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FORE wORD
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DEFINITION OF TERMS AND SYMBOLS

The following listing Is a summary of the most pertinent terms and symbols
used In this report. An explanation of each symbol! Is aiso included in the
text of the ieport where the symbol (s used.

Definition

! Term

: Back iron The magnetic conducting path located at the outer
é periphery ot the stator used to transmit magnetic
£ flux between poles.

t

; Commutat ion A means by which switrhas are turned on and off

¢ to control current in an electric circult.

E Efficiency A ratic of power input to power output, F,/P .

Electrical time The stator winding inductance divided by the stator

constant winding resistance. Expressed as T, sec, it is
numer ically equal to 63.2 percent of the time
required for the current to increase to the final
value based on a step input chango In applied

Y.

i voitage, snd the rotor locked.

N

g Mechanical time The no-load velocity divided by the stall torque.

$ constant Expressed as T, sec, It Is numerically egual to

i time required for the speeu to increase to 63.2

; parcent of the final value based upon a given
step input voltage change.

No-load A condition at the (motor or actuator! ovutput
wherein there are no ald'ng or opposing static or
acceleration forces.

Rotor The mechanically rotating pa-t of the motor,
which can be either a permanent magnet or
electromagnet design

Stall torque Max imum output torque, Ibf-in.

Stator The stationary, outer part of the motor, which
can be either electromagn.tic or permanent
magnet design

Toothless stator A stator consisting of the back iron magnetic
flux path but without the teeth.

1 P Permanent magnet
* PMG Permanent magnet generator

Anplitude, radians

xiii
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Flux density, gauss

Frequency, Hz

Gear ratio (Input speed/output speed)
Inertia, Ibf-ln.-secz

Reactance, henries

Magnetomotive torce

Powe~, watts

Electrical pc aor dissipated as haat in the motor,
watts

Slope of torque, spesd relationship, rad/sec/ ibf-in,
Torque, IDf~in.

Ang e between interacting magnetic fields

velocity, radians por sec
Acceleration, radians per sec?

Time constant, secC

Angular velocity, radians
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1. INTRODUCTION
1.1 BACKGROUND

The development of aircraft primary t1ight control actuation systems over
the last 20 to 25 years has been primarily based upon state-of-the-art hydraulic
techniques. To keep pace with developing high-performance alrcratt, alternate
techniques tor actuation of aircraft primary flight control surfaces must be
considered. The need to explore alternate actuation techniques derives from
recent advances in aircratt control technology now available for application to
design problems such as:

® Optimization of the control surface hinge~line lccation

L Simplification of moditying actuaticn system characteristics to
aircraft operating mode (programmed rate, torque, and compensation
networks)

] Improved reliabillty through new concepts of redundancy
® Decreased vulnerability (for military aircratt) :

To evaluate these areas for providing improved aircratt flight controi, the
tiignt dynamics laboratory of Wright Patterson Air Force Base granted a con-
tract to AiResearch Manutacturing Company of Cailfornia, a division of The
Garrett Corporation, to study tThe most recent electromechanical hardware
approaches to primary flight control surface actuation. Electromechanical
actuation designs are compatible with the most advanced fly-by-wire and
controi-by-wire actuation systams. Electromechanical actuation aiso is
described as power -by-wire, since airborne alternators are the power source.
This document presents the results of this study program.

© At A i 3 3 e m i e

Electromechanical actuation systems are of particular interest because
of recent advances and the availability of production guantities of high-
pertformance magnetic materials; high-current-capacity, solid-state switching
devices; and micro-minature, sollid-state, digital computer/logic networks. : E
Combining these components in a flight contrel actuation system provides a
fast-acting, adaptive filight coniral servo with the following features:

(a) Rare-earth-cobalt magnet material provides improved motor torque
and acceleration capabilities (compared to ear!ier alnicc magnets)
and therefore results in weight and volume savings,
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{b) tLual powsr transistors with the capacity to handie high-curient (50

1o 75 a n) use simple clrcuitry to control actuator output 1orquu
and veloclity.

(¢} High-speed digital microprocessors can be programmed to function
primarily as a servyu contrgl, but alsc have the capability to monitor
tallures and isolata malfurctions, provide self-test, and mcst
importantly, to be programmag to modity criticail servo pertormance
character ' ;tics {(gain, bangwidth, filter bandpass) baseq upon alr=-
cratt operating daia peculiar to sach aircratt maneuver and operat-
ing mode (altitude, attitude, and speed).

The evolution of electromechanica! actuastion is shown in Sigu-e 1,
which indicates application of new technclogy to provide a direct-~arive servo
system approach. This offers advantages of high pertformance, predictable
operation, simple hardware, and proportional control.

EARLIER SYSTEM APPROACHES

ON-OFF MOTOR CONTROL CHARACTERISTICS | APPLICATION
CONTROL MOTOR NUT SURFACE
SCREW o~ |on - OF¢ STEP SLOW HATE TRiM TaRS
e ——b S LOW DUTY CYCLE DOOR OPER NG
. ! {RESA INSE LiMiTED)
cLutCh . CONTINUOUS | DITHER MODERATE HATE PRIMARY
ON-OFF SURFACE LOW DUTY CYCLE CONTROLS
CONTROL MOTOR SHORT DURATION oN
FRACTIONAL HORSE - | MISSILES
P POWER {CLUTCH

LIMITATION}
ACTUATOR
DIFFERENTIAL —I

APPLICATION OF NEW TECHNULOGY

SOLID HIGH ROTARY PROPORTIONAL | PROPORTIONAL | TRUE PROPHRTIONAL | HIGH POWER
STATE  PERFORMANCE MINGE-LINE  SURKACE

WITH CAPABILITY HIGH RATE
CONTROL SERVOMOTOR ACTUATOR

FOR POWER/TORQUE | HIGH RESPONSE

| ; 7 AND/OR SPEED
- __] PROFILING

Figu-e 1. The Versatility of Electromechanical Actuation car be
tully Realized Through Recent Technological Advances

1.2 PROGRAM OBJECTIVES AND SCOPL

This program was conductad by AiResearch Manutfacturing Company of Catifornia
under USAF contract to study electromechanical (EM) servoactuation systems as

applied to aircraft primary tlight control. The major program cbjectives were
to:
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(a8) Establish feasibillty and advantages tor €M primary flight control
(b} Perform trade studies of EM actuation systemy

(c) Define optimum preliminary design

(d) Fabricate an EM actuation system mockuyp

To accomplish these objectives, the study was organized into six discrate
work tasks as shown in Figure 2, which depicts the relationships of these
tasks. To obtain aircraft installation, performance, and operations data for
use in the actuation system studies and evaluation, a subcontract was awsrded
1o 8 major alrframe manufacturer. Completiorn of these tasks has lead fo
planning for deveiopment of an electromechanical actuvation system for |abora-
tory demonstration,

! AIRFRAME DEFINITION
REQUIREMENTS AND CONSTRAINTS

4 4 ]

P—
CONTRACT| ] GRAM ::ﬂf,,':.,s SYSTEM PRAELIMINARY oRAL
x4
GO AHEAD [ ™JORIENTATION AnO iNniTiaL [ cussmc?»&n DESIGN o1 REPORT
SCREENING AND SELECT!

LR 2]

Figure 2. The 10-Month Program Comprised Six Tasks
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2. SUMMARY

The feasibility ot using electromechanical actuation tor primary tlight
controls was determined by:

Analysis cf aircraft control surtace requirements
Detinition of cancdidate actuation components

Tradeofts and seiection of pretarred approaches

Design ¢f a preliminary representative actuation system

A baseline actuation system problem statemeni was developed ‘rom the actuation
system performance raqu!rements for the B-52 rudder and elevetor; the F-100
gileron, rudder, ard elevator; the F-15 rudder; and the F-8 rudder. The
characteristics cf the F-100 and B-52 aircratt wsre used to (1) evaluate the
electromachanical (EM) system concept in terms of ease of installation and
perésrmance capabitity, and (Z2) compare the EM system to existing actuation
systems in terms ot weighi, reilabllity, and ccipatibility wiTh inier iocing
subsystems,

Application of the EM system approach to control! surtace actuation was
determined optimum from tradeotfs conducted in the foliowing areas:

® Power Source Options-~Includes aircraft power source, power
distribution, and conditioning for an all-electrical aircraft
using EM flight control actuation,

) Actuator Drive Options--includes ac and dc electric motors and
analog and diglital controllers.

@ Actuator Options-~Includes various gear actuator configurations,
characteristics of devices for redundancy management, and mechaniza-
tion of load-limit and/or qust relief for a control surface.

Component selection and optimization resu!ted in the praliminary design
of an EM system with the following features:

[ A permanent magnet generator, solid-state rectifier, and 270-vdc
atumlnum-conductor electric power bus results in a weight savings
compared to conventional electrical power sources ana distribution
systems. Applying these concepts emphasizing the new approach
anu 1iexibility to power generation and distribytion which is a
fracture of the all-electricai aircratt,
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® A digital microprocessor tor servocentrol logic. The progammable
controller logic is flexibte and adaptable to operation with elther
ac or dc motors. Matching the controller characteristics to the total
aircraft Is accomplished by software rather than nardware moditica-
tions. rlexibility is a major advantage ot the microprocessor vver
conventional anaiog servo circuits.

® A controller that provides s programmed current and voitage to the
servomotor, rasulting in the optimum torque and rate at the control
surface and the minimum power demand from the electrical power source
and distribution system. The programmahble controller may also be used
to vary the servo compensation and filter networhs as functions of
aircraft operating modes.

° A brushless dc, permanent-magnet servomotor using high-periormancs,
rare-earth-coba!t magnets in the rotor with a tast-response, power
servo conflguration that results in high operating etticiency and
minimum power loss as heat. The improved thermal characteristics of
this inside-out design allows the motor to operate at the required
3-hp output leve! continuously. Brusnless commutation provides
long life and flexibility in comnutation logic. The 4-in.-dia dc
servomotor has twice the duty cycle capability, Is capedle of 17 percent
higher acceleration, and results in a 10 percent weight saving compared
TO the equivalent d-in.-dia ac inguction servomoior dasign.

¢ A planetary geared actuator operating as the control surtace hinge
results in weight savings and provides superior life and structural |
stiffness comp:-ed to harmonic drives or toroidal transmissions. A !
high-efficiency ocutput stage is used to limit required power input. i

[ ) Dual-redundancy in performance-critical areas provides reliability
equivalent to existing redundant hydraulic actuation systems while
remaining weight competitive.

L ® Reduced weight using the geared rotary actuator as the hinge ot the
3 control surface to distribute structural loads more uniformly than
the single-point loading used in the conventional linear hydraulic

actuation system.

o Provision for puilt-in-test, continuous fault monitoring, and
i fault isolation circuits accomp!ished by the versatility ot the
controller.

-

Electromechanical actuation of aircraft control surtfaces is teasible, t
practical, and can be implemented using the most recent advances in the
state-of-the-art in magnetic materials tor high-performence servomotors, high-
current-capacity transistor switches for motor control, and digita! micro-
processors for servo and redundancy management logic,

W e
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3. BASELINE SYSTEM REQUIREMENTS

Yo maximize technical benefit in the areas expected to be most favorable
to appiication of electromechanical actuatior system concepts, certain study
constraints were applied as follows:

] Primary tiight control surface actuation

® Structurally integrated, rotary hinge-1iine actuator

) 3-hp required at surface (maximum)

Yo present parametric dats useful In system analysis and to examine a
range of applications, a detailed basoline actvation system was derived
(See Figure 3). This baseiine serves as a common point ot reference

throughout the report, including the preliminary design, and s used to
support compz-isons and evaluate technical options. When analysis shows

variations ii systom contlguration are required tc meet extremes ot the
application range, these speclal asreas of anpl!icstion are discussed in
detai (. Basseiine system requirements are presented in Taple 1.
PILOY
CONTHOL
A AIRCRAFT
LJ AFCS PARAMETERS
—. — — — e e e e —
| ELECTROMECHANICAL DRIVE A
e e e - |
| ROTARY ACTUATOR .]l | \
4
! ' SURFACE | tl
AIRCRAFT CONTROL i
POWER ACTUATION - . CONTROL
ENGINE INTONER | CONYROL MOTOR r—q GEARING I ' SURFACE
| | |
: I I 1 ' {
: ' i oy
S By
i ]
! i h
Lo — — — — —{ recosack }-— 4

Figure 3. Generalized Electromechanical Actuation System,
(Does not Inc!ude Redundancy)
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BASELINE ACTUATION SYSTEM PLRFORMANCE REQUIREMENTS
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4. ACTUATION SYSTEM REGUIREMENTS ANALYSIS

This section analyzes the critical actuation performance requirements
and desc ribes the impact of specific requiirements upon the design character~
istics of a control surface servosystem.

4.1 REQUIREMENTS REVIEW

Aircraft pertormance reqQuirements can be transiated into control surface
actuation requirements. The most fundamental of these are acceleration, stall
load, veloclity, and stroke. The acceleration capability is generaiiy a tunction
of the torque-to-inertia ratio. The selection ¢t a qear ratio Is a tactor in
evaluating the motor torque in terms of the equivalent system inartia. Evalua-
tion of the equivalent inertia includes the terms tor the motor, geartrain, and
control surtace. The gear ratio also establishes the fundamental relationships
of torque and velocity between the control surface and the motor.

Based upon practical constraints ot motor aesign, 8 low gear raiio is
assocliated with high control surtace rate and acceleration, but will result in
low output torque. To determine a motor/gear ratio combination that can pro-
vide rotor acceleration and torque suitable for a primary tlight control system
requires an optimum gearing arrangement based upon the characteristics ot the
motor and the control surface, or !oad. An additional aircratt operating
parameter usetul In evaluating actuation requirements is duty cycle.

Electromechanical actuation concepts can be categorized as demand
systems (i.e., systems that use power only upon demand and only In proportion
to the load requirements). Theretore, the sizing and arrangement ot components
In these systems are affected by the duty cycle ot the applications. Appiica-

tions requiring intermittant operation (trim tabs) will be designed tor
sustained load-holding capabiliivy (including continuous stall), but tor relatively
tfew operasiing cycles. A more active control surface (aiteron) will require an

actuation system with relatively high cycle iite capability, but which normally
cperates at onily 10 t¢ 30 percent of stall and rate capability.

4.2 BASELINE ACTUATION SYSTEM PROBLEM STATEMENT
The electromechanical actuation system analyses and exampls calculations
presented in this report were derlved based upon review ot the following

repraesentativa aircratt actuation requirements.

® F~100 alleron, rudder and elevator (see Appendix A)

® B8-52 rudder and slevator (see Appendix 8)
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¢
: ) t=1% 1 udder (s \ppandix U)
)
)
; ™ t -8 rudder (see Appondix 1))
f The pertormance charactearistics ot at leawt thase contioi surtaces satisty the
arcund-rutes ot this study, and are viable candidates for application of
’ alectromagchanical actuation systams,

Atter review of the actuation regquiramuants tor each control surtace, tha
B-52 atevator was selactod as the basoling problam statement because it is
representative ot past and expecied tutur 9 roquirements, Tha baseline problem
statomeont s presented in lable 2.

4.3 ANALYSIS OF ACTUATION SYSTeM i JUIREMENTS
4.35.1 Acceleration

Partormance requiremer 's tor puwer servosystums can be uxpressed by
rgprasentations ot velocity and torgue. tigqure 6 shows this ralationship tor
the baseline problem statement, Curve 8. The particu'ar relationship ot torgque
and spood between those two design points Sould take any torm (Curves A or C).
Special pertormance miaht be dictateyg by reguirements such as high acceleration
(torque) while oparating at o substantial rate, This condition is shown in
Curve A Ot tigure b, where auditionai torgue is availabie at a qiven ratg
compared to Curves 8 and C. The relationship expressed by curve A is similar to
Ihy pai abolic torm expected trom a nyarauiic acituaticn system, while curve (s
more near ly a constant=horsepowe relationship.

Tne varsatility ot thoe eledtromechanical actuation approach discussed in thiy
report allows scheduling ot torgue ond velocity to satisty particular actuation
requlirements.

TAdLL 2 ’
BASEL INL CONTRUL SURrACE r'err ORMANCE REQUIEREMUNTS
Stall hinge momant 37,9 Iot-in,
| No-1oag rate HO ceqsseg
. Bandwidth § to 12 Hz (8 11 nom.)
. . bl
Losad inertia 46.0 lbf-in_ —-sec*
MTBH 2500 hr
Radyndancy tgil-sase
Cuty ¢, cle continuous operation at 20 percent
pedk powur
Stroke Jpota YD) g J
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Figure 6. Characterization of Control
Surtface Veiocity and Torque

To evaluate the dynamic relationships and characteristics of a conircl
surface, the following exemple is presented using the appropriate numerical
values from the baseline prcbiem statement. Angular velocity of the control
surface is determined by:
W = 2¢f ‘

w = 2 x 8 = 50.3 rad/sec

ang the time constant by:

"

TC 1
w

1 = 0.02 sec
5C.3

The time constant also can be expressed as:
T 2] .
C == = velocnfL_V
acceleration

e
[+ 3]

:
¢
}

l:
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For the baseline problem statement where:
6= 80 deg/sec = 1.39 rad/sec;
= £ = 1,39 = 70 rad/sec?

For a sinuosidal output operating into an inertial load only, the peak amp ! i tude
at which both velocity and acceleraticn saturation occurs is:

A=8
H w
: = 1.39 = 0.027 rad or 1.58 deg E
. 50.3
Qor s
5
A = 5 70 = 0.027 rad or 1.58 deg
w
(50.3)2

Response for other amplitudes, with or without concurrent loads, can be
calculated using the same relationships. For this example, the frequency

response is not aftected by changing the vatue of the aerodynamic load because ; L
. 0 . . . P - . s 3t [N H all

the ratio 8/6 remains consfani. Figure 7 shows ihe reiationship of accelergtion

to load, as defined by frequency response and stali load. Between these two

points, the acceleration capability could take any form (as shown for
Figure 6). Referring to the baseline problem statement (Curve B, Figure 7),
the acceleration is 70 rad/sec? when the actua*or is operating info the speci-
tied inertial ltoad. The contral surface alsc will have to operate with non-
! inertial loads. As the control surface operates into other loads (such as .
’ aerudynamic and friction loads), the acceleration capability decreases. The SR
curve marked A in both rigures 6 and 7 shows an actuation system designed 3
to provide additional forque for acceleration loads compared to either Curves B
or C.

4.3.2 Gear Ratio

An electric motcr is connected to the control surtace by gearing that

! simultaneously provides torque multiplication and speed reduction. For flight

: control applications, the motor is used with a rather large gear reduction to
reduce the typical motor no-load speed of 5000 to 30,000 rpm to an output S
speed of 10 to 40 rpm (60 to 240 deg/sec). The large gear reduction minimizes R
ihe effect of load inertia on the frequency response of the motor. For Typical
applications, the load inertia reflected to the motor shaft amounts to less
than 10 percent of the molor inertia, and thus causes less than a 10 nercent
increase in the meckanical time constant.

The motor speed and torque and the gear ratio can be selected to deliver
the peak control surface rate, torque, and acceleration required. For the
motor shown in Figure 16, the output gearing to meet the requirements is
detined by the folluwing relationships.
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Figure 7. Load Acceleration Capability (operating
with Prescribed Load Inertia)
Output no-load speed: motor no-load speed
gear ratio
Qutput stall torque = motor stall torque X gear ratio X gear
efficiency
Qutput acceleration = motor acceleration
(gear ratio)
Jo
Motor acceleration = T~ - G
[ I |
G5 X Eft
Where T, = motor torque
T, = output torque
G = gear ratio
lmn = motor inertia

I, = load inertia !
EFF = gear efticiency
Lased upon the following conditions:

lm = 1.638 x 1073 (bf-in.-sec?

13
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46.6 Ibf-in.-sec?

-
[}

n = 0.9

o
"

600

The effective load inertia reflected to the motor iIs

i = 46.¢ = 0.000'4 Ibf-in.-sec?
GZ x 7 1600¢ x 0.9

Com_ared to the motor rotor inertia, In, the load inertia is seen as only a 9
percent Increase in effective rotor Inertla.

The gear ratio and motor no-load speed can be selecved to minimize power I
(current) from the servo amplifier. One method Includes selecting motor no-ioad
speeds and actuator gear rotios such that no addlitionai current above that required
to provide the desired output torque and speed is needed to meet frequency response
(acceleration) requirements. Conversely, no additional current beyond that required
to meet trequency response reguirénsnts 1o nesded +o provide the reauired
output torque and rate, Then since

Tm= 1o O

and motor acceleration torque equals:

Tm = T1g ~ (Trp & TC)
R ]
-
and
8n= 6,6
then
Trp - iy 4 T = In 56
Gr
or
Im 628, x 1 = Tyg = Ty *+ TQ
. (T‘Ia Ty, TC)) 1/2
or - — e, & ——
lm o x Tl-
where:

TTO is the maximum output torjue, and is the larqer cf
V. Z(Typ + Te) (load + concurrent load:

2. T, {stail)

3. T, (runring)
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60 = output acceleration required (rad/sec?)
Im = motor rotor inertia (in.-lb-sec?2)
n =

gea~ efticiency

The use of a cu:rent limiter in the servousmpliflier alliows the motor to be
operated in the high efficiency region ot the torque speed curve, with the current
timited to thaiv needed to provide the maximum outrnut torque as well as desired
motor accelsration.

