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T _INTRODUCTION B

The purpose of Air Force Project MX-1016 is to determine the
feasibility of attaching F-84 fighters to the wing tips of B«29 or B~50
bombers for long range towing., This report describes the work accomplished

during Fhase I of the project in comnection with the preliminary design of
the control system‘components required to maintain the F-84 aireraft in

proper relationship to the B-50 airecraft.

In the dynamic stability studies of the B=5C = F-£, airplans
configuration deseribed in Reference 1, two types of wing tip attachment
were considered. These were (A) a coupling in which the F-84 is free to
roll ehout the wing tip joint but restrained both in piteh and yaw, and
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wing tip joint but restrained in yaw only. It was assumed in the stability
investigations for both types of couplings that an asutomatic control
system could be designed which‘woubi cperate the F-84 control surfaces

to effect a desired damped oscillation detcrmined by the dynamic stability
study. The control-system was assumed to respénd té igput signals

proportional to the angular misalignment angle between the B-50 and

Q.
3

s of this =n Tha
< id uaq—_;.;v’ IJ ° 4 335

win /4 5 and the rate
results of the dynsmic stability study indicate that stablilization of
the F-84 may be possible for dither of the two types of coupling
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tabilization of the F-84 when attsched to the B~50 by a wing tip
coupling which allows freedom in roll only is indicated to be feasible 4if the
F~84 is controlled by its ailerons scting as plain flaps. For this attachment
and mode of control the F=84 oscilla*ion resulting from pitch and/or voll
disturbance of the B=50 = F-8, combination will be suitably damped if the
allerons are moved, both in the same direction, so that the aileron angle,
8 a» 18 equal to K3 . Preliminary ealculations show that stability will

be obtained if K has g value of approximately = 3.

For the coupling in which the F=8/ is free to pitch and roll zbout
the wing tip jolnt but restrained in yaw, the stability study indicates that
the oscillations of the F=84 resulting from pitch and/o:e roll disturbances
of the B=50 =~ F«8/ combinaticn will be suitably damped if the F=84 elevator

A

axd the B«50 flight is conirolled by the B-50 autopilot to reduce gust

°
. is emmel 0 o /A o W 4 -

w {e e

ig controllsd so that the elevator angle

]

disturbance effects to a minimum. Preliminary calculations give values

for a and b of 0,1 and 0.2 respectively,

II Aileron Control Of F-8/ For Coupling With F-84 Free To Roll But
Restrained In Pitch and Yaw

With th

wy ner
v LA

(]
(o]

FeR/ and B=5 7 & two point attach-
ment so that the F-8, is free to roll about the attachment but restrained
in piteh and yaw, ‘the dyﬁamic stability study indicates that the =84

can be stabilized by using the ailerons as plain i‘lap? if the aileron
motion is defined by the equation 6 e = K3 ang K ®» approximately
- 3; This type of control was investigated separately for pliching
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and rolline disturbances of the B=50 - F=-8, combination but the preliminary
studies did not consider simultaneous pitching esnd rolling disturbances or
the effects of wing elasticity. Further investigations may show that the
ailerons should be conirolled so that the aileron angle varies as a

[
wnction of both [3 and ﬂ3 which will increase the complexity of the

necessary automatic control system. )

On the assumption that the F-84 can be sultably stabilized by
moving ‘the aileéons in proportion to’the angular misaligrment between the
F-§4 and B-50 wings, control can be accomplished by elther a direct
mechanical link between the wing tip coupling mechanism and the aileron
system or by a servo system which moves the ailerons in proportion to
For ths serve systsm. wing misalignment angles
would be detected by a synchro mounted on the rotating shaft of the wing
tip attachment lance. If further studies of this mode of coni.rol show
that additioﬁ of rate control is not required, the simple mechanical
linkage for operating the aileron as shown in Fig. 1 (R.A.C. Dwg. X-20150)

]

will be satisfactory.

For operatié; of both ailerons in the same Clirection a device
for changing from differential operation to flap type operation must be
included in the F~84 aileron system. R.A.C. Dwg. X-20150 (Fig. 1) shows
the propesed F-84 aileron connection linkage at fuselage station 167
in which the right aileron control rods ars connected to the left aileron
‘control rods by two hydraulically operated cylinders} For normal aileron

operation ons cylinder is hydraulically operated to its proper fixed

length and locked in position so that the right aileron moves differentially
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with respect to the left aileron and the sther cylinder is free to lengthen
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or shorten as required, For the flap type of aileron operation, the olher

2 b

cylinder is hydraulically operated to its proper length and locked in

position and the first cylinder is free to change length.

An investigation was made of the servo power and speed required

for operating the ailerons in accordance with the equation (Sa - -3/

in order to determine probable servo motor characteristics for use as a

basis of servo system design in the event that mechanical coupling of

the ailerons to the wing tip attachment mechanism proves undesirable.

