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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 include0 in the
text of the report where the symbol Is used.

Term Definition

Back iron The magnetic conducting path located at the outer
periphery of the stator used to transmit magneticf flux between poles.

Commutation A means by which switrhes are turned on and off
to control current in an electric circuit.

Efficiency A ratio of power input to power output, F1 /P 0 .

Electrical time The stator winding inductance divided by the stator
constant winding resistance. Expressed as T, sec, it is

numerically 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 appliedvultaqe, znd the rolor locked.

Mechanical lime The no-load velocity divided by the stall torque.
constant Expressed as T, sec, IT Is numerically eoual to

time required for- the speeu to Increase to 63.2
percent of the final value based upon a given
step Input voltage change.

No-load A cond;tion at the (motor or actuator) output
wherein there are no al0"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 Maximum output torque, Ibf-in.

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

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

PM Permanent magnet

PMG Permanent magnet generator

A Amplitude, radians

xiiI
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B Flux density, gauss

t FrequenCy, Hz

G Gear ratio (input speed/output speed)

Inertia, Ibf-in.-sec
2

L Reactance, henries

I44F Magnetomotive force

P Powe-, watts

Q Electrical pc gr dissipated as heat in the motor,

watts

S Slope of torque, speed relationship, rad/sec/lbf-in.

T Torque, lbf-in.

6 Ang e between interacting magnetic fields

S~Velocity, radians por sec

S Acceleration. radians per sec2

T Time constant, sec

Angular velocity, radians

xiv
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1. INTRODUCTION

1 .1 BACKGROUND

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

"* Optimization of the control surface hinge-line location

"* Simplification of modifying actuation system characteristics to
aircraft operating mode (programmed rate, torque, and compensation
networks)

"* Improved reliability through new concepts of redundancy

"* Decreased vulnerability (for military aircraft)

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

Electromechanical actuation systems are of particular interest because
of recent advances and the availability of production quantities of h!gh-
performance magnetic materials; high-current-capacity, solid-state switching
devices; and micro-minature, solid-state, digital compuier/logic networks.
Combining these components in a flight control actuation system provides a
fast-acting, adaptive flight conirol servo with the following features:

(a) Rare-earth-cobalt magnet material provides improved motor torque
and acceleration capabilities (compared to earlier alnico magnets)
and therefore results in weight and volume savings.
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(b) U1al power tansistors with the capacity to handle hiqh-cur:-ent (50
lo 75 a ') u:e simple circuitry to control actuator output iorquu

and velocity.

(c) high-speed digital microprocessors can be programnmed to function
primarily as a servo control, but also have the capability to monito-
failures and isolate malfurctions. provide self-test, and mcst

importantly, to be programmed to modify critical servo performance
character' .tics (gain, bandwidth, filter bandpass) based upon mir-
craft operating daja peculiar to each aircraft maneuver and operat-
Ing mode (altitudi, attitude, and speed).

The evolution of electromechanical actuation is shown in Figure 1,

which indicates application of new technology to provide a direct-drive servo
system approach. This offers advantages of high performance, predictable
operation, simple hardware, and proportional control.

EARLIER SYSTEM APPROACHES

ON-OFF MOTOR CONTROL CHARACTERISTICS APPLICATION

CONTROL MOTOR NUT SURFACE

ON - OFf STEP SLOW RIATE TRIM ThinS
LOW DUTY CYCLE DOOR OPEK"NG

CLUTC " CONTINUOUS DITHER MODERATE IATE PRIMARY

ON-OFF CLUTCH TINOUS DITER LOW OUT,( CYCLE CONTROLS
CONITROL MOTOR SHORT DURA(ION ONL]L ~F 1-ACT2ONAL HOFISE- MISSILES

POWER iCLUTC1H
F-1 ILIMIl ATIONI

ACTUAl OF;
DIFFERENTIAL A

APPLICATION OF NEW TECHNULOGY
SOLID HIGH ROTARY PROPORTIONAl PROPORTIONAL TRUE PROPORTIONAL HIGH POWER
STATE PERrORMANCE HINGE-LINE SURFACE WITH CAPABILITY HIGH RATE
CONTROL SERVO MOTOR ACTUATOR FOR POWER/TORQUE HIGH RESPONSE

AND/OR SPEED
PROFILING

Figure 1. The Versatility of Electromechanical Artuation can be

fully Real ized Through Recent Technological Advances

1.2 PROGRAM OIBJECTIVES AND SCOPE

This program was conducted by AiResearcn Manufacturlng Company of California
under USAF contract to study electromechanical (EM) servoactuation systems as
applied to aircraft primary flight control. The major program objectives were
to:
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(a) Establish feasibility and advantageo for EM primary flight control

(b) Perform trade studies of EM actuation systems

(c) Define optimum preliminary design

(d) Fabricate an EM actuation system mockup

To accomplish these objectives, the study was organized into six discrete
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 awarded
to a major airfrane manufacturer. Completion of these tasks has lead to
planning for development of an electromechanical actuation system for labora-
tory demonstration.

AIRFRAME D EFINITIO '

m HEouIRkMEhN ANAN CONSTRAINTS1

H i g e 2 . S EE NN t G

Figure 2. The 10-Month Program Comprised Six Tasks

3
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2. SLUMARY

The feasibility of using electromechanical actuation for primary tlight

controls was determined by:

Analysis cf aircraft control surface rAquirements

Definition of candidate actuation components

Tradeoffs and selection of preferred approaches

Design of a preliminary representative actuation system

A baseline actuation system problem statemeni was developed Irom the actuation
system performance renu!renents for the B-52 rudder and elevator; the F-100
aileron, rudder, and elevator; the F-15 rudder; and the F-8 rudder. The
characteristics of the F-1O0 and B-52 aircraft were used to (1) evaluate the
electromechanical (EM) system concept In terms of ease of Installation and
parf:,rmnce capability, and (2) compare the EM system to existlnq actuation
systems In terms ot weighi, reliability, and ccipat!Dilily witn iniuric'-(a,
subsystems.

Application of the EM system approach to control surtace actuation was
determined optimum from tradeoffs conducted in the following 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
analoa and digital controllers.

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

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

* A permanent magnet generator, solid-state rectifier, and 270-vdc
aluminum-conductor electric power bus results in a weight savings
compared to conventional electrical power sources and distribution
.ystems. Applying these concepts emphasizing the neh approach
aru ';vxibility to power generation and distribution which is a
fracture of the all-electrical aircraft.

4
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* A digital microprocessor for servocontrol logic. The programmable
controller logic Is flexible and adaptable to operation with either
ac or dc motors. Matching the controller characteristics to the total I
aircraft Is accomplished by software rather than nardware modifica-
tions. Flexibility is a major advantage of the microprocessor over
conventional anaiog servo circuits.

0 A controller that provides a programmed current and voltage to the
servomotor, resulting in the optimum torque and rate at the control
surface and the minimum power demand from the electrical power source
and distribution system. The programmabale controller may also be used
to vary the servo compensation and filter networks as functions of
aircraft operating modes.

0 A brushless dc, permanent-magnet servomotor usinq high-periormanca,
rare-earth-coba't magnets in the rotor with a fast-response, power
servo configuration that results In high operating efficiency 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 level continuously. Brushlss comlmuiation provides
long life and flexibility in co'nulation logic. The 4-in.-dia dc
servomotor has twice the duty cycle capability, is capable of 17 percent
higher acceleration, and results in a 10 percent weight baving compared
to tiie equivalent 4-in.-aia ac inuuCTion servc 01ioor disi~yn.

* A planetary geared actuator operating as the control surface hinge
results in weight savings and provides superior life and structural
stiffness compi-ed to harmonic drives or toroidal transmissions. A
high-efficiency output stage is used to limit required power input.

* Dual-redundancy in performance-critical areas provides reliability
equivalent to existing redundant hydraulic actuat~on systems while
remaining weight competitive.

* Reduced weight using the geared rotary actuator as the hinge of the
control surface to distribute structural loads more uniformly than
the single-point loading used in the conventional linear hydraulic
actuation system.

* Provision for built-in-test, continuous fault monitoring, and
fault isolation circuits accomplished by the versatility 3t the
control ler.

Electromechanical actuation of aircraft control surfaces is feasible,
practical, and can be implemented using the most recent advances in the
state-of-the-art in magnetic materials for high-pertormence servomotors, high-current-capacity transistor switches for motor contol, and digita: micro-
processors for servo and redundancy management logic.

xS
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3. BASELINE SYSTEM REUIREWENTSm

lo maximize technical benefit in the areas expected to be most favoi able
to appilcation of electromechanical actuation system concepts, certain study
constraints were applied as fol lows:

"* Primary flight control surface actuation

"* Structurally integrated, rotary hinge-line actuator

"• 3-hp required at sirface (maximum)

To present parametric data useful in system analysis and to examine a
range of applications, a detailed baseline actuation system was derived
(See Figure 3). This baseline serves as a common point of reference
throughout the report, incluaing the preliminary design, and is used to
support compt-isons and evaluate technical options. When analysis shows
variations ;i, ss;tc. conf.gurAtion are required tc meet extremes of the
application range, these special areas of application are oiscusseu ;r,
detail. Baseline system requirements are presented in lao!e 1.

OCS . AIRCRAFT
PARAMETE RS

ELECTROMECHANICAL DR•VE 1
ROTARY ACTUATO

"CNOLER ACTUATION CO--• . ••...." NTROL
ENGINE INEFAECOTuRTOL MOTOR GEARING SURFACE

Figure 3. Generalized Electromechanical Actuation System,
(Does not Include Redundancy)
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4. ACTUATION SYSTEM RECIRIE.NTS ANALYSIS

This section analyzes the critical actuation performance requirements
and destribes the impact of specific requirements upon the design character-
istics of a control surface servosystsn.

4.1 REQJUIREMENTS REVIEW

Aircraft performance requirements can be translated into control surface
actuation requirements. The most fundamental of these are acceleration, stall
load, velocity, and stroke. The acceleration capability is general;y a function
of the torque-to-inertia ratio. The selection of a gear ratio is a factor in
evaluating the motor torque In terms of the equivalent system inertia. Evalua-
tion of the equivalent inertia includes the terms for the motor, geartrain, and
control surface. The gear ratio also establishes the findamentai relationships
of torque and velocity between the control surface and the motor.

Based upon practical constraints ot motor design, a low gear taiio ib
associated with high control surface rate and acceleration, but will result in
low output torque. To determine a motor/gear ratio combination that car, pro-
vide rotor acceleration and torque suitable for a primary flight control system
requires an optimum gearing arrangement based upon the characteristics of the
motor and the control surface, or load. An additional aircraft operating
parameter useful 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). Therefore, the sizing and arrangement of components
in these systems are affected by the duty cycle of the applications. Applica-
tions requiring intermittent operat!on (trim tabs) will be designed for
sustained load-holding capabiiiiy (including continuous stall), but for relativelv
few operating cycles. A more Mctive control surface (aileron) will require an
actuation system with relatively high cycle life capability, but which normally
operates at only 10 to 30 percent of stall and rate capability.

4.2 BASELINE ACTUATION SYSTLM PRO6LEM STATEMENT

The electromechanical actuation system analyses and example calculations
presented in this report were derived based upon review of the following
representative aircraft actuation requiremrents.

"* F-1O0 aileron, rudder and elevator (see Appendix A)

"* B-52 rudder and elevator (see Appendix 6)

9
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• 60 _ "0[
Lu

• (D 40 NO-LOAD BI--____---"" -- SPEED ,,

S~STALL
S• ~TORQUE •

"'L 20 --
S--

0
0. 5 10 15 20 25 30 35

TORQUE, 1000 IN.-LB

Figure 6. Cnaracterization of Control
Surface Velocity and Torque

To evaluate the dyndmic relatiorships and characteristics of a contrcl
surface, the following examp!e is presented using the appropriate numerical
values from the baseline probiem statement. Angular velocity of the control
surface is determined by:

= 2. x 8 = 50.3 rad/sec

and the time constant by:

Tc =

1 = 0.02 sec
50.3

The time constant also can be expressed as:

S.= velocity' .
Sacceleration

4
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For the baseline problem statement where:

0= 80 deg/sec = 1.39 rad/sec;

0 1.39 = 70 rad/sec2

Tic 0.02

For a sinuosidal output operating into an inertial load only, the peak amplitude

at which both velocity and acceleration saturation occurs is:

A

= 1.39 =0.027 rad or 1.56 deg

50.3r

or:

A = y70 o 0.027 rad or 1.58 deg
2 ( 50.3 )

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

response is rot affected by changing the value of the aerodynamic load because

Th- rallO i-/6 remains constani. Fiuure 7 ihvs ie re at i, n

to load, as defined oy frequency response and stall 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 2 when the actua+or is operating into the -pecl-

tied inertial load. The control surface also will have to operate with non-

inertial loads. As the control surface operates into other loads (such as

aerodynam'c and friction loads), the acceleration capability decreases. The

curve marked A in both ,ICgures 6 and 7 shows an actuation system designed

to provide additional torque for acceleration loads compared to either Curves B

or C.

4.3.2 Gear Ratio

An electric motor is connected to the control surface 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

speed of 10 to 40 rpm (60 to 240 deg/sec). The large gear reduction minimizes

the effect of load inertia un 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 percent

increase in the mechanical 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

defined by the following relationshipS.

12
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INERTIAL LOAD 46-6 in.-LB!SEC'

~60

40

ACCELERATION REQUIRED -t
20 -FOR b-hZ FREQUENCY --

RESPONSE 0l
0 5 10 15 2 25 3u 35 40

NONINERTIAL LOAD. 1000 IN.-LB

Figure 7. Load Accelerat;on Capability (operating
with Prescribed Load Inertia)

Output no-load speed: motor no-load speed
gear ratio

Output stall torque = motor stall torque X gear ratio X gear

efficiency

Output acceleration = motor acceleration
(gear ratio)

Motor acceleration T, - G

+ II

3Z X Eft

Where Tn. : motor torque

o= utput torque

G gear ratio

Im = motor inertia

1I = load inertia

EFF = gear efficiency

Based upon the following conditions:

Im = 1.638 x 10"3 lbf-in.-sec2

13
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IL = 46.6 lbf-ln.-sec2

= 0.9

G = 600

The effective load inertia reflected to the motor Is

I 46.A, 0.000!4 Ibf-in.-sec 2

- o-(600)'Z ,x 0.9

Comrared to the motor rotor Inertia, Im, the load Inertia is seen as only a 9
percent Increase in effective rotor Inertia.