The theoiretica: maximum power efficiency o! the motor is the ratio of the
operating speed to no-load speed. Therefore, at 1/2 no-load speed, the maximum
theoretical power efficiency 1s 50 percent. 10 operate efticiently, the motor
should run at speeds near no-~ioad. This Is accomplished by designing a motor with
a stall torque capability far in excess of that required, and limiting the applied
current to control torque cutput. The motor [s therafore operated at a fraction
of stall capability, and in a region near no-!oad speed, therefore, the region
ot highust efficiency.

4.3.3 totor Sizing

Motor power oufpuf is o function Of voltage and current. Ta maintain
current at values conrsistent with low cost and stato-ot-the-art transistor
switi=h capability (50 amp), *the practical output power can be related to
suppiy vol:age as iolliows:

28-v system, 0 to 1.0 hp
56-v system, 0 tc 2.5 hp
90-v system, 0 to 5.0 hp
270-v system, 0 to 15.0 hp

To exceed these general ranges of power values, the slectronic amplitier,
cables, and noise filter become too large, and other approaches may bs prefer-
able. For se-vosystem requirements within thls hor-sepower range, the cGlrect-
~oupled electric system may offer significant advantages in terms of size,
weight, accuracy, resolution, and predictability of performance compared to
other approaches.

4.3.4 Stroke

The contrcl surtace stroke capabllity is an important advantage for the
rotary hinge-line actuator compared to the conventiona! |linear actuator. The
linear actuator must be designed (and the weight penalty accepted) for a
particular maximum stroke required of the output. The major design parameters
which size a rotary actuator are load, stiffness, and |ite. The rotary actu-
ator is not affected by t.e@ stroke requirement except for the operating range
of the feedback mechanism. This design consideration is minimal, however, ard
does not significantiy affect the actuator weight.

15

s s it



Ll R L T

St i adle LT e D

AFFDL-TR-76-42

4.3.5 Duty Cycle

To Inteipret and evaluate control surface actuation duty cycle requirements
tor a particuiar application, It is heipful to compare the design requirements
to the actual fiight data. In Table 3, the specification performance require-
ments for the B-5Z elevator actuator are summarized. Flight simulator data
also are given. As arblitrary avaluation criteria, the per formance requirement
and simutation data can be compared using horsepower. Based upon peak horse-
power calculated using one-half no-load speed and one-halt stall torque (a
| inear torque speed relationship), the maximum required power for the specified
performance Is 2 hp and for the simulated fiight is 0.064 hp. The resulting
power ratio taverage/maximum), or apparent eguivalent duty cycle, 1s therefore
3.2 percent.

The snecified performance of control surfaces of the F-100 is compared
in Table 4 to documented pertormance data that represent various operating
conditions of the alrcraft. Depending upon the spacitic operating mode, the
apparent duty cycle can be summarized as follows:

Highest Duty Cyclie--Alleron during combat, 86 percent.

Lowest DuTy Cvcle-- Rudder dur ing Cluise, O percent.

The aslleron and rudder experience a duty cycle in the rangs of 10 to
20 percent dur ing combat, and approximatety 3 tc 7 percent during cruise.
The f!ight control duty cycle is theretore a function of the conirol surface
considered and the flight operating mode. High percentage duty cycles are
generally associated with short operating times, such as shown tor combat. A
roasonable auty cycle Is therefore estimated to be 20 percent for most flight
control surfaces.
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TABLE 3
B-52 ELEVATOR PERFORMANCE

Specitication Requirements

80 deg/sec rate

8 Hz

37,575 ibf=-in. hinge moment
+20 deg stroke

Data from Simulator®

*340,000 to 360,000 Ib
Nominal stroke, +5 to -3 deg grow weight

Nominal hinge moment (1000 350 kias
Ibf-in.)
12 deg amp t i tude 500 ftr above highest

terrain, Barksda'e.
1.25 Hz minimum
2.00 Hz average
3.33 Hz maximum
+4 deg amplitude

2 Hz average
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TABLE 4

F-100 CONTROL SURFACE PERFORMANCE

Condition Surface Rate, deg/sec | Hinge Moment, in.-lb | Power, inp
Design Alleron 11.5 132,000 1
Requirement Stabllizer 20.0 503,000 6.6

Rudder 10.0 4,300 0.03
Ground Checkout
Max [ mum Aiteron 50 lnertial and
Stabitizer 20 triction only
Rudder 50
Flignt
Combat Al leron i0 132,000 0.86
Stabilizer 4 500,000 1.32
Rudder 1 4,300 0
Cruis: Rileron 0.2 6C,000 0.01
Stabllizer | 0.25 100,000 0.02
Rudder 0.0 0 0.0
Landing Aiteron 3.33 10,000 0.02
Stabilizer 5.0 20,000 0.07
Rudder 1.0 800 c.00
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S. ACTUGATION SYSTEM STUDIES

This section presents design data used in conducting trads studies ot
various electromechanical actuation system concepts. Initial screening of
candidate approaches Is uzed to eliminate marginal and low-potential systems.
Detailed characteristics of viable candidates are presented and used In
tradeoft comparisons. The results of the tradeoffs are used to synthesize
an alrcraft actuation system and define the preferred approach to control
surface actuation. The actuation system studies and options are presented
In parts as fcllows:

Power Source--Includas engine-mounted electrical generation and
Tnitial conditioning equipment.

Actuation Drive--includes electronic controller, power switching,
and servomotor elements.

Actuation Elements~-Includes mechanical rotary hinge and mechaniza-
tion of redundance.

Reliabllity Considerations--Considers redundancy management for
future high-performance aircraft.

Aircratt Actuation Integration--tvaluates interreletionships of
components and summar [zes toival system characteristics.

5.1 POWER SOURCE OPTIONS

5.1.1 Initial Screening

The power tor control surface actuation of an aircraft such as the F-100
will be in the range of 4 tu 10 hp (peak for each control surtace). Assuming
nine control surfaces, the total power required is between 36 and 90 hp. Thera-
fore, the aircrati electrical power source must be sized in the approximate
range between 30 and 70 kw. A number of power types can be derived from the
besic power source as shown in figure 8. A program ground rule is use of an
alternator producing 115/200-vac power. Three principal options are available.

(a) Use ot the power at a constant, 400-Hrz, fixed frequency, which
requires a constant-speec drive for the alternator, or a suitable
power conditioning system.

(b) Use of the power at a variable frequency, eliminating the weight,
complexity, and unretiavility of a constant~speed drive.

{(c) Conrverting the ac power (either variable or fixed frequency) to dc
using a rectitier, allowing operation ot dc motor drive systems.
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Figure 8. Initiai Screening of Power Options

Upon closer examination, it is apparent that operation of either an ac
or a dc drive system requires that the primary power be conditioned by adjust-
ing frequency, voltage, or both prior to use in the electric motor, Reterence 5.
Figure 9 shows the similarities of the ac and dc motor drive systems in terms of
requirements for the power source. Eilither drive concept can functlon equally
well from fixed-tfrequency ac or variabla-frequency ac because of the com-
monal ity of the dc iink. Thus, the most iikely power scurces for operation
of a drive system are (1) high-voltage dc available trom rectitication of a
115/200-v alternator output, (2) 400-Hz ac power, or (3) ac power provided at
a frequency dependent upon operating speed.

5.1,2 Component Characteristics

The power source for an electromechanical actuation system comprises an
alternator (with or without a constant speed drive), a rectitier, and power
distribytion lines. These components are discussed in 1he following paragraphs.

5.1.2.1 Alterrators

The characteristics of airborne alternators and permanent magnet generators
are presented In parametric form in Figure 10. Usually, the optimum magnetic
configuration tor an alternator at any speed is in the range of six t0 ten polas.
Fewer poles require excessive back iron and end turn copper, and the machine must
operate at relatively iow e@lectric loading. A greater number of poles permits
excessive flux leakage betwaen poles. Therefore, the rated speed of an alter-
nator would be determined by

RPX = FREQ X 120/POLES
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The roftor tip spoed parasmeter retlects state-ot-the-art capability,
Figure 11 shows the relationship ot aiternator spacltic walght to rotor tip
speed. Projected advances in machine design will reduce machine waight by
30 percent by Increasing the tip speed from 279 to 400 tt/sec. Vhe permanent
magnet qenerator (PMG) uses a rare-earih-cobalt rotor and a wound stator; no
slip rings are necessary in this design. Because the output of the alternator
can be varied by rotor excitation, the alternator can provide two times the
rated output for very short perlods (5 sec). However, the PMG provides a very
flat voltage characteristic as a tunction of current demand, without the com-
ptexity of tield control, silip rings, roiating rectitiers, and associated com-
plexities and unreliablilities.

5.1.2.2 Rectitiars

The rectitication ot the primary power source can be accompl!ished using
solid-state devices manutactured by numerous suppliers for similar airborne
applications. Parametric weight and volume characteristics tor rectitien s
operating trem a 3-phase, 115/200-v supply and providing output power at

210 vdc ere prysented in Figure 12.

7% KVA RATING
7
4 7, bSO

0.4 ;/, . ‘\‘\~ «-\‘\‘\~ - .
7007 t
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vigure 11. Alternator Characteristics
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Figure 12. Rectitler Characieristics

5.1.2.3 Electrical Power Distribution

Electrical power will be distributed in the aircratt using a dual redundant
bus. Figure 13 presents the specitic weight of a 3-phase, ac, nonredundant
aelectrical bus. A reterence weight tor a 9.5-hp hydraullc transmission line
is Inctuded. The apparent weight saving usirg an ac bus is X tc 1 compared to
the hydraulic line. Figure 13 aiso presents the weight ot a 200-tt~iong,
270-vdc transmission lino. !t results In a 30 percent weight saving comparsd
to the ac power distribution bus. The use ot aluminum conductors results in
an approximate weight saving of 50 percent compared to copper.

9.1.3 Power Source Tradeotts

The power source tradeo!t is o tunction ot power quality required by the
motor controller. Because of the dc iink, a variabte treguency trom the
electrical generator is entirely suitable tor an actuation system. Hiqh guality
powar for airborne elaectronics and communications systems can be obtained ftrom
an auxiliary alternator designed tor that particular application. The weights
tor nonredundant concepts to provide electrical power to the control surtace
actuation subsystems are comyuared in Table 5. As shown, the PMy is the
ligntest power generator. The compar ison of power distritution throughout the
aircratt is based upon ac and dc power Duses using both copper and a:uminum
conductors. The welght of a8 single rectifier Is Included in the dc distribution
system contiguraticn. Since the rectifier i3 located at the PMG, the dc motor
control ler comprises only the corirol logic arg the required transistor switches
tor commutation. The ac distrebuiion system will require a rectitier ang a
control at each motor drive location.
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5.1.4 Power Source Selectlon

Basea upon the compconent data und the welght comparison cf Table &, the
selected approach Is the use of & PMG as the electrical source, a rectltfier to
provice Z270-vdc power, and distributlion of the pcwer through the alrcratt using

alumtaum conductors. The total nonredundant system welght for the conflguration
Is 103 i&.

9.2 ACTUATQOR UORIVE QPTIONS

Electric direct-coupled dc position servosystems are belng consldered for
o varlety of rew apniications, Includlng mis-.le conirol fin posltloning,
thrust vector rozzle control, primary and secondary alrcraft flight contrels,
valve posttioning, etc. The new Interest In thls approach resuits primarlly
from Incressad power rating and frequency response inade posslible by the advent
ot new rare-earth-cobalt, permanent magnet ma*erials for {ield excitlon of PM
servomotors, coupled wlith advancements In transistor swi*ching technology.
Thls sectlon discusses *he cptions of drive assemblles and the characterlistics
ov Indlividual zomponents In those assemblles. A drive assembly comprises a
motor anc a contrcller. The controller, in turn, comprises ar eiectronic servo,
electrical powcr switching clrcults, and any necessary feedback devicss.

5.2.1 Inltial Screenling

) The drive ontlons for power-by-wire are summarized In Flgure 14, w«w.ich
! E shows that the high volisge brishless dc motor with a permanent-magnet rotor

: and pulse-wldth modulatlion controi provides better performance tt:n elTher
i brush-type du moto~s or =tepper motors, The selection 1s baseg primaritly upon
censlderation of rhe comblnation of iower welaht and reduced thermal design
problems assoclaied with *he brushless dc moter drive. Also shown ts ihat the
preferred ac motor drive Is tnz Iaduction motor wlith an Ynverter thay prevides
variable frequency arlve to the motor as a functlon of motor shafi speed. 1o
5 ' minimize lossezs, the voltage also s programmed as a function of applied fre-
v cuency (motor speed).

¢
t
1
13
:‘:

5.2.2 Compunent Characterictics

: The pertlinent component characterlistics for the candidate motors and con-
troliers are dliscusseg below. The baslic requirements for the motor and cortrol

t] are:

7 | (a) 1 *o 3 hp peax output capablli'ty In a 4.0-1n.-dla maxlmum frame,
] (ine typlcal fllgnt control actuator problem statement requires
: thls power output capwbilliy to drive the load at the deslired

rates, lrrespective ot frequency response requirements.)

(b) A freguency response capablllity of 4 12 16 Hz.

(c) Capeble of malntalning a %0 percent duty cycle at a torque level
corresponding to that produced at the peak output horsepower (one-
halt no-loag rate =nd one-haif stall torque.)

R
ot

(d}  Capable of providing static torque ir accordance with a proygr am
representing gerodynamic trie loads.

AT TR AT e ©

2%
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in support of the initial screening described above, a number of candldate
motor types were evaluated. The motors seiected for evaluavion represent Types
that cen operate as part of a power servosvstem and thst have the potentlial to
meat the requirements |isted above. The motors evaluated are:

(a) Permarent magnet and variable-reluctance steppers

(b) Flex spline steppers

(c} Variable-frequency, variable=-voltage induction motors

(d) Rare-sarth-cobclt, permanent-magnet, brushless dc motors

5.2.2.1 Permanent Magnet, Variable-Reluctance, and Flex Spline Stappers

5.2.2.1.1 Power Qutput

Figure 15 shows typical torque speed and power output curves for the
three~stepper types in the general size vange of interest for this require-
ment. The data were obtained from manufacturer's catalog literature. The
stepper motors rasponc to programmed, puised, d¢ voitages, causing rotation
ot the output. The permanent magnet {PM) stepper comprises a permansnt magnet
rotor and a wound stator. The PM unit oftfers holding or deteni torque
capability. The variable-reluctance (VR) stepper cesigr operates on the

reaction petwean an vieliiic field genaratad In the cteter 2nd 2 sott iren
tcothed rotor. The VR machine Is gereral!y capable of higher speed than the
PM design.

1000 l T

I
900' 1 \ i—-—li_-’T"-—_l B |
1. e a— S S Y G — S
800 ; 1 ! —h—msrewen :

700} —— — B S 4T9IN DIAXI6IN

_i FEAK OUTPUT » 336 HP _

z ] |
m wo ' ._.t. a—— . l - 4 - - : .
] — e - S S
i 500 i t ' !
VR STEPSER e o
a. 40C //jreax OUTPUT ~0.02 WP "‘ l !
401N DIAXSOIN | ,
300 Py T

FLEX SPLIiNE STEPPER

20p —\- —— ! ; A T SR
00— N\ - - & : { v/ 0

h | i 1 jlz—g—__.L

10 20 30 40 50 60 70 8C 80 00

TORQUE, IN..'.8

Figure 15. Power Capablility of Stepper Designs
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Althongh the relationship of digital (pulsed) Input to discrere steps at
the output appear to offer advantages in the area of integration with a digital
control actuation system, the basic stepper desligns are not competitive with
otner forms of electromagnetic machines in terms of providing both the required
torque and the required rate. The units are not suitable for the application
because the maximum power output capabitity is about an order of magnitude
below that required.

The flax spline steoper (Reference 6) is a device that oftars exceptionally
high accele ‘ation capability. Compared to tha PM and VR steppers, the flex
spline machine can provide output acceleratics 100 timgs greater. This
characterstic Is not realized ss an advantaye, however, for the following
reasons:

ta) The acceleration requiremenis of a flight control system can be met
with stepper or conventional servomotor components.

(L) The mechanization of high acceleration results In excessive weight,
ard Is not capable of substantial power, rate, or stiffness.

5.2.2.2 Rare-Earth-Ccbalt, Permanent-Magnet, Brushless dc Motor

Optimization of the number of motor poles involves both the theoreticatl
and practical aspects of design. Machine welght becomes excessive as the
number Of 90lés is redured helow six o~ 2ight because of the increase in
back iron requlired to ..commodate the flux ireturn path. As the number of poies
Is Increased above six or eight, the motor becomes lighter, and the winsing
end 'osses become lower since the ends constitute a smaller percentage of the
total, Smali motors with many poles can be difficuit to manufacture, however,
and there Is less magnet length avaitable to develop the required air gap flux,
The motor stator is wound for a three-phase Input. A two-phase winding con-
figwation resuits in & Iess uniform torque field and approximately a four
percent lower torque output compared to & three-phase machine. The three-
phase winding, however, requires six solid-state switches compared to four
for the two-phase approach. Based upon these considerations, a motor with
six poles and a three-phase stator winding was used as the baseline design.

5.2.2.2.1 Power Output

Figure 16 shows a typical performance curve for a rare-earth-cobalt,
permanent-magnet, brushless dc motor designed for servo applications, The
motor has a peak output, corresponding to maximum speed and current |imit,
of 8§ hp, The extremely high power outout "or This smail unit results from
two basic design features. First, the use of rare~earth-cobalt magnets, which
offer hich energy nroduycts, and second, the arrangement of the magnet in the
rotor and using brushiess commutation 2f the coils in the wound stator (References
7 and 8), This latter feature results in imprcved therma!l control of the motor,
The motor losses (coppur losses in the stztor) can be readily transferred to
the motor casing, as compared to a wound-rotor configuration.
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Figure 16. Typical Motor Performance

The energy product relationships of currently ava.iable magnet materials
are presented in Figure 17. As shown, the samarium-cobalt magnets (SM-CO)
exhibit a BH product 3 to 4 times greater than Alnico magnets (Retference 9);

the benefit dorived from this parameter is that the Sm-Co unit wi!ll provide the same
torGgue ana faster acceleration than the equivalent Alnico unit, but will weigh 40
per cent less and will be one-half the size of the motor using the magnets with

the lower energy product. Recently, magnet materiais having energy products
in the range of 40 to 50 X 106 Gauss-Oersteas have been produced in |aboratory
quantities. As these materials become commoniy availsble for servomotor appli-
cations, they will have the following impact upon fiight control servo actuators.
(a) Smalter rotors, ylelding faster response and lower wesight
(b) New construction techniques and magnet/stetor arrangements that will
reduce overali cost. The potential configuration changes are as
follows:
(1) Tangential vs radial magnet arrangements (See $1.71060, Section 6).
(2) Toothless stators, resulting In lower cost of manufacture

(c) Improved resistance to demagnetization due to high magnetic flux fields
from electrical sources, lightning, and electromagnetic pulses.
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Figure 17. Comparison of Magnet Materials

9.2.2.2.2 Thermal Capability

The motor is not normally capable ot operating continyousiy at stall
unless the motor is designed for 3 very low speed and used with littie or nc
gear reduction (a forquer design). However, a similar result can be achieved
without sacrificing power output cepabilitv by using a servoamplifier with a
current-iimiting feature. Using a current limiter, high acceleration and
rate performance can be realized along with a stall capability adequate for
flight control applications, (see Section 4).

5.2.2.3 Ac Induction Motor

The characterization of the ac induction motor is based upor the same set
cf operating characteristics as the dc brushless. The motor diameter was set
at 4-in. maximum, with a 1.5-in.-dia rotor, which is the same as the d¢ motor
presented eariier, Rotor inerria for a design using copper conductors and 3
rotor length of 5 in. was determined to be 0.002187 Ibf-in.-sec2. The retation-
ship ot rotor geometry to critical speed is shown in Figure 18. Because the

30




AFtDL-TR=-76-42

FIRST CRITICAL SFEED (Npg), RPM

5
Vs | R —
i , RECOMMENDED FOR 24,000 RPM
6 % ~ SYNCHRONOUS SPEED '
L=lp+2
Lg—— :
2 I 4=
104 NN 1—1:—;
8f— SO 03—
6 iNO A AN RECOMM :NDED FOR 12,000 RPM
LOAD B ‘\ SYNCHR SNQUS SPEED
a \ \ \ % § _ (1.5 SPEZD SAFETY FACTOR)
\ AN 1
AN N .-. |
h *d.
) \\ \ \\ N SHAFT DIA, (d}, IN.
NN
\ ) \\“- RN
103 S = -'A\\*'l‘.oq
8 ~ ¥>~08‘
6 N s > .6
4 \\*\\‘ ‘WNS‘*(Ld—
2 M\ﬁo.r
0 5 10 15 20 25 30 40
ROTOR LENGTH, (Lg), IN.
$-98070 -8

Figure 18. Rotor Critical Speed




TSR - A3 e

AFFDL-TR-76-42

ac motor is cesigned as a servo, the time constent of the motor Is low. For
commands req.iring slew of the control surface, the motor will be operating
at no-load speed for a short period of time. The use of ftirst critical speed
as a cri‘erion for rotor design is therefore a conser vative approach. Other
characteristics of the machine are presented below.