The amplitudes of the wing misalignment angle, 6 , and the rate of change

of this angle, 6 , during a rolling oscillation of the F-84 relative to

the B=50 were assumed to be greatest for a simultaneous
rolling disturbance of the B-50 - F-8 combination. To

] X § N -3 72 £ T 4 e Arvar =0
probable order of magnitude of /J and /[J , ths curvss

dynamic stability study showing the varintion with time

pitching and
estimate the

lattad in the

of /3 and /3 for

separabe pitch and roll disturbances at time <+ w» O were superimposed and

resultant curves of /3’ and 6' were drawn by adding ordinates algebraically,
The resulitant /3 curve was coordinated with the resultant ﬁ curve so that
/-JJ was zero for the maximum value of (3 , thus making the estimate more
conservative., The variations of (3 and /3 with time during the latter part

of the first quarter cycle of the F-84 rolling oscillation obtained by this

method and the corresponding values of Kj’ are shown in Fig. 2. It is

realized that this method of estimating meximum values of (/3 , /3 and /3

gives only approximate results but it was used ih this instance since no

data on oscillations resulting from simultaneous pitching and rolling

*
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disturbances of the B~50 =~ F=£4 combin/tion was determined during the

preliminary dynamic stability study.

For aileron control with 8 a == 36 , and for negative values
of (3 , positive or downward aileron deflections are required. HMovement
of the ailerons in direct proportion to /3 is possibie until the ailerons
reach their anguiar deflection 1limit at 4+ 16 degrees (0,279 radians) which
corresponds to a wing misalignment angle of ,6 z = 0.093 radians., Therefore,
for the simultaneous pitching and rolling disturbance assumed, the ailerons
can move in direct proportion to the wing misalignment angle until they
reach their limits; but after that must hold their maximum deflection until
the wing misalignment angle pé‘lsses through its maximum valué and reduces to
0.093 radians. This will resul? in a diTfersnt type of ,@ versus b

S ma Arrmer
LG Ul v

(6]

then that assumsd for the simulitansocus pitching and relling disturbance, but
for less severe disturbances where the maximum amplitude of ﬁ is 0,093

radians o};‘\less the probable shape of the eseillation curve will be

similar to that shown in Fig. 2,

The maximum servo horsepower requlred was compubted from values
of aileron angle, 8 a » alleron angular velocity, ¢¥ 5 , and hinge moment
per aileron, My , corresponding to values of /3 plotted in Fig. 2. &y
and W ; were calculated from the relationships (53 x=3/3 and W, =-3 /é
respectively and values of My corresponding to 5 a were determined ffom
data presented in Reference 2. Horsepower was com}%,ut.ed by the formula

HP = 2 My @/, which neglects the very small torque required to overcome
550

the sileron inertia. Curves showing the computed values of a s Wg » My,

and total horsepower required to drive both allerons are shown in Fig, 3.
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The F~84 aileron control system is shown schematically in Fig. 4.
The-assumption was made that a two phase induction servo similar to Bendix
type 15601~1 will be used to operate the ailerons and that it will be
comected to point b of the booster control arm with a linkage that will
move lever b in exactly the same way as the pilot's control stick does.

On this basis the angular relationship between the servo and the ailerons

will be the same as that which exists between the control stick and the

silerons, The angular relationship between control stick travel and left

alleron travel, plotted in Fig. 5, was obtained from Reference 3, From this

data the angular transfer coefficients, Cp = stick angle divided by aileron

angle, was calculated and plotted as shown in Fig. 6. Stick angular velocities,
& g, corresponding to aileron angular v%locities, tdg 5 plotted in Fig. 3,

were caleulated by the formula &Jg = Op ety whers Of is the cosfficient

v
o

: ; ~ Q o . ST
sorrespending te velues of ¢) g pletted in Fig. 3. The required torque was

computed from the relationship T = 550 x HP , using values of horsepower
Wy

plotted in Fig. 3. Assuming that the servo is linked to lever b of the

-

aileron control system in the same manner as the pilots' control stick,

the calculated servo speeds and torques are as shown in Fig. 7. The
calculation indicates that the servo should have = maximum speed of at
least 1C R.P.M, and a stalling torque of about 200 ft.-lb. if the
avallable aileron booster is not used. Utilizing the 10,18 to 1 boost
ratio of the hydraulic aileron booster cyiinder a servo with a stalling
torque of approximately 20 ft.-lbs. might be adequ?te, providing the .

aileron booster has sufficiently fast response,

uly 1y 1949
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A probable servomechanism for e¢ontrolling the aileron angle in
direct proportion to the wing misalignment angle is shown in block diagram
form in Fig, 8, Assuming that rate control is not necessary, the system
' will consist of the following components:

i (a) Displacement Signal Autosyn, Similar to Bendix
! Type AY-101D

i (b) Servo, Simiiar to Bendix Type 15601, With Rate
% Generator, Magnetic Servo Discomnect and Pulley

i (¢) Clutch SWiteh, Bendix Type Q=9
& ; . (d) Pilot's Clutch Release Switch

|

! (e) Aileron Follow-Up Autosyn, Similar to Bendix
| Type AY-101D
f
1

- ! (f) Amplifier Unit, Similar to Bendix Type 12319-1

(g) Power Supply, 3 Phase 115 Volts 400 Cycle A.C.
and 28 Volts D.C, )

i o Mt P i

In addition to these components the finsl design mey also includs a rats

Qo

i
l
) !
. | gyro equipped with an inductive type pickup, similar to Bendix type 786972
-
i a8 shown by dashed lines in the block diagram of Fig. 8. Equations have

been derived for use in the design and analysis of the aileron control

system, and are described in detail in Section IV,

! IIX -Elevator Control Of F-84 For Coupling With F-84 Free To Roll And

Pitch But Restrained In Yaw ?

