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GAS DTRAIiIC CONTROL OF SPACE VEHICLE M OVE M EN T EY BAN K Ill THE

ATM OSP HE RE

R . V. Stud nev (USS R)

At present one of the urgent problass is that of cont rol of a

space vehicle, possessirg aerodynaiic quality, during reen try. In a

whole series of works there is being exasined atsospheric entry with

vehicle balanced at constant angle of attack , trajectory control of

which is accoaplished by change of the angle of bank t i , 2~. In

connection with this apçears the problel of eva luation of the dynaaic

possibilities of covenant of a space vehicle relative to the center

of sass with co.pensaticn of disturbances in ten s of angles of

attack and slip (c , ~) ,  and also wit h cont r cl of bank an gle. There is

know n a whole series of works , dedicated to the analys is of opti nus

control of orientation Cf the space vehicle during .ovenent in a voi d

[3—6) .  The naj ority of these probleas was scived with the use of the

principLe of Po nt r yagin saxiana (7 , 8]. R elow , on the basis of ‘- he

___ -~~~~~~
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maxine. principle, in siaplified torn is solved a sini la r problea of

optim a control of orientation of a space vehicle in the ataosphere,

which is sonevhat coaplicated in ccapariso n with the problems of

notion in a void because of the necessit y of considering the

aerodynani c conents of stability of the vehicle.

1. Control of notion of space vehicle relative to center of nass

during atm ospheric entry.

Ve wi ll exami ne covenant of a space vehicle relative to the

center of nasa in approxi cate formul4 t ioe , disregard ing the

interference with movement of the center of mass. We will also

consider that during the ezecetion of bank turns and com pensat ion of

deviations with res pect to . and 0 the parameters of notion of the

vehicle (V , q) are not substantially changed and equ at ions of notion

can be con sidered as equations wit h •tr~zen ” coefficients. Finally ,

we will consider the •oticn of the spac. vehicle relative to the

center of nasa suffic iently slow, so that in equat ions of mot i n the

nonlinear teras 3f type ~~~ p.., etc., could be dis rega rd ed . With

th. noted assunptions the •g.atio ns, rec3rded in the princ ipa l

central a’es of inertia (OX ~!~Z~) (Fig. 1), viii ha ve the form :

:~ .
-
— 

~~~~~~~
. 

~~~~~~~~
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WI ;I1~3 + ~~1, ~ + ~~S• (1.1)
— M~~ ÷ U~ , — COS~.

.W
~,+ ainm,.4.,, (1.2)

~,,=. +u,, y—co. m,.w~~— aiaa,•W,~.

where e, — balanced angle of attack of space vehicle (.0=const);

u,. ii,, v~ — momen ts from the controls, pertaining to corresponding

moments of inertia .

pig. 1.

In eq-nations (1 1) and (1.2) are preserved only the moments of

aerodynamic stability of th. vehicle, since at hypersonic speeds the

effect of aerodynamic damping can be disregarded. From (1.1) and

(1.2) it follows that the equa-tion w of three—dimensional motion of

the space vehici. are divided into eguar~ions of longitud inal (1.1)

and latera l (1.2) motions and they can DC investigated separately.

Let us examine the equations of lateral motion of a space

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •
~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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vehicle (1.2) . Let us ccnvert these equations so as to separat e the

motion of the vehicle in terms of ban k (rotation aroun d velocity

vector V) and yaw (angle 
~~
) .  Let us multiply the first and second

equations (1.2) respect ively by cos e~ and sin •~ and ha vi ng

summarized , we obt ain tte equation for ~,, and after their

multiplication respectively by (—sin n~ ) and cos e~ and summat ion —

the equa tion for

aT = ~~P + u., — Q~,. - 

- (1.3)

