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LIST OF STMBOLS

= §% + 22) dn

= distance from center of platferm to pilot's platform support

spring ft. Also
=x([s2 +%s + 292]

= fore-aft tilt of gyrcbar tip path plane; + aft

=5 (z“3 + xz) dm

= digtance frem pilots platferm to pilot c.g. Also = 298
= lateral tilt of gyrobar tip path plane; + to right
=Jx? + 7%) am

= distance from tota} c.g. tc pilotts platform

=fy2 din Qxlso %{)

= distance from total c.g. te c.g. i platform less pilet
= fzx dm

= jxy am

= acceleration of gravity - Ft/se02

distaice from botiom of duct tc ce.g., ft.

o

distance from point of application of aerodynamic drag
force to CQg.’ ft.

distance from bottom of duci tc pitor platform, ft.

= angular momentum about X, Y, 7, ax- rcspectively

.

momentt of inertia of plutform less viiot about own axis slug-ft°©

]

]

. . . . . 2
moment of inartia of pilst about own axis slug-ft

damping rtio of gyrobar

spring constant of pilot's plaiios . support sprirg lb/ft

r:A'
/m
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A
Kc‘ = c'/m
xD2 = D’/m
A

';‘m
]
=

.'-3\

S

K2 =
K2 -
L =
L,M,N =
n -

| ]

o

m:t
il

1
qu( = me ) =

M m(E=-I m)=

v

me = pitebing moment developed for
fe-lbs/Tt/sec

n = a_;al

1Y) = do/dy

qQ = jb/db

r = gistunce from totsl c.g. to c.p.
r = d¥/at

ii

radia of gyration squared, sce page 16

radia of gyration squared, see page 16

distuance from vanes to total c.g.

moments of external forces about X,Y,Z,axes divided by the miss

total mass of platform plus pilot-slugs

mis8 of platform less pilot-slugs

mass of pilot ~ slugs

o

pitching moment set up by ~hznge in grrobar tilt,

vitching (rclling) memeni developed for change

(rolling) angular velccity ft-1b/rud/sec

pitching (rclling) memsnt developed for change

(1ai2ral) velocity ft-1b/fi/sec

in

[
i

£t-1b/rad
pitching

forward

chznge in vertical velocity
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I"m

= Laplace - transformation complex variable

= steady thrust component

= dx/dt

= dy/dt

= dz/dt

= components of external forces along X,Y,Z, axes divided by the mass
= displacements above the X,Y,Z, axes

= horizontally forward

= steady aerodyramic force - also gystem input

= fore~aft force due to change in gyrobar tilt, 1b/rad

= fore-aft rorce developed for change in vertical velocity 1b/ft/sec

Xum(tl'vn)- fore-aft (lateral) force developed for change in pitching

v
+z

2
0

O')H('ﬂ R

H’Q.QOO

(rolling) angular velocity 1b/rad/sec
= horizontaliy to right
= vertically down
= steady aerodynamic force

= vertical force develcped for a change in pitching angular velocity
ft/rad/sec

= vertical force developed for a change in forward velociiy ib/I~/sec
= vertical forze developed for a change in vertical velocitr 1b/ft/sec
= angle of attack of gyrobar stabilizing vanes

= flapping deflcetion of gyrobar number 1

= flapping deflection of gvrobar number 2

= angular displacement about Y axis

steady angle that X axis makes w.it; horizontal

i

angualar displicement ngpout X axis

= angular displaccemert aboutl Z axis

iii
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I, SUMMARY

This report presents a summary of various analyses of the dynamic stability
characteristics of the Model 1031B Rotorcycle (Flying Platform), in both
hovering and forward flight conditions. To estublish the notation, the der-
ivation of equations of motion for a hovering rigia body is first outlined.
To introduce the factors affecting the platforn's stability, a hovering
analysis consisting of both two and four degrees of freedom is presented.

4 spring-mounted pilot is considered, and finally an investigation is made
of the problems associated with installing two gyro bars to stabilize both
the hovering and forward flight conditions.
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8 17. THE EQUATIONS OF MOTION

o e

) oy

X Pﬂ / A right haaded system of Cartesian coordinates

O KN W A
o PRy pwny ey
&
s
[ ]

are used,where:

X, ¥, 2 are the displacements along the X, Y, Z axes.