The dynamic stability study indicates that%for the coupling in

i

. | which the F-84 1s free to pitch and roll about the wing tip joint bub ;
. !
{ restrained in yaw the F-84 can be suitably stabllized by moving its elevator !
Y
N Rev. 2wy ! ’
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in proportion to the wing misalignment angle and the rate of change of the
wing misalignment engle, i.6., Ng = £ (3, /). Independent studies
of the flapping and pitching motions of the F-84 for pitching and rolling
disturbances of the B«50 - F-8/ combination indicate. that the oscillations

of the F-84 will be suitably damped if Je = 0.1 3 + 0.2 3 .

v

In order to estimate speed and torqus requirements for moving
the elevator as required, it was assumed that the variation of (3, ﬂ., and é.
'with time when using elevator control and a single point attachment would
be similar to that estimated for the two point attachment with aileron
control as shown in Fig. 2. The values of 5 e and ée during the last
half of the first quarter cycle of the F-84 oscillation were computed
from the equations e = 0.1+ 0.2/3am 5‘8 s 0B+ 0206,
using values of (3, ('3 s and (‘5 shown in ¥ig, 2. Tne estimated variatiions
of (%e and(g_; e with time for the pertion of the F-8/ oscillstion congidered
are plotted in Fig. 9. These curves indicate a maximum elevator angle of
approximatel,'ﬁg degrees and a maximum elevator angular velocity of about
4 degrees per second (.67 RPM). Since the elevator hinge moment for the
F=84 is sbout 20 ft. lbs. for an elevator angle of 2 degrees at a crulsing
speed of 300 miles per hour, the servo motor required for the elevator
control system must have a stalling torque of at least 20 ft. lbs. and a

maximum speed of about 0.67 RPM. The rate gyro must be sensitive o wing

angular velocitles up to 11l.5 degrees per second.

~ s

The proposed servomechanism for controlling the F-84 elevator

a8 a function of (3 ard /3 is very similar to that required for aileron
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i:' ! control with the two point attachment as discucsed in Section II and is
i shown in block diagram form in Fig. 10. The system will consist of the
'
! following compcnents:
4 %'
| (a) Displacement Signel Autosyn, Similar to Bendix
Type AY-101D '
(b) -Servo, Similar to Bendix Type 15602~0 With Rate !
Generator, Magnetic Servo Disconnect, and Pulley E
(e) Clutch Switch, Bendix Type CQ-9 i
(d) Pilot's Clutch Release Switch g
| (e) Elevator Follow-Up Autosyn, Similar to Bemdix |
| Type AY-101D ]
. ) g ‘l
‘ (f) Amplifier Unit, Similar to Bendix Type 12319-1 1]
(g) Rete Gyro With Inductive Type Pick=Up, Similar ;!
s to Bendix Type 786972 ¥
b (h) Power Supply, 150 VA, 400 Cycles, 3 Phase, ’ e
Pt ‘ 115 Volts A.C. and 28 Voits Dule i
r
The estimated meximum weight of the complete servomechanism, less the g
power supply, is 20 lbs.
' In the proposed system the wing misalignment angle would be
; measured by the displacement signal autosyn mounted on the rotating shaft ‘i
of the F-84's wing tip attachment lance. Rate of change of the wing a’
misalignment angle would be measured by the rate gyro mounted in the
B wing tip. The servo should be mounted as close to the elevator as possible f
|
and coupled.to the elevator torque tube by a cable andy, pulley type of i
rigging., The follow-up autosyn would be mounted directly on the elevator
{ torque tube. Equations based on the block diagram of Fig. 10 for use in
e the design and analysis of the elevator control system have been derived ahd
ars outlined in Section IV,
|
§-1-72 % |
Rev. 27 ?9 ’ A
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IV Equations For Analysie Of Aileron Comtrol For System Vith Freedom In

!

