu=—u+A4Alemu, P=5+A5A?Illx-

Sere H. K, P, V;'i'tcprolClt 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;

AH: max, 8Kmax, APy max, AVix max, Apmix— the maximal value of the expected
deviation of the corresponding parameter from the noainal value; A ;_g
- random values with nominal lav of distribution, zero mathematical
expectation, and mean square deviation of 1/3. Accuracy in
determining the final speed was estimated using the method proposed
by B. G. Dostupov [S)« Here the value of the mathematical expectation
of the final velocity M(V,) and the triple mean square deviation
AV,= 13 yere determined vith the control systes working and with the

suz effect of all disturbances.

Numerical results. The effectiveness of the vork of the control

algoritha was estimated according to the described msethod for two 1

types of LV vith the same value of available quality Kpen = 0.3 But
vith different values for the reduced load on the fromtal surface:
P,=80 kgf/w® and 250 kgf/s2. The maximal value of the roll aangle vas
assuned egual to Teu:=180° for LV vith P.=80 kgf/a® and Tma=—135° for
LV with P, =250 ggt /ne,
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The movement of the LV (taking into account turning dynamics
vith respect to roll) and the control algoritha vere calculated on
the digital coaputer. Here we dealt with direct eatry into the
Martian atmosphere (Vi;“=6  ka/s). The minimal permissible flight

altitude was assumed equal to the final altitude (H4or—=H,).

The effect of disturbances on the value of the final velocity

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

of vhich uses a switching line in the form of dependence n, ,(Vsn) (See

Figs. 3 and 4), the second ~ in the form of % (Vsa) (see Pig. 2).

In the first case the switching line is approximated with
sufficient accuracy by a straight line for the LV with P,—=80 kgf/a2:
Ren=— Vsa+12,6
and a polynominal of the 2nd degree for a LV with P,=250 kgf/at:
A =11V 4 11,1Vs,—3,5.
In the second case the svitchimg line is best approximated by

two straight lines for the LV with P, =80 kef/a2:

vhen Vi< 1.00 ka/s fi= 18.9 Vsa+ 20.79,
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vhea Vs> 1.88 kays 4= 23.6 Vsou+ 0.2.

The values of the final speed which the vehicle attains at a
certain fimal altiteude /- under the influence of different types of
disturbing factors in the case of controlled descent using the

described algorithm, are shown in the table.

e e T ——————;

The mathematical expectatioa M(V,) amd triple mean sguare
deviation of the final velocity 4V,=+43s for the combined action of
all djsturbances, determined by the method of B. G. Dostupov, are,

respectively:

for algoriths with switching line f,(Vsa)

H, =35 xun, P:™ =80 dg/m2, M(V,)=246 m/s, AV, =3c=
=47 m/s;

H,=2 xu, Pi™=80 ft/u’, M(V,)=208 mfs, AV,=3=
=32 m)s;

, H, =5 xn, P =250 pep/u?, M(V,) =444 m AV, =3c=
¢ =42 wm/s; - e /s,

for algoritha with svtiching lime 7,.(Vs.)

H,=35 xu, Pi™ = 80 Rpbfu’> M(V,)=237 m)s, aV,=43 ms;
H,=2 kn, P:°'=w*,‘/," M(V,)=206 mis, AV,=33 wm/s.

If ve compare the work of the control algoritha under “real®

L._,, S N o S S S SO ULt s VW RO NREIT 5. R | N DT RS NG W Moty MEOVEy Ly
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conditions (taking into consideration the turning dynamics of the LV,

effects of various disturbances) with "ideal" control (instantaneous

turning of the LV, optimal switching point for each specific
trajectory), then we note that possible error in the work of the

algoritha for control of the final speed is (3¢):

0
on a vehicle with Py =f;kgf/l2 and K, 0.3z H, = 3.5 ka, AV, = 68
a/s vhen #,(Vsa) H, = 2 km, AV, = 845 a/s Vhen ¢,(Vss); H. = 35 kme AV,
= 55 m/s when n,,(Vsa) H, = 2 km, AV, = 884 n/s when 7,.(Vsa)

oh a vehicle vith Py = 250 kgf/m2, Kpa= 0.32 H, = S kn, AV, =
56 n/s vhem f:(Vsn).

Shown for comparison in the table are data for the case wvhere in
Place of the svitching line a single switching point is used. This
corresponds to entry along the center of the corridor. Apparently in
this case it is virtually impossible to achieve reliable descent of

the LY onto the surface of the planet.

These materials show that the effectiveness of the working of a
LCS using the proposed algorithm is virtually indepeadeat of the
sethod of assigning the switching line in the form of % (Vsa) or
t.(Vss) The saximal scatter in the value of the final velocity for the

vorking control systea decreases with a decrease in the final

e = e e e g = et g e ot e et e = e i e S e et st
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altitede //, at which the soft landing system makes its entry.