The gear ratio and motor no-load speed can be selecfed to minimize power
(current) from the servo amplifier. One method Includes selecting motor no-load
speeds and actuator gear ratios such that no addltionai 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 respjzu fequire.rants is needed to provIdA the required
output torque and rate. Then since

Tm= Im ejm

and motor acceleration torque equals:

Tm TTO - (TT 4r TC)

and

Bra o~0G

then

TTO- (TTL 4 TT) Im "9oG
GQ,

or
m G 2 e 0 x T T]O - (TTL + TO

SiT- - (TI., + TO . 112

or G = ( Ti ) ./

where:

T TO is tho marimum output torque, and is the larger of

1. 2 (TTL + TO) (load + concurrent load'

2. TS (stall)

3. Tr (running)

14
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'o = output acceleration required (rad/sec 2 )

Im = motor rotor inertia (In.-Ib-sec 2 )

S= gea- efficiency

The use of a cu~rrent limiter in the servoamplifler allows the motor to be
operated In the high efficiency region of the torque speed curve, with the current
limited to that needed to provide the maximum output torque as well as desired
motor acceleration.

The theoietica, 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 is 50 percent. lo operate efficiently, the motor
should run at speeds near no-load. This is accomplished by designing a motor with
a stall t.rcue capability far in excess of that reqJred, anO limiting the applied
current to control torque output. The motor Is therofore operated at a fraction
of stall capability, and in a region near no-:oad speed, therefore, the region
of highost efficiency.

4.3.3 Kotor Sizing

Motor power output ib d rUliCt i10i Of. voltac-,c and current. To. mAintain

current at values consistent wilh low cost and state-of-the-art transistor
swiihh capability (50 amp), the practical output power can be related to
supply volage as iollows:

28-v system, 0 to 1 .0 rip

56-v system, 0 to 2.5 hp

90-v systbm, 0 to 5.0 hp

270-v system, 0 to 15.0 hp

To exceed these general ranges of power values, the electronic amplifier,
cables, and noise filter become too large, and olher approaches may ba prefer-
able. For se-vosy3tem requirements within this ho:-sepower range, the clrect-
,.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 control surface stroke capability 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 life. The rotary actu-
ator is not affected by f-e stroke requirement except for the operating range
of the feedback mechanism. This design consideration Is minimal, however, ard
does not significantly affect the actuator weight.

15
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4.3.5 Duty Cycle

To interpret and evaluate control surface actuation duty cycle requirements

for a particular application, it Is helpful to compare the design requirements
to the actual fiight data. In Table 3, the specification performance require-

ments for thel B-52 elevator actuator are sunwmarized. Flight simulator data

also are given. As arbitrary evaluation criler!a, the performance requirement

and simulation data can be compared using horsepower. Based upon peak horse-
power calculated using one-half no-load speed and one-half stall torque (a

linear torque speed relationship), the maximum required power for the specified
performance Is 2 hp and for the simulated flight is 0.064 hp. The resulting

power ratio 'average/maximum), or apparent equivalent duty cycle, Is therefore
3.2 percent. -

The specified performance of control surfaces of the F-100 is compared

in Table 4 to documented performance data that represent various operating

conditions of the aircraft. Depending upon the specific operating mode, the

aoparent duty cycle can be summarized as follows:

HLgnest Duty Cycl--Aileron during combat, 86 percent.

LOwtST MJuTv t.iC 14-- RuaUer ouF ify LI u' I . u pu t .tll I

The 3ileron and rudder experience a duty cycle in tht range of 10 to

20 percent during combat, and approximateiy 3 tc- 7 percent during cruise.

The f!ighi control duly cycle Is therefore a function of the control surface

considered and the flight operating mode. High percentage duTy' cycles are

generally associated with short operating times, such as shown for combat. A

roasonable auty cycle Is therefore estimated to be 20 percent for most flight

control surfaces.

16
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TABLE 3

B-52 ELEVATOR PEHFORMANCE

,Specification Requiroments

80 deg/sec rate

8 Hz-I

37,575 lbf-In. hinge moment

+20 deg stroke

Data from Simulator*

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

Nominal hinge moment (1000 350 klas
Ibf-in.)

+2 deg amplitude 500 ft above highest
terrain, Barksdale.

1 .25 Hz minimum

2.00 Hz average

3.33 Hz maximum

+4 deg amplitude

2 liz average

17
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TABLE 4

F-100 CONTROL SURFACE PERFORMANCE

Condition Surface Rate, deg/sec Hinge Moment, In.-Ib Power, hp

Design Aileron 11.5 132,000 1
Requ Irement Stabilizer 20.0 500,000 6.6

Rudder 10.0 4,300 0.03

Ground Checkout

Maximum Aileron 50 Inertial and
Stabilizer 20 friction only
Rudder 50

F I I gilt

CoribP÷ Aileron 10 132,000 0.86
Stabilizer 4 500,000 1.32
Rudder 1 4,300 0

Cru i AiIeron 0.2 60,000 0.01
Stabilizer 0.25 100,000 0.02
Rudder 0.0 0 0.0

,Landing Aileron 3.33 10,000 0.02
Stabilizer 5.0 20,000 0.07
Rudder 1.0 800 0.00

18



AFFOL-TR-76-42

5. ACTUATION SYSTEM.STUDIES

This section presents design data used in conducting trade studies of
various electromechanical actuation system concepts. Initial screening of
candidate approaches Is u:ed to eliminate marginal and Iow-potenti31 systems.
Detailed characteristics of viable candidates are presenttd and used In
tradeoff comparisons. The results of the tradeoffs are used to synthesize
an aircraft actuation system and define the preferred approacii to control
surface actuation. The actuation system studies and options are presented
in parts as follows:

Power Source--Includes engine-mounted electrical generation and
Initial conditioning equipment.

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

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

Reliability Considerations--Considers redundancy management for I
future high-perforinance aircraft.

Aircraft Actuation In t egralion--Evaluates interrelationships of
components and summarizes total system characteristics.

5.1 POWER SOURCE OPTIONS

5.1.1 Initial Screening

The power for control surface actuation of an aircraft such as the F-100
will be in the range of 4 to 10 hp (peak for each control surface). Assuming
nine control surfaces, the total power required is between 36 and 90 hp. There-
fore, the aircraft electrical power source must be sized in the apDroximate
range between 30 and 70 kw. A number of power types can be derived from the
basic 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 of the power at a constant, 400-H7. fixed frequency, which
requires a constant-speeG drive for the alternator, or a suitable
power conditioning system.

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

(c) Converting the ac power (either variable or fixed frequency) to dc
using a rectifier, allowing operation ot dc motor drive systems.

19
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Figure 6. Initial 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, Reference 5.

Figure 9 shows the simlilarities oi the ac and dc motor drive systems in forms of
requirements for the power source. Either drive concept can function equally
well from fixed-frequency ac or variable-frequency ac because of the com-
monality of the dc link. Thus, the most likely power sources for operation
of a drive system are (1) high-voltage dc available from rectification 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
distribution lines. These components are discussed in 1he following paragraphs.

5.1.2.1 Alternators

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

RPM = FREQ X 120/POLES

20
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The rotor tip speed parameter 'ef lects State-of-the-art capabilIi ty.
F igUro 1I shows the relationShip ot alternator Spacif iC weight to rotor tip
speed . Projected advances ir, machine design *IlI I reduce machine weight by
50 percent by Increasing the tip speed from 21ý to 400 ft/sec. The permanent
magnet generator (PNk,) uses a rare-earih--cobalt rotor and a wound stator; no
slip rings are necessary In this design. IBocause tne output of the alternator-
can be varied by rotor excite.f ion, tho alternator can provide two times the
ratet; output for very short periods (5 sec). liowever. the INMG provides a very
fiat voltage characteristic as a function of current demand. without the com-
plexity of field control, slip rings. roiating cectifiers, and associated com-
plexities and unreliabilities.

5.1.2.2 Rectifiers

The rectiticatio-i of the primary power source can be accomplished using
solid-state devilces manuta;Ltured Dy numerous siupplier5 for similar airborne
applications. Parametric weight and volume chafacteristics for retctifiie,-i
operating fro~m a 3-Dhsei.e llj/200-v supply and providing output power at
270 vdc are presented in Figure 12.

1.0 _ _ __ _ _

CO 0.6 _ _ __

LU 0

LIO
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Figure 12. Rectifier Characteristics

5.1.2.3 Electrical Power Distribution

Electrical power will he distributed in the aircraft usinq a dual r,-dundant

bus. Figure 13 presents the specific weight of a 3-phase, ac, nonredundant

electrical bu.. A reference weight for a 9.5-hp hydraulic transmission line

is Included. The apparent weight saving using an ac bus Is 3 to I compared to

the hydraulic line. Figure 15 also presents the weight of a 200-ft-long,

270-vdc transmission line. It results In a 30 per-seat weight saving compared

to the ac power distribution bus. The use of aluminum conductors results in

an approximate weight saving of 50 percent compared to copper.

5.1.3 Power So-jrco Tradeoffs

The power source tradeo't is a function of power qual ity required by the

motor controller. Because of the dc itnk, a variable frequency from the

electrical generator is entirely suitable for an actuation system. Hiqh quality

power for airborne electronics and communications systems can be obtained from

an auxiliary alternator designed for that particular appl~cation. The weights

for nonredundant concepts to provide electrical power to the control surtacei

actuation subsystems are compared in Table ¶. As shown, the PIM is the

I igntest power generator. The comparison of power distribution throughout the

aircraft Is based upon ac and dc power buses using both copper and a!uminum

conductors. The weight of a single rectifier Is Included in the dc distribution

system configuration. Since the rectifier i3 located at the PMG, the dc moTol

controller comprises only the control logic and the required transistor switches

for commutation. The ac distrLbution system will require a rectifier and a

control at each motor drive location.
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a ' CONDUCTORS CONDU('TORS CONDUCTORS CONDUCTOHS
1U0 F) 15 KVA

142 LB 67 .13 114 LB a . LB

POWER CONOITIONING I t
60 KVA 36LB 36 LB 13 LB I 13LB

(9 RECTIFIERI; a (9 RECTIFIERS) (1RI C1 IFIR) j (1 REC) IFIER)

FTOTAL WEIGHT. Lb .-.

(NON REDUNDANT) 266 191 162 103

,4
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5.1.4 Power Source Selection

Based upon the component data and the weight comparlson of Table , the
selected approach Is the use of a PMG as the electrical source, a recllf:er to
provice 270-vdc power, and distribution of the power through the aircraft using
aluminum conductors. The total nonredundant system weight for the configuration
Is 103 ft.

5.2 ACIUATOR DRIVE OPIIONS

Electric direct-coupled dc position servosystems are being considered for

variety of new apolicatlons, includlrg mls'.le conirol fin positio,,ing,
thrust vector nozzle control, Primary and secondary aircraft fliht controls,
valve positioning, etc. The new Interest In this approach results primarily
from Increased power rating and frequelcy response made possible bý the advent
of new rare-earth-cobalt, permanent macnet ra)erials for Hleld excolion of PM
servomotors, coupled with advancements In transistor swlkching technology.
This secllon discusses the options of drive jssemblies and the characteristics
or Individual .components In those assemblies. A drive assemrbly comprises amotor apc a control ler. The controller, in turn, comprises or. electronic servo,
electrical powcr switching circuits, and any necessary feedback devlcss.

5.2.1 Initial Screenina

The drive ootions for power--by-wire are summarized In Figure 14, - t.'.'c,
shows that the high vol rage brt shiless dc motor with a permanent-magnet rotor
and pulse-width modulation control provides better performance tl-rn either
brush-type d:: motors or '-tepper motr5. The selection Is based primarily upon_
ccnslderation of s.he combination of lowe- welaht and reduced thermal design

I problems assocIajed with 'he brushless dc rotor drive. Also shown Is That the
prefer rr e c motor drive Is th.- aIducti-on motor- wIth an !nverter tha, prcvIdes
variable frequency urive to the motor as a function oif motor shaft speed. 7o
minimize losses, 1he voltage also Is programmed as a function of applied fre-
cuency (motor speed).

5.2.2 Component Characleristics

Thie pertinent co'tponert characteristics for the candidate motors and con-
trol iers are discussed below. The basic requirements for the motor and control
are:

(a) I to 3 hp peak output capabil!ty In a 4.0-in.-dia maximum frame.
(ine typical flight control actuator problem statement requires
this power output cap blllity to drive the load at the desired
rates, irrespective of irequency response requlrements.)

(b) A frequency response capability of 4 tn, 16 Hz.

(c) Capnble oi maintaining a 50 percent duty cycle at a torque level
corresOnding tD that produced at the peak output horsepower (one-
half no-load rate . 1nd one-ha;f stall torque.)

(d) Cnpable of prov?-ding static torque inr accordance with a program
representing aerodynamic trl loads.

k'
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In support of the Initial screening described above, a number of cand!date
motor types were evaluated. The motors selected for evaluai-ion represent Types
that cen operate as part of a power servosvstem and that have the potential to
meet the requirements listed above. The motors evaluated are:

(a) Permanent magnet and variable-reluctance stoppers

(b) Flex spline stoppers

(c) Variable-frequency, variable-voltage induction motors

(d) Rare-earth-cobalt, permanent-magnet, brushless dc motors

5.2.2.1 Permanent Magnet, Variable-Reluctance, and Flex Spl!ne Steppers

5.2.2.1 .1 Pow-er Output

Figure 15 shows typical torque speed and power output curves for the
three-stepper types in the general size r-ange of interest for this require-
ment. The data were obtained from manufacturer's catalog literature. The
stepper motors respone to programmed, pulsed, dc voltages, causing rotation
of the output. The permanent magnet (PM) stepper comprises a permanent magnet
rotor and a wound stalor. The PM un!t offers holding or detent torque
capability. The variable-reluct.ince (VR) stepper coesign operates on the
reaclion beme.wn an etei-Lii It -i Id g6nqeratod 1n th4-ttor ancd a soft !rr,-n
toothed rotor. The VR machine Is generally capable of higher speed than the
PM design.

Io o -_ _ !!ii____....___
1000- -- 'l1. •

8 0 0 -------- -- , -

- / • ' ~~EAeK OUTPU7 -0o36 .4P_
-- 4 4- -419 INDIA x 9,6IN -- 4_ _I

5 00- -4I

I I I I

500• -l i - . "

- - t .. ... - - - ,- -,. . .---
L 4 vPEAK OU PUT 0 . ............ .

S 40 IN. :A x 5.O IN I I

00---ioo-l• _• 4 1 t ,4,o,,l
10 20 30 40 50 60 70 80 90 .00

TORQUE. IN. 1.B

Figure 15. Power Capability of Stepper Designs
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Altholigh the relationship of digital (pulsed) Input to discreTe steps at
the output appear to offer advantages in the area of integration with a digital
control actuation system, the basic stepper designs are not competitive with
other 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 capability is about an order of magnitude
below thit required.