i Roll Only And Elevator Control For System With Freedom In Roll And
Elteh
I 1, Symbols
Symbols used in the equations developed in parts 2 and 3 ars E
' defined as followss . ! !
3 Angular displecement in roll of F-84 relative to B-50, !
. . i3
3 Angular roll velocity of F~84 relative to B=50,
. 25 Angle of rotation of servo motor shaft.
83 Angle of rotation of servo motor gear trajin output shaft. ﬁ
»
. 83 Anhgie of rotation of aileron hnaoster osuiput laver -
1 * (in sileron control system) or serve output pulley
(in elevator control system).
85 Angle of r.tation of elevator rigging output shaft. . =
/3 Angle of rotation of elevator with reference to zeroed position i
when (3 is zero. j
1§
]
! Bg Angle of rotation of sileron rigging output lever, * ]
|
89 Angle of rotation of aileron relative to zerced position when
3 1s zero,
: ¥3 Transfer function for amplifier.
: ¥s Transfer function for motor.
| Y3 Transfer function for gear itrain.
: Y4 Transfer function for aileron beoster (in aileron control
i system) or servo pulley (in elevator control system).
; {
[ Is Transfer function for elevator rigging. i ;
l EY
" ! Yg Transfer function for elevator,
i _
5
§ |
. !
5-1-72 B
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Y7 PTransfer function for elevator follow-up autosyu.
Ig Transfer function “or elevator follow-up potentiometer,
Yq Transfer function for servo rate generator, - ;
Y40 Transfer function for rate generator potentiometer,
I Transfer function for rate gyro,.
112 Transfer function for rate gyro potentiomeler, ﬂ
Y13 Transfer function for aileron rigging. b -
Yy, Transfer function for aileron, II
Y35 Transfer function for aileron follow-up autosyn. li
116 Transfer function for sileron follow=-up potentiometer, i_
Ip Transfer function for signal autosyn at wing tip jeoint, i;
Ta1l Output torque of servo motor, F
i
Te2 Cutput Torgus of gear train, %
i
Tan Cutput terque of ailaron boogtsr {in sileron control system) {
- or servo pulley (in elevator control system). r
Tos Outputkﬁprque of elevator rigging. ﬁ
Tes Elevator hinge moment. | h
Tob Output torque of aileron rigging. K
Ta7 Aileron hinge moment.
Tesl Inertia and damping torque within the serve, i
Tes2 Inertia and damping torque of ailerons or elevator,
E Input signal to amplifier grid. ? %
Eo Follow=-up autosyn feedback signal., % |
51 Error signal. i | |

1z
v

i
Internal feedback signal from servo rate generator,

Signal from rate gyroc.

1
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Input signal to servo motor.

Input signal to control system,
Response'function for rate generator,

Angular transfer funetion for servo motor,
Angular transfer function for gear train.
Response function for rats gyro.

Angular transfer function for elevstor rigging.
Angular aileron transfer function,

Elevator stiffness,

Aileron stiffness,

Mechanieal advantage of alleron booster,
Linear stiffgess of elsvator c¢able acecerding to Young's law,
Flevator rigging stiffness.

Bffendisn mamant of inortias aof sarve gwvelewm roletivw
LriEeGviTE pamane Qi LnoeBcld g1 S8Fvo SECisie s s

motor shaft, .
Effective moment of inertia of aileron or eleyator about hinge:

Moment of inertis of servo gear train less input and output
gears relative to servo motor shaft.

Effective moment of inertia of elevator rigging relative to sexvo
motor shaft,

Moment of inertia of servo motor shaft ineluding one gear,

»
Effective friection coefficient of serxrvo,

Effective friction and vortice damping coefficient for aileron
or slsvator,

Angle of attack, F=8/ wing.
Angle of attack, F-84 tail.

Elevator hinge moment coefficient ratio.
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{
1 C20 Aileron hinge moment coefficient ratlo. .
} Che Elevator hinge moment coefficient,
’ CHa, Aileron hinge moment coefficient.
g Co Mean elevator chord aft of hinge.
Ca Mean aileron chord aft of hinge. -
Sg Total surface area of elevator aft of hinge.
Sg Total surface area of ailerons aft of hinge.
é Py Dynamic air pressure on elevator or aileron.
8 Laplace operator, '
rl Radius of servo pulley for elevator control system. |
1 r, Radius of elevator pullsy,
i L Ons half the length of the elevator cable.
E ¢ Effective torque trensfer function for amplifier and mouLor,
- % % H . Effective torque transfer function for entire load, !i
Z l K Transfer function for follow-up autosyn unit. ﬁ
! G Transfer function for rate gyre unit, ) i
| E "R Transfer function for rate generator unit.
[ L(8) Symbol indicating a function of a complex variable.
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2. Aileron Conirol For System ¥ith Freedom In Roll Only

A. Resvonse Functions

Consideration of Fig. 8 leads to the following evaluation of
responge functions, all of which are functions of a complex variable,

the' symbol (S) being omitted in Some instances for simplification:

L He

; B = € -B, = 3 Y, = E; =z Error Function (1)
3 E = By -Ep -E3 2(3Y,-E ~E; -E; = Amplifier Input (2)
|
E Poq S EC(8) = ( 73 Y5 = By - E2 - E3) G(8) = Se‘rvo Motor Terque (3)
e ok KTy | (4)
. 8 = H(S8) Tel = H(s)c(s) ((BY, -E, - Ep = E) (5)
|
; Eo = K(S) 8y = H(S)G(S)K(S) (B, = Eo - E, - E3) (6)
Ex = R(S) 6 = R(S)kpTe1 = R(S)C(S)k, (3 Y, - Eo - B2 = E3) (7)
,: B3 z G(S)/3 = Y35 kgs /3 (8)
|
‘ E = Te1 = (9)
58 T TErEE)
3 ¥p -K(S) 85 - R(S) 8, - G(8)3 = E’T;?‘a'ﬂ (10)

(3 Y, ~K(S) 8 -R(S)k - G(S) = 89 (11)
P e STEFRE) S

8y [1 + R(8) C(S) km + K(S) C(8) H(s)] = c(s)-H(8) [xp - G(S)] (12)

09 = [T, -ca(s)] c(s) ms)