In equations (1.3) are accepted the foll3wing designations:

~~~~ 
)

- -

(~ 5)
- - -

(1.6)u,cos~,-l- u,sln~,.\

Prom equations (1. 3) it fol lows th at motion of the space vehicle with

re spect to angle 0 does not de pend on angle 
~ 

and control n,.

Let us examine the selection Cf coatrcl s u~. wr at which UT and

u, are ind ependent . This can be achieved either by coordi nated

deflection of aerodynamic controls (n, u), or by spec ia l orientation

of control jet engines with gas—dynmei c co ntro l of the vehicle.

Let us explain how it is necessary to set the control jet

engines on the vehicle , so that one pair would create only moment

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

_
_

_i~~ -
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UT. and the other — only momen t n,.

The control jet engine with t hrust P,. the vector of which is

arranged in a plane, parallel with plane 011Z1, installed on the

stern of the vehicle at angle •i to axis 0Z1, creates adjusted

moments re lative to axes 011 and OY~, determine d by formulas (Fig. 2)

n,1 (1.7)

wher e i,, 1, — distance of one contro lled jet engine to axes OI~ and

0’!, respectively; Jr , 7~ — principal moments of inertia of the space

vehicle relative to ares Cl, and 0!,.

Fig. 2.

Let us select the setting angle of the control jet engine •~
from the condition that UT~~O *t P.#O. By placing expressions (1.7)

in relations (1.6) and eqiating the first relation of (1.6) to zero,

we obtain the condition for O, in the for m

- 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
i 1 _

~~~’-~~~
-- - 

~~~~~~~~-—-—~~~~~~~~~ ~~~~~~~~~~~~~~ ~
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,~
_ rarctg(~~~~ ig~z4. - 

- - 
(1.8)

With such selection of 0, equation ~ is determined by formula

U, — ~~
. ~. ÷ (

~: 
‘

‘•  

- 

(1.9)

In a particular case, when i,i,jzj , — 1, the expression for u, is

simplified .

- . 

- (1.10)

Analogously from ccndition uy = O  is found orient at ion of the

control jet engines of the second pair (Fig. 2):

— — arcig (~i4a~~ ). (1.11)

Prom (1.8) and (1.11) it follows that generally the contro l jet

engines are oriented not orthogona lly to each other , but make up

angle 0~ — 0~ , the tangent of which is found by formula

- I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - (1.12)

With l,I ,/ ?, I~~- 1  the control jet engines , creating moments UT and

u,. ar. orthogona l ( ( 0 , — 0~) 90°). Lu Pig.  3 as an example is

constructed the depen dence of (0~ — 0~ ) on i,,ijij, for m~ 3ØO~

_ _ _ _ _ _ _ _  - 
~~~~~~ — k ~~ ~~ - ~~~~~.-~~~~~~~~~~~~~~~~~~~~~ij~~__~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ - —~~~~~~~
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,b.h.,ps,øc4e~~
. 

_ _ _

I 4U’~4
iig. 3.

Analogous coa-versicns can be performed during the analysis of

aerodynamic comtrol. It is easy to show that for control of yaw (u 4)

moments ~, and n, should be connected by relationship

- 
(1.13)

in this case

• . 

-
. - 

- 

. 
(1.14)

For control of bank we cbtain that u, and u, should be connected by

relationship

(LIIi

in this case

IUTI 2Iu,l~~~. . 
(1.16)

For convenience of analysis and the obtaining of more general

results let us convert equations tc dimansiculess form Let us

- .~~_ ~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~~~

,
~~~~~~ - - -- - - - -. 

~~~~~~~~~~~~ 
-. —
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introduce dimensionless time v with the ~.id of relationship

- (1.17)

Let us cha nge the sca les of indep nde~ t variables , con sidering
limitatio n s on control u, and UT

JU,j~~~(U,I, ~~~~~~~ UT I ,  (1.16)

for which lot us introduce the following designations:

- 
~~~ Q,y~ - 

- . 

-

- ~~‘~~TU T ’  ‘~~~Ti7 i ’ -  
- -

e _____  
- -

~~~ [U~j I 
t~T —j f l j-, . - (1.19)

- 

-

- . 

- -- 
. 

- 
.. — - -:

Taking into account designations (1.19) the equations of motion t ake
th e form:

f r - ’~.. I.IC1; - 

- 
- - - 

(t 20)

Let us turn now to analysis of the opt imum control of the space
vehicle with the use of equations (1.20) and (1.21).