Ihe fleix spline stepper (Reference 6) Is a device that offers exceptionally
high acceleeation capability. Compared to th3 PM and VR steppers, the flex
spline machine can provide output acceleratic is 100 times greater. This
characterislic Is not realized as an advantage, however, for the following
reasons:

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

(b) The mechanization of high acceleration results In e.cessive %eight,
a'd 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 theoretical
and peactical aspects of design. Machine weight becomes excessive as the
number vif olaes i1 r eduied below s!x or eiqht because of the Increase in
back iron required to ,:commodaTe the flux return p-th. As the numDer of .c....
is Increased above six or eight, The motor becomes lighter, and the winoing
end losses become lower s;nce the ends constitute a smaller percentage of the
total. Small motors with many poles can be difficult to manufacture, however,
and there Is less magnet length available to develop tlhe required air gap flux.
The motor stator is wound for a three-phase input. A two-phase winding con-
figuiation results in a less uniform torque field and approximately a four
percent lower torque output compared to a three-Dhase machine. The three-
phase winding, however, requires six solid-state switches compared to tour
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-magne+, brushless dc motor designed for servo applications. The
moeor has a peak output, corresponding to maximum speed and current limit,
of 8 hp. The extremely high power output )r this small un;t results from
two basic design features. First, the use of rare-earth-cobalt magnets, which
offer hiigh energy products, and second, the arrangement of the magnet in the
rotor and using brushless commutation of the coils in the wound stator (References
7 and 8). This latter feature resu!ts in 'mprc;ed thermal control of the motor.
The motor losses ([cpper losses in the stator) can be readily transferred to
the mot-or casing, as compared to a wound-rotor corifiguration.

23



AFFDL- rR-76-42

28 -70 -140- 9.38

24 60 120 9.28

20 u) 50 100 9.202o

v:16 40 s be9.12-1z w NOTE:
, MOTOR DIAMETER

:)12 830 LL. 60 - 9.04 IS~ 4.0 IN.

8 ~20 40- 8.96 4.o

4 10 20 8.88

0 OL 0 8.80 '
0 20 40 GO 80 100 120

TORQUE. IN_-OZ x 101

Figure 16. T',plcal Motor Performance

The energy product relationships of currently avaliable nmagnet 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 (Reference 9);
the benefit derived from this parameter is that the Sm-Co unit w!ll provide the same
torque and faster acceleration than the equivalent Alnico unit, but will weigh 40
percent less and will be one-half the size of the motor using the magnets with
the lower energy product. Recently, magnet materlals having energy products
in the range of 40 to 50 X 106 Gauss-Oersteas have been produced in laboratory
quantities. As these materials become commoniy available for servomotor appli-
cations, they will have the following impact upon flight control servo actuators.

(a) Smaller rotors, yielding faster response and lower weight

(b) New construction techniques and magnet/stetor arrangements that will
reduce overall cost. The potential configuration changes are as
fol lowIs:

(1) Tangential vs radial magnet arrangements (See 4.71060, 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.

29
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5.2.2.2.2 Thermal Capabil.1y

The motor Is not normally capable ot operating continuously at stall

unless the motor is designed for a very low speed and used with little or no

gear reduction (a torquer design). However, a similar result can be achieved

without sacrificing power output c.pabilitv by using a servoamplifier with a

current-limiting 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 molor is based upon the same set

of 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 dc motor

presented earlier. Rotor inertia for a design using copper conductors and a

rotor length of 5 in. was determined to be 0.002187 lbf-in.-sec2 . The relation-

ship of rotor geometry to critical speed is shown in Figure 18. Because the
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105 A
RECOMMENDED FOR 24,000 RPM

6 - -/SYNCHRONOUS SPEED

4
I ~LR "-

2
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104- ,
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-i 

.SHAFT DIA, W. IN.
2 - .

--3 1.2
Q 10.,- 1.0-

8 
0.83

4 - ~ _ _ -0.4-

2 0.2-
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ROTOR LENGTH, (LR), IN.
S-967O -B

Figure 18. Rotor Critical Speed
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ac motor is designed as a servo, the time constant 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 first critical speed

as a criterion for rotor design is therefore a conservative approach. Other

characteristics of the machine are presented below.

Load inertia torque:

TIL l

T ; (46.31 lbf-in.-sec2 ) (52.55 radsec2 ) = 2433 Ibf-in.

From the relationships of Section 4, gear ratio (gearbox efficiency

93 percent):

G / 37575 - 2433 = 73
G V-(002187) (52.55) (0.93)

Motor no-load speed at a 255 Hz, four-pole motor:
rdse._c =

1.396 -ad x 573 gear ratio x 6 0 ranS'Dc m.in 63 p
""MNL = 2 rad/revolution 7643 rpm

Maximum motor stall torque required:
-37575 

I

TMS = (573)(0.93) =70.51 tbt-in. (assume 72 ibf-in. to allow
for motor internal mechanical

losses)

Establish current limit of 30 amp/phase during acceleration:

Torque/amp - 22 = 2.40 lbf-in./amp30

Maximum theoretical torque/amp at 0.80 PF and 7500 rpm (100 percent

efficiency), 100 v is calculated as:
(3•)(IO0 v)(0. 8 PF11 Ibt-iri.

Torque/amp = v " x 63025 rad x main x i P

(71.6 j-F) x (7500 rpm) rxmnH

2.70 Ibf-in./amp

The power characteristics of the ac Induction motor are shown In Figure

19 for the condition of an applied frequency of 255 Hz and 100 volts. This

torque-speed plot shows a stal! torque of approximately one-half the peak

torque va!ue. To provide a more uniform torque from stali to near-synchronous

speed and to limit rotor heating (which occurs at high slip), the motor is

driven by a variable frequency. ihe generator frequency is a function of

motor speea. 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.
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Figure 19. M4otor Power Characteristics

Five selected torque-speed curves from the continuously variable family
of relationships are shown In Figure 20. As frequency is aojusted, so
Is the applied voltage. Figure 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 temperature rise of 175 2 F measured at the end bell
is the maximum practical temperature rise for long bearing and lubricant life.
Similarly, a winding temperature of 430'F is lhe maximum value for state-of-
the-art ML-type insulations. Practical design experience shows these maximum
temperature levels to 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 dircct
function of the cooling available. Using the aircraft structure as a motor
heat sink will obviously extend thc duty cycle. The use of forced air, fluid
cooling, or submerged motor components is not considered for thermal management.
The savings in motor size and weight resulting from the cooling is less than
the associated pumps, heat exchangers, fluid :oops, and controls. Complexity
of such an approach also makes it unattractive.
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rigure 20. Variable Frequency Motor Drive
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IAIAL. G

AC INDUCT ION MOIOR PLRtORMA.%,;I DLiUIN(. STARTUP

S [ voltag•(e Specific I or 'Jue,

S ' h - in.-Ib/amp F If tiL. iency,

Frequency, Current, Tlorque.' Speed. Power dultae Sp t/

VoltIge Hz ijmp I-''. rpm F Factor V/H ITheorel ical Deslqn Per cent

20 29.2 72 370 0.87 L.5 5.9b 2.466 41

15 30 2b 72 720 0.83 0.3 4.38 2.769 ()4

45 100 26.2 72 2820 0.8 0.45 3.24 2.75 at

85 200 27 72 5100 0.79 0.42S 2.953 2,67159

100 251 28.8 72 7500 0.79 V. 59 7 2.74 2.50 90

102 255 28.5 72 7450 0.795 0.4 2.759 2.53 90

IALI L 7

AC I N•XJC1 I .JN MOT OR LOSSt SI

Condition Losses, Watts

Frequency, :', -ur, Stator Rotor total STRAY

Voltage Hz Watts rw p rv, Coppur Copper Co, e (St.jol Copper 1 1o01AI

10 20 309 250 38 250 3 2"1 16 4b2

15 N0 6(55 18j 20 237 213 7 27 484

45 '00 2501 180 b 191 161 311 8i 4 72

85 200 4923 200 3.3 Ib.' 100 IO 148 bOl;

i00 252 6266 12t0 5.4 251 2.15 115 190 758

102 255 63411 1200 2.6 20b 215 12C 19C 731

RUNNING CONDITION AT LOAD 'GINIS

Power Totdl Losses

1492 59t
(2 hp) 1'I 79 percent)

2238 491
13 hpi I'" 82 percent!

2984 485
(4 hp) 1'I 86 percent)
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1 11 rký, 22 th t.)u9i 24 ',how ihe h er ul-. ,%of thurmjl oiO y, of ihe
motor shown In SK71008. The analytical thermal model Included the heat sink
effects of the actuator and the aircraft structure. The thermal model of
the structure was determined from a typical installation for tlhe F-100 aileron.
The analysis indicates that the actuator duty cycle Is not severly limited
by the environment except for ground operation on a hot day. However, since
this condition represents a checkout operation, the 40 percent duty cycle
limitation may not be an over-riCing constraint.

100 - (
LIMIT

AC MOTOR
L0 O MIL POWER DASH I

SEA LEVEL

z TSINK

60 i
,, tOTOR CONDITIONS: -

N - 7650 RPM"'J o~ I
'iU I .I / ' WAI 1s • MALti)

>-40 -ACT -3133 WATT (TOTAL)--tf

I20

I

0 100 200 30G 400 500

MAXIMUM MOTOR TEMPERATURE. )F

F igiire 22. Motor Thermal Analysis for MIL flower Dash
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5.2.2.4 Controller CneracTerislics

5.2.2.4.1 Servo Design Considerations

Servoloops may be analyzed using frequency or time domain analysis tech-
niques. For a frequency domain desion, the specifications are usual ly given
by gain ,argin, phase margin, peak resonance, and bandwidth. These criteria
are related to time domain specifications such as rise time, delay time,
ýaet1liiig time, a.r:d overshoot. Two common nethods of stability analysis and
desiqn ar3 the bode diagram and the root locus. The bode diagram Is a plot
of gain and phase shitt versus fre.4uencv. It is obtained from the loop Trans-
fer function by replacing S ty j.,, where o Is the angular frequercy of excita-

i On. The root locus is an S plane plot of the locus of Ine po!es of the

feedback transfer functionr as the loop gain i5. increased from zero to infinity.
The main advantage of the bode diagram is ease! of use, and of the root locus,
the ability to clr-sely, estimate `h,5 loop time arG frequency responses directly
from the S-plane piot.

A proportional type control system deveiops a correcting signal that is
proportionbl tQ the magnitude of the actuating signal. If the rate of change
and magnitude of the error signal is detected, the system is a proportional
plus rate system. The proportional plus rate system may be realized with a
simnr!e L!ad network. The main ad inteages of this system are faster response
and high accuraci. A pripo.-tiona: plus integral compensating network may be
a more desirable system, and can be realized by using a lag network. This

,'.•i z.. ... . a.. net+w rk with hint-, Arriiracv.

The steady-state 3t the feedba;ck control system may be determined
by c(.mp',tiig The positi- , vlccity, and acceleration error constants. The
errror constant is defined a_- the desired output di,'ided by the steady-state
error. The steady-state error is the error in dicplacement at the servo loop
output die to a step, ramp, or acceleration ;nput. If a pure time lag exists
in a servo!:ystem, the output will not begin to respond to a transient input

until after a giv-ýn time interval. Because of the time lag effect, the trans-
fer function of the system is not a quotient of polynomis!S: it consists of
the term e-TS whr-ere T denotes the tVne lag or transportation lag. For _
servoloop w'th transport delay, the compensatior network may be designed
with two parts, the first part to canoel the effecTs Of e-TS and the second
par 'o equalize the controlled system without dealay.

1he servo techniques discussed aoove can be used with both analog and
digital controller systems. For an analog system, the input-output relation
of both paris of the system can be described and analyzed with the Laplace
transform and the bode diagram. For a digital control system, the motcr
controller is considered to be a closed-loop sampled data system. The digital
system can be analyzed with the Z transform. The loop zompensation network
can be reallzed with a digital filter. Use of the b'linoar transform allows
digitai control',er design using the Bode diagram method.

For the analog system, the compensation network can be realized Oith a
simple resistance and capacitance neTwo-rk. lhe circuit bynihŽsi,_K can be
obtained by equating like coefficients of the transfer function of the RC
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netwcerk with tý a transfornm fur--tlon of the proportional plus rate or lnteegial
system. For a digital compensation system. the digital filler can be Imple-
mented with either the recurs~ve (feedback) or nonrecursive method. The
advantaaes and disadvantages of both methods are listed below.

Recursive Filter

Advant ages~- In f in Ite manc~r V, f ewar terms to descrlIlbe a sh arp c Utof.I

filTer, and more conhplex processing capability

Disadvantage--lnsufficient word length may cause Instability

Nonrecursive Filter

Advpntages--.Excel lent linear phase characteriktics, and no stabil it,.
or limit cycle problems

Disadvantacies--Large number of terms required for zharp cutoff filte

5.2.2.4.2 CurrentLimitin

C ur ren t i m it con tro 1s provv . e needed protect ion f or t he motor an d the
semiconductors in The povker unit and limit the electrical Jeaiand trom ine
power L'us Two com-mon Ilv u sad c ur ren t IIm it t ecýhn iques ar e thle sp i 1 ! over -3rd
the current minor loop muhlod. lo the ý;il lover current-i mi i circulit, tt~.e.
armat ure current i s compar ea w ith the i im it po int valIue I limit. When the
armature current I . exceicds Ia i m it , the error correct ion s I gria I cI-inges
in the~ direction t:) decrea~e the ctirrent. This current-limit circuit is
implemenited In a minior feedback cont.-cl loop. The correction sigral is scaled
such thdt the magnitude of the change is proportional 10 th~e amount by which
l. exceeds la limit. If the gain of the limit circuit i5 high, the circuit
may be unstable in limit. Over-;hoot is also a design consideration foc this
approach.

A tighter control over armrature current is provided with the cucrt-ýni
minoir-loop approach. The current minor-loop method is a contitiuous ieedbe.CK
system that prevents ove-shoot by claiyrping the err-or and the rate c. hdq:
of the error to edjustable valjes. ihe mett'od is implemenled by inc,ýrpocat:mIg
a zener diode :uf,-,nt irrit cla p around ti-, error correction amplifier in
conjunction with a curr,%nt rate-cit-c~i~nre limiter in the fortward path of tt~c
servo l oop.

ti.2.2.4.3 Pow.ar Switch-Selection

The switching device!s in the commutator may either be sii~con co~iirol
rectifiers (SCRl's) or transistors. In either case, the devices have dicdca
connected across them in inverse parallel. Unt i !recentlIy, most coianutators
have used SCR~'s as the switch~nq element because they were the only dev-ces
availahie with the necessary high voltacie and cur-rent ratings. One of ttio
drawbacks in using SCiR'b is the requirement for a comrv-utation circuit to
turn off the device. Figure ?5) shoks a Typical SCR t-o-mut-3tion circuit.
The AUX KCR is turned on and discharges the capac*ior to provide a reve-se
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b!as in the maln Inyristor. Th. turnotf time is proportional to the size of
the ccirnutation capacitors and the vollage to which they are charged, and
inve.,sely proportlonai to the current to be commutated. Darlington transistors
with high -oltage an( curr3nt ratings now provide an alternative In the design
of the power stage of the Invertor circu;t. The Darliagton circuit (shown in
Figure .b) produces a power ýfage that is significantly smaller than SCR
commutators in sl's and weloh+. PWM requires that the switching transistors be
operated at a frequency several time• nigher than the signal frequency; switch-
inq losses !n SCR's be,-ote app:-eciable CT frequencies above I kHz, wh"le the
ODarlington trar.nstors can be operated easily to 20 kHz.