(13)
s Adileron Angle to
| 3 1+ R(S) C(S) kgK(S) C(8) H(S) Signal Angle Ratio
-
C _
I e | ’ | . )
- - - - - - T, - — N .. w:* . . ar e .- e — - —--— ——
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g l I, 6(S) H(s) G(8) o(s) H(8)

% % " TTRE) O(8) kp+ K(S) O(8) WE) 1 A(S) 6(8) ky + K(s) c(s) H(8)

The last term of equation 14 1s the rate gyro's contribution to this response
| 1 i ratie. When there is no rate gyro G(S) is zero and the last term of equation

1/, disappears so that

6 = 1, ¢(s) H(S)
! 'ﬁ" © T REY (8 kp + K(S) C(S) H(S)

(15) :

l

|

I ‘ \

Il; : ' According to the dynamic stability analysis of the F-B4 -~ B-50 combination,
1 the cscillation of the F=84 resulting from & pitch er roll disturlenes will
|

l

. SO Iy e RIS
DEe sBULVAEDLY Gampel L2

-

a7

!99 &~ = 3 /3 ‘ (16)

i e
L e T e

. If this is true then equation 15 can be rewritten

‘Ip c(8) H(S)

- -3 (17)
1+ R(S) C(S) Xk + K(S) ¢(S) H(S)

! .
!

» & copdition for stability is that equation 17 be approximately

- {

maintained. In addition to equations 15, 16, and 17, an equation for the

{
damped servo oscillation is required. This can bb obtained from an in=

vestigation of the ratio of E, to 6 as follows: f

1
e —— e o et e et ambr W m
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i
k
E, = E, = K(8) |
¢ Y, 3 Y, (3 |
- () g(s) H(S) - G(S) c(S) H(S) K(S) e (28) i
1+R(S) C(8) kp + K(S) C(S) H(S) T+, R(S) C(S) kn *+ Y, K(S) C(S) H(S) - : E
t With no rate gyro, equation 18 becomes g
| ol
| By = K(S) C(8) H(S) s Eg (19)

‘ | e TTR(S) C(8) ky + K(8) (8 H(S) Y, 73

i ‘ . 1 |

XN BEquailions18 and 19 express ths ratic of the fsedback signal to the originating

£ ; sigmal € . It is a diffeventisl sguation which is pericdic snd damped,

| | ;

} % Equation 19 may be rewritten H

E ) }II

2 | I

]
1 (<]
;l Eo - Yp H('3) K(\J) C(S) . ﬁ (20) g
| T+ R(S) G(S) ky ¥ K(S) G(8) H(S) |
|

i ‘ E

i
' The transfer coefficients and final solution of this differential equation
i
will be considered later,
B Ancther equation which can be used for stability consideration is

: B = E x __f_ = EO,/{: /{ (21)

| . ra E ’

" B] € 1 1 = Bofg

1,

L

( :

: 4
T A 4=
[ b sa1e2 ) - i _

K ReV, 2/4% . = o

- ; R R o to- T
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B, » K)cs) ms) [vp -as)] (22)
By Yy + Ip R(S) C(S) kpm + G(8) C(38) H(S) K(8)

For no rate gyro squation R bscomes

E; = K(8)c(s) H(S) (23)
By 1 + R(S) ¢(8) kp

nations 22 and 23 represent the ratio of the feedback signel voltage to
the error signal voltage. They are differential equations whose solutions

are damped oscillations,

A third squation for use in stability consideration is concerned with the

ratio of E5 te E for the internal feedback loop.

Er = R(S}C(S) kg (22}
E
The nature of this equation and the selsction of the proper transfer functions
will prevent, unstable oscillation of the internal loop,
B. Evaluation of Transfer Functions
The load transfer function H(S) is a function which transfers motor
« torque into an angle of rotation of the ailerons. A1l of the torques
which the motor must covercome in oxrder to create an angle of rotation of
the ailerons, 89 , must be considered, !
!
8 = H(S) Tgy (25)

0, (]
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The inertia and damping torque within the servo system is given by the

equation
(.\“
Togl = J3 82 63+ 1186, (26)
In equation 26, Ji is the effectlve moment of inertia of the moving components
of the servo with respect 4o the motor shaft and f1 1is the viscous damping

coofficient. The term fi & 8y is the damping torque which the motor must

overcome,

In addition to the torques shown by equation 26 there will be an inertia and
damping torque exartad by the allerons, an asrcdynamie hinge moment on the

alleron torque tubes, and & vistous damping due to the aileron b-osier.