2. In vestigation of the form of p—trajectories.

~~~~~~~~~~~~ ~~~~~-— —~~ - - 
- . --— - - ~~~~~~~~~~~~~~~~~~ - _____
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In accordance with the principal of Pontryagin maximum (7, R3 let us

compile fun ction

I! = — p~ + p1u, — ~~~~ + i~ + p,~~ + pa,. 
- 

(2.1,:

Let us write out the terms of function s H, containing control:

= p1ü1 + p,u~. 
- - 

- (t2~

From the condition of maximum of Ij with respect to u~ it follows

that controls a, and a, ate Rayleigh functions, determined from

condition

S~=s~gap~, 41,.=aignp,, (~a,I=~a~l=1). - (2.3 )

For finding the optimum control it is necessary to find the

solution of system of ccnjugate equations p~’ —- - d1I/JX, .

Let us compile a system of con jugate equations and examine the

possible f orms of solution of this system . Conjugate equations have

the following form:

p;— Pi. P~~~P i — P s4 ;  (2.4~
p.——p.. ~~~

Equations for p, and p~
’ are easily integ rated:

- 
-

~~~~~~~~~~~~~~~~~~~~
-

~~~~~~~~
-

—. - .- t.~
_ -- - ‘ ,‘~~~~~~~~~~~~ -- 

___
~~~~a_.- - - ~~--.—~-~~- - -

~~~~~
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Ps C.t+C,, ~ 4 C4. - (2.6)

Prom solution of (2.6) for p~(~) and condition (2.3) it follows that

generally control 
~~~~ can chan ge si~ i not more than once.

Conjugate variables p,, ..., p, are determined taking into

account boundary conditions, imposed on the actual variables. In view

of the linearity of conjugate equati3ns and the Rayleigh character of

control fu nctions the ccnjngate variables are determined with

accuracy to an arbitrary constant multiplier. In connection with this

from (2 . 4) it follows that the type of solution for p
~ 

and P2 does

not depeni on coefficient a , since chai~ge of this coefficient is

equivalent to change of the scale of variable p,. Only the solution

for actual variables depends on the coefficient a;

Let us examine in mote detail the solution for conjugate

variables Pa. Ps. Considering the form of the solution for p3 ( r) ,

with -the mid of conversion Cf variables

~~~~~~~~~~~~~ ~~~~~~~~ (2.7)

we obtain the equations for p~ and ~~~~ which are easily integrated :

~~~~~~~~~~~~ ~~~~~~~~~ 
(2.81

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

~~~~
- 

-
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The solution of this system of equations on phase plane p~p1 is a

family of concentric circumferences (Fig. - 
I4~ a).

Pig. 4.

For a nalysis of optimum control it is necessary to examine the

change in time only of function Pt (,) (values of function Pa are

unessential). Prom relations (2.7) and (2.8) it follows that change

of variables p, and p~ Cfl the phase plane can be represented as the

result of two movements: movement of symbolic point along the

circumfer ence and displacement of the circumference (F ig. 4, b). The

possible types of such curves are illustrated by Fig. 5.

~ 

-
~~~~~~~~~~~~

- -
~ - ~~ ~~~~~~~~~~~ 

- 

~ 
:- --
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F Pig. 5.

Let us note some properties of the obtained solutions for conjugate

variables (p1, p2). It is possible to show that phase curves are

symmetric relative to axis p1=const , passing through the points , in

which ap,/op 1 = 0.

In order to prove this, let us examine th. projections of the

velocity of symbolic po int to verti~~l (Opt) aid horixonta l (Opt)

axes. These projections are equal to (Fig. 6): -

V,1 = —R c o s ~~+~~ , V,,=R s in~ , (2.9)

where 1 — radius of circumference of p— tra jectory; 2afT - rate of

displacement of the center of circumference. - 
-

~~i_ ~jj .  ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ T ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ - 
- - - _ _ _ _
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Pig. 6.

Using the expressicns for proj ection s of velocity V,. and
we obtain der ivati ve 8p,J8p,:

v
~~~~~~~~~~~~~~~~ !i ‘21a,, v •

Prom (2.10) it follows that derivatives ôp,/8p1 wit h values of •
equal in va lue, but different in sign, have different values and are
di fferent in sign . In particular, der ivative ~~~~~ is changed into
zero with value of 0, determined from relation

~“±arceos~~ , (2.11)

and approa ches inf in i ty  with 0 = 0 and 0 — 180°. -Such character of
change of derivatives indicates the fact that the phase curve has
axis of sy mmetry, correspon ding to angle 0 a

The t i.. of motion of symbolic point between the points of 

-
- - - - . —. 

- - ~~~~~~ --~~~~~ —— —~~- - --• i A.-- —~~—‘-—~~ — - —- _ _
_
~~~ _~~~ ‘ ~~~~~~- - - ----—— -
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contact of phase curve with generatrix p
~ 

= const is equal to the

period of revolution of the point along the circumference (i.e. 2v),

and the distance between the points of cantact is identical for both

generatrices (Fig. 5, b) .