Load inertia torque:
TIL = (46.3" |bf-in.—sec2) (52.55 rad/secz) = 2433 Ibf-in,

From the reiationships of Section 4, gear ratio (geartox efficlency
= 93 percent):

- 2 .
G 'W Im0021§75(52.55$(o.935 =573

Motor no-ioad speed at = 255 Hz, four-pole motor:

rad sec
6 = 1.396 cac © 573 gear ratio x 60 min _ o
MAL 77 rad/revolution 7643 rpm

Maximum motor stall torque required:

Tus = 573) (0.93 = 70.51 Ibt-in. (assume 72 Ibf-in. to allow

for motor internal mechanical
losses)

Establish current limit of 30 amp/phase during acceleration:
Torque/amp = %% = 2.40 Ihf-in,/amp

Max imum theoretica! torque./amp at 0.80 PF and 7500 rpm {100 percent
efficiency), 100 v is calculated as:

(39) (100 v) (0.8 PF) 1bt-in.
x 63025
(7[._6 .:_P_) x (7500 rpm) rad x min x HP

= 2.70 Ibt=in./amp

The power characteristics of the ac Induction motor are shown in Figure
19 for the conditlon of an applied frequency of 255 Hz and 100 volts. This
torque-speed plot shows a stai! torque of approximately one~half the peak
torque va've. To provide a more uniform torque from stali to near-synchrorous
speed and to |imit rotor heating (which occurs at high slip), the motor Is
driven by a variable frequency. The generator frequency is a functlion of
motor speeg. Therefore, the motor drive frequency Is continuousiy variable
from synchronous speed at full-rated no-load speed down to approximately
10 percent of maximum synchronous speed.

Torque/amp =

32
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Figure 19, Motor Power Characteristics

Five selected torque-speed curves from the continuously variable tamily
cf relationships are shown In Figure 20. As frequency is adjusted, so
Is the applied voltage. Fiqure 21 shows the relationship of voltage and
slip to the applied drive frequency. Table 6 presents performance as
the motor increases in speed.

The losses calculated for the ac machine are presented in Table 7.
The thermal management of electrical losses is the key to servomotor design.
Experience has shown that a remperature rise of 175°F measured at the end bell
is the maximum practical temperature rise for long bearing and lubricant life.
Similarly, a winding temperature of 430° is 1he maximum value tor state-ot-
the-art ML-type insulations. Practical design experience shows these maximum
temperature levels 1o be experienced with a thermal watt density of 2.5 watts
per sq in, of total motor surface area (including the end bells). The allowable
maximum duty cycle o high-performance servomotors is therefore a direct
function of the cooling available. Using the aircraft structure as a motor
haat sink will obviously extend the duty cycle. The use ot forced air, tlvid
cooling, or submerged motor components is not considered for thermal managsment.
The savings in motor size and weight resulting from the ccoling is less than
the associated pumps, heat exchangers, fluid iocops, and controls. Complexity
ot such an approach also makes it unattractive.
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TABL o
|
AC INDUCTION MOTOR PLREORMANCE DURING STARTUP t
Voltage] Specltfic Tlorgue, 1
Sche -~ in,-lb/amp Effigienun |
frequency, |Current, | Torque, | Speed, | Power |dule, LANA A
Yoitage Hr amp LLé=ir, r pm Factor |v/Hy Theoretical| Design | Percent
10 20 29.2 12 370 0.87 0.9 5.9¢ 2.466 .
15 30 26 12 120 0.83 0.9 4.38 2.109 04
45 100 26.2 12 2820 0.8 0.45 3.24 2.71% 81
85 200 27 72 5800 0.19 0.42% 2.953 2.6067 b9
100 52 28.8 12 1500 C.19 Q0,397 2.14 2.50 90
102 255 28.5 72 1450 0.795 [ C.4 z2.7199 2.53 90
\
1AL
AC TNDUCT TON MOTOR LOLSES
Condition Losses, Watts
Stip
Freguancy, | Vo wer, Stator |Rotor Total STRAY
Voitaqe Nz Watts |[rpm rercen* |Copper | Copper| Lote (S*ator Capper) Total
1
10 20 309 230 38 230 3 21 16 45?2 }
15 30 665 180 20 287 213 7 27 184 i
13 .
¢ a5 100 2501 [180 o 191 162 | 38 LY 417
: us 200 4923 {200 3.3 185 | ton | 100 148 i~
100 252 6266 1260 5.4 23 228 1y 190 158
102 2595 6341 200 2.6 20b 219 1208 19C 5

RUNNING CONDITION AT LOAD ’GiINTS

SR PV Ry S PR v . -

Power Total Lasses
1492 390
(Z hp) (1 : 719 percent)
2238 491
(3 hpa tn < 82 percent!
2984 439

1 (4 hp) (1 = Bb percent)

=3 — —_— ]
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tigures 22 through 24 show the resulty of thermal analyses of the
motor shown in SK71068, The anaiytical thermal model Included the heat sink
effects of the actuator and the alrcraft structure. The trermal mode! ot
the strycture was determined from a typlica) instatlation tor the F=100 alleron.
The analysis indicates that the actuator duty cycle Is not severly |imited
by the environment except for ground operation on a hot day. However, since
this condltion represents a checkout operation, the 40 percent duty cycle
iimitation may not be an over-ricing constraint,

100 - :
LIMIT
- e - —
AC MOTOR
60 | MIL POWER DASH J
SEA LEVEL {
(o]
5 Tsing = 175°F |
:3‘ I |
o 60 | i
u LOTGR_CONDITIQNS: N
. N = 7650 RPM |
w ! |
b MOTOR = 756 wATTS (EACH) :
5 40 g, . =< 313.3 WATTS (TOTAL)—— —
ACT
> ]
5 i
e |
20 3
/ 1
|
/ '
0 i
0 100 200 3C0 490 500
MAX IMUM MOTOR TEMPERATURE, °F
S-670
bigare 22.  Motor Thermal Analysis tor MiL Power Dash
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5.2.2.4 Controller Cnaracreristics

S .

5.2.2.4.1 Servo Design Considerations

Servoloops may be analyzed using frequency or time domain analysis tech-
niques. For a frequency gomain design, the specifications are usuatly given
by gain margin, phase margin, peak resonance, and bandwidth. These criteria
are related to time domain specifications such as rise time, delay time,
sefiling time, ard overshoct. Two common methods of stability analysis and
design ar2 the bode diagram and the ruct !ocus. The bode diagram Is a plot
of gain and phase shitt versus fregquency. it is obtained from the loop trans-
fer function by replacing S ty J., where w Is the angular frequercy of excita-
*ton. The root locus is an S plane plot of the locus of tne poles of fhe
feedback transfer function as the loop yain i< increased from zero to infinity.
The main advantage of the bode diagram is easz of use, and of the root locus,
the ability to clesely estimate “he loop time ang frequency responses directly
from the S-plane piot.

A proportional type contro! svstem deveiops a correcting signal that is
proportionzl ¢ the magnitude ot the actuating signal, |f the rate of change
and magnitude of the errcr sigrat iz detected, the system is a proportional
plus rate system. The proportional plus rate system may be realized with a
simrle lecad network. The main ad- nteges of this system are faster response
and high accuracy. A proportiona: plus integral compensating network may be
a more desirable system, and can be realized by using & lag network. This

systein will produce o feogback natwork with hiah accuracy.
The steady-state « + - or the feedback controf system may be determined .

by cemprting the nositi~ . , velocity, and acceleration error constants. The :
errcer constant is defined a: the desired output divided by the steady-state :
arror. The steady-state error is the error in dicplacement at the servo loop

output due to a step, ramp, or acceleration input. 1f a pure time lag exists
in & servosystem, the output wili not begin to respond to a fransient irput
until after a givan time interval. Because of the time lag effect, the trans-

fer tunction of the system is not a guotient of polynomials: it consists of
the term ¢-TS whare T denotes the time lag or transportation tag. For z
servolocp w:th transport delay, the compensatior network may be designed
vith two parts, the first part to cance! the eftects ot ¢-TS and the second
p3r ‘o egualize the controlled system without dalay.

The servo techniques discussed adove can be used with poth analog and
digital contro!ler systems. For an analog system, the input-output relation
of both marts ot the system can be described and analy:ied with the vLaplace
transtform and the bode diagram. For a digital centrol system, the motcr
centroller is considered to be a closed-loop sampled data system. The digital
system can be analyzed with the Z transiorm. The lcop zompensation network
can be realized with a diqital filter. Usc of the bilincar transform allows
digitai controlier design using the Bude diagram metnod.

For the analog system, the compensation netwdrk can be realized vith a
simple resistance and capacitance neTwerk, Ihe circuit synthesis can be
obtained by equating like co=fiicients of the transter function of the RC
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network with tie transform turction ot the proportional plus rate o intecral
system. For a digital compensation system. the digital filter can be imple-
mented with either the recursive (teedoack) or nonrecursive method. The
advantages and disadvantages of both methods are llisted below.

Recursive Filter

Advanfages~—lnfinlfe mencry, tewsr terms to describe a sharp cutof:
filter, and more conpliex processing capability

Disadvantages--insufficlent word length may cause instability
Nonrecursive Filter

Advantages--txcel lent |inear phase characterictics, and no stability
or timit ¢cycle probiems

Disadvantages--Large number of terms required for sharp cutofft fiiter
5.2.2.4.2 Current Limiting

Current limit controls provide needed protecticn for the motor and the
semiconductors in The power unit and limit the electrical Jewand trom ine
power bus.  Two commonly used current limit techniques are the spi!lover and
the current minor ioop mulhod. 1n the spillover current=iimii circuii, the
armature current is compareg with the 1imit point value | limit. When the
armature current 15 excecds lg timit, the error correction signal changes
in the direction 12 decrea~e the current. This current-~fimit circuit is
impiemented in a minor feedback contr-cl locp. The correction sigral is scaled
such thet the magnitude of *he change is proportional 1o the amount by which
la exceeds 15 limit, 1t the gain of the limiT circuit is high, the circuit
may de unstable in limit. Oversheoot is also a design consideration for this
approach.

A tighter control over armature current is provided with the currént
minor~loon approdch. The current minor -loop method is a continuous teedback
system that prevents overshoot by clamping the arror and the rate ¢. chanye
of the error to ¢djustable vatues. The metrod is implemented by incorporating
a zener diode cutvant 1imit cla p arcund the error correction amplifier in
conjunction with a curront rate-ot-ciaance limiter in the forward path ot tre
servoloop.

9.2.2.4.3 Powar Switch Selection

The switching devices trn the commutator may either be siiicon coutrol
ractitiers (SCR's) or transistors. 1In either case, the devices have ¢icdes
connected acrcss them in inverse paraitel. Unti! recentiy, most comnutators
have used SCR's as the switching element because they were the only devices
availahle with the necessary high voltage and current ratings. One of the
drawbacks in using SCR's is the requirement for a commutation circuit fo
turn off the device. Figure 29 shows 3 vypical SCR commutation circuit.

The AUX SCR i5 turned on and discharges the capac.¥or to provide a reverse
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tias in the main Inyristor. The turnotf time is proportional to the size of
the camutation capacitors and the voltage to which they are charged, and

inve. sely proportionai to the current to te commutated. Darlington transistors
with high voltage anc currant ratings now provide an altersative in the design X
of the power stage of the invertor circuit. The Darliagton circuit (shown in !
Figure &) groduces & power staje that is significantly smalier than SCR ;
commutators In sizs and welght. PWM requires that the switcihing transistors be

operatad at a freauency several time:z nigher than the signal frequency; switch-

ing tosses !n SCR's bezome appireciable 2r frequencigs above 1 kHz, while the

Da~iington trarsisztors can ba operated easily to 270 kHz.

$.2.2.4.4 Brushless D¢ Motor Control

The tergue in an elect: ic motor is produced by the interaction between the
magnetic fields in the ruior magnets and the stator conductors. The axis « f the
magnetic fileld sstablished by the stator current Is displaced ar some angle

—
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trom the axis ot the rotor tiux field. The torque generated by the luteraction
of the two flelds is given by

T = % Fpg BpyLr sin ¢

—
"

whare tor que

Fpk = maximum stator MMF (assume sine wave)
Bpx = maximum 2ir ocap flux density
L = rotor length
r = rotor radius
6 = angle netween styator MMF and rotor flux field

To maximize torque, § must be maintained close to 90 deg. in 2 brush-type dc
mxtor, this reiation 15 obtained by the position of the brush axis with respect
to the main rotor axis. In a brushless dc motor, this relationship Is con-
trolled using a rotor position sensor. Therefore, torque zonirol cerresponds

Y0 controlling the magnitude of stator current for any tixed value ot$, the
sngle betsocn the ctator and rator magretic fields.

The stator consists of severa! discrete stator windings. Current is
supp!ied to the proper stator windings by ar e'ectronic commurator, as a
function of sensed rotor position, The commutator consists of soniid-state
switches used to connect selected st tor windings to the dc bus as a function
of rotor position. The currer? wave form, frequency, and phase are determined
by switching times, and the amplitude by pulse-width modulation ot the dc bus
voitage (Reference 10). Fcr the 3-phase stator winding being considered,
tyvs switches are conducting at any ore time; every 60 deg of rotation one
switch is turned off and a new one is turned on *o ob*ain the required current
pat.ern and resulting rntating magnetic field in the stator. The rotor position
sensor contro!s the limits of the turn-on and turn-off poinis of the commutaticn
switches to provide the maximum torque per amp (5 = 90 deqg). The duratio: of
switch on-time orovides the control of current maqritude nicessary 19 control
output torgue.

Tiie use of a digital shaft encoder will simplify the tachine-circuit
interface. For example, absviute opt.cal enc.ders are available whicih reauire
less torgue to 1-wn the shaft; operate faster than mect ~niral encoder:; provire
long lite; and exhibit @ memory such that power outages will rot affect the
output when power is restored. |In the br: shless 62 motor, the torque is con-
troiied by adjusias’e averagye current supplied through the electronic commutator.
Either phasu (&) control or PWM techniques msy be used to genera‘e the reculred

voltage. A coil will te requi-red as a smoothing reactur to suppress the ripple

current if a phase contiol circuit iz used to generate the voltage. Figure 7 \
15 @ functional block diagram of & dc drive system. |Its basic features are:

("} oower circults and line isolation technique lident.cal tc ac drive. (2)

PWM control tor a simpiitied voltage control circuit, and (3) adaptable to
digitai implementation,

42
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5.2.2.4.5 Ac Induction Motor Control

When sinusoidal input power (neglecting excitation losses and stator
voltage drops) is applied to the stator windings of the ac induction motor,
a rotating magnetic tield is produced in the stator with angul!ar speed

2 v
w, = Fm' where P is the number of poles and flux ¢ =-. |t the rotor speed is

g » the slip speed will be wd = ws- We - ® '
The difference in speed between the rotor conductors and the rotating magnetic
tield generates the rotor voltage Vp = dswy- The rotor current will be
—r
'R =,/R§ + deési-
where R = FOTOK resistance and L = rotor reactance. The rotor flux Is given

Pt

Tv
by @ = Ig == —. The rotor tlux lags the stator flux by & =3 + tan
and the motor torque is given by

-] wdl.r
L P

v wgR,

2
2 2

“ RO+ (wgly)
The torque is dependent only on slip wy In the constant torque speed ranye if
v
o s held constant. wyg = Kr/Lr is deflned as the breakdown point. Operation
below breakdowr will yield high efficiency and high power factors. The resu.ts
are comparable to dc machines. The speed of the motor can be varied by adjust~
ing the stator frequency if the tiux is maintained at a level high enough to
prevent satvraticn. The direction of slip relative to the stator determines

the direction of power flow, wnile the voltage determines the level of torque.

A functional block diagram of a variable-voltage, variabie-frequency ac
drive system is shown in Figure 28. fatient features are:

(a) Direct line rectification to minimize weight (no transformer input
in power circuit).

(b) High-voltage mode for increased efficiency

(c) Dariington transistor commutator to simplify turncfft

(d} Use of optical couplers to protect the control interface
(e) Torque control with slh)(% = consfanf) to minimize heating

(f) Pwt drive for low harmonic content

(g) 0Oigital implementation for versatility




we sbe1g w203 @atug dy 8L sunli 4

e

Y

AFFOL-TR-76-42

TUNDL

- e S T AR r Vi

¥0123130
INI $S0¥) 0432
Sy
NO! LYSNIGHO
LNAN)
NOI 1150d
¥0133130 ﬂhae_ﬁ
INISSCUD
13533y o3z i
319901 YOLVYYINIO
AYNI 8 | G10HS3URL %207
(o) Wind i
y N =
L 4
31501
ININD3IS 1_ .
» - ¥O LY1NA0W IRIE
NOI LJ3¥i ) JOYLNDD y -
LINET LNIYY¥NG [ 3 4
9 A F _
\
3SN3S] | ¥01V10S!
~  hn3wuna] | v sdo
—1 ! ¥
? ¥3141103Y 3SvHIE
- ¥ILEIAN ¥ILId 3991100 ZH 00N
-HYIH 170A
? 002Z/S1
Y3 W0 4Ch YL
HOI 1V12S1

45



AFFDL-TR-76-42

Inverter clrculits are generally wmployed to generate the desired excitation
signal. The inverter circuits associated with a variable-speed ac drive may

be ciassified into two groups: (1) amplitude modutation or (2) PWM. For six-
step amplitude modulation, the |ine-to-neutral applied sine wave signal is
spproximated by a six-siep waveform. A phase-conirolled dc source or a chopper
may be used to generate the dc source required for the six-step modulation
clrcuit, A smoothing fliter is required to minimize the beating of the motor
currents caused by the difterence In Inverter output and the rectified lina or
chopper frequency. The use of the chopper with a full-wave bridge will produce
a taster voltage response due to the smaller LC filter time constant.

The PWM inverter 1s a simple control circuit that generates both frequency
and voltage. The output voltage waveform Is a constant amplitude puise *raln
whose polarity changes periodicaliy to provide the motor fundamertal frequency.
The magnitude of the fundamental s varied thrcugh pulsewidth control. The
inverter 1s modulated to a sine wave envelope, and the moduiating frequency
Is set high enough to be rejected by the motor.

when induction motors are driven by PWM invarters, both the magnitude ang
froquency of the harmonics must be carefully controlled. The presence of large-
amplitude harmonics will increase motor heating and peak currents and ray atfect
torque production. The harmonic contents of the PWM waveform may be analyzed
with the fou ier series. figure 29 shows a plot of the Fourier coefficlent
of a 5f waveform. Ffrom odd-half symmetry consideraticns, the even harmonics are
Z500. Trap circuiis an bs uscd to reduce the eleventh and thirteenth harmonics.
fn general, as the number of pufses approach a large number, *he harmonic
contert approaches the value for an equivalent square wave: one-fifth tor the
fiftt harmonic, one-seventh tor the seventh harmonric, etc.

PWM harmonic control schemes may use a carrier-to-signatl frequency ratio
wnich Is elther fixed or adaptive. The harmonic content in a tixed-ratio system
wil! causse losses and unnecessray temperature rise. In one adaptive modulation
scheme, the numver of pulses per half-cycle increases as the signal frequency
decreases. The pulsewidth is then varied to obtain voltage control. 1n a
second method, the carrier Is Identified as a triangular wave with a fixed
frequancy. Both the amplitude and frequency of the sine wave is varied to
generate the irverter coatrcl signal. The use of many pulses per half-cycle
reduces the harmonic content, but requires fast turn-off switches, and commu-
tation losses may be significant if SCR's are usad.