3
The inertia and damping torque exerted by the ailerons on their torque tubes

is

Tacz = J2 82 8 + £2 5 8 (27)
The hinge moment due to the aerodynamic load will be
Ts7 = Opa Fa S, Cq 128)
where ' {
CHa’_' dCH& .&’-%dCHa 'd (29)
d &g d A
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] Agsuming the alleron stiffness, kzo; is

2 (30)

d & ,

i g
‘ ; kog = P850 dCyy
i

e e

‘ and the aileron himnre moment coefficient ratie is E
|
‘ : U Cop = d CH&/dO(. (31) E
I , 1=
* then .
! i
| Tar = X509 89 + Xkpo G20 - (32) I8
‘ , The total torque which must be applied to the aileron torque tube by the ‘!
| _ : |
\ i aileron rigging is {E
: i
1 It
1 Teo = Ja8<8 + fr869 + koo 8y + ko0 G20 S (33)

prepe e

If 1t 13 assumed that there is no time element between the aileron and the

e

booster, the 1® Vorque delivered by the booster to the first lever arm

s
ct

after the booster will be

s o

Te3 = Tob (34)
T3 -

The transmission of the servo torque Top through the booster to produce

the effective torque Te3 is not independent of t.im{e and the time element

of the booster may cause a severe "clipping" of Tc?g, and also of 89, It is

only in the case where 83 and 8/ are in phase thet the maximum mechanical

! advantage of the booster can be obtained, The variation of 69 as a function

. i of 93 can be determined experimentally,
|
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For driving frequencies much lower than the resonance frequency of the

booster the aileron angle 89 will be able to keep up with the servo gear

train output shaft angle 83. For such a case,

8 =z k (69 , 63) 83 (35)

f

] . where k(89;}93) is an unsymmetrical parabolic locus coefficient. A plot
{ | of egiversus 83 will reveal the nature of this coefficient, For frequencies
of servo output shait (gear train) oscillation greater than the booster

resonance frequency 69 will lag behind €3 so that k (89 . 83) will be time

o - 2
L . deperdend. This ccefficient can be readily cbtained from ex
| ‘
|
|
|

L ince; for the gear train; assuming no back=-lash,

L | . 03 = ki 6 (36)

| . 1

i the relationship beiween 8y ard 87 is . %
| L

8 = k(8y , kg 82, s) & (37) 7

| : where the time element is ineluded by conéidering 8g and 8> as functionse

; of the complex varisble s. In view of these facts it is assumed that

|

: Te3 = Y; Te2 (38)

; - where Y, is the booster transfer function which accounts for the lag of

% adjustment between 63 and 84. This transfer func%ion is the effective ,

t mechanical advantage of the booster at any instant 3 = i |

(_: ? determined,

T

<Y~
S

oW, JING

o e e S e 8

LT
N 2




e e o s B T 2 o ¥ oy S TS e S oy TR M e e 3 s & i T £ ¥ e B VAT | R

Frre

~—

R

S e T e e —

-

s=1-12
KEv, L1u9

e

LT = = T PR T TRy e R W TR T
s ot e, TR T T e b, s oo, W0 oo

FEPLIIIC @ ALIATHE D
CORPARAFEOV

The torque delivered by the servo gear train output shaft is Tgo.
If there is back-lash in the gear train Y3 will also be time dependent

so that 83 will not be proportional to 82 at every instant.

Therefore,

[
ey
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Tep = Y3 Tel (39) li
§
| ~ N
The actual torque which the motor shafit must deliver to the gear train is N
therefore, from equations 26, 33, 34, 38 and 39, ;
-
Tg1x = .....".P.E.(Z......... + Teogl (40)
i3 YA Y13
, it
Ty = (91 82 + £1 8) 8y + (3282 & £28 w kyp)Bg + kyg C20 & (41) il
T3 ¥, Y13 Y3 ¥, T13 I8
Since i'—'!"
8y = EE Te1 (42) [f'%
15 H
= ]
- .
then [1 - (J182 & £ 8) ky 7 Tel = (J282 4 £28 + kp0)8o 4 k20 Cpp (43)
24 Y3 ¥, T3 ¥3 ¥, Y13
The last term of equation 43 is small in comparison to the others so that o
. P
H(S), the load fransfer fumction, is |
65 = Y2737, Y13 - Y3 ¥y Va3 kn (91 5% 4+ £ 8) (44)
Tel Y5 (Jo 82 & £2 8 & kaO) 2 |
i

RS e
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The transfer functions G(S) for the rate gyro, if used, R(S) for the servo motor
rate generator, C(S) for tho amplifier unit and servo motor, amd K(S) for the
follow-up autosyn can not be evaluated until particular components for the

control system are selected and then they must be determined from experimental

data,

v

3. Elevator Control Eot Systom With Freedom In Roll And Pitch

" A, Response Functions

Equations for the response functions for the elevator control system
are developed in the same way as those outlined for the aileron control system
in part 2. Reference to Fig. 1lC and substitution of 84 for 8y in equabions 1

through 14 results in the elevator angle to signal angle ratio

M

C(s) 4(s)

Ip C(8; H(s )
) kp + K(S) ¢{S) H(S)

)
1+ R(S)C(S) kg + K(S)C(S)R(8) 1+ R(S)

N
The first and sedond terms on the right hand side of equation 45 are the respective

o(s
oS

Bl

contributions of the displacement signsl and the rate signal to this response
ratio, This is a differential equation which specifies the relationship existing
between the elevator angle and the wing miselignment angle at any instant of time
when the transfer functions are properly expressed as complex variables. However,
it has been determined by the aerodynamic stability analysis that a second
relationship must also exist between 64, /3 5 and /é s thet is at any instant of

tine

[
i
or B8, = a8/ + B3, 8 = (es « b)) (17) .
where . a and b are used in place of the approximaie comstants O.1

and 0.2 and the Laplace operator s is used to convert /3 to A3

»
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- ki '-.r_u 1
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%\ The desired transfer function is therefore