Zn the region, where the direction of motion along the

circumference and displacement of the canter of circum ference are

opposite, the phase curve Pa (Pz )  can have a loop. In the case where

the speed of displacement of the center of the circumference is

greater than the speed cf motion of the sy.hclic point along the

circumfere nce, the loop on the phase trajectory disappears.

Let us estimate the time of motion of syatclic poin t along the

loop (see Fig. 6). It can be found from the condition of equali ty of

time v1 of motion of symbolic point along the arc of circumference

and time v~ of progress ive lotion of the point symmetrically located

on the cir cumference.

We have:

(2.12)

From the condition V
~~ 

= ?~~ we obtain thiS relationship for

finding the radius of c ircumference ~ = Rn vith assigned values of 0.

and ?: -

- - 
~~~~~~~~~~~~~~~~~~~ L~~~ ~~~~~ - — ~~~~~~~
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(2.13)

3. Analysis of control of space vehicle by bank, optimum with

respect to quick action .

Let us turn to  the analysis of the optimum contro l of space

vehicle by bank. W e will examine m otion of the vehicle relative to

the center of mass on phase planes ~~ and ~~~~~~~. From equations of

motion (1.20) it follows that with the appropriate selection of

controls the yaw notion of the space vehicle does not depend on its

bank mot ion and can be analyzed separately.

Let us examine yaw mot ion of the vehicle :
- 

~~~~~~~~~~~~~~~~~~~~~ (3.1)

With ~~=O motion of the vehicle on phase plane ~~ is represeatel

in the for m of a circumference with center at pcint 0. The radius of

circumference depends on the initial conditions 0(0) and

~.( O) : R — Y ~(O) ’ +~4 (O) . Th• symbolic poin t is displace d alon g the

— - - , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.*

~~~ - -
~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~ 

— 
~~~~~~~~~~~~~~~~~~ 

- -

~~~~~~~~
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circumference in the clockwise dire~~ioa of motion , comple ting a f u l l

revolution dur ing F. = 2*. Motion of the space vehicle wit h Rayleigh

control a~, =±1 is represented on the phase plane of the

circumfere nce, shifted along axis c~~ by .1 and —1 res pect ively (Fig.

7, a ) .

~~~~L) ’ ~~~~~~~~~~~~~~ ‘~~~~~~~~~~~

Pig. 7.

Bank motion of the vehicle (y) genera l ly ,  whe n o +O, depend s on

its yaw motion and on control *.~:

~ ;~~~~~~~~~~‘~~~~ • (3.2)

In the case when ~~~~ bank motion of the space ve hicle on

phas. plan e is describe d by parabola with u~~~.O or by straight line

11=co ns t with u. =O (Pig. 7, b).

Let us examine the problem about contici of the space vehicle,

optimum with respect to quick action, at zero initial cond itions vitb

respect to entire variat le

—-—
~~~~

——
~~~~~ -~~~~=

-
~~ ~~~~~~~~ 

- 
-.--— _~~L ~~

• -
~~~~~~~

-
~ -~ 

— 

~~~~~~~~~ - ~~~ ~~.&- -
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~ (0) = ~~, (0) ~ (0) — 0. ~ (0) —0. 
-
. (3.3)