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

The proposed control algoritha can be used in plotting control
systeas of final descent speed for vehicles wvith an average value of
reduced load on the frontal surface and with a low value of available
quality at various rates of entry into the Martian atmosphere. The
algoritha can be achieved by using simple measuring devices (for
example, the accelerometer, integrator, clocks) and a simple computer
for arithmetic and logic functions. The control systea can be
adjusted by a simple conversion of the coefficients vwhich approximate

the swvitching line and are stored by the onboard computer.
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Pige 1. KBY: (1) kgf/m2, {2) kass.

()
":J L= 8hnzc/mi My, s 43,
Ve ¥
4 20t

a4 yl,

o}t

s 3 ¥ Ve (3)
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Pig. 2. KEY: (1) s, (2) kgf/m2, (3) km/s, (4) Suitchimg lime ¢, (Vs )
vithout y dynamics considered, (5) Svtiching lime t,(\&,,) vith ¢
dynamnics considered, (6) km/s.

(O] (¢ %]
theq) L0026/ K pars 83, Yma s X
100} D

K500
(Y) s20as nepernovenas ¢, (Vs,)

/ = |
-2504nd (’) de3 yyema dunamanu ne

Aanas neperawvenes t, (V,,)
& yvemom dawamans

: o7 y 5
’ [ P J N, [rayeec] o)
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| f
‘; Pig. 3. KBY: (1) SwitChing line without y dynamics considered, (2)
kme (3) Switching line with y dynamics considered, (%) ka/s.
Pig. 4. KEY: (1) Svitching line without y dynamics considered,
(2) switching line with y dynamics considered, (3) kgf/m2, (4) km/s.
2
(v)
L =250 02/ K peel 87 fuez Wx, V,=beqern, p,,.,
2 C4) Nones nepennwovenen
/%vﬂm l”f[" my
5 / ,_\\ HKe="2001m
=110 xm
4 08 s X/
N \ | $0xm
, , NN
(3) Auwius neperiwvenes
cyvemom dunamane 2oy
’ 7 7 ¥ 3 S Tincen (3)

(s)
L= 8002c/?; K3 BD; Y gz K,z Brejien
A,
s IeJ'x(zmmf-\\ L
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N 7
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Table. KBY: (1) Value of final velocity under influence of various

disturbing factors, (2) kgf/m2, (3) m/s, (4) kmss, (5) Switching
lines, (6) Switching points.

—

(&
s “) PI™ 80 wec/ud; Yupr = 180° K¢ e=0,3 PP =280 -WJ'; Ymor = 135 Kg=0,3
i @) (8
! Beanwnnn Hy=3,5 xa; V™ =225 mfcex | Hym2 xu; Vio"=195 xu/cex Hew=5 xu; V" = 450 ,,/“,©
1 KOHEUNON cxopocTH b
{ !
-; st sng HI = =100, Vi =6 ealcen(D I = =110, Vi = 6 wnseex @)
BOINYUIAOWNE
daxropon (SY innwnm nepexawsecnmn (6) Touxwu nepexanvennn
te (Vg ) nea (Vga) ta (Vsa) nea (Vgo) Wi(Vg) 0% = const A% = const
Al1, (xu) ' 180 | —150 [ 150 | —150 | 150 | —150 [ 150 [ —150 | 150 | ~1%0 1% | —1%0 150 [ -1%
Ve [,nltal@ 227 200 | 245 260 | 217 21 197 221 460 460 3780 | 23%0 3420
8V, [wlcex) 200 | —200 | 200 | —200 | 200 | —200 | 200 | —200 | 200 [ ~200 | 200 | —200 | 200 | —200
5 Ve |4/cex] 230 2285 | 233 285 | 215 22 | 216 220 | 455 430 523 48l 54
’ Pmex | Pmin |Pmen | Pmin | Pmex| Pmin | Pmas | Pemin | Pmex |  Pmin o Pmie fom Pmis
Velwjcen)(D) | 196 | 252 {205 | 200 |'185 | 205 198 | 198 |30 | 4 | 3 30| s | meo
ar, |x:¢/n~?@ s | -8 |8 | -8 |8 | -8 |8 | -8 |25 |2 | 25 | -2 25 | —25
Ve |1I¢n|® 270 220 | 275 25 | 245 165 | 235 170 | 450 425 475 486 530 472
.
oK 0,03| —0,03/003| —0,03{003| —-0,03/003| —0,03)0,03| ~0,03{ 0,03 -0,03 | 0,00 -0,03
Vatueor)® (900 | 907 |23 | 20 |28 | 26 |28 | ms [s0| 0| si0 s | ss | s
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