5.2.2.4•,4 Brushless Dc ,utor Control

The torque in an elect, ic motor Is produced by the interaction between the
-iagnetic fields in the roftor magnets and the stator conductors. The axis tf the
magnetic field c.-tablished by the stator curren+ is displaced ar some anga6

I ¶
DC OJ$I

TO M1TOR
------ 1 , _w1.0INGS

I I)L AUX

'3jre 25. S'R CMomutation Circuit

TO MOICJa

TRANSIk!TOR CIRUIT

g jrt 2u. transistor Ccrmmutaiion CircuiT
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from the axis of the rotor flux f~eld. The torque generated by She iiteraction
of the two fields Is given by

T x i FpK BPKLr sin 6

where T = torque

FpK = raximum stator M44F (assume sine wave)

BPK = maximum air iap fluA density

L = rotor length

r = rotor radius

6 = angle 'etween slalor MMF and rotor flux field

To maximize torque. 6 must be maintained close to 90 deg. in a brush-type dc
m•Žtor, this relation i, obtained by the position of the brush axis with respect
to the rain rotor axis. In a brushiess dc motor, this relationship is con-
trolled using a rotor position sensor. Therefore, torour :ontrol corresponds
'o controlling the magnitude of stator current for any fixed value of6, the
angle ttwccn th•S taor and rotor m4nrt ir fields.

The stator consists of several discrete staTor windings. Current is
supplied to the proper stator windings by ar e!ectronic conmnurator, as a
function of sensed rotor position. The cOrnlutitor consis t s of soiid-state
switches used to connect selecied st for 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 of the dc bus
voltage (Reference 10). Fcr the 3-phase stator winding being considered,
tli, switches are conducting at any one time; every 60 deg of rotation one
switch is turned off and a new one is turned on to obtain the required current
pat.ern and resulting rntating magnetic field in the stator. The rotor position
sensor coliro!s the limits of the turn-on and turn-off poin-s of the commutation
switches to provide the maximum torque per amp (6 = 90 deg). The duratio, of
switch on-time provides the control of current maqr.itude nicessary 13 control
output torque.

Tie use of a digital shaft encoder wIII simplify the i. 3chine-circuIt I
interface. For example, absulute opt:cal enc,'der! are availablt which reculre
less torque to i-rn tfle shaft; operate faster than mec lniral etiroder•; provide
long liie; and exhibit a memory such that power outage; will not affect the
output when power is restored. In the br ;hless a, motor, the torque Is con-
troiied by ddJuýldJ' ar'jc current •uppllied through the electronic com•nutator.
Either phdk (a,) control or PWM techniques may be used to genera'e the renuired
voltage. A coil will be req i.ied as a smoothinq reactor tc suppress the ripple
current of a phase control circuit is used to generate the voltage. Figure 7-
is a functior!el block diagram of i dc drive system. Its basic features are:
{ dower circuits an,! line isolation technique ident.cal to ac drive. (2)
PWM control for a simplified vollage control circuit, and (3) adaptable to
digi~ai implementiti3n.
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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 field Is produced In the stator with angular speed

WS =P , where P is the number of poles and flux s = W. If the rotor speed is
N•, the slip speed will be~ud =w S - 'R"

The difference in speed between the rotor conductors and the rotating magnetic

f ieId generates the rotor voItage VF( z 0sd. 1he rotor current will be

Vr

'R = (WdLr)2

where R = rotor resistance and L = rotor reactance. The rotor flux Is givenQS I'd I - 1 d L r
byOR 0 1 The rotor flux lags the stator flux bye = + 4* tan -dr

and the motor torque is given by r

T 2 R2 wdRr

T -) R + (wdLr)
2

r

The torque is dependent only on slip "d In the constant torque speed range if
V
- Is held constant. wds kr/Lr is defined as the breakdown point. Operation

below breakdown 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 flux is maintained at a level high enough to
prevent satiration. The d!rection of slip relative to the s+ator determines
the direction of power flow, while the voltage determines the level of torque.

A functional block olagram of a variable-voltage. variable-frequency ac
drive system is shown in Figure 28. Salient features are:

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

(b) High-voltage m3de for increased efficiency

(c) Darlington transistor commutator to simplify turnoff

(d) Use of optical couplers to protect the control interface

(e) Torque control with slIo(p I constant) to minimize heating

(f) PWlJ. drive for low harmonic content

(g) Digital implementation for versatility
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Inverter circuits are generally employed to generate the desired excitation
signal. The inverter circuits associated with a variable-speed ac drive may
be classified Into two groups: (1) amplitude modulation or (2) PWM. For six-
step amplitude modulation, the line-to-neutral applied sine wave signal is
approximated by a six-slep waveform. A phase-conirolled dc source or a chopper
may be used to generate the dc source required for the six-step modulation
circuit. A smoothing filter Is required to minimize the beating of the moTor
currents caused by the difference in Inverter output and the rectified line or
chopper frequency. The use of the chopper with a full-wave bridge will produce
a faster voltage response due to the smaller LC filter time constant.

The PWM inverter is a simple control circuit that generates both frequency
and voltage. The output voltage waveform is a constant amplitude pulse train
whose polarity changes periodically to provide the motor fundamental frequency.
The magnitude of the fundamental is varied through pulsewidth control. The
inverter is modulated to a sine wave envelope, and the modulating frequency
Is set high enough to be rejected by the motor.

When induction motors are driven by PWM invarters, both the magnitude and
frequency of the harmonics must be carefully controlled. The presence of large-
amplitude harmonics will increase motor heating and peak currents and ray affect
torque production. The harmonic contents of the PWVI waveform may be analyzed
with the Fou, ier series. Figure 29 shows a plot of the Fourier coefficient
of a 5f waveform. From odd-half symmetry considerations, the even harmonics are
zero. Trap circuits -.ai-n be used to reduce the eleventh and thirteenth harmonics.
In general, as the number of pulses approach a large number, the harmonri.
contert approaches the value for an equivalent square wave: one-fifth for the
fifth harmonic, one-seventh for the seventh harmonic, etc.

PWM harmonic control schemes may use a carrier-to-signal frequency ratio
which Is either fixed or adaptive. The harmonic content in a flxed-ratio system
will cause losses and unnecessray temperature rise. In one adaptive modulation
scheme, the numuer of pulses per half-cycle Increases as the signal frequency
decreases. The pulsewidth is then varied to obtain voltage control. In a
second method, the carrier is identified as a triangular wave with a fixed
frequenry. Both the amplitude and frequency of the sine wave is varied to
generate the inverter co,,trnl 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 bCR's are used.

5.2.3 Tradeoffs

5.2.3.1 Motor

Tne comparison of the motor performince is presented in Table 8.
The thermal management characteristics of the two machines are described In
Figure 30. Tne allowble duty cycle for the dc machine is higher than the
ac machine because of the higner efficiency and the preferable loss distri-
bution in the stator. A minor consideration in favor of the ac machine is the
relatively lower cost compared to the dc motor. The magnet material and the
rotor construction costs are more expensive than for the ac rotor. Ihe stator,
end bells, and housines for the two motors are very similar in cost. Total
system costs wi;I be very similar when including the actuator and controller.

46



SII

AFFOL-TR-76-42

100

80

GENLRALIZED WAVEFORMS

I IFUNOAMENTAL

0

1 40

30

a o :, o4 50 60 70 80 90 o

202 , o

HAPi• ONIC CONTENT, PERC[.NT ,-.,,M

I i' 4 ui .. + *9• I;;:1,:• ,r . ,1| .J : l•t il: -I' J . +ln¢•-r Ir

t25TH

10/

(,,,t+ t 7 t~ I•',",l

1\ 20 /0 5 0 7 o 9 o



T

AFFDL-TR-76-42

1ABLE 8

MOTOR COWAR I S•N

Ac Brushless
Parameter Motor Dc Motor

No-load speed, rpm 7643 9200

Motor accelerator, rad/sec 50,369 35,510

Current limit, amp 30 29

Actuator gear ratio 573 670

Maximum output acceleration, rad/sec2  53 53

Outside diameter, in. 4 4

Overall length. in. 8-3/4 7-1/2

Welqht, Ib 19 18

Rotor diameter, In. 1.5 1.5

Rotor length, in. 5 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 flexi-
bility, versatility, and low cost. The hardware desiqn can be fixed, while
the functional characteristics can be tailored to meet modified performance
requirements. The microprocessor motor control versatil!ty is further II;us-
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
fault isoiate is an additional advantage. The implementation of control for
the ac and dc motors is summarized In Table 11, which shois the similarities
In the basic drive requirements for the two approaches. The quantitative
method of handling these requirements Is accomplished by software changes for
the microprocessor as opposed to hardware changes for an analoq servosystem.
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Figure 30. Ac mnd Dc tiotor Themal Mianagement Comparison

TABLL 9

COMPARISON OF CONTROLLER TYPES

Advantaqes Disadvantages
Analoy 0 Simplicity o Precision components

required In ftedback

1c,-

e Nut cidaptable to changes
In system requirements

* Unreliable

Microprocassor # Versatility a Software design requ!red

"* Simple hardware

"* Adaptable to failure
and redundancy
mopitorlng

"* Adaptive servo
capability

"* Cost Competitive
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TABLE 10

COMPARISON OF DRIlU SYSTtI4

-rushless OC Drive System PC Drive System

Sensor Angular position Intor Sheft angle revolution
Requirements required - digital code with frequency and aplled

magneti:- or optical coupling voltage Informatloii to
staetor

Modulation Variable dc may be generated PWM Inverter Is an effl-
with PWM or phase control clent means of gefterating

a variable voltag6 and
frequency in a single
circuit

Power 0ircuits Transistor preferred with SCR requires torcec com-
PWM control Lecause of high mutation circuit to start
frequency switching

Performance Wide range oi speed control Compirable to dc motor if
with voltage control; current slip is constrained tc.
S!!!t used to reduce stator values Lelow breakdown

I 
he at ing

Microprocessor Simple software and hardware Simple hardware - slightly
Control control more complex software than

dc controlle,"

TABLE 1I

SIMILARITIES IN MOTOR CONTROL CONCEtPT AiP"PLICATION

AC DRIVE

* Conitant torque
* PWM or amplitude modulation
e Torque control with slip and current
* Adaptable to digital Impiementalion

DC DRIVE

* Constant torque
* Phase control, chopper, PWM dc source
* Optical, magnetic shaft encoders
* Commutation approach adaptable to digital

implementation
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5.2.4 Selected Drive Aproach

The selected drive approach for the hiinge-line actuator is a dc. brushl'iss,
permanent--magnet motor controlled by a digital microprocessor. Ihe drive
systemu selected for preliminary design Is summwarized in Table 12. A schematiLc
ot the selected 3rive systemn is presenled In Figure 31. The features listed
Irt this figure emphasize the versatility of the seleclea approach, which Is
t1he pr~ncipal consideration in selection ot the nii(ropro'-essor tot a primi.y
flight control com'ponent.

5.3 ACTUJATOR ELIMEN1 OT~IIONS

5.3.1 Initial Screening

The options tor the mechanical elomeonts ut an actuator are 51viwrn in figure
32. The linear actuator ;s eiim~ndatd from turther considermtion hecause th~e
baseline design app~roach (ground rule) Is to be a rotary, hingu-lint; actuayor.
Within the general catogory of actuators havink, a rotary outpUt, .here are
many implementation techniquos. A c-oftinuous-ruflniflg electi Ic arive can' be
riechanically control led to provide variable rate ON~ use of intermittent CiutCh-
Ing (spring, electromdgnetic), or by use ot continukouly variable toroidalI trbnsmission type drives. Intermittent clutching devices are eliminated troni

th td because o# se-rious limit~ilons of life, repaaitability, and reliabillty.

IAI3LL 12

DRiVIL SYSTEM i-OR PRELIMINARY OLSIGN

1. PROGRAMMABLE MICROPROCESSOR CONI ROLLER

2. EMPHASIS ON BRUSH LESS DC MOTOR CONTROL

3. DIGITAL FILTER COMPENSATION

4. NON-ADAPTIVE PWM CONTROL

5. OPTICAL. PO.Uý_TJON AND FREQUENCY ENCODERS

6. TRANSISTOR POW!ER SWITCHING

* 7. USE OF CURRENT AND TEMPERATURE MONITOR

L~USL OF AIRCRAFT( PARAMETERS FOR TORQUE LIMITING
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4 2

even though they may provide good frequency response. Continuously variable

output devices using constant running inputs Include the toroidal transmission

one the opposing differentia! types. The toroldal transmission (sý,o~n in Figure

35) is not included as & principai candidate because of the limited Ile of
•he rolling m~chan~c- elements and low frequency response capability -'see

Appendix E).

A direct-drivo servo offers both reversible and nonreversible operation.

The high-efficiency reversible approacn is limited to appl~cationf where

redundancy of actuation is nCT reqjired. The irroversible approach using brakes

or no-backs for pos4 ,ion holding is superior to the low efficlencý approach

because less power is consumed in movinq the surface, and the surface is

positively locked even in the presence of vibration and periodically reversing

loads, which can causo an irreversible geartrain to creep. The mosi promising

actuation system elements are therefore:

Actuator Type--Rotary

Drive Type--Cirect-drive servo

Geartrain Efficiency--High (>50 percent)

P~ciHinn _Nllinn--W~tnr brake (used on servomotor to lock a stanldby

AS HIGH AS 190 1 A 0z IN

AVAIL. 0 -A% IFF ------

3 PLCS

c-B\ - -- - -~ --- 3STus

-J (, • -/ I I 1 . / I -- /,4..•

Tou •'. r, 3 S'! _ . .- -

3iqure '. Harmonic Drive
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5.3.2 Com onent Chdracleristics

5.3.2.1 Rotary Actuator

Tha characterislics ot a p!ankitary geared, rotary, hinge-line actuator
of the type shown in ; gure 34 are presented in ;ig,,re 35, wi rrla tes
weight, torque, spring rate, and cycle. Ilia to the actuatc, diameter. For
erxample, the 4-in. 0D actuator Sized ior 37,500 in.-Ib torque and 100,000
life cycles will have the following characteristics.