provid ing turn of the vehic le to amgl. ~, in minimu m time ? and

reduction of it at the End cf the tut a to zeto conditions

~~~~~~~~~~~~~~~~~~~~ ~(T)—~~ (3.4)

Such a system of bounda ry conditions mu3t be satisfied, by analyzing

the joint solution of equations of motion (3.1) and (3.2) with

Rayleigh control a, and a,, determined taking into account the

solutions of the system of conjugate squat icns (2.1$) and (2.5) .

From conditbns of optimality it folloas that control 04 — is

linear , daterm inel by change of the signs of conjugate functions

P~(i). Prom Fig. S it follows that function p1 (r) can have either two

aections with different signs (Pig. 5, c) (two—pulse control), or

four sections with different signs (four-pulse control) (Fig. 5, a,

b). Three sections with different signs are also possible.

Let us •xsmine symmetric control of the space vehicle wit h

respect to bank and yaw.  Prom analys ~.s of the actual motion by the

vehicle al ong angle ~ it follows that for satisfaction of boundary

conditions (3.3) and (3.), when ? is not a multiple of 2., the

application of more than tic pulses is necessary.

- - ~~~~~~ ~~~~~~~~~~~~~~~~~~~~
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rig. 0 shows an exanpie of iotion of the space vehicle on phase

plane ~~~,, satisfying boundary conditions of the problem. Let us

show that the corresponding construction of the solution for

conjugate variables Pi(’) and ~~~3(?) in this case is possible , and

consequently, control is actually optimum.

__I. - . -:

I 

~‘Ii 
—

Pig. . 8.

The solution for ccnjugate variabla p~~(i) is a linear function

of time. In this case it is possibl. to accept that p (0)—11e , then

p , ( T)~~ —.!- , ps(ir) =*_ ~~~ . . (3.5) 
—

Function pj(r) changes sign when r = ?/2, and at this moment of time

control a., changes sig n (Pig. 8, b).

— 

.

~~ ~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
IL -~. - S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~ -~~~~~~~~~~~~ -
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By assigning function p~ fr) there is determined the position of

the center of the circumference P~ (ps)
, in larticular Pt ~ -1 with v

0 and Pa = +1 with ? = T.

From analysis of actual motion of the space vehicle there is

known almo the time of action of the second and third pulses (Pig. 8,

d), which conform to charge of variable Pi (y) on loop bcd (Pig. 8,

a) • With the aid of relationship (2.13) by known time t~/2 —~~~, is

found the radius of circumference ~ for solution of ~~njugate

equations. Having added angle #~~, çropoctioual to the duration of

action of the first and fourth pulses, to angle 0~, proportional to 
—

the time of action of the second and third pulse, we obtain the

initial -position of systolic point on circumferenc e Ps (P2) .

Using the results, obtained in section 2, it is easy to show

that change of p~(T) matches the required change of control 0. and ,

consequently, optimum control, sat isfying boundary conditions (3.3)

and (3.4),, is found.

As angle of turn ~. increases, the time of the transient

process T increases and accordingly the du rations of the second and

third pulses increase. With a certain time of trans~~it process 1’ the

durations of the second and third pulses are ma ximum and with further

growth of T start to diminish (Figs. 9 and 10).

— —— ~~~-~~~a -.-~‘ 
-
~~~~~~~~: — 

~~~~~~~~~~~ ~~~~~~~~~~~ -~~_-- --. -------- — -~ -~~~~ 
_~~~~~~ S..
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- 

(
~~ 1 w ‘~~~~~~~ 

-

-

~~~~~~~~~~~ 

~ :. 

_ _ _‘4 1
Pig. 9.

“
~r ~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_
pig. 10.

With ~.. corresponding to T = n4v (where a - whole number), control

is boundar y and is accomplished by two pulses (Pig. 11).

L ~:- ~~~~~~~ - - ~~~~~~~~~~~~ 
.
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Pig. 11.

With further increase of y, (growth of fl the control is again

accomplished by four pu lses (Pig. 12).

f4, ,—. ~~~~

•

I 
_ _

_ _  __ _

‘
~~~~~~~ ~~~~~~ -

P ig. 12.

Analy sis of three—Fulse control (Fig . 13) , satisfying bou ndary

conditions (3.3) and (3. 14) , shows tha t ~Lt bough it is real izable, it

is not opt imum wit h respect to quick actio n of control .

• ~~ - -- --~~~~~~~~• ~~~~~~~~~~~~~~~~~~~~~~~ ___ - -  
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P ig. 13.

This is connected with tb. fact that be3ides the development of

additional increase of j ,  due to $, angular  bank  velocity is
developed, the compensation of which leads to loss of the obtained

gain and makes motion nct optimum. In aLl the cases examined above

(Figs. 8—1 2) the motion of the space vehicle along angle ~ is

symmetr ic, i.e. ,

- •
• • 

- - 
-

- -

As a result the additional angular bank velocity on time
interval ( 0, T/23, caused by slip, is compensated on time interval

___ ~~~~~~~~~~~~ 
•—-

~~~~~~~~~
-

~~~~~~
-.

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~
- -
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(T/2, T) b y the fur ther  development of ~~. Th an k s to this the t i m e

intervals of action of lositive and negative ccntrols (7., are

identical.

For f indin g the connection between the  value of ~ and the

minimum time of the tra nsient process T let us convert equations

(3.2). Let us represent ~ and ~ in the fcra of the sum of two

terms:

(3.7)

and variab les 
~~~~~~~~~~~~~~ and ~~ we will f i n d  from equ at ions

~
) •

~; 
(3.8)

_ 

~~. ~; ~~ ..