; § - u=d/ag, v = /4, W -2/d¢, are the velocities of translation along
- . ; { the axes.
: é :f E du/ge, %v/34, dw/d% are the accelerations along the axes,
J: ‘ / #, 0, Y are the angular displacements about the axes (roll, pitch, yaw).
7 E p= d"/dt,, q= dg dt2 T ° g.:.’ are the angular velocities abont the axes.
}: f l; X, Y, Z are the components of the external force divided by the mass
¥ bg] (accelerations), ¥%/n, F¥/um, F2/n,
L | ~ j hi, h2, h3 are the angular momentum about the respective axes.
,f; ,. . L, M, N are the moments of the external force about the respective axes,
;’.' é : divided by the mass (rolling moment/mass, pitching m.ment/mass, yaw-
f 3 % H ing moment/mass ).
- P
E; i - The six equations of motion of the platform, considered as a rigid boay,
% ! : and relati—~ to axes fixed in space, are
[ A
il x = Y-% 2 =9
= dt, d¢, dt
| ()
L %g—hgl=1. SRy 2 Pew

-
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Moments of momentum can be written as

hy = - K ~Er
h2 = Bq ~Dr - Fp
hy = Cr - Ep ~ Iy

where

= (2 + 22) dm
a ’5(22 + %) dm
J(2 + 3%) an
jr en

= Szx dn

= Sv dm

it

A
B
c
D
E
F

(2)

(3)

If we describe the motion relative to fixed axes, then as the platform

moves through space the moments and products of inertia relative to

these axes change with tims, To avold this difficulty Euleriar axes

(or moving axes) are used which at any instant are fixed in space but

which change their position from instant to instant, coinciding at any

instany with a definite set of axes fixed in the platform. As a result

of this choice of axes, the expressions for the true acceleration and

angular momentum relative to fixed axes become




bt e — “—f‘?‘,;—,?q_——t-—-,—.__x — " = - T e ot T Y M IR e e i reea—a - -
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i
s I
. _ du
- I a, T ovrtwg
" I a - v/ dt ~ wp + ur
. ¥
/ {(4)
I % = M9t - ug + vp
i = -
5 I de/dt dhl/dt h,r + hyq
; 3 dHy/dt = dh,/dt - hyp + hyr
13

-
a
Ead
n

&3,’dt = hjq + hp

~
lniadaas

;

AE ,
- ‘1; where a_, Fos 3. dH,dt, dHy/dt, dH, /dt are all measured relative s

113

g Er fixed axes, and u, v, w, hl, h,. h3 are all measured relative tc Eulerian

: ¥ 2

. g ) axes,

1 ¢

§ - If we combine equatiors (1), (2) and (4) and introduce the radii of

«r B g&’ration by Kf = A:/ ‘KB2 = B/ etc., there results the following

] n m,

: equaticns of motion relative tc Bulerian axes:

L H

R du/dt-vr"wq=x

] I

LR H

A dv/dt - wp +ur = Y

T

Eaf wifdt = uq + vp = 2

;’ E‘S 2 L) 2 2 2 F P
LT < N = &<
5 g KA dp/dt - I(p dg/dt - kg dr/dt + gr E(C - KB ] *K7 v

3

2 2 2
+KF pr~K,:: rq-KDq =]

v

2 EA S 2 _ .2 .
Ky° da/dt - K° dr 2. Kp~ dp/dt + pr [xA Kc} + K (%)

[pz - r:]+ Kg peo- KF2 rg = M

LT
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E 2 2 2 2 2] +
< - - A -
- Ko dr/dt K, dp/dt K, dq/dt + pq [KB K, ]
. 2 2 2 z 2 2
o KFq+KE qr*KD pr-KFp-N
N T
toy
, -
) The external forces and moments must now be considered. Since the X axis
i | ;
‘ i [ will be taken as being in the direction of motion, KAZ and Kc2 will be
A slightly different for every flight conditivn., If 9  is ihe angle that
1i " the X axis makes with the horizontal, then the equilibrium equations for
i I | steady motion are %
= S €
'.f!r1 g Xo*To—gsin9°=0
- (6
; ; Z°+gcos 9°=0
et % ng
Ui g
N i % If small deviations from steady flight are considered, there is the possi-
it s
; f : bility of the 36 stability derivatives:
if: B
1; i (x’!’z’L’H’N)u,va"’P’q,r
T
i ‘:' T Because of symmetry, and the fact that the z motion will not be consid-
Lol
- f‘ 2 7 ered, only eight deviatives are of interest in the hovering analyses:
itk
- gi H _ xu = Iv
HE
K ! P M=
'?i :
T X =-X
P qa p
E] ‘ i Hq = Lp
- In the disturbed state, the axes are displaced from the steady state by
: : - the small angular rotations @, ©, Y. The components of gravity relative
'i T to the new axes are
H L
?
]

i 32323FIDENTIAL
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2
Ox: -gsinoo-gcoseoe
‘ :I Oy: g!sin9°+g¢coseo {7)
[ ., I Oz:-gsinece-*gcoseo
: The net component of all external forces are then (including Z)
;E X--gc03900+xuu+xqq
; { Iﬂgsin0°!+g¢coseo*!vv+!pp (6)
2 , z--gsmoohzuuzv
H <
i [ L= I‘v v+ Lp P
F M=N LUt Hq 9
p N=0
1 If equations (5) and (8) are combi-~d, powers and products of small
"' quantities are neglected, and KD:; * KE‘ i3 assumed zerc for the platform,
iz - the resulting equations of moticr are (neplecting yaw, and vertical moticn)
i
; = - Xu)u - (Xq D~ g coa 9::-) 8=0 (a)
% L' ‘ (D-Y - (YP D+gr9)y =—o (o
;‘A.; L, v e KF D"'-Lpn,\a‘-xlf D8-=0 (c) (9)
Z i -Huu+(KBZD2-HqD)9—KF2DZ¢=O (d)
1 t These are the equations that wiil be 4sed i1 the hovering analyses. In
- every case, ¢0s OO will be assumed cne. The first two enquations are equa-
b tions of forces (actually linear acceleraticns as writien) and the last two
are moment eguaticns (anguiar accelerations). If Lhe stability derivat:ves
are found in terms of forces in pcunds. and moseents in fi-pounds, they must
s be divided by the mass in slugs befor: being s2ed in the abeve equations,