* T!-que per unit length: 6,000 lbt-in./in.

a Spring rate per unit length: 600,000 Itf-in./rac-ir.

* Weight per unit length: 2 lb-/'ir.

The lenglr of the actuator is obtained by dividing the specific torque
v8!ue into --he ioad torque required, as follows:

Actuator Icngth = 37 500 I"'-" = 6.25 in.

Based upon this iength, the other characteristics are determined as follows:

Actuatcr spring reTe:
oDf-i r.If,. i

600,000 - X 6.25 in. 3.75 X 106 bf-,r..

rad-in. rad-

Actuator weight:

2 Iur2-t. W. u.? :. I".i lbb".

Tre parametric data are extrapolated data from the following aircraft systems
which use rotary actuators.

* F-16 leading edge flap

* 747 leading edge flap

* SST f I ap

* B-I bomb bay door

A harmonic drive of he type shown in Figure 3, .
the 37,500 *2~.f~~cc~.z:'~~'~ea~~~" ~-*~

-7'.zre : C1 % c:a -actc, s,! tic, of the r'arronlc r' .e '"r : 1 ' "
actuator. Also in..luded are cataloc data obtained for a pancake hirmmni, I i e,

1
I
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AIRCflAFI
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OUTPUT
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Figdre 34. Hinge-Line Actuator
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2. '.1OiL;OX IN LIdI •I

Tyr.

: 3.~~30 P.D. •-'

4 IN. 01A

Figjre 36. Harmonic Drive

TABLE 13

ACTUATOR COF4PAR I SON

Planetary Pancake
Geared Harmonic Harmonic

Characteristic Drive Drive Drive

Diameter, In. 4.0 4.0 4.33

Length, in. 6.25 8. 29(1)

Weight, lb 12.5 13 85(2)

Volume, cu In. 78.5 104 421

EffiLiency, percent 90 85 53

(1) 36 "pancake" slices in parallel
(2) Configuration is not weight-optimized for aircraft application

\ --
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5.3.2.2 Velocity Summing Differential

A velocity summing differential Is required when redundant elec+ric motor
drives are used. Since the actuator provides a gear ratio of approximately
250 to I, the torque rating of the differential is a follows:

37,500 Ibf-in. t 150 Ibf-in.
25-•

The resulting weight of the mixing differentiat is 2 Ibm. Addeo to the actuatoe

weight, the total weight ol the mechanical drive is 14.5 Ibr,.

5.3.2.3 No Backs and Brakes

A no-back Is a device tha t allows power to pass from the input to the
output with high efficiency, and which acts as a positive brake to prevent
powe 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 of operation determined by the input and
output torque falis in the cross-hatched area of Figure 37.

(b) The !!,ut miit hA driven to Drouuce mcltion at the output.

(c) A friction drag Of I to 3 percent is experienced when driving an
opposing load.

N k
' /

"%.7

I'

L -

I -

-•-~ i=: I .. Mec.-anical No-Pack (Tharac-teristics

.,5
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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 coefficient of friction.

A no-back is used in a system that primarily performs a trim function. This
results in less motor heating because the no-back holds the load. In the
aiding load mode of operation, the motor Is only required to orovide suffi-
cient torque to unlock the no-back.

The principal methods of achieving a no-back function are divided into
the following classifications; some are Illustrated in Figure 38.

Irreversible compGnents

Thrust collars

Capstan Coils

Ramp (load weighing) activated no-backs.

Components such as screw threads and gearing achieve irreversability by -

a 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 disadvantage.

The thrust collar device is based upon the principle that an axial (or
eqjivalent) force produces sufficient friction at the thrust collar to prevent
back dt iving. In the OpDOsing load mode, the thrust collar is allowed to
ratchet, and thus nullify the friction torque. The principal disadvantage of
1ho thrust collar type of no-back is that the power demand from the motor
during aiding load operation varies with the coefficient of friction on the
collar. Therefore, the aiding load usually sizes the power unit rather than
the opposing load c.i•e. A po~er penalty results. The capstan coil device
is generally no, used ftr application' requiring energy absorption. The heat
generateo by friction occurs in limited small surfaces and complicates the
thermal design of the unit. The simplicity of thf device is attractive for
parking-brake applications (non-energy absorbing).

Thf rwip-.c,ctivated no-back is shown ir Figbre 39. Schematics of thE
no-back are shown in Figures 40 and 41, wnich show all normall9 rotational
mortion conerted to linear motion. When the riotcr crives the load, the ball-
ramps are in phase, and only the small bias brake is engaged. The bias brake
ýerves as a damping device to achieve jitte--frec Qp6r-t!on d-rr-• tid!ng
load conditions. Figure 40 shows operation of the device when tho output
attempts to :r!va the input. Here, thj ball-ramps becone out-of-phase, apply-
ing braking forces unon the disc brake assembly and dire0iing all tcrque to
the outer fixed housirg Structure.

\,,,59
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MON ENEPGY ABSORBING

" CAPFTA!VCOIL

"* IRREVERSII.'LE COMPONENTS - GEAR BOX 1?-- 50%; WORM GEAR

"* THRUST COLLARS --

POWER SIZEO BY
AIDýNG LOADl

BRAKE SURFACE
ONE-WAY RAACI4tET

ENERGY ABSORBING
0 LOAD WEIGHING

HIGH EFFICIEK*:Y > _
rEN':RGv ABSORBING 0.9
NON-CHATTERING

U
FIgure 36. Mechanlcal No-Beck.

INPUT DRIVING AGAINST AN OPPOStNG TORQUE

NOMFNCLATURE'IL i""'

1. LOAD BRAKE SPRING OUTPUT/r] ,,-INPUT

2. LOAO RjAKE TOPEl~CU' TORQUJE

DISCS-RO,,ATING -.

Pi ATESSTATV:NARY
3. OUTPUT RAMP

4. DRIVE DOG~S
5. INPU-i RAMP6. CONTROL BRAKE PLATE r0_, I7. CONTROL BRAKE SPRING '

J. LOCK PIN7.
9. RAMP

t:!puro 39. faI I Pd'mD Type 3f No-Lock
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I I I .

CONTROL BRAKE
FIXED SIAS BRAKE (1 1%)
(OPi I ONAL I

OUTPUT FORCE. INPUT
OPPOSING FORC

(100%)

</7~~'/ , - '", ~;INPUT MOT ION

OUTPUT MOTION

Figure 40. Energy Absorbing !Jo-Back; Input Driving ajn PYDosmrl Load

CONTROL BRAKLE

INPUT FORCE
OUTPUT FORCE>.IS TA %

F igure 41. Fnu-iqv AL. sor-' nq 'io-!Fac k n,,ut tDr-i vi nq in Aid incq Load
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5.3.2.4 Load-Limiting Devices

Two approaches to load limiting are considered: mechanical and electronic.
Mechanical load-limiting devices are sensitive to variations in coefficient
of friction due to wear, temperature, and velocity, and exhibit wide tolerance
in meeting load requirements. The load limiter should be placed at the input,
where torque levels are low, red,,cing the weight of the device. This requires
that the device have high sens!tIvity to conducted torque and a narrow operat-
ing tolerone band. The characteristics of the unit are also a function of the
output gear efficiency. For example, the F-100 aileron has a load limit of
150,000 ibf-in. torque and a minimum load requirement of 132,000 Ibf-in. The
hydraulic actuation system uses a load relief valve across the actuator to
limit the control surface hinge moment. 1he characteristics of a mechanical
device to provide the required load limiting of the F-100 aileron are given
in Figure 42. The curve shows that a minimum output gear efficiency of 94
percvnt and an input drive torque of 141,003 lbf-in. is re'uired to provide a
132,000 lbf-in. torque at the output. The curve also shows that a back-driving
torque of 150,000 lbf-in. operating through the 94 percent efficient gearbox
yields a torque of 141,000 lbf-in. at ihe input. For this case, therefore, the
loaJ limiter must hold full load up to 141,000 lbf-in., and then provide full
release of tha load at all greater levels of torque. There is no tolerance
band available vor maiiufacturing or other variations. For gear stages that
exhibit higher efficiencies, a tolerance band exists. Current limiting of the
motor provides a torque limit applied to the load. The current applied to a
motor can be accurately monitorea ann confruiitd. The to,•u6 ganar,•,d for a

particular current value Is not affected by the operating temperature of the
motor, and is therefore predictable and repeatable.

5.3.3 Tradeoffs

The hinge-line actuator configuration selection is made on the basis of
weignt. The differential planetary geared actuator is the lightest in weight
and has the smallest volume, thus easing installation and structural interface
problems. To select between a no-back and a motor shaft brake to hold a load
requires a definition of 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 frequencies of 2.5 Hz or
less. At higher frequencies, power from the motor to the surface is required
to achieve tne desired surface acceleration. If electric I regeneration is
not used, an energy-absorbing no-back could be considered as a means of load
holding and also braking of control surface. As discussed earlier, thermal man-
agement during periods of hiah loads and duty cycles is a major design problem.

5.3.4 Selected Actuator Approach

The baseline configuration for the actuator Is tne differential compound
hinge-line geared unit. For applications requiring redundant power inputs, the
actuator will include a planetary differential for velocity summing of the two
motor Inputs. Aiso required when using redundant drive inputs are separately
excited dc brakes for redundancy management. The brakes are provided to hold
the motor shaft stationary in the event that the drive channel is determined
to be inooerative 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 fr!ctlon heating In the disc

plates. Figure 44 shows the limitation of the no-back related to the example

problem statement. A transient condition of 100 cycles at 4 8.5 deg can be

hann!ed by the thermal capacity of the rio-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 from the, unit as heat. Within

these operational constraints, the brake plate temperature wýll not exceed

4600 F. The weight of the no-back Is based upon providing sufficient surface

area for heat rejection during steady-state energy dissipation, and to provide

sufficient mass to accommod&÷e transient friction heating. The size of the

unit Is larger than needed to handle the 1150 ozt-in. braking torque required

6t the motor shaft.

By comparison, a motor brake is not designed for power dissipation. It

Is designed for holding torque. Fur this reason, motor brakes will aenerally

provide position holding at a lower weight penalty than the use of 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 same pcwer

circuit tVht operates the motor. A short time delay can be built into the

brake coil circuit to hold it in the off position for a period of time follow-

ing motor shutoff. This feature offers the advantage of increased brake life.

A par. of the fault drtection and Isolation circuitry also can be used to con-

Tinuuusiy lil; th; t ake O•f..... .. .. ...... .. Ser C. r itc Ara Active. When

the fault monlt-ing logic signals shut down a drive channel, the braKe would

be actuated on. If energy dissipation is required, a combination of regener-

ation and motor brakes may have application. This must be considered in

conjunction with duty cycle and total energy dissil ited and regeneraled.

II

Figure 44. Thermal Capabil!ty of Energy Aosorbing No-b&_k
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5.4 RELIABILITY CONSIDERATiONS

Blecause all actuat!on systems have a dogree of unrellability, It Is necus-

sary to es~ablish groulid rules by an Iterative process of evoluating acceptele
and unacceptable failure modes, and resulting falure effects. Some flight
control surfaces are nrjre important to safe (get-home) capabllit' of an air-

craft than others. For ex&nple, complete loss of rudder control will not

,indai•uer the safety of the aircraft, especially if the conirol surface fails
centered and lo.ked, because minimum yaw control can be achieved using aileron

control. Therefore, the significance of any single failure must be evaluated

based upon (1) the probable condition of the failed control surface and (2) the

degree of d&rcraft controi lost due t... the failure of that surface. The condi-

tion of a failed surface could be (1) fail trail, (2) return to center and lock,

(3) lock where failed, or (4) actuation by an alternate control mode at either

full or reducea capability.

Allowable failure modes are determined by the criticality of the control

surface to provide the get-home (or safe) operation of the aircraft, and the

basic mission requirements. Particularly for a military aircraft, the require-

ment to accept at least one control system failure and still provide full

control indicates a dual- (or even triple) redundant system approach. This

redundance can be provided by selected combinations of redundant control

signal paths, multipowered actuators, and split or multiple control surfaces.
ri..- ~is6r.p!a 4Thaa! !rons of the F-1Ml are spl!it ! n to a.' !nboard enud 5n AaLkthnoA-rc

section. These two sections are coordinated mechanically and driven by a

dual tandem hydraulic cylinder.

An alternate concept is to drive each aileron panel of Thv F-IO0

from a separate actuation system. In normal operation, the inboard and oui-

bord panels are drien by common input commands and panel motion coordinated

by the servo control. In the event of a control system. failure on one panel,

adequate control Is available from*the remaining three panels. This type of

split control surface redundance is ideally implemented by electromechanical

actuation devices. The actuation hardware for a particular cotnrol surface

does not Interface with other surfaces; all control interfaces a.'e 3lectr!ral.

5.4.1 Approacn

Reliabllity apportionment and rejundance provisions are determined based

upon the ground rule that an aircraft must be capablc of getting home after

a minimum of any one failure in the total flight contrel System. To maintain

a cost-effective, operational system. minimum redundancy and/or backup pro-

visions are Indicated. Therefore. it is necessary to define which elements

of the control system must be backed up and to what degree. Table 14 lists

typical control surfaces of an aircraft, the criticality of the control surface

to the aircraft safety, and methods of providing backup for required functions.

ActIve-standby redurndance Is assumed for all backup systemws. It is unrealistic
to expect the pi~ot to perform remedial action (switchover) and/or to activate
redundant control systems following a failure.
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TABILE 14

TYPICAL CONTROL SURFACES
AND BACKUP Rl.QUIRLD

T- Pe- tormince
[Srtc CoIIy-ol Providjed/ Probable Re~quired,

SSurface Criticality Failure Mode fur Safety ltl-kup Option

Loading Pertormaice Improvo- Unstable, Lockup 1. AI il eate 3d t dt-
edgu flap ment, not critical tee-running t ion sou, ce

2. HetLrn Sur t ace to

neutral and lrock

with auxiliary
con+reI

Flaperon/ Roll (lateral), Trailing S*atle, 1. Use surt-ace on

4ileron Critical re.turn tf neutral and lock
IleulraI wi Ih auxi Ilr

ctnt, ol

S. Split COntr olI
fu' t aCes

II o . I I c pabLii I ity

bdckup Jctuation

STrailing Performance impr oe- Tr ai I i n,j j l l (n). 1 None
eugo t lip nrent. rot critical Iu .t

. Alter lit�i. r . tjc -
tiojn ,c~urce

Horizornt l 
0

itC' ( I lon qitudi- Traj I irrq St l-.l•,l Il C)p3 ilit,, I
nalI) Cr it i cr'I r lur •, •a',C:. t.;•iti rv

neut r l sv Strm

2. SDI i t Cot-Oi
• ur f j, k-,

( stati Ia

Rudder N aw rdi'ect ional Tra t n, e 1, I o*'t
c r i :,lr t- , i r l

n,?u t r j
• A I t e'r n,i t t? a,: t .. •

00*)tor ro'or inertia j..•i. " in -lh-i et ele . t t1), l, u"n•.r ..- .--- r

tauivaIent to a -lamDtr wei c". j3 44 Ir a t j "- .t, ot , i t•. ,•, .. , hi'rr 'in,'

I I I I I I I I I I I I I I I I I I I I
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T) implemeint the use of an altern;,te actuatlon system (redundant Caff-
ponents or backup sy~ters) req~uires that a failure be detected and Isolated.

instrumentation usually availahle as part ot the servoc~ontrol feedback Is

Used to determine adequate systemr functioniing. Independeni sensors and/or

additional performanlce monitoring oevik.es may be required to satisfy built-

in-test equipment (BITE) requirrements and to as serve operational fault

detectors.