5.2.% Tradeofts
5.2.3.1 Motcer

Tne comparison of the motor performance is presented in Table B.
"he thermal management characteristics ot the two machires are dascribed in
Figure 30. Tne allowble duty cycle tor the dc machline Is higher than the
ac machine because of the higner efticiency and the preferable loss distri-
pution in the stator. A minor consideration in favor of the ac machine is the
retatively lower cost compared tu the dc motor. The magnet material and the
rotor construction costs are more uxpensive than tor the ac rotor. The stator,
end bells, and housings for the two motors are very similar In cost. Total
cystem costs wiil be very simifar when inciuding the actuator and confrollar.
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i
TABLE 8 |
MOTOR COMPAR!SON ’
|
Ac Brushless ;
Par ameter Motor D¢ Motor i
No-load speed, rpm 7643 9200 |
Mctor accelsrator, rad/sec 30,369 35,510
Current limit, amp 30 29
Actuator gear ratio 513 670
Maximum output acceleration, rad/secl 53 53
Qutside diameter, in. 4 4
Overal!l length, in. 8-3/4 7-1/2
Weight, Ib 19 18
Rotor diameter, in. 1.5 1.5
Rotor length, in. 9 4

5.2.3.2 Controller

Analog and digital power servo concepts are compared in Table 9. The
microprocessor provides the desirable operational characteristics of tlexi=~
bility, versatiiity, and low cost. The hardware design can be fixed, while
the functional characteristics can be tallored to meet modified pertormance
requirements. The microprocessor metor control versatility is turther ilius-
trated in Table 10. By changing only software, the microprocessor can operate
either on an ac or dc servomotor. The processor capability to monitor and
tault isorate is an additional advantage. The implementation ot control for
the ac and dc motors is summarized in Tabie 11, which sheris the similarities
in the basic drive requirements for the two approaches. The quantitative
method of handiing these requirements Is accomptiished by software changes tor
the microprocessor as opposed to hardware changes for an analog servosystem.
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TABLE 9
COMPARISON OF CONTROLLER TYPES
Advantages Disadvantages
Analoy o Simplicity Precision components
required tn faedback
Ir-
Mot cdaptable to changes
in system requirements
e Unreliable
Microprocassor [ e Versatility ® Software design requfred

® Simple hardware

o Adaptable to failure
and redundancy
moritoring

® Adaptive servwo
capability

o Cost competitive
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TABLE 10

COMPARISON OF DRIVE SYSTeM

Prushless OC Drive Svstem

AC Drive System

Sensor
Requiremants

Modulation

Power Circuits

Per formance

Microprocesscor
Controf

Anguiar position intor
required ~ digital code witn
magnet i or optical coupling

Variable dc may be Qenerated
with PWM or phase control

Transistor praferred with
PwM control Laecausa of high
trequency switching

Wide range oV speed control
with voltage control; current
{lmit vcad to reduce stator
heating

Simple software and hardware
control

Shett angle revolution
traquency and applied

voltage intormation to
stator

PWM inverter Is an etftfl-~
clent mears of generating
a variable volitage and
tfrequency in a single
circult

SCR requires torcec com-
mutation circult to start

Comparable to dc motor |f
slip Is constrainad to

values Lelow breakdown

Simple hardware - slightly
more complex software than
dc controlle.

TABLE Nt

SIMILARITIES IN MOTOR CONTROL CONCEPT AFPLICATION

AC DRIVE
e Constant torque
® PWM or ampiitude modulation
,0 Torque control with slip and current
® Adaptable to digital impiementstion
DC DRIVE
e Constant torque
@ Phase control, chopper, PWM dc source
e Optical, magnetic shaft encoders
e Commutation approach adaptabie to digital

implementation
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$.2.4 Selected Drive Approach

The selected drive approach for the hinge-line actuator is a dc. brushlass,
permanent-magnat motor controlled by & digital microprocessor. lha drive
system selected for preliminary desigr Is summarized in Table 12. A schematic
ot the selected arive system is praesenied in fiqure 31, The fevatures |isted
in this figure emphasize the varsatility of the selected approach, which is
the principal consideration In selaction ot the microprocessor tor a primary
fiight control component.

9.3 ACTUATOR ELEMENT OPTIONS

5.3.1 Initlal Screening

The options tor the mechanical elemonts ot an actuator are shown in figure
32. The ilnear actuator is eliminated from turther consideration hecause the
basel ine design approach {(ground rule) Is to be a rotary, hingu-line actuator.
Within the general catagory ot actuators having a rotary output, r‘here are
many implementation techniquas. A continuous-running slecti ic grive can be
nmechanically controlleg to provide variable rate by use of intermittent clutch-
ing (spring, electromagnetic), or by use ot continuou-ly variable toroidal
tronsmission type drives. Intermittent clutching devices &re eliminated from

the study bocause of serious limitations of lite, repaatability, and reliabitity.

TABLE 12

DRIVE SYSTEM FOR PRELIMINARY DESIGN

1. PROGRAMMABLE MICROPROCESSOR CONTROLLER
2. EMPHASIS ON BRUSHLESS DC MOTOR CONTRGL

3. DIGITAL FILTER COMPENSATICN

4. NON-ADAPTIVE PWM CONTROL

5. OPTICAL PCSITION AND FREQUENCY ENCODERS
6. TRANSISTOP. POWER SWiTCHING

7. USE OF CURRENT AND TEMPERATURE MONITOR

8. USk Of AIRCRAFT PARAMETERS FOR TORQUE LIMITING

. e e e
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even though *thay may provide good frequency response. Continuously variabie
output devices using constant running inpurs include the toroidal transmission
one the oppasing differentia! fypes. Tne toroidal transmission (shown in Figure
33) is not included as ¢ principai candidate because ot the limited lifa of

the rolling mychanical elements and low trequency response capability {see
Appendix E).

A direct-drive servo ctfers voth reversible and nonreversible operation.
The high-efficiency raversible approach is limited to application., where
redundancy of actuation is n¢T required. The irraversiblie approach using brakes
or no-backs for position helding is superior to the low etficiency approach
because lass power is consumed in moving the surfacz, and the surface is
positively locked even in tha presence of vibration and periodically reversing
loads, which can cause an irreversible geartrain to creep. The most promising
actuation system elements are therefore:

Actuator Type--Rofary
Orive TXE ~-0irect-drive servo

Geartrain Efficiency--High (550 percent)

Pncition Hgldigg--Mnfnr Lrake (used on servomotor to lock a standby

AS HIGH AS 190 1
AVAIL. @ 50% EFF

— TYP
2PLCS

ISTUDS

/-— STROKE =

pr— s

Fiqure 3X. Harmonic Drive

o4

ey
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5.3.2 Component (haracteristics

5.3.2.1 Rotary Actuator

Tha characterisiics ot & planatary geared, rotary, hinge-line actuator
of the type shown in “igure 34 are presented in Figure 39, which relates
weight, torque, sgring rate, and cycle Ii*a to the actuatcr dliameter. For
exumple, the 4-in, OD actuator sized ior 37,500 in.-Ib to-que and 10C,000
life cycles will have the following characteristics.

€ Tr-que per unit length: 6,000 ibt-in./in.
. Spring rate per unlt length: 609,000 Ibf~in./rac-ir
) Weight per unit length: 2 lbr/ir.

The lengih of the actuator is obtained by dividing the specific torque
value into *he ioad torque required, as follows:

; Actuator length = 37,500 Itf-i-. = 6.25 in,
H 37660 Iné~in./in.
: Bdased upon this iength, the other characteristics are determined as follows:

ACtuator spring rate:

inf-in. - _ 6 lvf-.r.
600,000mx 6.25 In, = 3,75 X 10 “Fad—

e~ s

Actuator welght:

2 lom/ic, Au.Zz ir, - 12.% 1Dm 3
: . o 1
i The parametric data are extrapolated data from the following aircraft systems i
which yse rotary actuaetors. 3
° F-16 leading edge flap 3
!
{ ° 747 teading edge flag E
° SST flap
® B-1 bomb bay door
r A harmonic drive of he type shown inftigure 2L, wa. - i T i
? the 37,500 .L*='r. TCrque COrrestorzing 1) "fe example Drourer bt

,

worzeres Trg cnaratteratics of rhe narronic Jrive ard tuo Siye gy L
actuyator. Also included are cataloc data obtained for a pancake harmonic driy

-
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Figure 34. Hinge-Line Actuator
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Figsre 3¢, Harmonic Drive
|
{
‘ TASLE 13
!
ACTUATOR COMPARISON
: Planetary Pancake
: Geared Harmonic Ha-monic
i Characteristic Drive Drive Drive
Diameter, in. 4.0 4.0 4.33
Length, in. 6.25 §.5 29(1)
Waight, 1Ib 12.5 13 83(2)
Volume, cu In, 78.5 104 421
Efficiency, percent 90 85 53
(1) 36 "pancake"™ slices in parallel
{2) Contiguration is not weight-optimized tor aircratt application
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$.3.2.2 Veloclty Summing Differential

A velocity summing differential Is required when redundant electric motor
drives are used. Since the actuator prevides a gear ratio of approximately
250 to 1, the torque ratirg of the ditferential is a follows:

37500 Ibf=~in. = 150 1bf-in.

The resulting welght of the mixing differentiar is 2 Ibm. Added to the actuator

waight, the total waight of the mechanical drive s 14.5 Ibm.

5.3.2.3 No Bachs and Brakes

A no-tack is a device that allows power to pass ftrom the input to the
output with high etficiency, and which acts as a positive brake to prevent
power from being transmitted from the output back to the input. The charac-
teristics of a no-back are shown In Figure 37, The major features of tne
device are:

(a) No motion when the point ot operation determined by the Input and
output torque falis In the cross~hatched area of Figure 37.

PEN
o

The incut must ba driven to prouuce mction at the output.,

(c}) A friction drag of 1 to 3 percent is experienced when driving an
opposing load.

Piga-e /. Mechanical Ne-Pack (Characteristics
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(d) To move an aiding load, the input required may range from
approximately 5 percent to more than 100 percent, depending upon
the design and the coetticlient of friction,

A no-back is used in a system that primarily performs a trim function. This
rasults in less motor heating because the no-back holds the load. In the :
aiding load mode of operation, the motor is only required to provide sufti- ‘
cient torque to unlock the no-back.

The principal methads of achieving a no-back tunction are divided into
the following classifications; some are [llustrated in Figure 38.

Irreversible compcnents
Thrust collars
Capstan Coils 3
Ramp (load weighing) activated no-backs.
Components such as screw threads and gearing achieve irreversability by
2 design efficiency of less than 50 percent. The simplicity gained by this

approach is at the expense of power input required due to the low operating
efficiency. Management of the power dissipated also can be a major disadvantaqge.

The thrust collar device is based upon the principle that an axial (or
equivalent) force produces sufficient friction at thke 1thrust collar to prevent
back driving. In the opposing load mode, the thrust coltar is allowec to
ratchet, and thus nullity the friction torque. The principal disadvantage of
tho thrust collar type of no-back is that the power demand from the motor
during alding load operation varies with the coefticient of friction on the
collar. Therefore, the aiding load usually cizes the power unit rather than !
tha opposing l1nad case. A powsr penalty results. The capstan coil device
vs generaily no. used fur applications requiring energy absorption. The heat
generatea by frictlon occurs in limited small surfaces and complicates the
thermal design of the unit. The simplicity of the device is attractive tor
parking~brake applications (non-enargy absorbing).

[P N

The ramp-activated no-back 1s shown in Figure 39. Schematics of the
no-hack are showr. in Figures 40 and 41, wnich show all normally rotational
mo*ion rconverted to linear motion. When the motcr ¢rives the load, the ball-
ramps are in phase, and only the small bias brake is engaged. The bias bdrake
serves as a damping device to achieve jitte--frec uparation during 2iding
loag conditlons. Ffigure 40 shows operation of the davice when the output
attempts to ¢riva the input. Here, th: bali-ramps become out-of-phase, apply-
ing braking forces unon the disc brake assembly and direc.iing all tcrque to
the outer fixed housing structure.
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HON ENER'GY ABSCRBING
®RAYCHETS __ _ _ _ _ _ _ __ o ao o

®CAPSTAM COIL _ _ _ _ _ _ W

O IRREVERSIELE COMPONENTYS - CEAR BOX 77- 50%; WORM GEAR
© THRUSY COLLARS _ .. _ _ _.

POWER SIZED BY
AIDING LOAD

BRAWE SURFACE

ENERGY ABSORBING
O LOADWEIGHING __ __ _ . /~__

HIGH EFFICIEMSY ~—
ENZRGY ABSORBING @;’)
NOH CHATTERING ke

e

Figure 38. Mechanical No-Bachks

INFUT DRIVING AGAINST AN OFPOS:NG TORCUE

NOMENCLATURE
1. LOAD BRAKE SPRING
2. LOAD BRAKE
DISCS-ROYATING
PLATES-STATIGNARY
. CLTFUT RAMP
. DRIVE BOGS
. INPUT RAMP
. CONTROL BRAKE PLATE
. CONTROL BRAKC SPRING
LOCK PIN
RAMP

DG NI W

N

N /4. ’,:\ . . /‘-\ , Yo ‘\\_
A RORUROROROIONC

Flqura 39, Ball Femp Type >f Ho-Lack
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OPPOSING
(LOAD)
(100%)

* f

—_—
OUTPUT MOTION

LOAD BRAKE

§.i01

Figure 40. ([nerqy Absorbing No-Back: Input Driving an Cpposirg Load

(= 8%) ~_
- '] T\. BIAS BRAKE (= 1%)

(OPTIONAL)

INPUT FORCE
(LESS THAN 9%)

>

————
INPUT MOTION

OUTPUT FORC
AIDING R

RN LOAD BRAKE { = 90%)

figure 41. fneiqy Atsorting tio-Back: Input Diriving an Aiding Load
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5.3.2.4 Load-Limiting Devices

Two approaches to load limiting are considered: mechanical and elecironic. !
Mechanica! load-limiting cevices are sensitive to variations In coetficient
of friction dus to wear, temperature, and velocity, and exhibit wide tolerance
in meeting load requirements. The load timiter should be placed at the input, !
where torque levels are low, reducing the waight of the device. Thls requires
that the device have high sens!tivity to cornducted torque and a narrow operat-
Ing toleronce band. The characteristics of the unit are alsc a function of the
output gear efficiency. For exampie, the F-100 aiferon has a load |imit of
150,000 Ibf-in. torque &nd a minimum load requlirement of 132,000 Ipf~in, The
hydraulic actuation system uses a load reileft valve across the actuator to
1imit the control surface hinge moment. The characteristics of a8 mechanical
davice to provide the required load Iimiting of the F-100 aileron are given
in Flgure 42. The curve shows that s minimum output gear efficiency of 94
percant and an input drive torque ot 141,000 Ibf-in, Is reaquired to provide a J
132,000 Ibf-in. torque at the output. The curve also shows that a back-driving :
torque of 150,000 Ibf-in. cperating through the 94 percent efficient gearbox .
yields a torque ot 141,000 Ibf-in. at the input, For this case, therefore, the '
load limiter must hold full load up to 141,900 !pf-in., and then provide tull
release nf tha load at all greater levels of torque. There is no tolerance
bard avallable vor manutacturing or other variations. For gear stages that
exhibit higher efticiencies, a tolerance band exlsts. Current {imiting of the
motor provides a torque !imit applied tc the load. The current applied to a
motor c3n be accurately monitored ana confruiisd. The torgus ygensratsd for =
particular current value is not affected by the operating temperature of the
motor, and is therefore predictable and repeatable.

5.3.3 Trageofts

The hinge-line actuator contiguration selection is made on the basis ot
welgnt. The differential planetary geared actuator is the lightest in weight
and has the smallest volume, thus easing instaliation and structural interface
probiems. To select between a no-back and a motor shaft brake to hold a load
requires a definition ot the cyclic frequency, duty cycle of the load, and
particular actuation concept. figure 43 shows that energy can be usefully
extracted from the actuator/motor by the technique of regeneration when the
control surface experiences sinusoidal oscillation at frequencles of 2.5 Hz or
less. At higher trequencies, power from the motor to the surface is requlred
tc achieve tnhe desired surface acceloration. 1t electric ' regeneration Is
not used, an energy-absorbing no-tack could be considered as a means of load
hoiding and also braking of control surtace. As discussed earller, thermal man-
agement during periods of hiah Ioads and duty cycles is a major design problem.

5.3.4 Selected Actuator Approach

Tha baseline configuration tor the actuator Is tne differential compound
hinge-1ine geared unit. For applications requiring redundant power Inputs, the
actuator wiil include a planetary gitferential for velocity summing of the two
motor Inputs. Aiso required wher using redundant drive inputs are separately
excited dc brakes for redundancy management. The brakes are provided to hcld
the motor shatt staticnary in the event that the drive channel is determined
tc be Inoperative for any reason. Thus, the brake is not a part of the system
dynamics.
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The energy absorbed In the no-back appears as friction heating in the disc
plates. fligure 44 shows the |imitation of the no-back related to the example
problem statement. A transient condition ot 100 cycies at ¢ 8.5 deg can be
hana!ed by the thermal capecity of the no-back, and does not require heat
transfer to the structure or other thermal sink. Also, a control surface
deflection of 2.0 deg and a steady-state cycling frequency of 0.1 Hz can be
accommodated, and the required energy dissipated trom thu unit as heat. Within
these operatlional constraints, the brake plate temperature will not exceed
460°F. The weight cf the no-back 1s based upon providing sutficient surtace
area for heat rejection during steady-state energy dissipation, and to provide
sufficlent mass to accommodete translent triction heating. The size of the
unit is larger than needed to handle the 1150 ozt=in. braking torque required
&t the motor shaft.

By comparison, a motor brake Is not designed for power disslpation. |t
Is designed for holding torque. four this reason, motor brakes will generally
provide position holding at a lower welgnt penalty than the use ot a no-back.
Actuation of the brake to the on position, however, may require control logic !
and actuation. Typically, the motor brake Is actuated off by the ssms pcwer
clrcult that operates the motor. A short time delay can be buflt into the '
brake coll circult to hold it in the off position for a period of time fol low-
ing motor shutoff. This teature ofters the advantage of increased brake |itfe.
A par. ot tho fault dntection and Isolation circuitry aiso can be used to con-
Tinuousiy hoid the braks off whan tho control serve clrcuits are activa. When
the fault monit-~ing logic signals shut down a drive channel, the brake would
be actuated on. It energy dissipation is required, a combination of reganer=
ation anc¢ motor brakes may have application. This myst be considered in
conjunction with duty cycle and total energy dissijated and regeneraied.

I YISTIRLIEY DR

8ialy §TATL W00

custane t e Lt R LY 1

Figure 44. Therma! Capability ot Energy Absorbing No-Back
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5.4 SELIABILITY CONSIDERATIONS

Hecause all actuation systems have a Jogres of unrellability, it is necus-
sary to establish ground rules by an 1terative process of evzluating accepteble
and unacceptable failure modes, and resulting faiiure effects. Some flight
cortrol surfsces are rwre Iimportant to sale (gat-home) capability of an air-
craft tvhan others. For example, complete loss of rudder contro! will not
Jndaiiger the safety of the alrcratt, especially if the conirol surface feils
centored and lucked, because minimum yaw controi can be achieved using aileron
control. Theretore, the signiticance of any single tallure must be eva'uated
based upon (1) the probable condition of the tailed control surface and (2) the
degree of a'rcraft controi lost due tu the fallure of that surtace. The condi-
tion of a failed surface could be (1) fail trail, (Z) return to center and lock,
(3) lock where falled, or (4) acruation by an alternate control mode at either
full or reducea capabllity.

Allowahle failure modes are determined by the criticality ot the control
surface to provide the get-home (or safe) operation ot the aircraft, and The
basic mission requiraments. Particularly for a military aircratt, the require-
ment to accept at least one control systom fallure and still provide tull
cortrol indicates a dual- (or even friple) redundant system approach. This
redundance can be provided by seiected combinations of redundant control
signal paths, multipowered actuators, and split or multipie control surfaces.
For sxgmpls, the silorons of the F.100 ere split Into an Inbhoard and sn authoard
section. These two sections are cuordinated mechanically and driven by &
duai tandem hydraulic cylinder.

An alternate concept is to drive each aileron panel ot thu F-100

from a separate actuation system. In normal operation, the Inpboard and ouf-
bord panels are drien by common input commands and panel motion coorcinatad
by the servo control. in fhe event of a control system tailure on one panel,
adequate control is available from *he remaining three panels. This type of
split control surtace redjundance is idea'ly implemented by elgctromechanicai
actuation devices. The actuation hargware for a particular contro! surface
does not Interfsce with other surtaces; all control interfaces a'e slectrical.

5.4.1 Approach

Reliablil !ty apportiorment and rejundance provisions are determined based
upon the ground rule that an aircratt must be capable ot getting home atfter
aminimum of any one failure in the total flight contrcl system. To maintain
a cost-effective, operational system, minimum redundancy and/or backup pro-
visions are Indicated. Tharefore, It is nacessary to detine which elements
of the control system must be backad up and fo what degree. Table 14 lists
typical control surtaces ot an aircratt, the criticality ot the control surtace
to the aircraft satety, and methods ot providing backup tor required tunctions.
Active-standby redundance s assumed tor all baeckup systems. It is unresllistic
to expect the pliiot to pertorm remedial action (switchover) and/or tc activate
reduncant contro! systems tollowing a tailure.
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TABLE 14

TYPICAL CONTROL SURFACLS

AND BACKUP REQUIRLD

Critaical

retorn Ty

Aadutrg!