s e e .o 5w
’
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- }; III. TWO LEGREE OF FREEDOM ANALYSIS WITH Xg = 2
T
- The change in drag due to a pitching velocity (i.e. X;) is cbviously
" small and also cccurs in the equations in such a way as to be unim-
. portant. In the following analysis only the pitching and forward dis-
§ o,y
f placements will be considered,with !q = 0. Section IV will show the
:@ § - effects of X5. Under these assumptions, the equations are
. 3 % E u e
i
iir s-X g =Xo (10)
| My S(Kp?S - %) =0
HEE &
. ! _ where X, is the laplace ~ Transformation of an arbitrary forward accel-
F 1
i T F eration input and 8 is the Laplace - Transformation complex variable.
N H
ard Bl
i
i o The block diagram for this system is
I
Pl 0
L X :
I - Xo 1 | 1 ]
SENE —yEN ™ gL
H b 3 '
EIET =
N | s
~Z! i b
I [ 14
i °
; IE and the open loop transfer function can be written
HaoL L
,! x H
L Mu g !HEE »
o 0.L.T.F. = _§g? = Kp
i 38 + .222)(8 + .0726) (11)

8(s - %u)(8 - g)

* See following table for numerical derivatives,

7




{ Numerical calculations based on Hiller report No. 68C.1 will show the
follotiing variations of the stability derivatives and constants with

o

center of gravity location (See also Rapor: ARD Ne. 111):

11
P L

31 109 |7.56 |-.0748 }+.0343 ~.222

32.2 112.5 | 7.8 -. 0748 0 ~-.222

' ‘muw'”

3300 ns 7098 -ao7h8 -.221‘ -.222
118 83 18 “0071‘8 ‘ooh91 ~e 222

¥

m = 1443 slugs

" e
| rcnrard
IV ]

Fortunately, HQ/KBZ does not change with c.g. location,which greatly

Ll ]

simplifies the problem of determining the effect of c.g. (My) variation.

Frv v

In the range of c.g. locations considered, My changes sign, making the
system mgenerative feedback.

 frompnnt

Figure 1 shows the root locus of thc system, Pogitive My variations are

 am—

shown in red and negative My variations iu blue. At a gain of .00529

neutral stability exists at a frequency of 0.13* rad/sec. Increasing

s or el

the c.g. location height (i.e., raising the piiot),makes My iess posi-

Jp—
J

tive and the platform .table., Theoretically,at a gain of .00081 the
oscillitory roots would be .5 critically damped,which would give a rszs-
onable response. (The real pole at 0.2} wou J affect the response only
‘g slightly).

i 8
J:ONFTDENTIAL ‘
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Yo
' [lowrromnmiac
Pl
a
' i_ me!ﬂu at neutral statility is
S (:00529)(14.43) = L0179 FE~Ibspy /o
3 L S 126
! 5 [ n
At .5 damping
T - Ft-1b
; f ~ (+00081)(1h.43) = .0027) /Pt/sec.
i L M, 3 %
1 - [ Although this represents a 6.5 to 1 change inm 42 from Figure 2 it is
: !- seen to occur over a very small range of c.g. variations near zero Hu.
ER 1 T
. The analysis thus shows that the platform is theoretically very sensi-
: Et . _F tive to vertical c.g, location, stable only for a very small range of
jg'n" - I positive Mu's near zero, and unstable for all negative Hu's.
; 3 - . The platform as designed has a ¢.g. location of 19,5 inches above the
4 L’ bo'tom of the duct, and M - L3/002 = +.0902 (Reference Figure 3).
7l The resulting stability equation is

o1 ———
.

8+ 1295 82 + 02618 + .16 = {s + .906} {(s - 30502 + .692]

.

which would give an unstable response,
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IV. ‘TWO DEGREE OF FREEDOM ANALYSIS WITH X, % O

h L

A
i

The fore-aft force due to this rotation is th, sand hence

_i_ _ L——"

2 rotation q about the c.g. is h-.