Mechan,zation of redundant mechanical Arive channels may be handled

in several ways, as -,~own in Figujre 45. For exannle, I method of mixiag

multiple actuatý,r drive inputs for use at the co.itroi surface Is to use a

velocity 5tninng device such as a differential gearbox. Since both motors

drive at ail limos, the output fiomn the differential is~ the swui of the input

velocities. In the event of a f~il'Jre in one -,rive channel (ntot in the

differential), thq differential Output velociTy is reduced to one-halt. while

'ho., c..+,.., t,-.rque rww'~in5. uanrhnoed. To maintain output to' cus during this

mode of .4;eration requires tha! the input to the differential on the failed

sioe be locked. This is implemented by eithe- a mechanical no-back or a motor

br ake .

5.4.2 Requirements

The reliability r~equiravrents and goals for an ele-trtAimechanical system for

Drimary flight control surface actuation a-a Lasel upo.. known data of aircra~t

oper-atiuns. Information relaTinc aircr3ft failk.-res io tne control system and

the :%ctuation system is summarizt.- in. Table 15, which sn-ows a total failu.-e

rate of nearly 9 X 10-6failures per hour for lighter air-craft and a min'imum~

rate of 1 X 10-6 for the 680j, one of the most recent fiy-by-wire aircraft. To

be compatible, therefore, a goal for the electromrec:hanical actuation system is

I x 10-6 fi lIures per hour. This includes the power source, flignt control,

and actuation system elements.

The reliability model is shown in Figure 4C.. A paral.el redundant

electrical supply is assumed including redur'darit electrica. dis~ribution w thin

the airr aft. At each of the nine control surfaca5, it is assumed thal a 'swo-

channel drive is used. The output of each drive assembly is mixed in a velo-

city summning differen-.ial to operate the control surface. Table 16 gives

the numerical values of reliat'il iiv for the various comp'onents based upon the

reliability model (Figure 46), Figure 47 shows the failure rate improve-

ment achieved by tVie use of sinple active standby redundancy. Failure rates

are given for- indiv'rlual system components, subassemblies, and the total

actuzsiiofl svsienfi )ased upon a total of niine control surfaces. The system

fa~lure raie of 1 x 10 6 failures per operating t-o)ur appears to be reasonable

and achievable.
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1A-3LE 15

AIRCRAFT RELIABILITY DATA*

FAILURES!ER 106 HOURS

AIRCRAFT CONTROL SYSTEM _ TOTAL

CABIFAA COMMERCLAL TRANSPORT HI.•'TORY. 1949
TC• 1%°.2 AS COMPILED 6ý AFFOL ;.EARLY GOAL FOR

ELECTROMECHAN;CAL 7ONTROL SYSTEMT 0.23
' @0 1 AFIRCRAFT 1.0667

AIR FORCE FIGHTER AIRCRAFT 546 3.51 8.9,

AIR FORCE LARGE BCMBtRS (1964 TO 1973) 0.55

AIR FOR~IE Fa0IlAHY WIFIIG AIRlCRAFT ii-uvs TO o973)

4JAVY I196 TO 1970) 55 3.47 6.97

•REFERENCE FLICHT CONTROL SYSTEM ADVANCES FOR NEAR FUTURE MILITARY AIRCIRAFl
PAUL E. BLATT

(LEADIOCEDS SUt AMOTOR

POWER 
ARLTRONS.

SOgUrRCeE 46.

UMING
DIFRNTIAL

9 CONTROCONTROLE
{LEADINGSUR ACEFAP.ALEOS

MLP SAI LATRO MOTORDD

-- __E•~
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TABLE lb

__________RELIABILITY ESTIMATES

Failures per 106 hr

Lower Upper

lComp~onent Limit Limit

Pk 94.5 71.0 Estimate for subsonic aircraft

¶ data source. FARADA

Rectitler/ 40.0 25.0 Assumed switching regulator to

power supply minimize power (F-14 CADC)

14icroprocessor 8.33 4.44 Assumed average amb!ent operating

(digital control) temp~erature around 40')C.
(F-14 AIMS,

Oc/brushless Doi a i t~ uur, Cie.~

motor_______________ __________ ___________ __________________________________________

*Gearbox 1 95 0.1 OC-lO; 418,39'5 fleet hours reported.

*Based on DC-9, both Series 10 and 30; fleet size was 371 aircraft with
* 2,648,858 engine-on hours.

"PPS 001 'E I"'ICIIV I4

"SUCEI ,#CAC 1 f0 Z4 9S R CS

I, II M3v,,- 0 -t

Fiue372tuyCo5p
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5.4.3 Redundancy for the F-iO0

Using the F-IO0 as an example of redundancy management, Tabie 17 give3
the electric actuation system drive tradeoff to meet the performance require-
ments. A drive unit consists of the motor(s), actuator, and controller(s), as
Indicted in the table. The minimum requirements for control surface actuation
can be achieved with a drive weight of 378 lb. An additiona! 52 lb (14 percent
increase) provides sufficient redundancy in the control surface drive to provide
full operational capability after any single failure. A 25-lb weight penalty
results when reduced performance is acceptable following a failure. The table
shows that the minimum weight system without redundancy is the same weight
synthesized for minimum control for get-home capability.

5.5 AIRCRAFT ACTUATION SYSTEM INTEGRATION

The component parametric data presented earlier in this section are used
to compare the electromechanical actuation system to the current hydraulic
system fc- the F-100 aircraft. Individual electromechanical component character-
Istics are shown in Table 18. The t otal weight shown includes the motor,
differential gearbox (if useC), and the f;nal actuator output stage gearing.

The summary of the system weight for in all electromechanical F-100 flight
control system is presented in Table 19. ihe actuator configuration corres-
ponding to the weight summary is shown in the block diagram of Figure 48.
The total system weight including the redundant power source and electrical
distribution is 966 lb. The hydraulic system weight for flight control actua-
tlon Is presented in Table 20. The total weight is 971 lb.

I Based upon the data shown, the electromechanical and hydraulic approaches

are weight competitive. An approach to installation of the electromechanical
actuator into the F-100 outboard aileron is shown In Figure 49. The figure
shows damper weights used to prevent flutter of a control surface !n the event
of loss of the redundant hydraulic circuits. The electromechanic,l actuation
concept would not require damper weights because of the eq'ivalent inertia
resulting from the motor rotor reflected through the ielatively high gear
ratio.

The potential for weight reduction made possible by eliminating the out-
board panel damper weights Is therefore an additional 73.4 lb for boih panels.
The electromechanical actuation system, with redundancy equivalent to the
hydraulic system, weighs 893 lb, for a total weight reduction of 7b Ib compared
to the hydraulic system, or an 8 percent weight reduction.

As an idditional point of comparison. the electro-hydraulic actuation
system for the B-52 elevator has been eval iated against the eo,.ivalent electro-
mechanical approach. Table 21 presents the comv.wison. The B-')2 unit
represents technology eight years old, but is representative of actuation
system concepts based upon power-by-wire and fly-by-wire versatilit\ and
adaptability-.

I/
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TABLE 17

RER.JNDANCY MANAG[P¶Ntj TRAP[(41r

I Mi',. ControlfMin. Lrvs D'e e:r~ o eJc~ aeair ,to Gel-Homel
Ragl uIrg to. Or .; Full Control After- -ll-Rate) Attar f~-abI j tn y

Control IF&Ilur* (Note II) I F1 ilure (Note 2) Arter I tO) lure

No. f C~ne Nc.o D No. of Dri~e No. of Drive

___________________ L Mtrs ý: I 0r 1 13. i ; Motrs ,ht, l Ib liOtOfS WCOlqnt._It,1 6Iottr s he-alt. lb

R.eide, 1 27 " -2 2 27

Stanilizer 2 179 2Cct 2 792 179

Inboard 2 9', 91 2 952 5
Note 4 INcl , 1

_______ eighf__ 1j 4 oiis

1. A5.,umes rnc,n.1hn? drie is A!tuated or. alt.r tai ',,a cl Crmr drive-

2. AS,,,65  :,YitlS 3'dbvre'O njufli76v.
3. As.Ue 01. con ,o' I Surtec~gs; C-SS Of Olt' Danet ouL. 0 . ;5 r c'' .al.
4. ýý, c fa., 5 tr), lea.

1 ABLE 18

_L ECT R3;.-E7CHAN ICAL COENT S S i ED IFOR ~-iC 100PPL I (AT ION

N" o kie, neg" I" qt,>pt . G 21 0

~?&ii~er'I' ~in 1'j;I~i I4

oa. el, 5
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TABLE 19

F-10OF ELECTROMECHANICAL SYSTEM WEIGHTS

Number cf Unit Weight, Weight.
Units ib lb

Aileron actualors

Inboard 24 90

Outboard 2 36 72

Aileron control boxes 4 5.25 10.5

Stabilizer actuator 1 169 169

Stabilizer control boxes 2 5.25 10.5

Ruddel actu•tor 1 22 22

Rudder control boxes 2 0.3 10.5

Pilot Input transducer 3 1

Aileron mounting structure 75

aStebilizer mounl;ng structure 75

Rudder nour'ting structure I

Input traslucei mounting !0

Aircraft power source

Permanent magnet generator 2 35 70

Cor:ditioning and power 135
dist ibution

E:ectrical generatirg system 200
( standby) j-.-

Tot al 966

13
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AILERON
OU)BOAKD

"AILERON
I NBOAR D

STABILIZER

I NPU

C ONT ROLLER

.____"=--_

-ACTUATOR

figure 48. F-1O0 Electromecharical Actuator Block Diagram
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F-10OF HYDRAULIC FLIGHT CONTROL SYSTEM WEIGHT REDUCTIONS -

Weight, lb

Component

Flight controls

Auto flight controls 43

Servos 34

Plumbing and fluid 9

Aileron controls (243)

Mechanical 28

Hydraulic 206

Artificial feel 9

Horizontal tail controls (224)

u chi!ci 
49

Electrical 21

Hydraul ic 90

Arciticial feel 64

Rudder controls (80)

Mechanical 27

Hydraulic 31

Artificlil feel 14

Vibration damper 6

Power control system (042)

Pumps 31

Accumulators 41

Reservoirs 24

Valves, (liters, etc. 25

Plumbing 68

Fluid 24

Emergency system 31

Structure (139)

Aileron hinges 88

Rudder hinges 4

Rat door and mechanizAtion 47

Total deletions 971
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TABLE 21

WEIGHT COPWARISON OF EM AND HYDRAULIC SYSTEM

FOR B-52 ELEVATOR PROBLEM STATEMENI

ELECTROMECHANICAL WEIGHT. LB ELECTROHYDRAULIC WEIGHT. LB

MOTOR (2) 36 LB POWER UNIT

BRAKES 3 MOTOR/PUMP 35 LB

'ACTUATOR 14.5 PESERVOIR 23

CONTROL (2) 10.5 ACTUATOR 57

TOTAL 64 L8 TOTAL 115 Lr

"64 LB TOTAL WEIGHT FOR ACTUATOR SIZED FOR 100,0U0 CYCLE LIFE- WEIGHT

INCREASES TO 76 LB FOR ACTUATOR SIZED FOR 500.000 CYCLE LIFE.

=.

Fhi

pi |
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6. PRELIMI .ARY DF-'GN

This section presents the preliminary design of the selected zpprommh to

elt-tromechanlcal fliqht control actuation. The elements of the selected

approach are listed below:

0 115/200-vac, 3-phase power scjrce

* Rectifier

* Microprocessor motor control

* Brushless dc nrKtor %ith magr-etic shef encoder

* Magnetic brake

* Vý ocity summirg planetary aifferentl'%

a Rotary, hinge-line outtput

6.1 DESIGN

The following parcaraphs prestnt the preliminary design of the system and

discuss major components that meet the baseline prot!en stdtelenert given in Table

22.

TABLE 22

BASELINE PROBi.FM STAIEMENT

Voltx;e 270 vdc

Stroke +19 deg

Frequency respc ise 8 Hz (W deg phase shift)

(ii*ertial load only) at +1.19 dtg <'p!itude

No-load speed 80 ea/sec = 1.397 rad/soc

Stall torque 17,575 lbt-ir.

Inert'31 load 17,894 ibt-in. 2  46.6 lot-in.-sec 2

Ambient tempf"ature -65ý tc + • C*F at 60,000 ft

Open loop qain One dearee erro- generates a con~ro j

surface rate o! 45 deg/sec
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"The actuai 'on system approach IL pres.ente4C in the functional dieoram of
iv. Figure 50. Thb Interfaces with the airci aft fiigh-t coni'rol system. the

servomotor, redundancy management monitoring and fault isolation provisions,
and adaptive control inputs are shown. The design rationale and characterlstie5
for !he majcir components of the system Are discussed below.

6.1.1 Brushless De Moljr

6.1.1.1 General Design Characteristics

The normal torque-speed curve of the rare-earth-cobalt servomotor a
straight line from no-load to stall. As the app)lied current (vo!tage) Is
variled, a f amilIy of parall Iel torque-speed curves I s g,.nerated, w it.' 1 Ihe stall
torque and no-load speed proportional to the appi lea current and voltdge.
Aso, for a given voltage, thoorn-aa speed can be a~j;lsted by means of

selecting the appropriate numrber of coils anid wire size in tho stator windings.
Th is flIex ibIlI Ity I s subjeci to certai n rostr Ict ic ns relIatfed to pract icc; w ire
sizes, whole number of coils and maximum rotor speed limitations.

Since this motor wi~l be used in a gear reduction actuator, the slopi
of the torque-3peed curve at the actuator output ca.. be selected 3s a function
of the motor speed-gear ra~io combination. H~owever, the general characteristic

of decreasing speed as a ;unction of load ; Inlibrent in the direct-coupled

(a) Thecretlcal "~ximum torque thai can be obt-ained for a given current
1Is determined as follows:

T/A (maximu i 1352 x volte in.-oz/amp
no load spee-a 1(rpmJ)

Ohere the dimenSýIons of the factoi 1352 are: ;r..-ozf -rpm
ap.-voii

(b) For a given voltage, the current required to obrain a given 1,..rque,

or force, at the cjitput shaft is directly proportional lo the no--load
speed of the output shaft.