Prcm equations (3.0) it fellows that

s .J~ dr. j 1 (r) —
~~~ J5~dr d ~. (3.10

Above , fro m analysis of ~1(~), it was shown that 5~h..0. Due to this

equation (3.9) can be solved separately, not considering the

equations (3.0) . As a result the aclution for y,(T) is written out

in the for m

r. (T) = 2 (7
’ 

+ ~ S J~ 
(~. 

F) dr da !j~. + Ts. (3.11)

Relation (3.11) permits finding the d.p.nd.mce of t. on the time of

the transient process T.

~~~~~~~~~~~~~~~~ ~~TL~~T~~
_ -

~~~~~~~~
- •~~~. ~~~~~
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~~~~ :~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ —~~~ - -- ---~~~~
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Function ~fr, T), entering the relaticu , depends on time T,

since control a. 8epende on this value.

Prom relation (3.11) is easily determined the boundary value of

bank angle r. , correspcn&ing to tbo-pulse control (Fig. 11):

(3.12) -:

Generally, if time T is a m ultiple of 4w, the expression for 
~~
‘
, is

written out in the form

7. = (2n)’~r~(2 +“;), - (3.13)

where n — number of periods of nat ural oscillat ions with respect to ~
on half the tine inter val of the transient process.

Despite the simple equations of motion , finding the dependence

~,(T) is a rather cumber scme operation . Let us write out some

necessary relationships. !rc m analysis 3f t he geomet ric picture of

motion on phase plane (Fig. 14) it is po~sikle to obtain the

following expressions f or the main pa rameters:

R—~~5—4co.%, (3.14)

2—cos~~~~
2 ~~~~~~~~~~~~~~~~~~

= arctg 2 ska - 
(3.15)

‘ _ co.WI P l_ C O S W*

where O~ - angle, proportional to th. tin, of action of the first

-- i_—-- -:; ~~~~~~~ = ~~~~~~~~ 
-

- - -.-~~~~ ~L-& - -~~~~~ 
_t • — —  -

~~~
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(fourth) pulse; O~ — angle, proportional to the time of action of the

second (third) pul se.

Fig. 14.

The time of transient process T is determined by formula

T = 2(ç~ + ce). (3.16)

On Fig. 15 is constructed the dependence •~~(~ s ) ,  and on Pig. 16
— dependen ce of i~,/2o or *~~, with the aid of which for each value of

~; it is possible to f i n d  the val ue of ~,(T).

d c~ -

Pig. IS. a

L. ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 



- - - -~,- ---,•- -~~ 
— — 

~~~~~~~~~~~~~
-, 

- - 
~~~~~~~~~~~~~~~ -~~~

---
~~~~ -

DOC a 181 14 PA GE 26

_ - 
_ _

I

,-
,

V

1 ’

Pig. 16.

Let us estimate the value of “gain’ in time (a r ),  caused by
simultaneous control of bank and yaw, in ccupar ison with optimum
control only by bank. Time (To • A r ) , reguired for turning the space
vehicle to angle ~~ + ~ with op timum isola ted t ank  control , is
estimated by formula

T~ + 7, = 2 (Ti .4- 
£T)i (3.17)

where It — bank an gle, caused by bank conttcl with time—optimum
maneuver , executed in time T.; Ta — bant angle , prov iding slip with
time—optim um maneuver ; T,~ —tim . of execution of maneuver wit h
time—optimum bank and paw control.

From (3.17) we obtain the nonlinear dependence of time “gain” on
the va lue of T, and Ta :

~~~— —r .÷ Yr .’+2~, (3.18)