The transverse component of the

angular velocity at

Xu due to a

1~
, i X, - Xyn
g
§ ) With reference to Figure 3, the following table can be constructed:
i | he H Xy h(ft) Xq
f 31 34.83 | -.222 2.} -.532
| 32,2 | 35.3 | -.222 2.1 -.5u1
- 33 35.6 | -.222 2.465 -.58
: H 3y 35.96 | -.222 2.495 ~.554
PR Ave, -.5Li
L 1
Py If X; is not neglected, the equations are then
- u 9
%
s-%y ~(%38-g) <X
! ~Mu ¥p*87-H,S =0
o The block diagram for thas system is
g -
' %o 1 1 5
My | —5—
v _——’CP‘ X u Kp2S-
)y

; (

S [T

NFIDENTIAL
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where the outer loop has been made regenerative (% nowever, is nega-
q

Yu g MoX
X (5 -7 q 2
0.L.I.F. = E 1 ( xq ) - KB¢ (s + 59 2)

s(s - %u)(s - ;ﬂo ) 8(s + .222)(s + .0:26)
Bx—

(13

e

: i tive). For this system
i
i

- H
. L
, Z Consideration of Xq thus adds the zero at -59.2, which has almest u neg-
1 -
T E ligable effect on the low frequency behavior of the system. (Calcul:-
: i by -
p § tions will show, for example, that neutral stability will occur for
3: :‘7 i z ..( )
: f i My = .0167 at @ = .129 rad/sec rather than at a frequency of « = ,J:7
. gy 3 5 for My = .0179). The high frequency behavior is considerably different,
; g however, since the sysiem now spproaches infinity as 1/s2 rather than as
‘! % B 1/33. Since the asympi.oie is now vertical, the theoretical possibility
i <
: ot exists of changing the system to make the asympiote intersect the negative
i £ogs
: i i f real axis. The platform would then be stable for all c.g. locations
BT that give any positive My.
LN
R
L f . Since the asymptote intersec*s the aais at the point 1/2 [zpnles - zzaros]
?; % the intersection will be positive if
5 f :
1 S 0 .
- " i
§ (I %+ 28, > = (i
] ; P ks Xq N
r1 ..
LN
R assuming that Xy, Mg.and X_q maintain their negative sign. For the plai-
AR
T . form as now designed this inenquality resuliz in
LR I
R ‘ 222 + .0126 ! €0.2
S
B 8
; :
i L 11
i {oNerpENTIAL

1}
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L which is far from heing satisfied.

One obvious, thsugh perhaps impractical, method of achieving stability

) E would be to hang a flat plate below the platform. Then both M and X
' A would increase with pitching velocity, achieving the desired stability,
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V. FOUR DEGREE OF FREEDOM ANALYSIS WITH Xq = O

The platform has its twe engines mounted to either side of the pitch
and roll axes as shown in the sketch below. The motions are then

coupled ?y the resulting product of inertia about the vertical axis.
g

601b F = 2MiyT(2)(60)(2)(i9) = 0.98L slug/ft2
o > (32.2

gy

YT

o .y
IR R T e ereieneey

- : ! { u \2 ¢ e
g ’ 5-X. 0 0 +g =Xo
il L 0 sy - 0 -0 (15)
1 0 - Ka2s2- RTY: =0
1 - Ly A"5%~IpS F
A 2.2 22 =
%‘ . -My 0 ~-Kp°S Kp°s -M;S =0
Gy ]
If these are solved for the pitch and roll responses the resuits can
it .
N be put in the form
SR 1
i b ¢ KN
?. £ a—— 116\
e - MXo " MM - (xpisY) R
il KA(K e
: i - LA
‘! " ¢ KA‘K‘B" 5'(S-lv)
: HX; ™ MM - Kpdsh

3’ uko 5" (8-Xyu)(s-¥.?
* 3 KA KB(.

]
!
H
{ e,
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where M- S8/§ - l1‘1‘.,__)(5 -~ g) E‘.‘g
kg~ KB

[ |

1

T H - o) - g
M=~3(s - giz)(s - y) - "

| i ]

4

If symmetry is assumed.M = M. Furthermore s Since the second term irn

the denomination subtracts i . ingibl . amount, from M the response

containg double roots and is thas unstable.

H

§ For ezample, :f the c.g. were raised to the stabie height such that
- My = 00274 f t":“b/:t‘t/sm: (Reference Fi,.2) then M2 would be

= s6 + . 5236 s5 + L1214 Sl‘ * . . « and the second terms in the denomi~

nation mentioned above would subtraci C.0000814 S6 + .000036 s5 +

. 000000k Sl‘ from this. As KF:2 becomes larger; the roots would spread

sk med

| S

g

and eventually give a stable response, but mest. likely one contais -g

H
$ .
B ’i . large amplitude transients. Fiight tests hsv: indicated a marked im-
3 H
* 3; - provement in response when F was made oqual to zero,
oty -g
i
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VI. ANALYSTS OF A SPRING MOLNTED PILOT PLATFORM

The pilot's platform is considered to be moumaec_l on two springs,each of
spri..g constant k lb/f't, located at a distance "‘a." ft from the center of
the platform. Only pitching and horizcnt=1 displacerments will b2 consid-
ered; the three degrees ot freedom being:

