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INVARIANT AUTOMATI C STABILIZATIO N SYSTEM OP A VERTICAL TAKEOFF AND

LA NDING AI RCRAFT (YTOL) UNDER STEADY PLIGHT COND ITIONS

R. N. Mare sh and V. T. Vigovsk iy (Kiev )

1. Statemen t of problem. Under stead y flight conditions , a VT OL

is subjected to the action of different distur iances connected bot h

with the het erogeneity and turbulence of the atmosphere , and with the

opera tions realize d un der th ese con d it ions, which affect the inherent

performance of the aircraft.

Both external atmospheric disturbances and inherent parametric

dist urba nces lead to the simultaneous origination of disturbing

forces and moments. There is a single control asse mbly - the elevator

— for counte ring this effect in ordinary aircraft .
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Thus, it becom es necessary to install additional automatic

systems and contro l assemblies on the aircraft. These assembli es can

be lift engines and jet surfaces designed specifically for use in

takeoff and landing on a vertical takeoff and landing a i r c ra f t  wit h a

lift assembly (PSU) consisting of many low—power engines and jet or

reacti ve ~outr ols. Below we consider the possibilities of using lift

engines and jet controls  in steady flight conditions in order to

provide inva riance of the coordinates of the VTOL during automatic

stabilizat ion of l ong i tud ina l  movement  and d i f f e r en t  types  of

disturbing effects.

2. Invariant system of longitudinal stabilization dur ing gusts.

The equations of longitudinal disturbed movement give n in (1] for an

ordinary aircraft can be used to describe the longitudinal movement

of a YTOL under stead y flight conditions, since its perfor mance under

these condit ions can only differ quantitatively from the

correspond ing performance of an ordinar y aircraft.

With this assumption and conditions of hor izontal cru ise flight ,

the equations for the longitudinal disturbed move ment are as follows,

in dimensi onless form :

(p n11) V + n,2a -~~ n,,* = n1,6~, + J1;
—n 21 1’ -

~
- (p -1- n22)a — (

~p + n~)e = 1~; (2.1)

~~ 
V -r (nj + n,,) a + (p2 + n,2p)O = —n,6, + I,;

a = 0 — ph,

_ _ _ _  

-
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where

/1 = pv~; /~ = pvy ; /~ =_m~
w 

~~ 
v~ = U~ / V0;

= U,,! I’~; p — d / d t .  (2.2)

Here V , z, 0 and Li are small increases in velocity, angi? of attack ,

pitch angle, and altitude, r espectively , an d n p and n8 are the

efficiency of the thrust control and the elevator, respectively.

The rest of the designations are used in accordance with [1].

Disturbances type f1 and ~ 2 
lead to devia tions from the hori zontal

trajectory, while type f , disturbances cause the  VTOL to rot at e

around the center of mass.

Based on the stability condition and B. LI. Petrov’s criterion of

the realizability of invariant conditions for balancing the wind

distur bances acting on the aircraf t, we need at least two channels

for propagating the effects frca the point of application of the

disturbance to th~ coordinate whose invariance lust be provided (2).

_
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With the condition of automatic stabilization of airs peed and

re latively small changes in the ground speed, the main coordinates

wh ose invariance m ust be provided are the flight altitude h and the

pitc h angle 9.

The h or izontal  gus t  components u~ do not a f fec t  t h e  d yn a m i c s  of
the aircra ft very much, especially when tI’e aircraft has a utomatic

thrust control. This means that when studying dynamics  it suffices to

consider on ly  the  ver t ica l  gust coiponents U,. Here the equations of
longitudinal disturbed movement assume the for.:

( P - ~- n 2z ) 3 — ( p ± n ~,) ~~ 12+ ~Zcôc
(n 0p ± — (p

2 n,,j ’)~ =— n,ô,, /~ rn~~ ; (2.3)

~ — {~±p h=t ).

wher e and .~ are t he  e f fec t iveness  of the jet surfaces during the

crea tion of the cont ro l  force and the c~~i t r ol  moment , respec t ive ly .