; ilf,_nas-o-b (48)
3

. Since equations 48 and 45 are equivalent the overall transfer functions must be

equal so that

: S ¥p ¢(S) H(S) G(S)C{e)H's)
" TAR(B)C(8)ky + K(S)C(SIH(S)  T*R(S)C(S)ky + K(5)C(8)H(S)

o

(49)

That is, the equivalence can bs obftained betwsen the aerodynamic and sexrvo
transfer functions by suitably adjusting the gain parameters of the servo
' system. Equation 49 thus represents the ideal goal in the design of this

servomechanism. The gain pavemeters Yp, G(S), G(S), H(S), K(S), and R(S)

cun be évaluated for each component of the servo system.

In eddition to equations 45 through 49, equations for the response function

[.i
1
for the eervo system itself must be derived for use in investipating its frequency ﬁ
i cheracteristics, , ,
n Since Eo = K(8) &g ¥ (50)
and 6 - Ip /3 5 (51)

equation A5 can be rewritten in terms of Eo and 6 and the ratio of the feedback

¢+ slgnal voltage to the originating displacement signal voltage is the same as

expressed in equation 18. The proper rel

ing the feedback

H

! -

i voltage (since Yp is neayly constant) can be obtained from differential equation
i

!

18 expressed as a complex variable, keeping in mind that sguation 49 must be

satiafied at 2ll times.
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The differential equatioa for the ratio of feedback signal to error signal is

the same as equation 22 and 1is derived in the same way.

The equation for use in considering the stability of the internal feedback loop
1s the same as written in equation 24 and the selection of the proper transfer

functions R(S) and C(S) will prevent unstable oscillation.

B, Evalvetion of Transfer Functiong

The load transfer function H(S) for the elevator control is derived
in the same way as the aileron control load transfer function was evaluated,
he relationship existing between the serve motor output torgue and the

elevator angle is

Since T, is the torque appli-d to the load by the servo motor, all of the
opposing torques which the motor must overcome to drive the elevator to the

angle 84 must be considered,

The inertis and damping torque within the servo itself is expressed

by eyuation 26,

Since the elevator control is to be acéomplished by linking the servo

motor to the eleqftor torgue tube by means of a pulley and cable system,

LN

whereas in the aileron control system a push-pull rod and lever system is
used, the rigging torgue must be evaluated, The riéging torque depends on the
tension of the cable, i.e., its linear stiffness. VWhen the servo pulley
rotates 8, radians the cable tension changes by kg rl 8;. The elevator
pulley will rotate 8¢ radians and the change in length of one half of the

cable will be *
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{
AL = r1 8, -1y 8 (53)

Experimentally it can be slLown thet .

8 = ki & (54)

where ki is & transfer function which changes radians of servo pullcy rotation
into radians of elevator pulley rotation. , ] : l
Then, | ‘ '[ i
AL - (I‘l-rgakl) 84:(11-1‘2) 8¢, (55) ’ l
' (k1
If it is sssumed that the stretching force applied to the cable when the motor
turns the elevator is ks A L and this force is applied at a distance r} from

. o5y
he genver o1 i

(13
ca
33
bl
e
-t
x|
M
[anbt
i
\C’I;
ct
<
[#]
et
s
[}
et
w
¢t
o5
[¢]
vl
ot
e 3
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[ 4]
[9)
v
[
s
[#]
3
’——
o2
¥
<
o
lat
{
(]
i
i

or the whole cabls

L))

half of the cable length will bte k¢ AL r} and

Te2 22 ko dLri = 2k rq (r1 - r2) 8 (56)
k1

T2 Will apply torque to the elevator and turn it 8¢ radians, The actual

torqué applied to the elevator shaft will be

To, & 2kg T2 (ry 8, ~1p 8g) (57)

| For a zersed value of 6, the torque on the elsvator shaii is S i

[l
D] e ———
==

I TOA = =2 ko r22 96 (58) ?

_ : Therefors, the slevator rizging stiffness is (y |

s | ' .
| kg = 2 kg To° (59)
! _
|  and Tos = = kg 8¢ ¥ (60)
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The transfer function which transforms atorque into an actual angle of rotation

of the elevator shaft is 1 . The torque Ty must act against a hinge moment

ke

Tes caused by aerolynamic forces on the elevator together with inertia and

damping torques which also must be overcome by the motor.

stiffness ke is evaluated as follows:

The elevator rigging

The torque exerted by the motor will be the sum of the gear train and

motor inertia and damping torﬁue plus the reaction torque of the gear train on

the pulley.