1) x - displacement of total c.g. from fixes axes,

2) © - rotation of m; relative to vertical (+ nose up),

3) a , - rotating of m, (pilot) relative to platform (+ pilot tilts

back).
T2
=
T 1
r=b+c-d a "'" b
1 " /'*-p1lg.ot pivot
c- X
' g L c.g.
Al
I; .
ml/ﬁ
Z
The kinetic energy associated with the motion of the masy m, is
T | 2,1 . 212 .
hrzhe*sm [’”d“] (18)
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The kinetic energy assotiated with the motion of the mass m, is
= 1 . 2,1 . _ - _ 2
T2 Il 12 (9 + di.) + 3 ll'\2 [x (b + ¢ d) b b &r] (19)

The total potential energy of the s.pring derlection is

oy 2,2
Vs k a “r (20)

Under the assumption of small angles the potential energy associated with
a tilt back of mass m, is

- 1 2.1 2
V2 m23[§r0 +§bar +bar0] (21)
And for a rotation of o the energy function is
=1 2
v, =zm g d (22)

If Lagrangian equations are applied to the above energies and the result
combined with the equations previously derived for the platform (also

applicable to fixed axes) the resulting equations are

u 8 Q

T
2
s - xu g -m, bs xo (2
-M 22 .M s K252-mgb =0
u KB ) q 2 T
2
=2 2 22 2k a
~m bs K,’s™ - mrgb K,'s +< -m 39 =0
n r
where m,
* ™
g2 - Iy tmrbd
- m
2 2
m
2

o
n
L}
)
+
4
~n
+
W
Qu
<+
w5
[e]
-t
[+,
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The block diagram of this system is

1 = ¢
MX /mrhls.‘2 a

e }

(-

.

e

1//» 3
e

Platform Alone

s(s-r m, g0

73
)

Spring Loop

2

2k a“-m_gb
¥ xx232+_"2““‘rg :
W& ue K2

2

2.2
(K,°S°-m gb)(5-X,) - M nm bS
= 2
£ M
2 ] g2 4 B

¥
H(S) = mrbKBZ s3 -[:ia + x‘;?a =% r:

Although the system is complicated, gqualitative results can readily be
found if it is handeled numerically and only the responses for variation

in the spring constant are investigated.
For the present platform the constants are

X = 0,227

H = “O. bO'f

M -~ +0,090z

=
o
1
.
wn
=
rn

= 175

m, = 3575 = 543 a4 = 1.k6
. 29C

m:'. - 3-|2 - 9'00 r b ?.bz
. Seli3 _

" T T3 T 37 K, = .28

K.“- 5,42 if = 3.1

M,,

.= .0.0725

Ky .

lrﬁ
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1, 2
The C.L.T.F. of the Platform alone is = /¥p
<S*.906){(s-.3osf2+,592] (21)

(S) = m” (5 ¢ a0 (5 - .390)% + L557]

The feedback T.F. = i‘22 (S + .222)(5 + 3.582)(S - 3.618)

grous

The open loop T.F. of the spring loop is

i 2 2
MK 2ka
[ 0.L.T.F. = —“—"3—5 [32+ T 9"‘2] )
[ n bk, s [gr_ 12.97] (25)

Since 2ka® must be greater than 580 Ft']'b/rad, any variation in k only

tr—

moves the complex Zzeros up and down the jw axis., Furthermore, since the

N above gain is small (.0991) for the present Hu, the open loop poles move
i very little., For example, if 2ka® = 700 J " 1/rad, the closed loop T.F.
: . 1
: L. = gt (26)
; LT * (@ OIS e B TE L)

For higher values of the spring constant, the small real root would be-
come more negative, The complete 0.L.T.F. for 21::;2 = 700 is

(8+.8134)(5+.222)(S+3.582 )(S-3.618) [(S—.390)2+.6952J

)2:62 (1)
3 (8+.906)(S+.01475)(8+3. 34 )(S~3.66) [(s-.305) +.69]

- Since the gain is one, the pole at +3.66 goes to infinity and does
- not enter into the response, The unstable rcots of the helicopter will
still be present with the additional possibility of an aperiodic root frem

the small spring loop pole. If the spring cons:ant is greater than 2370

1'11"']"’/rad, the spring pole will be to the left >f .222 and the possibility

- of divergent aperiodic motion is eliminated. The system, howeve:, is still
; unstable and the conciusion is reached that mounti..g the pitot on springs

. does not appear to be a promising method of improving stability.
ONFIDENTIAL 18
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VII. IN PLANE ANALYSIS OF GYROBAR STABILIZING DEVICE

In this section a free pivoted, air damped gyrobar is analyzed. The
bar senses rate of pitching motion (6), and by linkages, controls vanes
located helow the platform that set up correcting moments. An identical
system controls the roll rate (a). Piteh alone will be analyzed here
and in Section VIII. coupled roll and pitch will be considered.