—
Per formance
Conveol Provided/ Probable Required
Surtsce Criticailty Failure Mode tor Satety BRackup Option
Loading Pertormance Improve- Unstable, Lockup 1. Alternate actue-
edge flap ment, not critica!l tree=running tion source
2 Retyrn surtace to
neutral and lack
with auxitiary
contrel
Flaperon/ Roll (lateral), Trailing Statle, 1 Use suyrtace on
Al leron crirtical return to negtral ang lock
neutral with auxitiary
control
2. Split control
surtaces
3 bail capability
backup actuation
system
Traiiing Pertormance improve- Traiting Stattie (no ! Nane
euge tlap mant, rot critical LELIVE N YO B
2 Altter nate actyo-~
tion scurce
Hor izontal Oiter (longitugi- Trailing Statlea, 1. fFuil capacility
nall}, critical return O backenr actaation
neutral system
2 Sp'it contro:
surtaces
(stabhitat )
Rydder Yaw 'girectional), Trailing Starle, 1 Nore

Alternate act.a-

tian <o rce
*Motar rotor inertia 1o 00im83 in —lhesec ) cetlected tnrayan oo et ie e At D
cauivalent tc a Jamper weigr® O' 43 18 at 3 o ostanie Ot o it el bee hiage ling,
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T, impiemant the use of an alternate actuation system (redundant com-
ponants or backup systers) requires that a failure be detected and isolated.
Instrumentation usually availahle as part of the servocontrcl teedback Is
used to determine acequate system funciioning. Independen: sensors ang/or !
additional performance morltoring ocavices may be required to satisty built-~
in-test equipment (BITE) requirements ancd to as serve oper ational fault
detectors.

Machan zation of redundant mechanicai Arive channels may be¢ handled
in several ways, as <wown in Figure 45. For examnle, a method of mixing
multiple actuatur drive inputs tor use at the coatroi surtace is to use a
velocity suvmming device such as a ditterential gesrbox. Since both motors
drive at ail times, the output from the differential i5 the sum of the input N
velocities. In the event of a tailure in one ~“rive chanrel! (not in the
differsntiar), tha ditterential output valocivy is reduced to one-halt, while
p +ng cutput torque rweaine urchanged. To maintain output torque during this ¥
mocde of - peration renquires tha* the inpu¥ to the dJdifferential on the tailed
siae be locked. This is implemented by eithe” a mechanical no-back ar a motor
brake.

5.4.2 Requ:remsnts

The reliability requirements and goats tor an ele~trumechanica!l system for
primary flight control surtace actuation a a Lased upu. known data ot aircradt
operatiuns. Information relatinc aircra‘t failures to the control system and
the actuation system is summarize . in Tabie 15, which srows a total failu-e
rate of nearly S X |0'6 failures per hour for fighter aircraft and a miniaum
rate of 1 X 106 tor the 68CJ, one of the mosi recent tiy-by~wire aircratt, To
be compatible, therefcre, a goal for the electramechgenical actuation system is
i x 10-6 1¢71ures per hour. This includes the power source, f1ignt control,
and actuation system eiements.

——remy

e - — o

The re!iability model is shown in Figure 4t. A paral.e! redungant nE
electrical supply is assumed including redundant electrica. dis*ribution w thin
the airc ait. At each ot the nine control surtaces, it is assumed that a Ywo-
channel drive is used. The output ot each drive assembly is mixed in a veio-
clty summing differenvial to operate the control surtace. Table 16 gives
the numerical values of reliatility for the various components based upur fhe
reliability mode! (Figure 46); figure 47 shows the failure rate improve- -
ment achieved by the use of sinple active stangby redundancy. Failure rates :
are given for indiviagual system components, subassemblies, and the total
actuation svsiem nased ypon a tota! of nine control surfaces. The system
failure rave of 1t X IO'6 taitures per operating hour appears to be reasonabie &
and achievable. e

[ "
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TAJLE 19

AIRCRAFT RELIABILITY DATA*

FAILURES PER 108 HOURS
FLIGHT | ACTUATION
AIRCRAFT CONTROL ; SYSTEM | TOTAL
{ — 4
CAE/FAA COMMERCIAL TRANSPORT HISTORY. 1949 |
TG 1952 AS COMPILED B™ AFFDU {EARLY GCAL FOR j
ELECTROMECHANICAL SONTROL SYSTEM; , 0.23
830 ! AJACRAFT | 10667
l AIR FORCE FIGHTER AIRCRAFT L 546 { 351 897
| AIR FORCE LARGE BCMBERS (1964 TO 1973) l ! 055
| ! .
| AIR FORCF RUTARY WING AIRCRAFT (150% 70 15731 | 132, 0% | za |
| 1 i
NAVY (1960 TO 1970) l 55 | 34 l 897
‘___ S — L

*REFERENCE FULIGHT CONTHOL SYSTEM ADVANCES FOR NEAR FUTURE MILITARY AIRCRANT.
PAUL E. BLATY
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MOTOR
R
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SOURCE RECTIFIER CIRCU. *
SUMMING '
DIFFERENTIAL
CONTROL
r o — SURFACE
POWER PROTECTIVE
l SOURCE RECTIFIER CIRCUIT
MICRO MOTOR
| jPROCESSOM 010
BRAKE
- B e
—_—
REPEAT FOR Z ACH OF
9 CONTROL SURFACES
(LEADING EDGE FLAPS. AILERONS.
o FLAPS STABILATOR, AND RUDDER)
'
Figure 46. “nl gl tity Susiom Yol
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TABLE 16
RELIABILITY ESTIMATES
Fallures per 106 hr
Lower Upper
Component Limit Limit
PMG #g4 .5 n.o Estimate for subsonic aircraflt
data source, FARADA
Rectifier/ 40.0 25.0 Assumed switching requlator to
power suppiy minimize power (F=-14 CADC)
Nicroprocessor 8.33 4.44 Assumed average ambient operating
(digital control) temperature around 40°C.
(F-14 AICS;
Dc/brushlass 9.5 7.3 Uoia suurce, Tarads
motor
Geartox 5 0.1 OC-10; 418,395 tleet hours reported.

*Baced on DC-9, both Series 10 and 30; tleet size was 371 aircraft with
2,648,358 engine-on hours,

BRAKE
MICRO — 3
*RGCESSOR tmq 18
= e - —_-., ’.__‘(m]-sn MOTOR
: {— —— - — -
POWE R . PROIECTIVE | |
SOUHCE RECTHIER aRcuit §t tmp 2469
tm, 8215 ]
L
Vimy 325 !
e e 4, summinG | 7
gy, s 3™ L L - I DrFFERtaTIAL
es, —— e e —— —— - .
) ] CONTROL
vome 8 I pOTEC T r..—ql tmg, 01 SURFACE
——d HEC T FECTivE
SOURCE r’ 4 B v T
' v ‘-——1
e 8225 bym 25 ! LI
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5.4.3 Redundancy for the F-100

B

TR

Using the F-100 as an example of redundancy management, Tabie 17 gives
the electric actuation system drive tradeotf to meet the pertormance require-
mants. A drive unit consists ot the motor(s), actuator, and controller(s), as
indicted in the table. The minimum requirements for control surface actuation
can be achlisved with a drive welght of 378 It. An additiona! 52 Ib (14 percent
increase) provides sutficient redundancy in the control surface drive to provide
tull operational capability after any single failure. A 25-Ib weight penaity

latas

g
o
e
£,

“§ results when reduced pertormance is acceptable foilowing a failure. The table
& shows that the minimum weight system without redundancy is the same waight
g; synthesized for minimum control tfor gat-home capability.
E
E 5.5 AIRCRAFT ACTUATION SYSTEM INTEGRATION 1
e
gﬁ The component parametric data presented earlier in this section are used {
;; to compare the electromechanical actuation system t¢ the current hydraulic
B system fc~ the F=-i100 aircraft. Individual electromechanical component character- 3
[ Istics are shown in Table 18. The total weight shown includes the motor, 4
;; differential gearbox (if usec), and the tinal actuator output stage gearing. i
¥y The summary of the system weight for i all electromechanical F-100 flignt

contro! system is presented in Table 19. he actuator configuration corres-

ponding to the weight summary is shown in the block diagram of figure 48.

The total system weight Incluging the redundant power source and electrical
distribution is 966 Ib. The hydrauiic system weight for flight control actua-
tion Is presented in Table 20. The total weight is 971 (b,

Based upon the data shown, the electromechanical and hydraulic approaches
are waight competitive. An approach to installation of the electromechanical
actuatcr into the F-100 outboard aileron is shown in Figure 4Y. The figure
shows damper weights used to prevent flutter cf a control surface in the event ]
of loss of the redundant hydraulic circults. The electromechanice! actuation
concept would not require damper weights because of the equivalent inertia
resulting from the motor rotor reflected through the relatively high gear
ratio.

- G v o A

—— s | ———-r .

The potential tor weight reduction made possible by eliminating the out- 1
board pans! camper weights is therefore an additional 73.4 Ib for bcih panels. ]
The electromechanical actuation system, with redundancy equivalent to the
bydraulic system, weighs 8§93 Ib, tor a tocral weight reduction of 76 1b compared
to the hydraulic system, or an 8 percent weight reduction.

. As an additional point ot comparison, the electro-hydraulic actuation
) system for the B-52 elevator has beer evaluated against the ewiivalent electro~
mechanical approach. Tabie 2?1 presents the comrarison. The B-92 unit
represents technology eight years old, but is representative of actuaticn
system concepts based upon power-by-wire and fly-by-wire versatility ard
adaptability,

-
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TABLE 17

REDUNDANCY MANAGEMENT TRADECFF

I
Mije Control
Min, Drives Dr:ses Recuireyd tor |Revuces Capaditity | tor Get-Hume
Requlired tor Fuil Fult Control Atter (railt-Rate) Atter Tepability
Contr ol 1 fFaliyre (Note 1) t Feituyre (Note 2) | Arter 1 faiture
.
No. ot |Orive Ne. of [Drive No. ot {Dri.e No. of [ Orive
Centrol Surtace Motors |meight, I Motors | Weight, Ib | Motors | weignt, In | Motors | meight, Ib
Ruacer 1 27 7 ~2 2 52 1 21
Stavilizer 2 119 3 206 2 119 2 1719
Ailgron
1 nboarg : S5 2 9% 2 95 2 95
Note 4 Nere 8
Qutbcor d 2 i7 < 17 N 7 2 17
Noto 4 Btes 3
Tetal waights, 1 318 430 €3 1 1y
]

NOTES: 1,

AsLumas
Ascumes
Assumes
Surtace

fudunjant ¢rive@

16 & tyateg or atter ta

8rtive St3°dbv reduntancy.
ur teCces; (0SS Of O pane” oLt Cf 4 ig fext Ccrivacal,

sSpi-t conrol s
ta: "5 tro,leg.

1ABLE 18

‘uc@a ot ¢orimary drive.

ELZCTROMECHANICAL COPMPONENTS SIiZEDC FOR F-10C APFLICATION

Mirimym Mir i m
Nt Actgeror | “roge No-iued Tota
No. ot wei5t, ne i ghT, woaght Rete, wgi ot
Mot u g "t e 'b-in Liug sen 'y
r,aqer 7 G . 21 A 4 2% =0 2>
Sravilizer P LI 5L bR pDRIRUY & ‘with Tod
o=in, [Ivhis
N motor !
A rgr-.n®
Inboar g : 18 0 RY B0 3 L
Juthcer 3 ’ tAa T “1,407, SH p

f-pTundanly
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TABLE 19

F-100F ELECTRCMECHANICAL SYSTEM WEIGHTS

Tota:
Humber cf Unlt wWeight, Welght,
Untts ib Ib
L.
Aileron actuelors
Inboard 2 43 S0
Qutboard 2 36 72
Aileron control boxes 4 5.25 10.5
Stabilizer actuator 1 169 169
Stabilizer controi bores 2 5.25 10.5
RQudder actuator 1 22 <2
Rudder rcontrol boxes 2 0.3 10.5
Pilot input transducer 3 1
Aileron mounting structure 1%
Stebilizer mounting structure 75
Rudder mcurting structure 15
Input frarsduce:r mounting 10
Aircraftt powar source
Permanent magnet generator 2 35 70
Cor:gitioning and power 134
distiigution
Electrical generating system 200
(standhy)
Totat 966
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AILERON
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figure 48. F-100 Electromecharical Actuator Block Diagram

74




ANFFOL-TR-76-42

INBOARD &4 ILERON .- e T T —e TN ——
AlL. STA 165.617 \', — QUTBOARD A ILERON

! i — DEPTH--UPPER ML TO
i AT AILERON KINGE P
AYLERON STATION 168.

\ 3.963

| . A 1LERON

| e - - e s = — e f— e ~n —_———— e ——

foe I M
—— P Y —_ Y S
R M—
' ST
o N
N I||| ! \
e et
- - |._; - - }Il em = - — — - — e e e e
| ) [ \
||| I' N
A P A S AT
v L} ~
1 /./Lnl ~ A
P! A \ A\
P : |;\\ _ _‘__\‘\\ |
. ) ik \ \ A
| | \ Vo . —
) | \ \\‘ \
ot | Vot
[ ! ! 1 A \" A
NEW HINGE FITTING N I S e
I U ;
Vo , . . .
oA Y v : C e
. e - 1 "\ :'\
_7—4'-: \ : I ._'\ N
I 1 "‘ A
< \ AN

180-14308 (REF) " !
AIL STA
168.179




BE et adatad o L el hd
3 " ey 0 ey e - 7 T

A R - .
: — T T - e - A "l
e e T
S . : 1 Srn ‘ "
i; ' : at |
= | 1 |i ' ‘ | l| .
5 . |'| " |I . \u |‘ ' _
s i I h I | MODIF IED OUTBOARD ‘
: | X ! Wi ' AILERON 223-16003 (REF)
i ! ¢ ] |! ll
; i ! | ! t I ! TR
3 I il I 3. a0 a0 i | ACTUATO

l ! ! B l[@' ! | / n

|

. |
R U A
By —h 1 ' (. A
AN L \ 7
% | N \Ir\ u . ;4 _I. \ ~ e - \\
4 i"]lx N T ’ St I| T.0. 0.970 \ ]
Co _ ' 7.0. 0.70 be f1e — v
o / . . SN A o ‘ -
- | h 'x—;'-g:—-o'%} c I e 1B h
1 . ) . TR = \
; = _— \ NEW F ITTING \ /-
e S A - REPLACES 223-14251 AL
| - : DELETE R 1B ASSY Q!&
i REF . 223-14250 (REF) \—REAR WING SPAR ;
AIL STA \AIL. STA 188.000 DELETE BALANCE WE IGHT "
\ , - i DELETE EXISTING BA
- 757 ‘;‘ggfﬁzggﬁ"tg‘éﬁ)“"‘” 223-16057 (REF) WE IGHT 223-16648 (::
7.8 LB (REF) 13.4 LB (REF)

{s 9.00 LB WAS 9.5 LB (REF)

AN




— e —

/—NEW FITTING

.\\- o

NEW CHANNEL SUPPORT

AlIL STA
218.875

~ EXISTING BALANCE
© 223-16648 (REF)
. (REF)

———— ey —

OUTBGARD EDGE OF

R
OUTBOARD AILERON ™)

\\\AILERON HINGE PLANE

—EXISTING BALANCE WE IGHT
192.16531 (REF)
6 LB (REF)

~— NEW rINGE FITTING
REPLACES 223-14242

UPPER WING SKIN—"

[ P .
{JV 0.8

SECTION A-A

Fig ¥ .-




OUTBOARD EDGE OF

- -~

OUTEOARD AILERON  ” ">

E\

AN

\\'AILERON HiNGE PLANE

Ay .

| “EXISTING BALANCE WE IGHT
i 192.16531 (REF)
¢ 6 LB (REF)

= NEW HINGE FITTING
REPLACES 223-14242

T S,

UPPER WING SKIN -~

sy

|
. AILERON CHORD PLANE

yoro0y -0.188
~ .
L .\/ -4.00 DIA. (REF)
4 ]
— N L
-»
N7
! ~ § "~ DEPTH BETWEEN UPPER MOLDLINE AND
o T LOWER MOLDL INE AT AILERON HINGE
' | _‘ PLANE AND A ILERON STATION 199.250
iy ! : IS 3.388
ot THE ACTUATOR (4.00 DIAMETER REF)
| = _ EXTENNS 0.306 BEYOND ML UPPER
PR T AND LOWER SURFACE
o )
(I ..
K AL
s N
- N " — NEW FIT1ING
o R
- \ R
ST Lo T TS LOWER WING SKIN
LT N T 00343 !
B N |
REAR SPAR W ING
SECTION A-A 1
fFigure 49. F-100 klectromechaniceal Actuator Installatio

at Aileron Station 199.2%0

%/ 16

iil-l---...........................................................-i..................................il



T TTggeeme e T T e R

sopmemetlD -
AFFOL~TR-76-42
TABLE 20 o =
F=100F HYDRAULIC FLIGHT CONTROL SYSTEM WEIGHT REDUCTIONS
)
Weight, 1b .
Component
Flight controls
Auto f1ignt controls a3 N
Servos 34 -
Plumbing and fluid 9
Aileron controls 1243) x5
Mechanical 28 2
Hydraclic 206 5
Artiticial feel g
Horizontal tail controls (224} i
] Mgchanics! 49 ) '
Electrical 2i A—
Hydraulic 90 .
Arciticlal teel b4 ‘ .
Rudder controls (80) s
Machanical 27 g
Hydraulic 31 SR
Artiticial feel 14 T
Vibiation damper 5 | J
: Power cuntroi system (242) ] _”
: Pumps 3 N
Accumulators 41 S
Reservolirs 24 E
Valves, fllters, etc. 25 Vo
Plumbing 68 W
Fluid 24 -~
Emargency system 31 i
Structure (139) ' ef’
Aileron hinges 88 : b
. Rudder hlinges 4 .
! Rat door and mechanlzation a7 ST
Tota! deletlons 9N
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TABLE 21

WEIGHT COMPARISON OF EM AND HYDRAULIC SYSTEM
FOR B~%2 ELEVATOR PRUBLEM STATEMENT

ELECTROMESIHANICAL WEIGHT, LB ELECTROHYDRAULIC WEIGHT, LB
MOTOR (2) 36L8 POWER UNIT
BRAKES 3 MOTOR/PUMP 3L8
*ACTUATOR 145 RESERVOIR 23
CONTROL (2) 10.5 ACTUATOR 57
TOTAL 64 LB TOTAL 115 L5

“64 LB TOTAL WEIGHT FOR ACTUATOR SIZED FOR 100,000 CYCLE LIFE: WEIGHT
INCREASES TO 76 LB FOR ACTUATOR SIZED FOR 500,000 CYCLE LIFE.

In
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6. PRELIMI .iRY DF“'GN

This section presents the preliminary design of the seiscted 2pproach to
al: ~tromechanical flight contro! actuation. The elements of the celected
approach are listed below:

'Y 115/200-vac, 3-phase power scurce
° Rectitier
[ Microprocessor motor control
° Brushless dc motor with magrztic shit* encoder
[ ) Magnetic brake
® v .ocity summirg planetary diflerentis:
e Rctary, hinge-line QJutput
6.1 DESIGN

The following parzaraphs present the preliminary design of the system and
discuss majcr components that meet the naseline prot'em stetement given in Table

22.

TABLE 22

BASEL INE PROBI.FM STATEMENT

Voltage 270 vac
Stroke +19 deg
Frequency respc i1se 8 Hz (30 geg phase shift)

(ia*tertial 1oad only) at +1.139 Ceqg amplitude

No-load speed 80 zeca/sec = 1,397 rad/sec
Stall torque 37,575 lbt-in.
lnert!al icad 17,894 Ibt-in.2 = 46.6 Iot-in.-sec?

Ambient tempe-ature -5 tc + '6CF at 60,000 ft

Open loop gain One degree erro- generates a conirol
surface rate ot 45 deg/sec

-

+ . L

o et e

-

e .
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Eﬁ 5 The actuai'an system approach is presented in the functional dizuram of

b : Figure 50. The Intertaces with the airciatt fiight confrol system, the

i servomctor, redundancy management monitoring and tault isolation provisions,

: and adaptive control inputs are shown. The design rationale and characteristics
tor the major components ot the system are alscussed below.

6.1.1 Brushiess Dc Motor

6.1.1.1 Genera! Design Characteristics

The normal tcrque-speed curve ot the rara-earth-cobalt servomotor ° a
straight line from no~load to stail. As the apnlied current (vo!tage) is
varied, a tamily of paralliel torgue-speed curves is g.nerated, wit. the stall
torque and no-load speed proportional ta the appliea current and voltage.

Also, for a given vcitage, the motor no-.uad speed can he a. jisted by msans o’
satecting the appropriate nunber of coi's and wire size in the stator windings.
This flexibility is subject to certain rostricticns related to practicc: wire
sizes, whole number of coils and maximum rotor speed limitations.

Since this motor wi. | be used in a gear reduction actuator, the slope
ot the torque-ipeed curve at the actuator output ca.. be selected 3as a3 function
ot the motor speed-gear ra‘*io combination. However, the general characteristic
of decreasing speed as a .uncticn of load Inherent in the direct-coupled
¥l

e A .- ALl — o e i &aa? oA b T de sl D P TR N
SO VUL Yy, vinen CHOIL OU IO 131 1L 1 NRIYgpoiiyoiey O DRELS IS *At TN T QOUUC ! U Qi 1,

(a) Thecretical maximum torque thai can be obtained for a given current
is determined as foliows:

T/A (maximu ) = ( 1352 x voltage in.-oz/amp
no loac¢ speea (rpm)

Where the dimensions of the factoi 1352 are: in.-0zf-rpm
amp-voit

{b) Ffor a given voitags, the current reqguirec to obrain a given turque,
or torce, at the output shatt is directly proportional .0 the no--load
spged of the output shaft.