(c.) The current required to obtain a given :orque, or force, al the

output shaft is inversely proportional to the minimum power supplyLii, ,ol tage.

(d) The i-hooretical maximurn efficienc~y of the system at any load is the
Dercentage of the ciutput shalt loaded speed to the .)o-load speed.
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6.1.1.2 Motor Characterisrics

For the problem statement given above, the characteristics of the servo-
motor can be determined as discussed In the fol lowing paragraphs.

6.1.1.2.1 Acceleration of the Output

For a 9lven frequency response. an approximate acceleration requirement
can be obtained from:

ni

where8O output acceieratlon (rad/sec''

nil = no load velocity (rad/sec)

f =.-equired frequency response [Hz (90 deg phase shift)]

An example is as follows:

Assume 0 = 80 deg/sec = 1.397 rad/sec

f = 8 lIz

z 1 .397 x (2Tr x 8)2

= 70 rad/sec-

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

0 A ( Tt)2~

where A amplitude In radians

Eample:

Assume A = +1.1'9 deg = +0.0208 rad (froin Reference 3)

f = 8 Hz

'hen

= 0.0208 x (2n x 8)

5 53 rad/,er 2

The latter va!ue is used as an approximation and will be evaluated by Analoa
Computer simula 'on of the servoloop.
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Any or all of several torque requirements may be specified. These Include: I

(a) 15 a output st&ll

(bW T 2 output torque at some running loadr

(c) T z output torque required for a load present during the evaluationC of the acceleration or frequency response

(d) A derived torque TIL required to accelerate the load inertia:

T I L x IIL L

whore I L= load Inertia (Ibf-In.-sec 2 )
L

An example Is as fo!icws:

Assums a load inertia = 46.6 lbf-in.-secZ

TIL = 53 rad/sec 2 x 46.6 lbt-in.-sec2

= 2470 lbt-in.

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

(a) Assuming a straight line torque speed curve from no load to stall,
the peak power output will occur at one-half torque and one-half
speed.

Po (watts) = T (lbf-in.) x 6 ni (rpm)
4k

where K = 84.5 (unit conversion)

Pia watts) = Tr (lbf-in.) xie rI (rpm)

4X 84.5

where erl ý angular velocity under running load In rpm

An example is as follows: since T is not specified, use 1.
r

T = 37.575 lbf-in.

bni = 80 deg/sec

80

PO = 37,575 x 360 x 2m = 2 hp
550 x 4
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6.1.1.2.2 Motor Selection

A tentative ,notor selection can be made based on peak horsepower
requ i remerts.

Power level, tp Molor dlamter, in, Motor I :ngth, in.

0 to 1/8 1.1 2.9

1/8 to 1/2 1.5 3.8

1/2 to 3/4 1.75 4.2

3/4 to 1-1/2 2.25 5.2

1-112 to 4 4.0 8.5

firnaI .vtotrf.,Indt lo 3t td rif.ýr Jes-: In will dpend o I t,? wait losses genera-

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

6..1.2.3 Performance of the Motor and Geared Actuator

Motor performance !s determined based upon considerations of acceleration
required at the load, m3xlmum load rate, and actiator gear ratio. These
characteristics must be acconmmodAted while minimizing the current supplied
to the motor. Section 4 presentb the general approach to motor/actuator design.
The details of that approach are presented below for the 4-in.-dia, brush-
less dc motor. The example Is as follows:

Assume:

TS = 37,575 lbf-in. (stall)

fr = none specified (running)

TC = 0 (concurrent)

TI = 2470 lbf-in. (inertia load)

6o = 53 rad/sec
2

IM = 1.638 x 1 I

Eff = 0.9 (90 percent)
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Then T TO Is eoual to one of the iollowing:

1. 2 (TIL + 10 a 4940

2. Ts - 37,575

3. Tr - not specified

TTO a 37,575 (the largest of the above values)

G -f37,575 - 2410 \112

1.638 x 10- 3x 53 x 079,

G - 670

This Is the gear ratio that satisfies the particular condition o; fnlnmum

current required to meet bulh stall torque and acceleration torque requirements.
If a lower gear ratio is used, additional acceleration capability above that

required in this example would be obtained; however, additional motor torque

(and amplifie.; current) would be required to provide the required stall torque.
It a nigner year raio i used, a Sta! ! ctp" b!!I,,, -bore that relr~ d

would be provided; hLwever, addtional motor torque and anplifier Lurrent would
be required to achieve the desired acceleration.

The following exaMple shows how to determine the minimum output no-load

speed. For the motor considered, the slope of the torque speed curve is:

SLM a 6.54 x 10 rad/j6c/Ibt-in.

at 400F maximum motor temperature. This is the chanqe in speed resultinq
from a change in torque loading. The output slope Is:

SLO = SL!

G x Lit

Using previously calculated values, an example Is:

SSL G = t . 4 . i
2 = 1.62 x 10-0 rad/sec/lbt-in.

(670) x 0.9

The minimum Output no-load speed is the largest of:

(a) The specification value

(bW L x T
LO s

Ic) 0r (Si. xl )

SI~r L85
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where ,r Is the speed required at the runninq Iomd requirement. For
example: assume that the specification requirement of 80 deg/sec Is used
to determine the acceleration requirement.

1. Spec value a 80 deg/sec a 1.396 rad/sec

2. S x T. a 1.62 Y 10-'b x 37,575 a 6.08 x 10-2 rad/sec
LO s

3. No running load requirement specified

The largest of 1, 2 and 3 is-

3) 6 n 80 deg/sec - 1.396 rad/sec a minimum output no-load speed.ni

To determine the minimum motor no-load speed,

S* 1.396 rad/sec x 670 - 935 rad,'/sec 8932 rpm
MNL

To determinj the minimum motor stall torque required,

T -TMS TO

G x Eftt

For example, using previously determined values for

TTO, G and Eft

TMS a 37 575 Ibf-in.

670 x 0.9

= 62.3 lbt-in.

a 997 ozf-in.

6.1.1.2.4 Motor Thermai Characteristics

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

The worst-case condition IL for the motor operating at stall in an
environment defined for a hot day. For this case, the motor can operate at a
maximum duty cycle of 62 percent. Since ground operation of the actuator
will likely be limited to duty cycles of 50 percent or less, the resulting
maximum motor winding temperature will be 315uF. Table 23 presenti a surmnary
of the loss distribution in the motor as a function of operating condition.
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Figure 51. Motor Thermal Analysis Results

TABLE 23

BRUSHLESS LX MOTOR ELLCTRICAL LOSSES

Condition Component Loss, w

Sta led (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

Bearings 11
Stray 16
Total

At 3-hp output Stator copper 50
(9.26 amp, Figure 59) Stator Iron 133

Bear i ngs I ;
Stray 23
Total "I

At 4-hp output Stator copper 84
(12.23 amp. Figure 59) Statrr Iron 132

BearIngs 11
Stray 30
Total 257
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6.1.2 WontroIler

A functional block diagram of the controller using a microprocessor
Is shown in Figure 52. The high-voltage rectifiers and filter convert
3-phase, 115/200 vac to 280 vdc. The energy storage element within the filter
will be chosen to keep the ripple amplitude low over a thrie-to-one input
frequency range, corresponding to the expected variation from the permanent
magnet generator. Monolithic Darlington transistors such as the TRW SYT 60,,1
series will be evaluated for use in the commutation circuit. Optical _,.ApIers
are used for circuit iolation between the control and power signal .-Js.
The choice of the microprocessor to control the actuation system will be
made by considering items such as word length, power requirements. speed,
cost, and architecture.

The prospective microprocessor candidates for this application include
the M6•300 by Motorola; 8016) by Intel. 990 by Texas Instruments. and IM6100
by Intersil. Another means f Implementing the microprocessor uses micrologic
chips such as the AM)2901 Into a 4-bit slice mlcroprog-ammete set. Both
mic-oprocessor implementations otter extensive software processing power
and a family of hardware devices, including prototype development packages.
Because of Ihe computer-like structure of the microprocessor, much of the
system logic and monitoring function can be transformed into software (a
ccmputer program) stored in a storage device. The storage device will be a
progranmmable read-only memory (PROM). Since the PROM is a non-volatile memory,
loss of power will not offset the contents.

Figure 53 shows the tlow chart of a program that can perform the functions
shown in Figure 52. The flow chart shows how the processor reacts to dif!orent
inputs to Implement the following functions:

Servoloop Control--Controls the output to minimize error.

Rotor Excitation Sequencing--Excites ihe phases of the dc motor according
+o Its characteristics.

Fault Monitoring--Monitor faults or errors in the system and respond
accordingly.

Redundancy--Coordinalion between channels.

Torque Control--A specific torque vs speed relationship is included
to obtain better efticiency.

Recqeneration--Regeneration mode Is incorporated in thj system to reduce
power consumption and Improve system response.

The advantage of using the stored program approach is that little or no hard-
warp thanqe is requiriJ if the system requii went is changeu or upaatep;
only modification of software is necessary.
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A nonrecursive dig!' fi~ter mechanization applicable for a linear
cont-oI system Is shown in Fiqure '11. Tht. cu~rreni limit value and the
comTa. jed position willI be input quantities. rhe difference between the armature
cvý-rant arid cormnanded current is ei . Mechanization of ihe pulsewidth mod. 'atiua
(PWMI generatx, *s shown in Figure 55. The output of the PWN¶ generator changes

to r'rre-~t ,)r variations in the input dc voltage and the output load dernanc'.I The positicii sensor coding 7s ili ttrated in Figure 56. The sequence
controller calculates the lcclic in atcoruance vith Table 24. Figure 57
contoins a descri 7tion .ý4.t-.he a'ialog-to-digital convertor. If the Controller
inputs arc digital signals, the data ,,ill b, direct inputs to the microprocessor.
A small transformer-coupled pouer suppiy will be used to generate dc voltages
required ty 'ha~ controller.

6.2 PRELIMINARY PIFF.FC)IRANCE SPECIFICATION

6.?.! Scope

The preliminary performancs -pecificat'on describes the general charac-
teristics of a p'imnary f~ight control actuation system. The system .'s a
power-t-,-wire and fly-by--wire design, and !he rotary actuator part of the
s~ystpm serves as the contra! surface hinge.

6.2.2 De:',:ription

The rotary electromechanical acT'jat;on system comprises the following
elements. as shown in Figure J3.

Controller (2 c-.anne), redundant)

Two nc'ors with integral oarkino. traes

Rotary hinge-line type gearel actuator with velocity summing

t.) aI crf ý a -oiat cf 11 hTcotr Isystem~. The digital controller provides
power to the servomotor by p-isewidth modulation of power transistor switches.

The motor is a brushless dc permanent rnagn Irotor design djirectly coupled
to the conTrol surface through stages of gearing. Control surface position

seray is ios.ue ocos hesioop h controller includes built-in-test

Nc-maI operation requires both electric motors to be operating. The
cazuator gearing incitsdes a velocity sumi!ng differential. Either motor can

operate thie ol: 4put of the actualor independent *f the other electromechanical
drke Ciannel . Opera~ic~n on a sinfile mrotor result,- in full torque cap3a)ilIity
and one-half rate capability at ra~te limit.
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TABLE 24

SEQUENCER CONTROLLER TRUTH TABL6

Codes A,, A-, F+, B-. Ct, C- bre transitor switches
Codes a, b, c, a', b', c' are shaft position states

I C at' b c A+ A- B+ 9- C+ C-

a b c al b' c' At A- 9+ B- C+ C-

L.

U-

II I - - --

I DIGITAL
IP OUTPUT

ANALOG INPU

RESET MICROPROCESSOR

OPERATING SEQUENCE - - - -- -

1. RESET ENABLES INTEGRATION OF ANALOG DATA INPUT.

2. WHEN TIE COUNTER OVERFLOWS, INTEGRATION OF THE REF TAKES PLACE.

3. THE NUMBER ACCUMULATED BY THE CTR DURING THE REF INTEGRATION
INTERVAL REPRESENTS THE ANALOG INPUT.

Figure 57. Analon Input !ncoder ý'vchrini~ation !'ian'rar'

96



AFFDL-TR-76- 42
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SUPLY COTOLE 10MOO

COMMAND

Figure 58. -System Model

Ec, ,oa•ie..Iti• I)- dIv irlLiUdtd on each drive motor snaiT. 1he 0

hrakes are used to Implement the redundancy of the high-efficiency gearing
in the dual drive channels. A failed electromechanical drive Is held station-
ary by the brake to allow the operating drive assembly to position the control

surface.

6.2.2.2 Controller

A digital microprocessor will be used as the central component if the
brushless dc motor controlier. As shown in Figure 58, the control is the
interface between the motor, the command input, and the electrical power bus.

The contro~ler provides a command to the commutat!on circuit, which provides

power to the Droper motor stator windings based on sensed rotor shaft posi-
tion. The ac bus is connected to the windings by the elecironic transistor
switches. At any instant, Iwo switches are commanded I', 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 brushless dc motor is control led by varying

the average dc voltage supplied to the motor by the electronic commutator.
Pulsewidth modulation techniques are used to generate the required average

voltage. The major characteristics of the microprocessor controller are

summarized in Table 25.

The controller is programmed to provide a fixed current limit corresponding
to maximum stall requirements. The current limit also may be programmed as
a function of time, motor speed, or other independent properties useful In

defining the performance characteristics for aircraft.

97



AFFOL-IR-7b-42

IABLE 25

CONTROLLER CHARACTERISTICS

Command input 2-channel, voltage position analog

Adaptive Inputs 4 (maximum), 0 to 5 vdc

Power Input 270 vdc

Output 265 vdc

29 amp current limit at stall

Weight 5.25 lb [flight configuration,

6.2.2.3 Motor

The motor is a permanent magnet, dc, brushless type comprising a wound

stator and rare-earth-coDali permanent magnet rotor. The motor assembly
also will include separately excited dc brake and shaft position sensor.
The position sensor detects the rotor positlo and activates the electronic
corr-t at~ ý, etrvc ot the mccri pesne in F~u 59. T--b!- 25
sunmiarizes the significant design characteristics of the motcr assembly.