Tep = Jp 8% 6y 4 f£188y +

Since Bs =z B9
ig,
ams 83 = &
8 = E& s 8
kg ky kg
Tp = .56 (Jy 8° I3+ £1
ky ka I3

v

The inertis and damping torque exerted by the

similar to that shown for the aileron control

(61)

~~
QN
N

[

o~
()3

2

N

(64)

8 Y3 + 2 kekary? - 2 kekikariry)

system in equation 27 and is

The hinge moment due to the aerodynamic load will b%

. T65 = C}{e Pd Se Ce (6’7)
li

|

:

L osm1ez

7 g Kev., 2/49
" L) - w _‘: ———— =T e e

(65)
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1

where
g CHe = ¢ CHe .8 * d Cpe . 0(1; (68) l
d 8 d K

Assuming the elevetor stiffness, kyp, is

PRy #an By

i
i

and the elevator hinge moment coefficient ratio is

| C10 = @ Oge/d Ay (70)
i d Cyg/d 8
1
} then
) o = I O, = Yo .
. ‘ L°5 - n.lo g T & 0 ClO “N ¢ (71)
LA The total forgue which must be applied to the elevator torque tube by ths

161 b b camais 1] 00 4 mamannl Imonl Inpeestase 0 O e | NN T NSGH INGICIANTHVC SRS L DN 3

' |

Tes = Jp 82 8 + £258g + kyg 96 + kyp Cio & (72) o

] o1
' Q . '
lf ;  Equating the expressions for T,, of equations 57 and 72, |

i R kg o (1) §,-05 6g) = Jp 8% 06 + £2 8 €5 + kyo 6, + k30 Cy0 Xy (73)

!

. or l!
! | | i
i i
g N 2k Ty 8 (rl - T2) 37282 95+ £ 8 8 4+ kjp 86 + k3o C10 Xy, (74)
| | iy i
! ke m k1 [32 82 + £2 8 4 k30 + K19 C10 dtj (75)
| ] 212 (r1 -k r2) y 86

7
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The elevator rigging stiffness is therefors, from equation 59,

2 =
kg = Kk 1 [Jz 8~ & 2 3 + k10 Cyp Q(QZ "L/(IOJ (76)
ri~k) T2
From equgtion 65 it is seen that
k] kg I3 _ Te1  (77)
8 = [J1 82 Y3+ £1 B Y3+ 2 Ko kg 197 -2 kg k) kg 11 T
Substituting for k, from equation 75, equation 77 becomes
(78)
k Y
a. _ o o kd 3 s o TCJ—
o= 2 st‘+ fo 8 + k10+1£10b10\(}_§,+3 82 I3+ 03 8 I3
5 | 6.1
From equation 52, therefore, it is seen that the load transfer functlon is
H(S) = ki kg X3 - (79)
klkd ¥l ! 2 82+ £o0 84 kip0+ kloblo :L_?_é;} J g2 13+ f1 8 £3
S "6_}
The transfer functions G{S) for the rate gyro, R(S) for the servo motor rate
followw

generator, C{S) for the amplifier unit and sorvo motor, amd X(S) for the

up autosyga can not be evaluated until particular components for the control

system are selected and then they must be determined from experimental data.
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he Design Of The Control Syslep

For either the,,\aileron control system for the wing tip attachment with
freedom in roll oulgkar the elevator control system for the attachment with
freedom in both roll and piich, a suitable servomechanism can be designed
through use of the equations set up in parts 2 and 3 of this section. After

selection of the particular type of control to be used, i.e, aileron or

elevator, the steps to be followed are:

(a) Select components for the complete system on the basis of
estimated torgque and speed regquirements of the servo motor

and estimated values of (3 and /3.

N
o
oo
ot
o
oY
[

9

S0 that G(8), R(8), C{S), K(8), and H(S) may be expressed as
functions of complex variasbles, For the aileron system this
will include evaluation of the time response of the F-8j

hydraulic aileron boost cylinder and valve,

(¢) Substitute these transfer funciions in ihe approximate equaticns
art 2 or part 3 and analyze the stabilivy of the servo sydtem
by examining these differential equatiens by Nyquist's method.
By varying parameters as required a servomechanism which will
resérict the rolling of the F-84 about its wing tip attachment

to suitably damped oscillations can be designed.
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For the two point attachment in which the F-84 is free to roll but
restrained in pitch and yaw, control may be possible by either (a) direct
mechanical operation of the ailerons in direct proportion to wing misalign;
ment angle or (b) by operation of the a}lerons through a servomechanism
in proportion to both wing misalignment angle and rate of change of wing
misalignment angle, Bither of these two methads of aileron control will

require modification of the F-84 aileron system to provide means of ’
»

operating the silerons both in the same direction.

The control system in which the ailerons aye driven by direct linkage
from the wing tip atitechment mechanism can nol be adapied to displacement
plus rate control and may therefore prove less desirable than the servo

operated control system under the varying flight ccnditions which will be

encountered,

Operation of the ailerons through a servomechanism will require an
extremely large gervo motor uniess the ¥~84 aileron booster is included
in the system. The use of the booster will complicate the system through
introduction of time lag ard a non-linear torque transfer function as well

as a requirement for an electrically operated hydraulic pump and additional

hydraulic valves,

For the attachment in which the F-84 is free te both roll and pitch

but restrained in yaw, conbrol can be accomplished by operating the elevator
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to vary the angle of attack and thereby vary the wing 1ift. The servomechanism
for thils mode of control can be made available by modifying existing Rendiz
autovilot components., Of the three systems considered this syato,: appears

to be the most desirable from the standpoint of availability of conirol

system components, adaptability to various conirol signal inymte, and

minimun P-4 control system modification,
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