(¢) The current required to obtain a given .orque, or torce, at the
ouiput shaftt is Iinversely proportional to the minimum power supply
vcltage.

(d) The rheoretical maximur efticiency of the system at any load is the
percentage of the cutput shalt loaded speed to the no-load speed.

80
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6.1.1.Z2 w™otor Characterisrics

For the probtem statement given above, the characteristics of the servo-
mator can be determined as discussed in the following paragraphs.

6.1.1.2.1 Acceleration of the Qutput

For a given frequency response, an approximate acceleration requirement
can be obtained from:

ée x 2 mt
nl

where B= output acceieration (rad/sec” )

6, = no load velocity (rad/sec}

f

-equired frequency response [tz (90 deg phase shift)]

An example is as follows:

Assume 6q| = 80 deg/sec = 1.397 rad/sec
f =8 U2
6= 1.397 x (2m x 8)2

70 rad/sec™

Based upon definition of amplitude and frequency responsa required, the
acceleration is as follows.

0

"

A (2 nf)?

whera A = amplitude in radians

E;.ample:
Assume A = +1.19 deg = +0.0208 rad (from Reterence 3)
f = 8 Hz
vhen
§ = 0.0208 x (2m x 8)°
= 93 rad/vec?
The latter va'ue is used as an approximatior and will be evaiuated by Aanaloa

computer simylairon of the servoloop.
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Any or all of several torque requiremnents may be specified. These include:

(a) 'E = output stall

(d) = output torque at some running load

N ~—

(c) = output torque required for a load present during the evaluyation

of the acceleration or frequency response
(d) A derived torque TlL required to acceterate the load inertia:

T = 6x |
It * L
whare | = load inertia (tbt-In.-sec?)

An example Is as fo!icws:
Assume a load inertia = 46.6 Ibf-in.-sec?

TlL = 53 rad/sec? x 46.6 Ibt-in.-sec?

= 2470 Ibt=in.

It the maximum power output required is not given, it may be approximated
as follows. Use the iarger of:

(8) Assuming & straight line torque speed cutve from no load to stalt,
the peak power output will occur &t one~half torque and one-halt
speed.

Po (watts) = T_(ibf-in.) x ©
4
4k

where K = B4.5 (unit conversion)

i (rpm)

Po {watts) = T_(ibf-in.) xérl (rpm)
4X 84.5
where 6r| = angular velocity under running load In rpm

An example is as follows: slince Tr is not specifiad, vse 1.

—
1]

37.575 lpf-in,

80 deg/sec

80
Py, = 37,575 x 360 x 25 =2 hp

>
"

ni

550 x 4

-— — -
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6.1.1.2.2 w™otor Selection

A tentative motor selection can be made based on peak horsepower
requirements.

Power level, kp Motor diamter, in, Motor 1 :rgth, in.
0 to 1/8 L 2.9
/8 to 1/2 1.9 3.8
1/2 to 3/4 1.79 4.2
3/4 10 1-1/2 2.25 5.2
1-1/2 to 4 4.0 8.5
Final Setormination ot fhe roter Jes:gn will depens on th2 watt losses genera-

ted and the duty cycle. Generated lcsses are determined by analysis of the
motor pertformance in the servosystem. An example would be to use a 4-in.-dia.
motor when 2-hp output is required.

6.1.1.2.% Pertormance of the Motor and Geared Actuator

Motor psrformance !s determined based upon considerations of acceleration
required at the loac, maximum load rate, and actiator gear ratio. These
characteristics must be accommodated while minimizing the current supp!ied
to the motor. Section 4 presents the general approach to motor/actuator design.
The details of that approach are presanted beilow for the 4-in.-dia, brush-
less dc motor. The example Is as tollows:

Assume:

Tg = 37,975 Ibt=in. (stall)

Ty = none specified (running)
YC = 0 (concurrent)
TI = 2470 Ibt-in, (inertia load)
60 = 53 rad/sec?

) . .
'M = 1.638 x 13 1hé=ir, o500
Etf = 0.9 (90 percent)

34
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Then Trg Is equal to one of the iollowing:
1. 2 (T, * 10 = 4940
2. T = 37,575

3. T = not specifled

Tro 37,575 (the largest of the above values)

G =f 31,575 - 2410 )1/2
x 53 x 0.9

1.638 x 10-3

G * 670

This is the gear ratio that satisfies the particular condition oi minimum
current required to meet bolh stall torque and acceleration torque requirements.
't a lower gear ratio Is used, additional acceleration capability above that
requireg Iin this example would be obtalned; however, additional motor tor que
(and amptitie: current) would be required to provide the required stall torque.
it a nigner gear raiiuv is uwsed, & stal! torquo cspabli!ity above that raguirad
would be provided; hiwever, addtional motor torque and amplitier current would
be required to achieve *he desired acceleration.

The following 9xampie shows how to determine the minimum output no-lcad
speed. For the motor considerad, the slopa ot the torquse speed curve Is:
Sum = 6.94 x 1071 rad/sec/Int-in.

at 400 F maximum motor temperature. This is the change in speed resulting
trom 8 change in torque loading. The output slope is:

SL0 * Sim !
= .
G ox tft

Using previdously calculated values, an example is:

> = 1.62 x 107° rad/sec/ibt-in.
(670) x 0.9

The minimum output no-load speed Is the largest of:

(a} The spec'tication value

(b) SLO X Ts

(c) 8+ (5  x1)

r Lo r
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where érls the speed required at the running load requirement. For
example: assume that the specification requirement of 80 deg/sec is used {
to determine the acceleraticn reqguirement.

1. Spec valve = 80 deg/sec = 1.39€ rad/sec

2. S xT =1.62x 1070 x 37,575 = 6.08 x 10”2 rad/sec

3. No running load requirement specitied

el Lo e s

The largest of 1, 2 and 3 is:
3 énl- 80 deq/sec = 1.396 rad/sec * minimum output no-load speed.

To determine the minimum motor no-load spesd,

-

eMNL = 1,396 raa/sec x 670 = 935 rad/sec = 8932 rpm

To determiny the minimum motor stall torque required,

a 3
TMS 10

G x Eff
For example, using previously determined values for

Tﬁ;o, G and Eft

Tus = 37,575 lot-in.

3’6 x 0.9
= 62.3 Ibt-in.
= 997 ozt-in.

6.1.1.2.4 Motor Thermai Characteristics

in general, the motors are capable of being operated at average current
levels considerably ahove values thermally acceptable on a continuous basis.
Since the motors require severa! minutes to reach a final operating temparature,
the motors can be operated at their maximum current capability for a short
period, prosiding the average current over a perliod of several minutes does
not excesd the motor thermal capability. A thermal analysis ot the motor
was conducted. The results are shown In Figure 51.

The worst-case condition |5 for the motcr operating at stall in an
environment defined for a hot day. For this case, the motor can cper~te at a
maximum duty cycle ot 82 percent, Sincs ground operation ot the actuator
will tikely be limited to duty cycles ot 50 percent or less, the resulting
maximum motor winding temperature will be 315°F. Tanle 23 presents; a summnary
ot the loss distribution in the motor as a function ot operating condltion.

86
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figure 51. Motor Thermal Analysis Results
TABLE 23
BRUSHLESS OC MOTOR ELECTRICAL LOSSES
Conditicn Component Loss, w
Stailed (29 amp, Stator 422
current Limit) Other 42
Total 464
At 2-hp output Stator copper 25
(6.33 amp, Figure 59) Stator iron 134
Bear ings "
Stray 16
Total 186
At 3-hp output Stator copper 50
(9.26 amn, figure 59) Stator iron 133
Bearings 1
Stray 23
Total 217
At 4-hp output Stator copper 84
(12.23 amp, figure 59) Statcr iron 132
Bear ings 11
Stray 30
Total 7257




3-phase, 113/200 vac to 280 vdc. The energy storage element within the filter
will be chosen to keep the ripple amplilitude low over a three-to-one input
frequency renge, corresponding to the expected veriation from the permanent
magnet generator. Monolithic Darlington transistors such as the TRW SVT 60.y

series wiil be evaluated for use in the commutation circuit, Optica! ccuplers
are used tor circult iz0'ation between *he control and power signal S,
The choice ot the microprocessor to control the actuation system will be

! made by considering Items such as word length, powsr requirements, speed,
’ cost, and architecture.

NFDL-TR-70-42
6.1.2 Controller
A tunctional block diagram ot the controllmr using a microprocessor
Is shown in Fiqure 52. The high-voltage rectifiers and tl|iter convert
The prospective microprocessor candidates tor this appiication include
the MOB00 by Motorola; 8080 by Intel, 990 by Texas Instruments, and IM6100
by Intersii. Another means 't Implementing the micropraocessor uses micrologic
chips such as the AMU290! into a 4-bit slice microproy-ammed set. Both
microprocessor implementations otfer extensive sotteare processing power
and a tanliy ot hardware devices, including prototype development packages.
Becsuse ot 1he computer-like structure ot the microprocessor, much ot the
system logic and monitoring tunction can be transtormed into softeare (a
computer progrem) stored in a storage device. The storage device will be a
programmaple resd-only memory (PROM). Since the PROM is a non-volatite memory,
-

10ss Of power wil! ndot offset ths contents.,

Figure 53 shows the tlow chart of a program that can periorm the ‘functions
shown In Figure 52. The tlow chart shows how the processor reacts t2 dif‘erent
Inputs to implement the following functions:
Servoloop Control~~Contro!s the cutput to minimize error.
Rotor Excitation Sg?uenclng—-ﬁxcifes the phases ot the dc mutor according
to T¥s characteristics. 8
rault Monitoring-~Monitor taults or errors in the system and respond
accordingly.
Redundanzy--Coordination between channels.
' Toigge Control--A specitic torque vs speed relationship Is included
] to obtain better efticiency.
l Bpggnerafion--RegeneratIon mode ls lIncorporated in the system to reduce
power consumption and Improve system response.
The advantage ot using the stored program approach is that little or no bard-

only modification ot softtware is necessary.

ware ~hanqe is requirc] if the system ruguirment is changed or upogctes; *‘
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A nonrecursive digi' ' fiiter mechanization applicabte for a Ilingar
contrcl system is shown in Fiqure ©4. The current limit value and the
corma. Jed position will be input quantities. The difference between the armature

currrent and commanded current is e} . Mechanization of the pulsewidth mod. "atiun
(PWM) generatur ‘s shown in Fiqure 55. The output of the PWM generator changes
to correst for variatiors in the input dc voltage and the output load demand.

The positica sensor coding ‘s illustrated in Figure 56. Tha sequence
controller calculates the lceic in accoruance with Table 24, Figure 57
contains a descripytion St vhe analog-to-digital convertor. |f tha controller
inputs are digital signals, the data aill b: direct i1nputs to the microprocessor.
A small transformer-coupled power supp:y will be used to generate dc voltages
required by vha controller.

6.2 PRELIMINARY PERFIRMANCE SPECIT ICATION

6.2.' Scope

The pretiminary performonce ‘pecificat'on dgescribes the general charac-
teristice of a primary fiight control actuation system. The system .s a
power-t-wire and fly-by-wire design, and ‘he rotary actuator parrt of the
cystem serves as the contro! surtface hinge.

6.2.2 Dez~ription
6.7.2.1 Function

The rotary electromechanical actuation system comprises the folleowing
elemants, as shown in Figure 53.

Controller (2 c:anne!, redundant)
Two mc*ors with integral parking bYraxaes

Rotary hinge-iine type gearet actuator with velocity summing
differential

The contraller in.ertaces with contro! surface position commands from
the aircratt atomatic flighTt control system. The diygital controller provides
power to the servomotor by p.lsewidth modulation of power transistor switches.
The motor is a brushless dc permanent magn * rotor design directly coupled
to the control surface through stages ot gearing. Control surtace position
ser=.aqg is used to close the servoloop. The controller includes built-in-test
provisions.

Nermal operation requires both electric motors to be operating. The

actuator gearing inciudes & velocity suming differentiai. Either motor can
operate the o:*put of the actuator indepengent Of the other electromecharnical
drive channe:. Operat*tion on a sinyle motor resulte in full torque capability

and one-halt rate capability ar rate limift.

93
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Figure 54. Nonrecursive Digital Filter
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Figure 55. PWM Gener ator Functlicnal
Block Diagram
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210
150"

figure 56. Shatt Position Sensor
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!
TABLE 24 i
SEQUENCER CONTROLLER TRUTH TABLE '._
{ \,
E Codes A+, A-, £+, B=, Ct, C~ wre transitor switches
! Codes a, b, c, a', b', ¢' are shaft position states
-
3 b c a' o' ¢t At A- B8+ 8- C+ c- "
! I '::
{ ] i -
! I 1 h¥t Qf
1 I ] = .
1 I ] o
I | i
e |b Je Jar Jor Je A+ a-| s+ B-| c+] c-
o
! I ! & X
| i i i §
] ] I . ,
L ! ! ) .
1 ! I © -
! ] 1 .
l- -~ am ow o ey v e )
c DIGITAL
I % OUTPUT _
\ g
- REF ' ——— | J :
+ ANALOG INPUTS \f AAA !> I GAT CTR F/F L
— [ L]
| |
1
|
; |
| i RESET MICROPROCES SOR
OPERAT ING SEQUENCE e - e - e ——
1. RESET ENABLES INTEGRATION OF AMALOG DATA INPUT.
2. WHEM THE COUNTER OVERFLOWS. INTEGRATION OF THE REF TAKES PLACE.
3. THE NUMBER ACCUMULATED BY THE CTR DURING THE REF INTEGRATION
INTERVAL REPRESENTS THE ANALOG INPUT. T :
Figure 57. Analoa Input fncoder Mechanization DMigararm »
EXY
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Figure 58. -System Model i
H
H
1
Clactiromagietic Drakes ar e inciuded on each drive motor shaft. 1he '

brakes are used to Iimplement the redundancy of the high-efticlency gearing

in the dual drive channels. A failed electromechanical drive is hald station-
ary by the brake 1o allow the operating drive assembly to position the control
surtace.

6.2.2.2 Controller

A digital microprocessor will be used as the central component >f the
brushless dc motor controlier. As shown in Figure 58, the control is ths
intertace batween the motor, the command input, and the electrical power bus.
The contro!ler provides a command to the commutation circuit, which provides
power to the proper motor stator windings based on sensed rotor shaft posi-
tion. The oc bus Is connected to the windings by the alecironic transistor
switches., At any instant, two switches are commanded - conduct; every 60
deg, one switch is turned off and a new one is turned on to obtain the required
current pattern in the motor armature.

Tne speed of rotation of the brushliess dc motor is controiled by varying
the average dc voltage supplied to the motor by fthe electronic commutator.
Pulsewidth modulation techniques are used to generate the required average
voltage. The major characteristics of the microprocessor controller are
summar lzed in Table 25.

The contrcller is programmed to provide a fixed current |imit corresponding
to maximum stall requirements., The current lIimit also may be programmed as
a function of time, motor speed, o- other independent properties useful in '
defining the performance characteristics tor ailrcraft. ;
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TABLE 25

CONTROLLER CHARACTERISTICS

Command input Z2-channel, voltage position analog
Adaptive inputs 4 (maximum), 0 to 5 vdc

Power Input 270 vdc

Qutput 265 vdc

29 amp current limit at stall

Weight 5.25 |b /t1ight configuration}

6.2.2.3 Motor

The motor is a permanent magnet, dc, brushless type comprising a wound
stator ang rarg-earth-cobali permanent magnet rctor. The motor assembly

also will include separately excited dc brake and shnaftt position sensor.
The position sensor detects the rotor positio  and activates the electronic
commyutator . Pertormance ot the motor ie precsented in Figure 59, Tabtle 2§

summar i zes the significant design characteristics of the motcr assembly.
TABLE 26

MUTOR CHARACTERISTICS

Rated vo!tage 265 vdc
No-load speed 9200 rpm
Torque per amp 34 ozf-in./amp
tator resistance (68°F) 0.33298 ohm
Rotor inertia 1.638 x 1073 Ibf-in,-sec?
Time constants 0.006 sec, electrical

0.015 sec, machanical

Back EMF 28.7 v/1000 rpm
Srake veltage 270 vdc

Brake torque 75 Ibt-in. (minimuym)
Envelope See SK?1060

Weight, excluding hrake 18 1b
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6.2.2.4 Actustor

The actuator is a rotory hinge-line device that serves as the structural
attachment between the control surface and the wing structure. The qual-
redundant elect-ic motors are mounted on the actuator. The two input shatts
operate Into a velocity summing differential. The output of the ditterentia!
drives into the compound planetary, rotary output stage. Spur gesring Is
used throughout the assembly. The major characteristics of the assembly are
presented in Table 27.

TABLE 27

ACTUATOR CHARACTERISTICS

Stall torque 37,500 Ibt=in.

Rate 80 deg/sec

Lite 100,000 cyclsas

Gear ratio 670:1

Gear con'!iguration (1Y Input: single-stage planetary

(2) Oltterential: planetary

(3) Output: compound planetary

Spring rate 3.75 x 106 Ibt=In./ray
Envelope See SK71062
Weight 12.5 1b (14.5 1b Including differential)

6.2.2.5 tlectricai Considerations

The system will operate on 115/200-vac, 3-phase power any will have
bui't-in spike and short-clircult .. otection. The system will havy B'T/selt-tast
cap bllity. In the event of a tailu @, the channel will automatica.i,; shiv
down and an alternate mode of operation will be established. Sysrem sensitiviyvy
and repeatabllity wil! not be atfectead by voltage variations as «!lluwed by
MIL-STD-704.

Electrical and lightning protaction bonding will be in accordance with
MIL-B-5087. System warmup time will not excead 5 sec. The controller will
utitlze solid-state and printed-circuit board construction wherever possible,
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All removable units and subassemblies will be interchargeable between systems
and keyed tc prevent improper iasiallation.

6.2.2.6 Mechanlca[_ggnslderatI0Q§

The mechanical overload safety ftactor for the attach titting and gear
housing will be at least 200 percent and up to a maximum ot 6J0U percent.
The unit shall be designed with walight, reliatility and maintainability as
primary design considerations., The unit wiil! have a minimum operatlonat
1ife expectancy of 1000 hr without overhaul. Wreventative and corrective
maintenance is allowed. The actuator backlash will be limited to 1/4 deg
rotation at the output, wiih the motor Input shatt held rigid.

6.2.2.7 System Consliderations

The system will have a static tracking arror between the control surface
command and the control surtace of 1/2 deg maximum. Provision will be made tor
torque timiting. 1lhis may be Implemented by computation of surtace position
as & tunction of Q (airspeed and altitude). The motor actuator ds-embly may
be cooled passively by heat rejection to the alrcrait structure. The local
heat rise at the mounting surtace will not exceed 230" . The actuation system
will have a trequency response bandwidih ot 8B Hz.

©.Z.r.8 Environmental

The design of the actuation system and components will be bHas9d upon
the environmental testing requirements listed below:

Environment SBeclticafion Method Procedures
Altituce MIL-5T0-810 500.1 -
Temperature MIL=-3TUu=-810 5C1 .1 M

502.1 |
Humidity MIL-STD-810 507.1 !
Saltspr ay MIL-STU~B1D 509.1 -
Sand and Dust MIL-STD-310 5101 -
vibration MIL-STO=-810 514.2 (cateqgory b.2)
Shock MIL-STD-810 516.2 | Fig. 516.2-1 (a) and (&) '
EMIC MIL=5TD=461 - -
Explosive MIL~-51D-461 511, |
Atmosphare

Rain MIL=510-461 506.1 (mcditied)
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6.3 ANALOG ANALYSIS

The dynsmic characteristics ot the actuator cliosed loop were generated
vsing an analog computer simulaticn of the baseline sysiem. A tunctional
block dlagram ot the simulation !s presenfed In Flgure 6G. The block diagram
Includes the control surtace and Its associated hinge moment loading curve;
however , the response charocteristics presented below are ftor the actustor
closed loop only under no-load cond!tlions,

For the closed-loop per formance data, a position feedback servolcop
with 8 pulse-width-modu!ated (PWM) controller Is assumed. The PWM controller
converts the actuator-position tO commana-input-error signal Into an appro-
priate motor voitage that is .imited by a preset ma:imum allowablv motor current.
This type ot controller provides a Iinaa- relationship batween the positlion
error voltage and the effective vo!tace applied at the motor terminails. The
galin or the controller was set to provide an actuator rete output equivalent to
a8 control sufrace rate of 45 deq/sec for & 1-deg error Input. Values of the
motor parsmeters used were as speclfied for the baseiline motor contiguration,

Because of the large electrical tima constant relative to the nonsaturated
mochanical time constant, the loop damping Is very lignt. Some form of phaseo
cumpensation Is required to provide the proper damping; ‘or this simulation,
compgnsation In the teedback path wac utillzed. The ¢rggusincy respuise daia
obt3ined afe presenied in Figures &1 and 6Z. The time response ot the loop
is equ'valent to an effective first order time cunstant of approximately
0.02 scc.