From relation ships ( 2 . 2 )  at V 0 >> we will find:

11 = pvl, = Pu V1 vO 
2 4)

— m;vv~ = — m~z,,

where is the increase in the angle of attack caused by the

disturbance.

Con siderin g t h a t
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= O,5(c~ — ci); n,2 = O,5c~; n0 = — VbAm~/ 2r~; n3, = — bArnm~/2 r’~pS;
= — Vh~ m~~!2.~; ~~~ = — 

~ 
—r. b j ~m/ 2r~pS; fl,~~ = C~~; in0 =

and also assu.ing that the groun d speed is s tabi l ized and

m~ = C ~~= C ~= 0, we will  reduce syste m (2 .3) to the  form

( p ± C ) 9 — C~0=~ C~z.~~a Co ô c;
— m’~O +(p 2 + m~zp +  m )O-_ m8’6~ = — m x. + m~~&; (2.5)

0— ph = 0.

Figur e la sho ws a block diagram corresponding to the control
syste m (2.5) .

The invar ian :e  condi tions  can be wri t ten  dir ectly on the basis

of the  block d i a g r a m  or system of equat ions  (2.5) . In the fi rs t case,
they are based on the requirement  of total compensat ion fo r  the
distur bance ~~ by the deflection of the jet distributor , and in

the second — on th e  requi rement  tha t  the  r i gh t  sides of t h e  f i r s t  two

equa tions vanish, i.e.,

m~~~~_ m,c6c =0 , 
(2.6)

C1pa._ C;C6c~~~O.

If the invariant system is designed as a combina t ion  control

sys tem , the angle of attack sensor lust have high enough precision .

_________________________________________
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i.e., ~~~~~~~~~~ Then the deflection of the jet distributor can be

ex pressed b y the depe ndence

= (2.7)

and cond itions (2.6) are written as

m a 3 — m~~K~t%, 0; 
(2.8)

C~e., — C~,,°KOczB 0, -

whence the transfer number

m / m
8C = C~,,/C 0. (2.9)

Parameters and C~ do not depend on the charact eristics of

the incomi ng flow and are determined only by the energy

char acter istics of the exhaust nozzles and their thrust arm relati ve

to the center of mass . Here the relationship

(2 tO)

is obvious , whe re I = lIf r ~. is the relative tot al t hrust vector arm

of the e xhaust nozzles .

Conditi on (2.9) of the realizability of the invariant system

using on ly exhaust nozzles at constant K0 is satis f ied wh en
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- 
m, = TC’,, (2.11)

wh ich can be achie ved only in specific cases.

In ge ne ra l, if we select the value o.,f K 0 from the con dition

K, = C/ C C, (2.12)

it is otw~ous that

K,,= m7/ m~c #K ,. (2.13)

Here the undercom pensation of moment is determined by the va lue

~~~~ eq ua l to

= m~C(K.1_ K,). (2.14)

In order to use the elevon to elimina te this undercompensa-t ion,

it is necessary t~ add an additional signal which is equal to

= E~m~cz / ,n
b~, (2.15)

in the idea]. case to the law of the control of the main automatic

pilot, and with the addition of the derivative, the transfer funct ion

of the  the  additional compensation signal generat ion u n i t  will  be:

i~m7 (1 ± 7p) / m ~’. (2.16)

I 
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Figure lb shows a block diagram of a combination invariant

system, wher e it is assumed that W,~~ (p) = 1 , and wb?re the law of

control of the main automatic pilot in steady flight conditions is

t~,= — ( K 8~ L K~ p 0) -j-- K~ (h3_ h) .  (2.17)

Whe n construc ting an invarian t system in the dev iation control

system class, direct measurement of the deviation of the angle of

attack from the stable value is replaced by the measuremen t of its

components 9 and ph in accordance with the last equation in system

(2.3). The rest of the block diagram of the system and the invariance

rea l izabi l i ty  condi t ions  remain  unchanged .

3. Inva riant stabilization system during load discharge.

Disturbances which affect the aircraft during loa d discharge can be

divided into two types:

1. Disturbances related to a change in the posit ion of the

center of gravity of the load inside the freight compartment.

2. Disturbances related to a change in the flight weight of the

aircraft at the time of separation of the load fro. the aircraft.

If the load move s at a constant velocity inside the aircraft

under the effect of a certain mechanical drive, at zero initial 

-~~~- . --. - - - -.. . -—-— —i—--- --
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condit ions the equations of the disturbed movement of an aircraft

with auto•atic pilot will be:

I 
~~s — q814 ] qSb

p’~ + [ C ’~-~-i~ ~_ ( m~’:± m
~

).
~_V 1p2 +C~

_T_ [aH —~~z?)x=

qSb 
~ 

qSb
= c,,,—1-

4 
~zT+ m~’—j --_ 6.; (3 .1)