If 51 is the amplitude of the flapping deflection of the pitch control
bar, and 62 the flapping amplitude of the roll control bar t:hen’lL

oe . 2 . -
61 + 2K951 +Q 51 = -29981!1!1 + 2K29c03!1

(28)
+22ffcosY, + 2KQffsinY,
e L d 2 - - .
62 + 2K252 + 62 -2993.’m!2 + 2K90¢os!2
(29)

+29¢cos!2 + 2K9¢sin!2
where ¥, = 90"+ ¥
ere ¥, = 30 + ¥,

Under the assumptions
51 = ~a1cos!1 - blsin!l
62 = -al(:os!2 . blsin!2
where +al is + tilt back

+b) is + til% to right

* "The Frequency Response of the Ordinary Rotor Blade, the Hiller Servo
Blade, an¢ the Young-Bell Stabiliser" by G. J. Sissingh,
Ruyel Aircraft Establisnment Repc~t No. Aero 2307, May 1950.
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the abuse twc equations reduce to

e g 3 }:l
298 -2KS8 295+2K0° -8 [s+2m] =0 (30)
+2K98 +295 s [s+2x9] 205¢2k2° =0
If only a pitch (@ sensing) bar is considered, the equation representing
the bar is
KS!al +ta) ¢+ =0 (31)
This, together with the platform equation (page 7 ), result in the follow-
ing group representing the system:
u
® ¥
s-xu g -xal = xo
2 (32)
-Hu KB 8"-Mg8 -Hal =0
0 8 S+KQ =0

vwhere X, and ”a are the force and moment derivatives set up by bar
1
motion.

If the angle of attack of tne vane is denoted by a, the linkage ratio n

is defined by

G
n=-
1
then
X = Xaa Xanal = xalal
M= Haa = Hanal = Halal

20
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i If it is assuned that
& M =X L
oy 2 %
. =
: vwhere L is the distance from the vane to the c.g. (3.C4 ft. with h‘f =
§ E 1905"), then
X
5 [ . 11: = constant
o ol
-
b ¥
j E The block diagram for the system is
TN x 1,2
L4y K u’o
) 3 n/KB 35X P
1" : CRCYE
: i L
¥ - ' Hug
!
Sl X,
i : 8 -X 1 8
i’-' ml ‘T u al m
g " .
i ’LE g U -
b o.L.T.F. = X2 ® [3 ‘T xu}
HE | sxe) [s /s - s-x \ +
HE SIEESRE]
pir L X2
Ll i = s[s+.252]
T vl 3
SR [&m} [s+.9oe] {(s-.305) + .69 }
I
: r The system is very sensitive to changes in KQ. ‘A value cf K® = .4 and
L F
! - Hal/KBZ of about 3.0 results in a reasonable r .sponse (Sec Fig. 4). With
: ‘ 1 8 = 2550 rpm (267 rad/sec) K = .0015, a very small value.
i .
2
i _ONFIDENTIAL 21
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[ = 3.0 then

M = (3)(5.62)(1h.13) = L.25 F&-10 /4
o, (3X B /degree

The Ha realizable from the present vane configuration is about 6.b,F t"lb/

degree. Therefore, the linkage ratio is
) n=3 - 65

If the bar were allowed 15° maximum deflection, the vanes would then be
at approximately 10°, which is about stall,
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VIII. COUPLED PITCH AND ROLL ANALYSIS OF GYROBAR STABILIZING DEVICE

The gyrobars couple the pitch and roll responses of the platform. The

six equations are then

u v ']
8-X, 0 0

0 8-Tv -(YpS*g)
0 Ly K, 2s%-1p
-M;y 0 0

0 0 -2Ke8

0 0 228

If symmetry is assumed and Xq = -I}', = 0 then

KZ 2

2 ~Kp

xu SIV

The six ¢ uations can be reduced to the following four:

(3l
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re

{7 - R T e A ———— . i e
Vi

[ pm—

1

. !_ ¢ (] a, bl
] * . 0 M -N 0 X,
) M 0 0 -N =0 (35}
-2KeS 285 29 [s+x9] -s s+2xsz} =0
285 X5 8 { s+2x9] 29[3«9’] =0
J

where X~ 332 [(32 - %} (s -X,) - -’%‘-Z-ZJ (36)

MXa - %2 Xa
nslial [““i;'—] (37)

If the additional notation is used that

Ravam v g

a=k (s"’+2ses+292]
'r .

——
e §

b =208

the responses for the pitch axis are

' WN\M'

") Ma/Ma+kd) + wosh (38)
X 7 (g )2 + MOS8

]

e

al ~b (&"Nb)
= 39)
B Waem) + 80 (39)
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The blick diagram for the system is

H.-;xo 0
-
» [nem]|— » e = ﬁ? l
vHNab—l
M2gh

For the platform as designed

o

M= KBZ (8+.906) [(13--.305)2 + .69 =sz l.83+.29582+.016ls+.516]

]