6.4  MOCKUP

A wood and metel mockup was constructed showing the general arrangement
of the elactromecharizal rc.ary actuator instatled In a simulated wing spear
structure snd control surtece. Flgu-s 63 is a photograph of the unit. The
control surface is cuapevle of Leing .oved manuallyv.
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Figure :3. EM Actuator Mcckup
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7. PROGRAM PLANS

This section presents ‘he pian for design, tabrication, ang evaluation
testing of an electromechanica! rotary hinge-line actuator. The program piun
includes 5 schedule and summary description of the tasks required for develop-
mernt of the a-tuation system. The prelimirary test plan Includes b. ief descrip-
tins of the :ests to be conducted, thn required tacilities and supporting test
equipment, and the expected results of the test.

7.1 PROGRAM PLAN

The objective of this program is to design, fabricate, and test an elec-
tromechanica! ttigat controy actuator. The program Is orgenized intc five
tasks covaring a 25-month period. The wrogram scnedule is prese:ted In
Figure L4. The following paragraphs present detalled task desciriptions.

7.1.1 1935“1: Design

The objectiva of tris task is to conduct system stuiies to provide the
compoaent desigrer with the necessary technica! inputs for detsiled component
dasign required to atvaln component aisd system perfcrmance quals. This
includes the modeling of cystem components for usa In system performance pre-
diction and slzing studles and the preparation of cgetalled problem statemants
for components. Component characterisiics determined from the preliminary
destyn wil; bo used. ODetalied component specifications, design sketches, and
confiquration !ayouts will be prepared and pu-chased components and potential
vendors ‘dentified. Component characteristics will be used to define system
configuration and establish Interfaces; these will Include command input
vedundancy, thermal ceontrel, mayunting detalls, and test moaitoring. Initial
coordination and resolution of interfaces and program goals will be acrom-
plishad at fhe program Vicko:f mee*ing.

System dynamic psrformance w!ll be definad for design and off-design
ojeraticn; also, detalled component pertormance requirements will be defined.
Desian documentation will be prepared +o support manufacture and tast « the
systen, detine technical and procurement problem areas, and develop cost-
effective solutions. Detaltl sketches, installation and assembly drawings,
and procurement and source selection documentation will resuit from this
offort. Design documcntation and Jdrawings wili be prepareag in sufficient
detail for development manutacturiag purposes and to provide an accurate
history of the component/system design.

A system performance specification will be prepared to compiement the
design drawings. The specification will describe requirements for materials,
tinishes, and counstruction that are compatiblie with current airtrame standards

108
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and environmental criteria. System eftectivensss objectives, including
rellability, maintainability, system safety, and human factors, also will be
establ ished.

Ouring the slixtn program month, a design review will be hetd. The pur-
pose of the review will be to assess the evolving actuation system design and
to establish a design record of the actuation system to be fabricated. Dur=-
ing this review, data wili be presentad to show that the design satisflies all
aspects of performance and realistic test installation features. Approvai of
the design will allow release of tong-lead Items for procurement; specifically,
electronic components and the rare earth magnet materlal used in the servomotor.

7.1.2 Task 2: Fabrication

The ob jective of this task is to fabricate, test, and assembie the com-
ponents of the electromechanical actuation system. Initiation of Task 2 will
occur In the eighth program month efter release of the deslgn drawings from
Task 1. (Advanced release of long-iead items will occur in the sixth proaram
month.) Procurement of materials and components wil!l bealn with long-lead
items in a timely and cost-effective manner for the fabrication phase. The
advance rcisase of parts will result in delivery of the component parts i.
accordance with the assembly and manufacturing schedule of the related com-
ponents. OQutside production will include procurement of the sama:-ium-cobalt
magnets and installation In the rotor assembly.

Fabrication will Include component paris of the motors, gsarboxes, and
controliers. As fabrication progresses, the cssemblles wili be cubjected to
manufacturing tests &s required. Availability of assembled componsnts and
schaduling of componant tasts are planned to minimize total test time and
maximi e utillzation of test fixtures.

As each major system element is complieted, the unit will be checked
cut. This componen? checkout will demorstrate and verity component capabil-
ity and compliiance with the stated program guals. Tlest plans ard procedures
developed in Task 3 and the conponents and test aquipment fabricated in
Task 4 will be required to support thase tests. 7The results of component
tasts will be documented.

7.1.3 Tr1ask 3: Test Plan

The objective of this task Is to formuiate plans for development test
of the ac*uation concent. Each plan wiii list the tests required, test con-
ditlons, parameters to bs measured, test equipment and facllity requirements,
Instrumentation (including calibration), and daia and report requirements,
Sufficient procedu—al definition will be included in each plar to permit
approximaticn of program schedule status and expenditures. The ptan wil!
be available for review and apm oval in the eleventh program month,

110

)
3af.




AFFDL-TR-76-42

7.1.4 Task 4: Test

The ob jective ot this task is to tesi and evaluate component performnance SRR
; in terms of the specified goals., Completed components and assembllies will
. be Installed in 1he demonstration test fixtures. Tne actuation sysiem assembly
will be evaluated *o (1) assure compatibiiity with related components and test
equipment, (2z) show that the system functions as designed, and (3) show that
the actuation system i, ready for pertormance evaluaiion testing. The design

and construction of certain cpecial test equipment wi | b~ necessary to support :
thase tests. This will Include test fixtures, load fixtures, and test panels. .
; Systum tests wil’' be conducted In accordance wiih the appt oved test pian §' 
: to prove component compat.bllity and verify system-level performance parametsrs. ct

These tests will be designed to verify analytical credictions for comnar i son
wi*h test results and program goal!s., All tests may be witnessed; appropriata
prior notification will be given. The test results of the Individual compo-
nents ara the results of the system—level tests will be analyzed. Acceptance
criteria for the components will be defined based upon the work statement.

AP AL ] 0 T

Pessible design modificarion or rework cf some components may be required :
to sat sty acceptance criteria. Recommendations ¢f the moditications and oy A
design improvements will be documented. Analysis of the Test resuits will be N
asiagnificani paii of ihe finegi report

et 1

B

't

B 7.1.5 Task 5: Dara

The objact’ve of *his task 's tc cocument technical and program rasvits
fron each of the program *asks In actordance with .he schedule.

E 7.2 PRELIMiNARY TEST PLAN FOR ACTUATION SYSTEM CIMONSTRATION

Demonstration testing will be conducted upon 4 represantative contligura-
i t+ion of rhe electromechanical actuation system. The system will be instelled
% In a iaboratory test tacllity, with appropriate structural and electrincsnl
Interfsces simula*ed. Specitically, the structural interface, thermal manage-
ment provisions, end control interfaces with a typlval aircraft will be

E simulated to the highest practical degree. Contruller electronics will be

¥ deleted from this simulation. Electronics will be breadboard confliguration.
3 Testing wiil be conducted to verify the compatibility of the instailed aciua~
- tion system with the simulated structure, actuator assembly, controller, and
i muitiple control signal intertaces. Tests to be performed wili prove redun-
i dancy management; capabllity to provide adapTive moditication of selected

5 parameters In the contraller such as variable current |imit, tem erature
limits, servo gain, power regeneration, filter bandwidth aad sensitivity,

-

anc varistion of no-loaj rate. Tests also will be ccnducted at both tho com=
ponent and system levels to evaluate the cetail pertcrmance characteristics
cf tha actuator/.ontroller components. These tests #1111 Irclude:

. e —————

(a) Duty cycle capability performeg at room femperature and elevated
2 temperature
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{b) Frequency response including small signal, large signal, no-locsl,
and loaduad

{c) Hysteresis and resolution

(d) Efticlencvy and power factor

(e) Actuator spring rate/stlfénes:

(f) Weight

Figure 65 presents the tesk logic for +he demoistration test phase.
Figures 66 through 67 present Individua: test b-iets for the proposed demor -

| stration testing. These identify equipment requirements, facility interfaces.
and criteria for test acceptance, ard shcw tha dspth of data to be collected.
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APPENDIX A

F-100 AIRCRAFT CHARACTERISTICS

This appendix descrides tho F-1CO aircraft characteristics of significance
to the control surfuce actuation system. These data were supplied by North
Amer ican Reckweil, Los Angeles Aircraft Division, as part of the tschnlical
suppert per tormed under subcontract to AlResearch.

ACTUAT'OH SYSTEM DESCRIPTION

iha F=100) alleron ana horizcatal stabiilzor aerodynamic contro! surfaces
arc normally operated by two Indepandent hydraulic systems, designated the
number 1 and rumber 2 hydruuiic powe~ systems. The rudder is actuated by
the number 2 hydraulic power system, and or a utiilty (third) hydraullc power
system, Wing fiaps,speed brake, landing geatr, wheel brakes, and nose-whecl
steering al! operate off the utlilty system. In addition, these aircraf+
are equippued with a ram=-air turbine system (RAT) consisiing of an alr-driven
turbine and a constant-displacement hyd-au!lc pump. Yhe RAV provides an
alternative source of power for the flight control system in the event that
engine speed drops below 40 percenv. A block diagram of tnhe system is shown
in Figure A1,

The eiectrom:chanicai actuation system appreacn o providing The reguirec
dval -redundant drive system for each major coatrol surface is shown in Figure
A-2. This redundancy is provided by the following system elements.

(a) Two electric alterrators on the main propulsion engine, each cized
to provide full electrical demand for control surface actuation
as well a<¢ auxiliary power demands

(b) A RAT to provide yet-home capablility for the flight control
surfaces and utility equipment actuation in the event of an
engine fzilure

CONTROL SURFACE CHARACTERISTICS

Tie hinge moments and asrodynamic loads used in the initial desigr phase
of the F-100 D and F alrcraft are summarized in the followina piragraphs.
Tnese data nave been extracted from Rockwe!l Report NA55-402-1, F-100D
Hydraulic Flight Control Design Report. The ‘~100 aileron system shown in

Figure A-3 comprises a spliT (Two-segment. ailc—on o each wing. The two
segmants are tiod toguther vy a connecting rod and are operated as a s:ngls
unit by a single actuatur in each wing.

The dusign requirement fir the F-100 was ti 3t the aircraft nave a roll
rate of 160 deg/sec at Mac 1 at 10,(0C ft. This cccurs with an alleron
defiec*ton angle of 1.2 veg. To mect this requirement, a hinge moment
of 132,000 i1r,~Ib poar aileror. Is required. To establish the hinge momen?
forr the inboaru and outboard segments, the total load Is considered propor-
tional to the area momen:t for ecach al'erun segment as compared to the area

123
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moment tor the compiete atloron, Thus, at the design fimit given above, the
Finge moment for the Inbourd alluron is 80,600 in.-lb and fhe outbosrd is '
51,4C0 in.-I1b. Figures A-4 and A-5 are plots of hinge mument versus &glleron

deflection rates and tileron deflection for 2 complete aileron. To obtain &

valve for the Inboard or outboard atieron segment, the value obtained from

Figures A-4 and A-5 must bo alterad by ratios of 6! percent tor the inboa: d

sagnmeny and 29 pe: cent for the outboard segment.

To prevent excessive structural Joads on the alleron system, hinge
momants wore iimited to a maximum of 91,500 in.~ih on the Inboard aileron
sugment snd 58,500 In,.~Ib on the outboard segment. This 1s accomplishad
by bypassing hydraulic pressure through pressure relief valving in the ¢xisting
hdraulic sysium. The tota! aileron deflection is + 15 deg.

The rudder was des!gred to produce ! deg of yaw at all altliudes cny
speeds up to 0.95 V,; to maintain a maximum of > deg of yaw in 1-g maximum
rolls ut all speeds up to 0.95 ¥p; and to obtair full rudder deflection at
1.75 Vo with zero yaw. 7o suppori these design req.irements, a ma.imum
niraoe moment of 4300 in.-1b will be devyioped. Figures A-f» and A-7 are plots
of rudder hinge moment versus rudder deflecfion and rudder deflectiun .ates.
Table A~1 summarirzes the retes and hing> moment data “ur the contrcl surfaces
as a function of aircraftt operating mode.

ABLE A~

SUMM RY OF SURFACE DEF_ECTION RATES AND HINGE MUMENTS
AT A FUNCTION OF FLICHT COND!Y,ONj5

Hl;g.e Moment, ]
Operaring Mode Sur race Rate, dey/sec: l_12_.-”\

Ma <l mum Alleron 50 0
Stabitizer 20 c

Rudder 50 0

Compat Alleron 10 132,000
Steuilizer 4 200,000

Rudder t 4300
Crulse Alleron 0.2 60,000
Stabi'izer 0.25 [ 100,000

Rudder o 0

Longing Aileron 3.33 10,000
S*abllizer 5.0 20,000

Rudder 1.0 800
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CONTROL SURFACE OUTY CYCLL

Figures A-8 through A-11 present the duty cycle for the rudder and aileron
control surfaces ot the F-100. 7These data includs (1) a presentation of total
deflection as tunction of time tor varlous flight conditlons and (2) an example
of the duty cycle experlenced during an emergency descent of the alrcratt.

CONTROL |INTERFACE

The electromechanical actuator system input signals can be categorized
into the followling areas: (1) fallure sensing, {2) syster feedback control,
(3) basic flight controls, and (4) aircraft 11ight envelope control, Ffor
fallure sensing, the system shal! be capable of monitoring the essential
safe oparating parameter, provide automatic changeover from the primary
mode of operatlon to the secondary, and alert the pilot of any fallures.

The essential sate operating corditions are defined by the following

(a) Maximum operating temperatures (meotor, bearings, stc.)

(b) lnput/output signal anomalies as a function of angular displacement
and time

(c) Control svstew electronics built-in-test (RIT)

For the system feedtack control category, the system must continually
monitor the pllof's Input command and the contro! surface position signal
and generate the command signal to the control surface to maintaln it wi‘hin
the !imits established in (b) above. Basic fllght control slignals compr.:sa
the followling:

(3) Trim--The system presently Installed in ihe F~100 is a mechanical
system, The electrical signal from the trim switch reposlitions
the fixed end of the feel bungee through a Jack screw; thus, the
control stick zero-force position and the surface trim position are
changed. The electrical signa! generated by the trim switch Is
fed directly into the normal inpui signal,

(b) Damger--The system presently Iin the F=-100 aircratt basically senses
angular accelerations and stick position, and gensrates an opposing
signal Into the appropriate axis. The signal operates a hydraulic
valve to admit fluigd Into the surface damper actuator.

(c) Mach Number Sensitivity (Gradient Changer)--The F-1J00 alrcraft
Ts equippud with a system to automaticaliy retrim the horlizontal
stabillizer as the mach number increases above 0.85. The sianal
generated by the mach number transducer Is fed into a jack-screw-
operated variable link in the stablilizer trim system.

(d) Pitch Correction--The F-100 aircraft is equipped with a system to

automatically retrim the horizontal stabilizer as the flaps are
lowered.
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tor the aircratt t1igh* envelope control category, although the f-100
Is not equipped with autop!lot or autoland systems, their Inputs are also
mechanical ly summed Into the f1ight controls. wWhen fly-ty-wire Is Incorporated
Into an alrcreit, all basic flight control input, together with autopilot
and autoland, can be summed electrically. By an electricel summation ot
systems, the total aircraft weight is decreased while the versatiiiiy Is
Incraasad. The next step in the natural progression ot events is to develop
an onboarg tlight control computer. The F-106 is the tirst production aircratt
to Incorporate a tly-by-wire system. The f-'0 also incorporates an onboard
computer, lhe F-16 deviates from standard aercdynamic practices in that it Is
deslignod to be an unstable alrcratt, tiws increasing its maneuverabllity,
The flignht computer provides the electrical summing of all of the required
parameters, and also mon:tors the critical tlight and structural par ameters and
prevents ths pilot trom exceeding the aircreft tlight envelope. 1t scnses
angle-ot-attack, normal acceleration, etc. and biases the pilots input
siaral such that the command signgl to the control surtace witl not s law
the aircratt to enter an over-g or stall condition.

in addition, two areas that are not actuc! inputs to the flight control
systum put are desian considerations tor the actuatior subsystem are hinge
moment |imiting and fall-safe provisions. For hinge moment limiting, pro-
visions should ve made in the actuoting system to prever: the altoron hinge
moment from exceeding certain limits., This requirement also must be met with
the electromechanicai sysiem. Faii-safe pruvisions &g ruguived for the
tollowing:

(a) In the avent ot total power tailure, the contro!l surface myst
return to a trail, or neutral, positlion.

(b) The electromuchanical system shall providu edsacate contro: suyrtace
dumping during operating or tailure modes.

ENVIRONMENT

The thermal environment detirition provides a major parameter tor vlectric
survomotors and electronic controllers. Temperaturas that can axist within
the sileror. and rudder octuator compartments are given below., These tempera-
tures result trom serodynamic heating, and in the case ot tho rudder, convecs
tion heating trom the aircratt engine is inacluedad. These values Jo not
account tor heat that may be gencrated trom egulpment operating In these
compar tmonts. At present, these compartments do nat have ary heat qener ating
units,

Allaron

—— e

Since all heat in thg aileron actuator compayimerty is gererated by
aerodynamic heating, temner atures at typica! tliant conditions are as fol lows:

Condition Temperature, “F

——

Cruise 50

Lomhat 110
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S .t Vo st L1 & 1

s
At DL -TR=-76-42
Sea level, MIL power dash 175
Sea levei, atterburner dask 132
Parked in sun on Alr Force standard h,t day 160
Fudder
Tumperatures zonvs In the rudder ar3a wil! vary consideribly, depending

upon their proximityv to the engine comparimert. Ti.e maximum sxpected
temperatures are given below for the three representa*ive zones shown in
Figuro A-12.

Zone 1-=3he maximum siructuie temperature along the rudder hinge-
Ilne Is approximately 192¢F,

Zons 2--The ambient alr in this zsne (the viclinity of the existing
rudder actvator) will! have & maximum temperature ot 230°F,

Zona 3--The maximum temperature In zone 3 is 3C0°F. 1his is the location
ot 1ne existing hydraulic actuator,

] cCHnDC ArC ACC
LA/ WL QU ML L oY

The mass properties ot the aileror and ~udder nn the F-100 alrcraft are
sumnar izaed belcw, This summary inciudes the weight, center of gravity, anc
momant of Inertia tor *he inboard and outtoard ailerc. seaments anc the rudder.
The valyes givan in Table A-2 are for the movabile surtaces oniy, and do not
include the control or actuating systems. The coordingte system for the
alleron and ruddes zenter of gravities is given !'n Figures A--13 and A-14.

Tr8LE A~2

CONTRCQL SURFACE MASS PROPERTIES

Moment of tnertia,
Surtace walgnt, Ib 1b-in.2
Inboard 36.01 YWX = 3255
ailwron LWXY 3 16,996
Outboard 73.04 Iwx2 s 3137
alleron wXy = 1328
Rudder 48.12 W = 1175

FOWER DISTRIBUTION

These data apply 10 the existing F-100 electrical power system, and are
included only tu show that the power system zou!d handle a single elec*ro-
mechanical actuator for one outboard aileron for flight test eval ation Jurieg

i S
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Zudder Temper sture Zoics

rigure A~12.
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a8 subsequent prog.am phase. it is clea that a. aircrafi designed tor
eloctromechanicol actuation systems wculd also Inc.ule a completely different )
Jower source sized for the in*ended use and duty cycle.,

Primary electrical power for the F- 100 is provided by & 200-amp, 2Z2R-vdc
gener stcr and a 20-kva, 115/200-v, 400 Kz alternator. In lieu ot Mil -STD-704,
1he generuring wystems in the F-10J were desinned to meet MIL-E-7834, which
allows a frequenry variation of 38J to 420 Hz &nd a nominai steody-stu’e
vcitige in the range of 102 to 124, with &4 18-v veriation. However, the
syctems Ir: the F=100F will operate at 396 to 404 tiz and 114 to 116 v steady-
state with variations and traasients as allowed by MiL~-E-7894, In the lest
several years, systwms have been uwdued to the F-100 thai were desig.ecd to .
MIL-S5TD-704, As each installation was made, tests have been conducted to
ansure that thg quaiity of the power provided at the system inpul wasg within
the envelope ot MIL-STD~704. |In all cases, the power was acceptable and no
additionsl {ilterina or conditioning required. The electrical loua analysis
tor the F~100 inaicates that the 200 amp dc generator is running at a load
of 8.8 to 12.% kva for various flight conditions. T1hese loads are ropresen-
tative of an operaticnai aircratt and cean be decreased by deactivating certain
sysiems that wiii not be required for this test program.