~~~~~~ V rp Cr p g  ~~~ k .

Fig. 2 shows a block diagram corresponding to system of

equations (3.1) (excluding the part inside the dotted lines). When

composing the diagram it was assumed that

~ —ç~,—ki /R~~~O. (3.2)

In the stage of the mo vement of the load inside the a ircraft,

• the invariance condition is

(3.3)

or

— K~M~~ =O, (3.4)

where K~ M~/Ax1, is th. transfer number in the load shift

sensor circuit, A60~ is the deflection of the throttle control of the

_ _ _  _ _ _  _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _  --~~~~ . -~~~ - - .  • —4
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opposing engines, M,50? is the derivative of the moment of the

opposing ang les according to the angle of deflection of the throttle

control, G0 is the flight weight of the aircraft, aid bA is the mean

aerodyna mic wing chord .

We will find the necessary transfer number from condition (3.4)

= Grp IM ~f r  (3.5)

and, considering the connection between the value of the thr ust

vector T and its moment

M,= Tl~~, (3.6)

where 1~ is the arm of vector T relative to the initial center of

ma ss, we will have :

Grp /1~ T~~. (3.7)

We can use four engines to compensate for the disturbance s for

the selected lift assembl y diagram , two of which are locat ed in front

of , and the other two — behind the a i rcraf t’s center of gr a v i t y .  If
the arms of both pairs of engines are eqea l ,

2’ = 2T1, l~ 2lx7~, (3.8)

where P1 is the thrust of one engine; IX? is the thrust arm of one
engine pair.

~

• • • .~
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In this case, the transfer number

= Grp / 41xT T~~ = KT/ T~”. (3.9)

Considering the need for compensating for disturbances when

dischargin g loads of different weight and at different aircraft

flight weigh ts, we can control the value of K x according to  t h e

expr ession

K; = Grp /4GobA1~~1T~~’ = KT,I 4bAZxT~T~~ . (3.10)

where

K?. = G rp !G0. (3.11)

Figure 2 show s a block diagra m of the invariant combination

control system in the first stage of the process of discharging a

• load, with consideration of the portion inside the dotted lines.

The second stage of the disturbed oveient of the air craft

begins when the load is separated from the aircraft. The automatic

control system ’s job is to compensate for the disturbance and

m aintain the aircraft ’s flight mode while the loa d is d i scharged .

Here the val ues of the angle of attack , overload , pitch angle , and

—
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other parameters in the transitional process should not exceed the

permissible limits.

After the separation of the load, the equations of the “VTO L. —

automat ic pilot ” system are :

p~~ 
~~~

- [c~~~ + rn~
)
~~~~v] 

p~ + ~ 
— ~ZI ~ =

qSb~ , qsb ,
=C ~.- --—~~~X, ±m ’

~~(c0 
C~ Grp \P *- Pa - —-—~~-—~~±~ ------) . (3.12)