N=X 8+.252

al ]
a=K [82+356, L758+142, 57% =K [s+356, h75] [s*.h]
b = 53,8

Since HZBI‘ (Mg )2, the system contains double roots ard is un-

stable. Numerical calculation will shov that

-

mb S +3.55 x 10S Sh+2 475 x 105 83411, 1 x 10S s°+ L.55 x 10b

8+.7358 x 10° [(S+ 21)4)2 +.1565 } {(S+.135)2*l-?f’[’}

[s+3.55 x 105]
In order to remove the theoretical instabilir-
metry, it will be necessary to make H \ I’b 8ince the system is sensitive

to changes in that derivative, flight tesis wi“ be made to determine thuse
factors (values of the linkage ratio, for example) that will spread the
roots suffic.ently tc achieve good response,

due te the assumption of sym-

25
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! - IX. PORWARD FLIGHT ANALYSIS; Xg = %49 = 0
: The equations of motion for the platform in forward flighi are the con-
g : ventional vertical plane motion equations of the airplane. These are

as follows:

| -mwm'

u e w
R e
. 8-Xu -(-gcos6_+XyS ~X =X
[ ° ¥ ° : (ko)
-Zy -(-gsin@ +2gS+V8) S-Z_ =0
. 2
k My 8(K;8-Mq) M, =0
iG The block diagram of the system with Xg = 2q = 0 is
tol
. X Zu —— AR °
2 K3 Zu My 'LS-Zm Zn]
;L= (+) (<) 2T
; : s@- 2) 5% (X45#734 )82 Xu-Zuy
g V'
- [ gsineo]
£ tEgm——— —
H MV IS 7
B ~» /-gsin® :
H v {s¢+ \__.v__‘l .xu) s+§ (Xusinoo-z.;coseo)]
‘ = If for ease of writting, the following notation is adopted:
i
i L 3= 8 - (X)) 8 + 2%y - Zyufy (1)
Pin MV
i B-s(s-%) + 2 __ (s-:<ne
oA ( 2) 2 ( o (h2)
: { 43 kg 2u 2
|
bl
! , .
i : 6
[ Iomnnnnu,
T
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i l' 5=S-Zw*%zu {is2)
r i 5=8%+ (‘E_V_Sing. - X‘.x) S + % - Zycos  + Xusineo) (iky)
3
{ Then the final open loop transfer function is
. MV [
: - — {L2)
I o:L.T.F. KB Ziz I E
A o
1 | If the gyrobars are added, the equations of motion are (with X, = 5, = 0)
i
,l t 2 <] w ay
i ‘ - S~ +gcos6 -X X =X
. f x'u & fo) %’ 31 o)
2 -z, ~(~gsing_+Vs) s-2, 0 =0 (L6)
: * .
| B F 2 "
A = S(K;"S-Mq) ¥, “¥a, =0
H F 0 s 0 e =0
R |
i
M .- The block diagram with the bars present can be put in the form
L
T
i H M2ZXT % 6
§4 =
PR (=3 EKBTZ""‘
i ! AB- = o]
‘ MXa) s J 5
: ﬂ;:[" + Iy
“ ' %Ll oy - ad y ‘
1
o 8 Xa ]
: .h;%é S {‘1\1 E-l T+1
. 0.L.T.F. = 21 J (170
- YA - v,
. rswke) [285-18L 5D
- KB' zll
: -
: - 27
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The above diagram brings into evidence the feedback fuucticn o the

gyrobar which changes the characteristics of the basic pliatform loca-

ted in the feed forward loop.

Hiller Engineering Report 680.” will show the following stability der-

ivatives for the five chosen flight conditions:

[ IR

’mrm,

I ]

[T e T ]

L

fgyervmens

gond. V FPt/sec gc» xu Hd Zu xw M.w zw
Oe
Mﬁ%——
1 27.4 -11° |-.288 |+.580 |-.0789 | .ou21 {.0s57 -
2 LL.8 -21 -.316 [+.690 |-.178 L0561 | .282 -.059
3 59.5 -31 -.325 |+,210 |-.137 071 1.578 -.251
v | 66.8 V-3 |-.322 |e.osen |- | .ouso |.s8 | -.
5 4.4 -2 -.315 | +.0469 | -.1503 .022 430 -3k

[ Ly

!:Mw‘m:

e

T
. T — L I 0 s
- — s ) 4 ‘
ERIN U CUSISTI L, ST g e g, S iy g, gt oy 1 e

e - - 1)

Ll L
- = ;s

2
-~

LIy 1 ] o] O N S LI P T

2 .
o,

P R U S
¥

e
»

If center of r-uvi.y locations other tnan those in the truck tests are con-

ceived, the new moment derivatives will be given approximately by

The following table gives a summary of momen:

o+ - 1537
o!‘u + (H - 15.3)

g.’w + (H - 15.3)

-

[X_z‘;c »

« 2 38ing

L

o]

X 098 -2 gin@ ]
[ 0 “ ()

X“cosoo - Z'sn'.neo }

pilot platform height znd center of gravity 1-cation.
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The function of the gyrobar is tc¢ stabilize the platform, with the degree
. - of stability achieved a function of Ma fer a {ixed damping XP. Since

‘ 1

t : the high frequency asymptote of the closed loop svstem with the bars

present is vertical and in the left half plane, any conjugate complex

g unstable roots of the platform without the bars can be made stable at
% - some value of M, . This then causes no difficulty, at least theoretically.
1 .
However, if the platform alone without the bars has an unstable real
{

root, it will travel toward the zerc at the origin that has been added

. ewi g e e

by the bars, and regardless of the value of M, the platform will always
1
be unstable with aperiodic divergence. This situation can be avoided

gy

LN
odk 1
T e s i Sk s g e S

under the following conditions:

. e
]
N -4

- Congider first Hu positive.

u
A
A R SOy L e

Inspection of the functions D and X will show that

§ 1. They contain only force derivztives and thus are
independent of c.g. location.