PERFORMANCE CRITERIA AMD TRADEOFFS

No-Luad Response

The position closed=-lcop response of the F-1100 surface ser-oactuator
is equivalant tu an ctfective first-order time constant ot 0.05 sec (lcop
gain cf 20 rad/sec) or better. (Corresponds to 3.7 Hz at 3 db point.)
For input frequency and a.plitude combinaticns resulting in an actuator
rate of 1/106 o1 the design no-load maximum rate, the effective time constant
is no g eater than 0.10 sec (loop gain o/ 10 rac,/sec). These apply to the
iinecr operating regimes (i.e., non-rate saturation). The servo/actuator
output is controllab.e (repeatablie) within J.2 percent ot full stroke.
The output resolution will be no greater thar 0.05 percent of full stro.e.

Response Under Load

The F=100 aileron actuator time constant for the cvesign load conditicn
(refzrence Figurs A-4) is nc  reater *han 0.21 sec. For rate demands
ejyuivalent to /100 of the maximum no-load rate, the time constant is
greater than 0.4C sec. The<e ~ates apply to non-ra*te saturated ccommards.

Aircraft Performance

A preliminary analysis of data developed trom the performan-e curves
and »quations for the Pratt & wnitney J=-37 enqine (installed ir the F~100
alrcratt) indicates that @ sizable sevings in horsepower must be obtaired
by the electromechanical system before a noticeable change in aircratr per-
‘ormance o range will be realized. For each 10-hp change at the engine
accessory pad, the engine thrust will change 0.00176 percent and the specitic
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fuel consumption will change C.00€6 psrcent. The enclne thrust s directly
related to aircratt pertormance such as veloclty ar ! rate of climb, while
the aircratt range and loiter time are a funct!on of the engiru specific fuel
consumption.

HYDRAUL IC CONIROL SYSTEM WEIGHT

A prelimirary welght survey w» .s conducted for tha F-100 alrcraft.
Table A-3 shows the weight of the complete hydrauilc primary filght control
system with an electromechanica! system for the -oll, pitch and yaw axis.
The tlaps, wheel brakes, nosz gsar stee-ing, and speed brake system are not
Included.

TABLE A-3

F-100F REVISED FLIGHT CONTROL SYSTEM DELETIONS

.
Cuntrols Weight, Ib
Automatic flight control- 43
Servos 34
Plymbing ang tluig 9
Aileron contro's (243)
Machan: cal 28
Kydraulic 206
Artiticial fenl 9
Hor | zontal tar! controller (224)
Mechanical 49
tlectrical 21
dyaravlic 90
| Artificial famt 64
Rudder controls (80)
Mgchanicai 27
Hydraulic 3N
Acrtiticial teel 14
vibration damper 8
Power con?ror system (242)
Pumgis n
Accumulators 4l
ReLervoirs 24
Valves, filters, etc. 23
Plumbing 68
Flulg 24
Emergency system 3N
Structure (1391
Alleron hitces 88
Ryddar hinges 4
Rat door and mech. 47
Total Deletions In
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APPENDIX B

B-52 RUDDER AND ELLEVATOR CONTROL SYSTEM

The rudder and elevator actuation system comorises tinree major assemblies:
(1) 8 rudder actustor, (2) an elevator actuator, and (3) a hydrgulic power
supply. The characteristics of these assemblies are described below.

ACTUATORS

The actuator consists of & dus! tandem hydraulic cylinder, including
integ-al input servomechanisms, position feedback, and summing linkages. The
actuators are capable of operation based upon elther mechanical command
inputs or electrica! command inputs. The performance characteristics of the
two actuators are preserted in Table B-1.

TABLE B8-1

ACTUATOR PERFORMANCE CHARACTERISTICS

Actuator
Rudder Elevator
Stroke (including cross arm) +19 deg *19 deg.
Torque (4.5 in, arm) 36,000 in.-Ib
(4.0 In. arm) 12,000 in.-1b

Rate 80 deg/sec 80 deg/sec
Weight 52 b 57 1b
Load irertia 17,008 1b-in, 17,894 1b=in.
Stiffness 40,000 1b=-in. 50,000 Ib/in.
Bandwidth 4 Hz 4 Hz
MTBF, goal 2500 hr 2500 hr
input command (mechanicsl) 2.7 in.input 3 in.input gives

gives 2.6 in.output 2.93 in output

An approximate duty cycle Is obtained from the cycling endurance tests
tor the actuators. These are sumarized in Table B-2.
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TABLE B-2

ACTUATOR EMDURANCE R{UQU!REMENTS

Elevator Actuat-r (at 1 Hz)

Input command, Sprirg rate, No. of
in, ib/in, Lyclus
+ 0.157 90C0 40G,000
+ 0.392 5000 65,000
+ 0.626 5800 24,000
+1.165 5800 5000
1.465 $800 | 1000

Rudder Actuator (at t Hz) i

Input Command, Spring Rate, No. of |
in, Ib/in. _ Cycles !
+0.128 3300 400,000
+ 0.346 74co 65,000
+ 0.554 2400 29,000
+1.04 2400 5000
+1.3 2400 1000

HYDRAUL I C POWER SUFPLY

The hydraulic power supply (HPS) from hydiauiic power to the rudder and
elevator actuators. The HPS provides a totar of d-gpm tlow and a cutoft
pressure of 3000 psi. The hydraulic pump Is driven by a 118/200-v, 3-phase
400-Hz direct-coupled motor. The unit also includes a backstop reservolr
to provide psak powsr gemand to the actuators. The component characteristics
are presented in Table B-3.
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TABLE B-3

HPS COMPONENT CHARACTERISTICS

Comporient “haracteristics value
Motor pump K
} we!nrivy 35 Ib
[ Efticliency 60 puarcent minimum |
Duty c¢ycla 4 gpm tor 2 win,
2 gpm rms
Maximum current, 30 amp/phase :
operating
Resorvelir
Welgnt 23 1b
Capacity 490 cu 1In.
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APPENDIX C |

-15 RUDDER CONTROL SURFACE ACTUATOR PERFORMANCE

The F-15 ruddor i< controlled by a rotary hydraulic actuator. The acutator
Is (ocated on the hinge-iine of the conirs! surface. The major characteristics
of the actustor are presented below.

Output torque 13,500 +250 In.~Ib

Max imum torque 15,500 in.-1b (unit wili smoothly P
hack~dr ive to nautral at a minimum !
rate of 15 deg/sec)

Rate 137 114 deg/sec, no-load |i
Bandwlidth 3 Hz minimum b
Weight 23,4 1b (dry)

Dimensions 6.4 by 3.5 by 16.7 in.

Lt .
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APPENDIX D

F=-3 RUDDER CONTROL SURFACE ACTUATOR PERFORMANCE

The F-8 rudder conrrol subsystem Is located In the aft section ot the
vertical tall. The hydraulic cy:inder has two tandem pistons on a single
piston rod. Each piston Is powered from a separate hydraulic power supply for )
redundancy. The vzlves are mounted in a separate assembly and connected by
8 linkage arrangement that provides synchronization. Feedback is accomgylished
using a sclissor type mixing linkage. The major pertormance characteristics
are presented below,

Stroke $17 deg
Rate 80 deg/sec
|
i Hinge moment 36,000 in.-ib

Stiftness 0.66 x 106 in.~1b/rad
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APPENDIX E

TOROIDAL DRIVT ANALYS!,

INTRODUCT ! ON

The feasibiility ot using a mecharical servo fvariabie rolle- drive) in a
eleciromechanical actuator system has been analysed. The complete detalls of
vhe analysis are preserted in AiResecarch Report No. 76-12033. This appendix
suwmarizes the analyses. The servo system Iinvestigated (see Figure [-1) converts
high-speed, low-torque Input to a low-speed, high-torque output through coitrol
and output rollars of a toroidal servo. Varliable gsar ratios are achieved by
varying the angle ¢ ) ot tha control roller from =30 to +30 deg. Other
geometr ic paramoters affucting servo performance such as radius ot the rotlers,
distance of the roliers from the rotational axis and tilt ot output roller
were fixed for a configuration, but were varied during the analysis, so thst
key parsmeters were Included without complicating in-depth analysis of problem
areas.

The investigaticn covered the folluwing areas, which are summarized In
this appendix.

& Kinsmatics

Geuor ratio

Symmetry

Linearity
® Radii of curvature at roller contacts
) Hertz stress at roller contacts
[ ) Per formance

Force and torque balance
Preload and frictional force
Life
Frequency response

® Syntheslis

for illustration, the analysic was centered on an example with the
following reauirements:

Envelope, 4.0 in. dia.

Output torgue, TO = 37,500 Ib~-in. at stall

145
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Quiput speed, N, = 80 deg/sec et no ioed

Torque characteristics are given below:

TORQUE
4

37,500 L8 m.\

0 \H—‘ SPEED

SEC S-blbs

Life, 800G hr
Frequency response

f = 8 Hz at no load !

KINSMATCS
H The basic psrameters are the roller radius, the distance the rollers are
iocated from the rotstional axis, and the tilting angle of the rollers. For
F convenience, these cen be reduced to the roller parameter X. )

Distance of roller center trom mctuator centerline
RolTer radius

X =

and the roller tilting angle ¥,

These two paramefers are applicable to the tixed roller ang the variable-
argle control rollers.

(¥ the gear ratic is detined as |,

output speed !
J = Trput speed

1 ihe. (See F'gure E-1)

T R S AR Y
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The functions B, and B. are structura!ly identicai. The gear ~utio [ ls then:

j=A(B -B)
Va-lations o tunction A with chanqes in control rolter tiltino anale
are shown In Figure E-2. Variations of 3. (8 is tixed for this analysis®
are shown in Figures E=3 through E-5. -

As a check ot the eauations, values were assigned to key pa-ameters in
the system shown In Fiaure £-5.

From Figure £-6,

o, = 30 deaq

sinw, * sin 30 dea =0.%

NTHCE R FR R ) LRPD YIS TS
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x) _ siné 2.08333 - 0.50

X 4 slmﬁf 2,08333 + 0.50

8 = = 0.61290

Results are shown in Table E-1
TABLE E-]

EXAMPLE RESULTS

Yz .
y;' - Slnv’c
e
+ siny
wc sin ¥, Ye YB ¢ « W
(CEG) (-} tin.) (in.) (] a
+30 +0.50 1.50 2.50 +0.60000 +0.00800
0 0 2.90 2.00 +1.00000 -0.24000
=30 =-0,%0 Z.50 i .50 +1.66667 -0.65%33

For any control servo, It Is desirabie toc have a |inear and skew-symmetric
curve, as shown in the figure below which shows the speed versus input comnand
relationship.

OUTPUT SPEED

INPUT (OFMAND
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Gear Ratio

A study of oear ratio was rade

where !
w :
= _€
1= 3
|
wWe = output angular velocity
w = input angula- veloclity

The study shows thar linearity ard skew-symmatry can be achleved at specific
parametric values only, Fligure E~7, plotted for gear ratioc changes of +37 deo
and the same absolute va'ue of speed extremes, shows that linearity Improves
with Irncreasing X value. Figere £-8 is a plot ot the variation in geer ratio i
with a full 360 deg change in both roiler angles and with X kept ccnstant,

ILinesrity and Skew Symmetry

Linearity and skew symmetry snalyses were male for the servo. The proolem
requces to determining the irflexion points on the curves shown on Figure E-8.
At fhese polints, the second derivative of

j= 2
wl
given by diz
2
P
where j= “c =1/2 |1+ sin¢ Xe - ooin % ) ZE_- sinG,
w] xf Xf + 5in (pf XC + 5,|n(pC

In the derivat.ve x, x and¥, are assumed fto be constents,

J
Differentiating gives inflection points at the values of ¥ shown below
1.0 -88.0
1.5 -58.3
1.5 -121.7
3.0 -34.163
6.0 -18.459
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RADIUS OF CURVATURE

Radius of curvature of the roller snd the torold must be known to deter-
! mine the contact stress. Deternining the two principal radii of curvature for
the roller Is simple because 11 Is assumed that the rollar has a 35 percent
conformity to the torold (established practice In tall and screw applications).
Conformity geometry Is shown In Figure E-9.

One of the principal racli of the toroid is similarly straightforward;
It ts Identical »ith the ro'ier radius. The second princlipal radlus is deter-
mined as follows.

i 65 FEXCENT CONFCRMITY (CUSTOMARY WITH BALL SCREWS)

AT

-._'/:

//‘ﬁ ’ ve "R
I0ROID

WITH 55 PERCENT CONFORMITY:

Yo~ €55 4 = 0.55 (R) <1103 R, 0.5091 5

f f

PR 1

; Figure E-9. Conformity Betweon ioro!d and Roller
9 Y

A cone Is fit1ed Into the torold so that the cone touches the toroid at the
point vhare it Is in contact with the roller. The radius of curveture In
quosticn 1s teken as the radius of curvature of the conical ssciion, which
is In the plene of the roller (us shown In Figure E~10).

for the example, approximately six rolier parsmeters were selected,
assuming & +20 deg roller tiiting angle. The selectlion of the six roller para-
moters is :hown on Figure E-11. The verliation of toroid ~adius of curvature
with rolier tiiting angle Is shown on Figure E-12.
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SUBSTITUTING ,

CONE =
; R\ Rt Yc
. )
’ R' ‘R' (ARBITRARY)
¢ |
: - |
: B
H i
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g
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!
)
L

: PLANE OF _
; ' CONICAL (TORO1D) A /
' SECTION / b\/

§ -3}

Figure E-10. Radius cf Curvaiuyres
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Figure L-i1. Envelope Resirictions
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Figure k=12. Varietion of Torold Rauius ot
Curvaturg with Ti Iting Angle
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HERTZ STRESS AT ROLLER CONTACTS

Hertz stres; was <alcuiated for the rollar-torold contact a~<as. The problem
is the most general case of Hertz strass (Roark, Page 231, Case 8) wiure iwo
bodies are in contact, the two principal radius of curvature sre known tor each
body, and the respective orientation @ of the minimum radius cf curvature also
1s glven. it is applied to vhe roller contact as shown in Figure E-13. The

calculated unit Hertz stressos are plotted in iigure E-14.

BODY 1 (ROLLER) Ry = 0.9091 v¢
Ry = ¢

R, = VARIES WITH @f

§- Ll

Figure E-13. Methodoiogy in Calculating Ro!le:: Contact Areas

Roai 'k, Raymond J., Formutas for Stress and Strain, fourth EJition, McGraw
Hiil, New York, 196>, p, Z5.
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To calcuviate pertornance, a torce halance was treced throuagh ithe diive
“rain and the reculis were cheched against the kinematic calcuintions. Ffor
the calculztions, ‘he pe: formance vo'!ume presented o iier were used.

Fiquro £-15 shows the force helance on the syster trom output to input,
trom which basic forcs balance eaquations may be written:

Qutput toraque Ta 7 AYe
Fixed roller BY = A/?
Cylirndrical toroid Ay Oy =0

Reaction at the contro! roller D= 2C

input shatr B\(6 Cy, +7Ti-= 0

Combining fthese ecuations aives the ratio:

Ti 1
oy .
™ ﬁlyﬁ\\!‘a )

which Tio= 0 it Y, Y =0
Yoo Yoy, i ear ;
and T4 B/ % de Juar ratio e
The derived equations were used 1o calculate =% (*iaure £-6) tor compariscn

“1

with thcse calculated at the same conditiors wsing the derived kinomatic
equaticns, Ffrom figure £-6,

¢ = 2.5 in,

Results a-e taburiated n Tabte £-2.
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TABLE E£-2

EVALULTIGH COF FORCE BALANCE EQUATIONS

G = 30 deg G = 0 dug 9, = +30 deg
Point v w v w v «
o 2.50 +1.0 2.00 “r.c 1.50 +1.00
B -2.50 -1.66667 | -2.10 -1.00 -1.50 - 0. 60000
r -5.16567  -1.66667 | -3.160  -1.00 -1.86000  -0.60006
5 +1.900 +1.0 “1,900 +1.0 +1.200 +1.00
¢ -..63333  -0.653333 | -0.4000  -0.26000 | +0.02000  +0.008u0
N
z:t -0.6531%% -0.24000 +0. 00800
.
pout -0.653 3k -0.24C00 +0. 60860
.

“From Table E-1

162




e . —— A 0% i S ¢ & e

AFFDL-TR-76-42

P-eload and Frictional Fcrce

Sufficient frictional force is necessary to prevent sliding at ine point
of roller-toroi 1 contact. Calculations were made to determine the preload
required to de.a'op tha necessary frictional force and to eitabli<ih *he
relaxatinn tetween this force and tie required output torque, as shown in
tho torce diagrem ot the fixad roller.

Thg tangential 1orce &t S, B is
TSt

2 v
ne

= AI’Z =

[5-]
(

A = tangential force at ¢
T = stall torce, 37,900 Ib
ruiiers
€ = Distunce of € from rotating axis
The force ruquired to prevent slipping is
0= BA

where o = c.efficient of friction

[}

0.08 app-roximit: mean value of crefficients with a Hertz -tress
of 400,000 r,i angd a modesy (<1 in./sec) slidinn
and the required preload
A-n Q cos ¥
wnere ¢ T 20 deg

Combining, substituting, and «pplying a 20 percent margin to the selected
configu ation,

= 1,28 in.
P = 1%2—@= 206,475 1t
€

Life Detaermination

For the life watermitation, the contfirretion valected was Jefirec more
ful'y as shown in Tigure E-1%, which defines the rinemaiics, and Figure E-17,
wi.ich shows the physica! dimen.ions. Verificatica of the gesign parameters
with this example is stowr in Table E<3.
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Since the numper ot Hertz stress cyc es ls related 10 the operating time,
calculations were made to determin~ the nuhwer of cycles .ncident to the
AQ00-hr 1ife. Hertz cycles ware dersziminad using the selected system geometry
as o basis and the dos!gn verification parameters In Tabie £E-3; tn, time ror one
roller revolntion (1,2'931 sec and 800 deg/ssc Input) was used to calculate the
rumber of contucts (2 pur revolution) for the £000-hr lite, or 47.24 x 10
contacts. Similariyv, the nuvier ot contacts for the disk In contact with the
output roller was computed to be 127.796 X 10 ~ contacts fcr 8000 hr, A piot
vt aliowable contuct struss against bearing life for angui.cr contact bearings
Is shown 'n Figure Z-18,

Frequency Response

frequency response for the system was determiney as a functlon of ths
inserted gesr- ratio. Requiremenis for fraquancy response at no load was + !
deg sinusoldal motion at f = 8 Hz. four purposes of calculating the mass
moment of inertia, the roiler drive was considered to be equivalent to a

cyiindgricai stesl cyiinder of 3.5 1n. dlg engd 3.5 in., length, frin which
Vr2
& = Pg

3
&

from which 0 = 0.0495 Ib-in. sec
i = 0.074% rad
t =& Hz
= 50.265 rad/sec
Tgdl) = 37,500 1p
from equations for sinusoidal
displacement ¢ =¢ sin wt
speead (p =W P, cus Bt
acce'eration Q =w290 sin wt
The maximum value of acceleration required Is given by
€= W gy
but vhe available acceleration is given by

‘(')= M

8
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Values of torque, maximum accelerction, sinusoldal ampiitude, and
trequerclies for various gear ratios are given in Tebie E-~4,

TABLE E-4

FREQUENCY RESPONSE FOR SELECTED SYSitM

Amplltude of
MaxImu~ Slnusoldai
Max [ mum Avallabie Motion for 1 deg
Gear Output Acceleratione, at panel, @, Frequency,
Ratio 1, | Torque Te, rad ) f
-] Cib=tn, 2 sece Lrad] Hz
1 37,%00 157,510 0.01745 1048.6
2 18,750 378,780 0.03491 $24.3
4 9x75 189,390 C.06981 262.1
8 4687 94,690 0.13963 1511
1€ 2344 47,350 0.27925 65.5
32 1172 t 23,670 0.55851 32.8
64 586 1,827 1.117701 16.4
128 293 5918 2.23402 8.19
1 259 145.5 2959 4.46804 4.10
512 73.24 1479 8.93u0y 2.05
1024 36.62 759 17.87219 1.02
1046 18,31 370 15.74434 0.5i2

SYNTHESIS

Results of the analysis show 1hat a variable roller drive ir the given
envelope will neet the specitied preiocad, lite, fragquency response, and input
speed requlremants within a Iimited range of gear reotios, 118 i< 122, only.
However, the concept warrants turther ve-ification by actual hardware design
end tes*. The results are tabulated as a function ot gear iatio in Tabie £-%
ang fFigure £-19. Limitations in gear ratio are defined helow and in Fiqure
£-19.

170
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v oAy

| =« 20 decause the practica! limlt of axisl preload Is about
10,000 ib In the given envelope, and | < 20.8 would
require preload in excaess of 10,00C ib.

.

oAy T

I = 180 Qecause the highest practicel input speed is 24,000 rpm
{2-pole, 400-Hz system) and higher gear ratio 1 would L
require higher input speed than 24,530 rpn, M

e 1VAERAT WEEe
]

I = 118 Because the obtsinable life is less ti-an 8000 hr It <118

i =132 Because at higher i, the f = ® Hz irequency response cannot :

be satistied. '
ba

< e
\