= -~y6 .r ITQ;
G, C’ G

~~~~~~~~~~~~~~~~~~~~~~~ 
ô.= K,f ~+K ~p~ ,

where m~, is the e mpt y mass of the aircraft ; and 1z6.r is the moment

of inertia of the empt y aircraft relative to axis z.

Assuming tha t  the chan ge in the  moment of inert ia  is

insignifican t at the t ime of load separation , i.e., ‘6 r ~~~~’io~~ we can

write the system of equations of the invariant syste. as follows,

with the condition that the lift asse.bly eng ines com pensa te for the

moment resulting from the change in the centering •oment and that the

thrust of these engines compensates for the change ~n the weight of

the airc ra f t:
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I qS — - qSb~~1 qSb4P’~ + L.C (n¼ r +  r~/ g) v (m~ ± m’s ) -
~

_-

~
-j i~ + C~ —j ---- (a . AX~~~=

= cr.! ttXT + m~’~-~ .! 6g.; (3.13)

= r — X?. +1 , 6 =  K,(~ + K~p O;

~‘~v ~~~~~~~~~~~~~~~~~ T~~~~~G r p,

where T~ is the t3tal t h r ust of the  l ift  engines; X??n is the

displacement of cen te r ing  due to vector TE .

Figure 3 show s a diagram of the  forces an d momen ts create d by
the load and en gines of the l i f t  asse mbly whe n compensa t ing  fo r

disturbances by the reverse thrust method at the time of load

separation.

The fo l l owing  designat ions are used in the d i a g r am :

a — center of g r a v i t y  of the aircraft  in the in it ial s ta te, c

and d - points of application of t h r u s t  of the  opposing engines~ 21’.,

and 27’s — the th rus t  of the two nose and and this two feed engines at

the lift a ssemb ly, respectively; Ix., and Lrx — the t h r u s t  arm of t h e

nose and fee d engines, respectively; and Xrp — the sh i f t  in  t h e  load

- • - •
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in the  f r e igh t  compar tment .

In the initial position, x~ 0 apd 21’., = 21’., 0. There are

no disturbing forces and moments .

In the first stage (movement of the load inside the aircraft) ,

the displacemen t of the load creates th. disturbing moment

(3.14)

whic h is balanced by the  sum of the mome~tE

.W., + MZ = 2TJ1, + 2T.,I~.,. ~3.1S)

The equation of the moments  of the systea will be

2Tj .,  + 211121 — G~ x1, ~) .

The force equi librium condi tion requires that

2T. = 2T., =21’. (3.17)

whereupon condition (3. 16) assumes the form

2T(I ,.,+Z.,.,) GrpZ~.p. (3.18)

Af te r sepa ration of the load ~~~~~~~ and, consequently, the

following should be tr ue 

— —- --—-— — • — — — —- • — — ——- — - - -
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21(1.,., + i.,) = 0. (3.19)

Dur ing  thr ust reversal of the ta i l  engines

2T (l.,., + li.,) = 0. (3.20)
4T = Grp .

Cond itions (3.20) are satisfied jointly, if

lX~ = lx., = Ix. (3.21)

Then the invariance conditions will be

T r G ~ p~t.j.p~~,,,.j41 ., - the moment equilibriu m condition ,

T = G ~ I4 — the force equilibrium condit ion.

ihence 1x Xrp.~~~c is the condition of the joint satisfaction of the

forc. and mo emt equi librium requirements

In the more common case , when Ix.,~l= IX? , the inequal ity T.#TI

occurs whe n the b a lancing condition is sat isfied , i.e. , the force

equil ibrium is alread y disturbed in the f i rat  stage of movemen t .

• • - - -•- .•  ~~~~~~~~•
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Here

~~~~~~ + 2T.,l~1 Crp Xi~p .  (3.22)

After thrust reversal, the equiv alent force T~ should be applied

in the ori ginal center of gravi ty, which is possible with the

condi tion

2Ix.,T., = 2l~.,T.,, (3.23)

whence

I~.,T.,/ l~1 T1. (3.24 )

But 22 ’., + 2T., Grp ; the refore , we viii. obtaj n the second conditi on :

2T.,(l~.,/ I .,., + 1) Grp. (3.25)

Thus, wit h the asym.etrical arrangement of the opposing engin es

relati ve to the o r ig ina l  center of graviby , t h e  absolute  i nvar iance

of the system cannot be achieved without additional connections in

the automatic pilot.