1.
— —

~~~~~

, - - -

~~

- 
~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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£4. Optimum quick—action compersation of initial deviations of

the space vehicle with respect to yaw and angle of attack.

Let us exa mine the problem of optimum quick—act ion compensation

of deviations of the space vehicle with respect to yaw . As earlier,

we will analyze the equations of action

- 
- - 

. 
(4.1)

- 
(4.2)

with boundary cond itions

- 

~,(O) 0, ~(0) ~~ ~~r (0) ~ (0) —0. (4.3)
= ~(T) (r) r(1’) —0.

- ) Prom equations of motion (14.1) and (4.2~ we see that mot ion along

angle rcan be investigated independently ftom notion along angle ~~.

Thus, the problem of Compensation of initial deviation by angle ~ is

broken down into the problem of optiaum control of the vehicle wit h

respect to yaw and problem cf compensation of the accumula ted error

with respect to bank.

The solution of the first proble. is known , it is examined in a

number of works, moreover, its solution leads to synthesis of the

________________________________
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syste m , re alizing algorithm of optimum cont r ol (7J .

The ~omplete problem about optimum control with respect to ~ ani

j ,  evidently, was not examined earlier.

It is necessary also to note that the Eroblem about optimum

quick—action compensaticn of deviation with respect to a coincit~es

with the problem about compensation f ~ev iation wit h respect to 3

[~.e equations (1. 1) and (1.2)] and its solution , as was noted above,

is known.

It is easy to show that the problem of optimum compen sation of T
and ~ deviation may not have a single solution. This is connected

with the fact that optimum control with respect to does not depend

cn motion of the space vehicle along anile j and has its

“characteristic” time of transient p ocass. At the sam e time , ~
control de pends on the motion of the vehicle wi th  respect to yaw.

When contr ol, by bank is Ineffect iv e and the  tra nsient pr ocess vith

respect to T is slower than 
~ , 

control is unambiguous. In the case

when effectiveness U~ is g reat , angl e j  deviat ion can be compensates

by different •eth~da, if the process was terminated in time assigned

by notion T Examples of th€ noted motions are illustrated in Fig.

17.

~~~~ 
— 

~~~~~ .~~~~~—. - .— -. ~~~~~~ ~~~ - - -~~ --~
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Pig. 17.

Let us examine in somewhat more detail the case when the

solution of the formu lated problem is u n a m b ~iguou s , namely: when

control by ~ is ineffective and the process of compensation of

disturba nces by ~ fro m the motion of the space vehic le on yaw

occupies m ore time than the process of compensation of mot ion by 3.

Analo gousl y by relationship (3.7k we represent the change of V
consisting of two components: ‘forced ” ~~~~~~~ 

caused by 3 d isturbance,

and “compe nsating” (~F~) .  caused by bank control:

-~ ~~,s. *;, — (4.4)

7’— — ~i. (4.5)

The solution for ~ is represented in the fc rm

_ _ _ _ _ _  —i~
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~—~~-fj,. 
- 

- 

(4.8)

Since in the examined case the transient process with respect to

3 is finished earlier tian the process with respect to f(T~c(Ty), then

the solution of equations (4.4) can be taken as initial conditions

for equations (4.5) and they can be written in the form

~,(O)= o (S f ~ d rdY _ r.f ~~ii ) =  ~ (1, — 7 1,), (4.7)

y, (O~ ~ 
-

where I~=. 4= 
~ ~~~~

In expressiGn (4.7) interval I~ considers the change of ~ 
on time

interval (O,?~), caused by initial conditions on i,’(O) (14.8). Thus,

the problem is reduced to know s problem about control of isolated

motion of a space vehicie by bank. The examp le of phase trajectory is

illustrated by Fig. 18, a, on whic h is shown change of ~~~ and i’1(T).

- 
—— - I ~ ~~~~~~~~~~~~~~~ ~~ — - ____
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rig. 18.

As is known, optimum quick—action control by bank is

accomplished by two pulses (Fig. 18, b), the duration of which

differs by value Ar , determined frcm the ccndition of compensation of

initial angular velocity f,’(0~:

- 
. 

(4.9)

The total time of transient process with respect to bank T., is

determined from the conditicn of compensation cf total deviation vitb

respect to bank, caused by developmen t of J~:

~ 
Is + (F-, — T~)I,3. (4.10)

The va lue of T is found from relationship

(4.11)

_ _ _ _ _ _  _ _ _ _ _ _  ~~~~~
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