= 2. The coefficients of D and A will always be positive

g gy e meppe e e

H for the plat’orm under all flight conditions since

the force derivatives do n>t change sign with for-

R

ward speed. The roots of D and A will therefore

A

a2lways be in the left hand plane.

Since for a +Hu, B will always have one unstable real roo! it is neces-

sary to investigate C.

1 30
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l B 7 Mw

1 - If =% -tﬁ: Zu is positive, the zero of T will be in the left hand plane

' N and there is the possibility (if the second sonditior below is fulfilled)

- that the unstable pole of B will become stable. Therefore, the first

necessary condition, that the platform not contain a positive real root,

: is that

M
..zw + 7\*)0
u

or since %, is negative

Lol ol
[]

{ . #(E"_ (L.
5 . 1 z\l
I H
i , L If the zero frequency amplitude of the O.L.T.F. without the bars at unity
; ok Ky _
. ! ~4y— i3 greater than 1/%7__ then the unstable root of B will be loca-
: . Zu ) -
i § !(B 2,
! } H 7 ted in the left half plane when the loop ic closed. This will cccur when
1 R
! IR (2 )l ]
: o hy Zy * - j
t ’ 't‘ P Y Hﬁ‘zu_‘ v ;Zu cosQo +X“ smGo) 1
: el L 1T WV g . ) MuV
: A B t 2A - Ak [ PR smgo} X%,
? oL JL Tp 3 B ™1
? oy
H - i
P I 1 or
: R | - Z
oiE Be ) fe o .l
, Vo Zy *H U Tang = J ; (50)
2 HEERE T XYoo >
i 1 % %
i I .
! o
2 BE
; A For a negative Mu, it can be shown that B will always have negative roots,
; M
i o and the condition that -Zw +* ﬂl'.zu » 0 doe= .7 need io be satisfied to
. ' u
i insure a stable real root, but that Equation(>0)is necessary and sufficient
with the sense of the ineguality reversed.
i N }'
‘N
i !
2 : 1
g ?c-:mnanrm 3
! v.‘ = x )
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- oare 3 is a plot of the left side of Equation (50)setequal to R for

- the five flight conditions. Only for% ratios where R) 1 (+ Hu) can

the gyrobars stabilize the platform. Inspection of the table on page 29
indicates that this state exists only under Condition 1 with the pilot

=

: platform below a point around 30" from the bottom of the duct.

if !u is negative, then M. must be negative to insure the poss~ibility

- of R {1, since a negative ratio% would never allow R {1 oec. 1se of

i

H the slope of the curves. Inspection of the table on page 29 will show

T that a negativ- Hu’ Hw cumbination appears to be impractical.

- There thus appears to be some indication that the derivatives under

- various flight conditions should be studied in some detail before de~

3 sign to insure that the gyrobars can stabilize the platform.

;
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X. CONCIUSIONS

The results of the present investigaticns scem to indicatle the foilow-

ing conclusions:

A 2 degree of freedom hovering analysis shows that the
platform is stable for a smail rangs of positive M, {Cegs

locaticns).
Under the design condiiion
M > %

q

X 52
the platform would be stable for all c.g. locations that

%5

give a positive Hu.

1f symmetry is assumed but the prcduct of inertia (F) has a
small value, the four degree of freedom analysis indicates

an unstable response with double roots.

1* szems impractical to mount the pitct's platform on springs

1. achieve stability.

A damped gyrobar can stabilize hcvering flight, although the
coupled pitch~rcli respcuse will be theoretically unstable if
symmetry is assumed, If the pitch-and-roll gyrobar linkage

ratios are differen*, stabilized hovering flight ca: be achieved,

A preliminary forward [light anaiysis w'in the gvrobars installed

irdizates that th- I+ - can stab’'2ize f.7.at if the platform

(¥




"

oo

R Y S

e

AR R s g o g B

Aw——w.x e

— i o g
PR

byl

!bFn " ' w" N' 'l"ﬁl!'

§omtgone §

| T

Frmianes §

et §

amd

e

—
-y

rithout the bars does not contain an aperiodic divergent
root. If it does; the hars can not stabilize forward
flight. The basic platform must therefore be carefully
designed to eliminate aperiodic divergent roots. If

Hu is positive, this can be avoided if
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XI. LIST OF FIGURES

Pitch Root Locus

Effect of C.G. Location on Hu
H vs. hf

Pitch Response Root Locus

Region of Stable Platform Forward Flight
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