it . Li mitat ion s on the possibility of construct ing i n v ar i a n t

systems. With the above methods of compensating for disturb ances

un der stab le f l i g h t  conditions, the total inva r ia nce of the

• ~-~~~~~- •- •~~~~i- —-— ---~ _ _ _ _ _ _ _ _ _ _



I,

DO C = 1783 P A G E  17

controlled coordinates can be achieved when a numbe r of de sign and

energy condit ions are satisfied , along wit h the  conditions of

stability and B. N. Petrov ’s realizability criterion.

The system ’s absolute invaria nce relative to wind gusts can only

be provided wi th  t he  condition

4R~~~>~~Y, (4.1)

where I?~., is the maxi m um thrust of the exhaust nozzle, and

l Y= C ~~p (T ?0 +7J~) I/ 2 —CY.SP VJ ~/ 2 — is the added lift creat ed by the

vertical wind gust.

The main contradiction which arises during the select ion of the

paramisters of an exhaust  nozzle is the re quirement for decr easing

t h rus t  Re.., with the condition of reducing the  work ing  gas f lcw

rate , on o~~ hand , and the requirement  for increas ing it w i t h the

condition of compensating for  h igh— level wind dis turbances , on the

• cther.

Whe n an e x h a u s t  nozzle operates in the  angular  coordinate

stabilizat ion sode, sufficie nt control mo •enta are provided by large

thrust arms I., and i1 ; therefore, the value of Re.., determ ined dur ing

norma l ope ration in this mode can turn out to be insufficient w hen

oper at ing un ier condit ions of compo~ c~l t i n g  for  dis turbance s d u r i n g
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st eady f l i gh t .

Total i nva r i ance  dur ing t he  discharge of loads is also o n l y

achieved whe n the following condition is satis f ied

4Tuax~ > Grp. M1ItC~ 
4TuaKc lx > Grp ~a~tc X~.p . ~~~ (4.2)

Fur th ermore, there is one genera l l imita t ion  which appea r s  when

compensati ng for a n y  of the above types of disturbances us ing lift

engines and jet surfaces.  This is the l imi ta t ion of the precision of

measuring the position of the center of g r av i t y  of the  VT~ L in

fl ight . Ce nter ing  determined before takeoff changes in flight due to

burn—up of fuel, shifting of loads, etc.

The error in measuring center ing leads to the origination of an

off—bala nce moment when compensating for disturtances.

hs a result of all of this, the theoretically proven possibility

of total inv ariance is reduced in practice to the possibility of

achieving inva riance up to e.

Conclusion . 1. Providing invariance of a system wi th  respect to

wind d istur bances can achieved without using additional connec tions
in the automatic pilot only when a constant relat ionship is

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

—- -

~

-

~

- ----
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maintained between c °~’ and m~°’~, and wit h respect to p a r a m e t r i c
disturbances — when satisfying strict requirements on the design of

the airc r a f t  and i ts  operat ing conditions.

2. The introd uction of an additional signal in the  law of

control of the automat ic pilot can provide inva riance of the system

vith respect to both types of disturbances without observing the

requ iremen ts stated above.

3. In variance in the combinat ion system category can be achieved

if the power characteristics of the lift assembly do not limit the

level of active disturbances.
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C509 BALLISTIC RES LABS 1 E4 10 ADTC 1
C510 AIR MOBILITY R&D 1 E4l3 ESD 2

LAB/FI O FTD
C513 PICATINNY ARSENAL 1 CCN 1
C535 AVIATION SYS COMD 1 ETID 3
~ N I A /PUS 1
C591 FSTC 5 N I CD 5
c619 ~.ff A REDSTONE 1
D008 NISC 1
H300 USAICE (USAPEUR ) 1
P005 ERDA
P055 CIA/CBS/ADD/SD 1
NAVORIETA (5oL) 1

NASA/KSI 1

AFIT/LD I

FTD— ID(RS)T— 1783—77
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