TABLE 26

MOTOR CHARACTERISTICS

Rated vo!tage 265 vdc

No-load speed 9200 rpm

Torque per amp 34 ozf-in./amp

Stator resistance (68'F) 0.33258 ohm

Rotor inertia 1.658 x 10-3 Ibf-In.-sec 2

Time constants 0.006 sec, electrical

0.016 sec, mechanical

Back EMF 28.7 v/1000 rpm

Brake voltage 270 vdc

Brake torque 75 lbf-in. (minimum)

Envelope See SK71060

Weight, excluding brake 18 lb

98



AFFDL -TR-76-42

00

N

0

L

0)
4-

00

co N 0 00
m00 C 00 cod0

YI~dHJN '033dS

14 N1 0 co t N

Co 0 0 0 0 0

10L x siivm'lfldlfloU3MOd

0o 4q 0 wD N co 0
N N Nv W1 V

41 'N3Jufuln

99



AI•FDL.-TiR76- 4 2

,SI L.. ,
H

I• I

' •

SII

- !1

+ $

2.. . . - -" - -



AFFOL-TR-76-42

6.2.2.4 Actuator

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

TABLE 27

ACTUATOR CHARACTERiSTICS

Stall torque 37,500 lbt-in.

Rate 80 deg/sec

Life 100.000 cycles

Gear ratio 670:1

Gear configuration (1! Input: single-stage planetary

(2) Differential: planetary

(3) Output: compound planetary

Spring rate 3.75 x 106 Ibt-in./rad

Envelope See SK71062

Weight 12.5 lb (14.5 lb Including differential)

6.2.2.5 Electrical Considerations

The systein will operate on 115/200-vac, 3-phase power anj will have
bui!t-in ,pike and short-circuit 1. otection. The system will havo B'T/selt-test
cap bllly. In the event ot a tailue, the channel will autometiea~i; F.i-
down and an alternate mode of operation will be established. System sensltivi'y
and repeatability wil! not be attectea by voltage variations as Lllowed by
MIL-STD-704.

Electrical and lightning protection bonding will be in accordance with
MIL-B-5087. System warmup time will not exceed 5 sec. The controllor will
utilize solid-state and printei-circult board construcf;on wherever possible.
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All removable units and !ubassembI les will be InterchangeabI e between systems
and keyed tc. prevent improper Iisiallation.

6.2.2.6 Mechdnical Coisiderations

The mechanical overload safety factor for the attach fltlnq and gear
housing will be at least 200 percent and up to a maximum of 600 percent.
The unit 3hall be designed with weight. reliaMlity and maintainability as
pr!mary design considerations. The unit will have a minimum operational
life expectancy of 1000 hr without overhaul. Vreventative and corrective
maintenance is allowed. The actuator backlash will be limited to 1/4 deg
rotation at the output, wiih the motor Input shaft held rigid.

6.2.2.7 System Considerations.I

The system will have a static tracking error between the control surface
Coasmtand and the control surface of 1/2 deg maximum. Provision will be made for
torque limiting. 1his may be Implemented by computation of surface position
as a function of Q (a~rspeed and altitude). The motor actuator dS-embly may
be cooled passively by heat rejection to the aircrait structure. Tht. local
heat rise at the mounting surface wi I I not exceed 2.10"i . The actuation ý,ystem
will h3ve a frequency response bandwidth ot 8 Hz.

t,.2,,t'.m fnvlr-onmental -

The design of the actuation system and components will be bas'3d upon
the environmental testing requirements listed below:

Environment Specification Method Procedures

Altitude MIL-SIO-810 500.1 -

Temperature MIL-STU-810 501.1 II
502.1 1

Humidity MIL-SID-810 507.1

Saltspray MIL-STO-810 509.1

Sand and Dust MIL-STD-61O 510.1

Vibration MIL-STO-6IO 514.2 (category b.2)

Shock MIL-STD-810 51b.2 I Fig. 516.2-1 (A) and (c)

LMIC MI L.-STI)-4bl - -

Explosive MIL-STD-4b1 511.1 i

Atmosphere

RzIn MIL-S1 J-4b1 50b.1 (modified)
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6.3 ANALOG ANALYSIS

The dynanic characteristics of the actuator closed loop were generated
csIng an analog computer simulatlin of the baseline system. A functional
block diagram of the simulation !s presented in 9lgure 6G. The block diagram
Includes the control surface and Its associated hinge moment loading curve;
however, the response characterltlcs presented below are for tho Actuator
closed loop only under no-load condltlons.

For the closed-loop performance data, a position feedback servoloop
with a pulse-width-modulated (PWtM) controller Is assumed. The PWM controller
converts the actuator-position t3 commana-Input-error signal Into an appro-
priate motor voltage that is imited by a preset ma::imum allowable motor- current.
This type of controller provides a linear relationship between the position
error voltage and the effective voltage applied at the motor terminals. The
gain or the controller was set to provide an actuator rate output equivalent to
a control sufrace rate of 45 deg/sec for a 1-deg error Input. Values of the
motor parameters used were as specified for the baseline motor configuration.

Because of the large electrical tif.j constant relative to the nonsaturated
mechanical time constant, the loop damping is very Ilgnt. Some form of phase
compensation Is required to provide the proper damping; !or this simulation,
compensation In the feedback pAth wci utl .zed. !he rrpvly tu aicia
obta!nu &V4 prevellied in Figures til and 6i. The time response of the loop
is equ!valent to an effective first order time constant of approximately
U.02 s(,c.

-.4 WOCKUP

A wood and metel mOCkup wa3 constructed showing the general arrangement
of thtj electromecha-ical rc,ar-, actuator installed in a simulated wing spar
structure eind control surface. FIgu-• 63 is a photograph of the unit. The
u:-ntrol surface is cipdole of being ioved manually.
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Figure )3. EM Actuator Mc~kup
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7. PROGRAM PLANS

This section presents 'lie plan for design, tabricalion, 5nd evaluation
testing of an, elisctrornechanical rotary hinge-I mne actuator. The prograrm pki-In
Includes 3 schedule and summnary description of the tasks rcqi';red for' develop-
mniet of the A-tuajiton system. The prelim!r.ary test plan Includes b,-ief de3crIp-
ti.nis of the -,ests to be conducted, flw required facil Ities and supporting test
equloment, and the expected results of the test.

7.1 PR~OGRAM PLAN

The objective of this progr-en Is to des'gn, fabricate, and tesit an elec-
tromnechanlc&l fligm controi actuator. The program is orgc~nized Into five
tasks ccv(Jring a 23-month period. The r.rograin scriedule is press-ited In
Figure 64. The fol lowing paragvaphs present deta! !ed taLsk description:;.

7.1.1 Task 1: Design

The objective of tris task is to conduct system studies to priuviae the
compooent designrer with the necessary technical inputs for- de-Ini led com~ponent
design --equire-l to ailmain component aird syster. performance q..als. This
includes the modeling of cystemn components for use In system performance pre-
dictoior. arid sizing studies and thb preparation of detailed problem stafemiý.Its
f or componerits. Component character isllcsl determ ined fregm t-he Dr~e IInlmnary
design wil; be used. Detailed component specification:;, design sketches, and
configuration !ayout-s will be prepared and pu-chased components and potential
von Jors I dent I fied . (Component char-acter ist i.-:s w Ill be used to def ine sys-tem
cont igurntion and ewtablish Interfaces; these will include coimand Input
redundancy, thermalI con trolI, m,-untIring deta ilIs, and test moonItor In.;. Initial
coordination and resolution of interfaces and program goals will be acýoni-
plish,_d at trie program k.ickoif rneefing.

System dynam Ic psr formance w! I I be def Inad f or cdes Ign and of f-des Ign
operat icon; alIso, deta IlIed component per formance requ i -ements u II I be de f:.ned.
Des itn documentation will be prepared to support manUfacture and tist (, the
systsbi, define ter-:hn~ical and procurement problem areas, and develop cost--
effective :,olutions. Detail sketches, Installation and 3ssembly drawings,
and procurement and source seliect ion documentat Ion w Ill resu 11 f rom th is
otfort. Design docun'Lntation and drawings wil1l be prepared in sufficient
deiali1 for development manutacturinig purposes and to provide an accurate
history of the component/ system design.

A system. performance specification will be prepared to complement the
design drawings. The specification will describe requirpmentsý for materials,
finishes, and :construction that are comnpatible with current airframe standards
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and environmental criteria. System eftectivensss objectives, including
reliability, maintainability, system safety, and human factors, also will be
established.

During the sixtn program month, a design review will be held. The pur-
pose of the review wil I 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 will be presented to show that the design satisfies all
aspects of performance and realistic test Installation features. Approval of
the design will allow release of long-lead items for procurement; specifically,
electronic components and the rare earth magnet material used in the servomotor.

7.1.2 Task 2: Fabrication

The objective of this task Is to fabricate, test, and assembie the com-
ponents of the electromech3nicdl actuation system. Initiation of Task 2 will
occur In the eighth program month after release of the design drawings from
Task 1. (Advanced release of long-lead items will occur In the sixth program
month.) Procurement of materials and components will begin with long-lead
Items in a timely and cost-effective manner for the fabrication phase. The
advance reiease of parts will result in delivery of the component parts i.,
accordance with the assembly and manufacturing schedule of the related com-
ponents. Outside production will include procurement of the sama:lum-cobalt
magnets and instellation in the rotor assembly.

Fabrication will include component parts of the molors, gearboxes, and
controllers. As fabrication progresses, the ossembl les will be subjected to
manufacturing tests as required. Availability of assembled components arnd
scheduling of component tests are planned to minimize total test time and
maximi e utilization of test fixtures.

As each major system element is completed, the unit will be checked
out. This component checkout will demor.strate and verity component capabil-
ity and compliance with the stated program guals. lest plans ard procedures
developed in Task 3 and the conponents and test equipment fabricated in
Task I vill1 be required to support these tests. The results of component
tosts will be documented.

7.1.3 rask 3: Test Plan

The objective of this task is TO formnuiate plans for development test

of the actuation concept. Each plan will list the tests required, test con-
ditions, parameters to bv mneasured, test equipment and focility requirements,
instrumentation (including calibration), and da;a and report requirements.
Sufficlient procedu-al de'in;tion will bt Included in each plan to permit
approximation of program schedule status and expenditures. The plan wil!
be available for review and appi oval in the eleventh program month.
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7.1.4 Task 4: rest

The objective ot thIF task Is to tesi and evaluate c.omponent performance
In terms of the specified goals. Completed componenttb and assemblies will

be Installed In iho demonstration test fixtures. Ine aLfuat ion sys~em assembly
will be evaluated to (1) assure compa-tibility with related components and test
equipment, (2) show that the system functions as designed, and (3) show lhat
the actuation system L, ready for performalnce evalunilon testing. The design

and construction of certain Fpecial test equipment wi I bi necessary to support

these tests. This will IInclude test fixtures, load fixtures, and lest panels.

System tests wil' be conducted in accordance wiht the approved test plan

to prov e componen t compat .bIlIIt y a md ver If y s ystem-lIevelI per formance p ai- aret-r s .
These tests will be designed to verify analytical 1'redicztions for comparison
wi'h test results and program goals. All test-, may be witne.,sed; appropriai3
prior notificaTion will be given. The test results of the Individual compo-
nents ano the results of the system-level tests will be analyzed. Acceptance

criteria for the coiiponerits will be defineO based upon the work statement.

Possible design modification or rework of somte componerits may' be required

to sat'sty acceptan,.e criteria. Recomnmendations rf the moditications aned
design improvements wil b e documented. Analysis of the Test results will be

0 Si~lfliifiLdili Pd; i tr it t I t.I11- 1v

7.1.5 Task 5: D~aa

The Objective of 'his task is to doc..ment technical and program resulIts

froon each of the program tasks In ac~ordance with he schedule.

7.2 PRELlMiNARY TEST PLAN FOR ACTUATION SYSTEM CEMONSTRA110N

Demonstration testing will be conducted upon a~ rapressintative confioura-

tion of !he clectromechanical actuation system. The systemi w I I be i nste lIed

In a laboratory iest facility, with appropriate structural and electri'.jl

Inter-faces simulated. Specifically, the structural interface, thermal %ranage-

ment provisions, and control interfdces with a typic.al aircraft wi'I be
simulated to the highest practical degree. Contruller electronics will be

deleted from this simiulation. Electronicti will be breadboard configurat-ln.

Testing will be conductod to verify the. compittIbility of the installed aclup-

tion system wvith tho simulated structure, actuator assembiy,. control ler, and
muiltiple control signal interfaces. Tests to be performed will prove redun-

dancy management; capability to provide adaptive modific~ition of selected
parameters in the controller suc.) as variable cur-rent l finit, tern. erature

limits, servo gain, power regeneration, filter bandwidth a~id senititvity,

ponent and syztem levels to evaluate the detail performance characteristics

of the actuator/hontrol ler ccmponents. These tests wil I r~ciude:

(a) Duty cycle capability performet6 at room temperature and elevated
temperature
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tb) Frequency response Including small signal, large signal, no-loeb,

and loaded

(c) Hysteresis and resolution

(d) Efficlencv and power factur

(e) Actuator spring rate/stlf'nesz

(f) Weight

Figure 65 presents the task logic for +he detnul,stration test phase.

Figures 66 through 67 present Individuai test briets for the proposed demon-

stration testing. These Identify e6uipment reqtslrements, facility interfa.es.

and criteria for test acceptance, and shc.h thA depth of dita to be collected.
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APPENDIX A

F-!00 AIRCRAFT CHAPArTERISTICS

This appendix describes tho F-100 alfrcraft characteristics of sign!f~cance
to the control surfaicb actuation system. These data were supplied by North
American RcckweHl, Lo-- AngeI'cs Aircraft Division, as part of the tachnIcal
support perlormed under subcontract to AiResearch.

ACTUATION SYSTEM DESCRIPTION

ihe F-100l aileron ana horizontal stabilizer aerodynamic L.ontrol surfaces
are normally operated by two independent hydraulic systems, ousignat,?d the
number 1 and P'umber 2 hydr&vulic powa- systems. The rtudder Is actuated by
the number 2 hydraulic power system, and/'or a uti'ýty (third) hydraulic pow~er
system. Wing flaps,speed brake, landing gear-, wheel brakes, and nose-wheoI
steering al!I operate off the uti i Ity system. In addit)ion, these aircraft
are equipped Wli-h a ram-air tu'Lrbine sys-tem (RAT) consisting of all air-driven
tjrbine and a constant-displacemeni hyd.aulic pump. The RAT provides an
alternative source of power for the fI',ht control system In the event that
engine speed drops below 40 perceive. A block diagram of tne system is shown
In Figure A,--.

The eiectrom,-chanicai actuation system appreacn to providing the required
dual-redundadi drive system for each major control s~irface Is shown In Flgure'
A-2. This redundancy is provided by the fol lowing system elements.

(a) Two electric alterrators en the main pi-opulsion engine, each cized
to provide full electrical demand for control surface actuation
as well as. auxiliary power demands

(b) A RAT to provide get-home capablilty for the flight control
surfaces and utility equipment actuation in the e'.ent of an
engine fai lure

LCONTROL SURFACE CF:ARACTERISTICS

I~i hinge moments and aerodynamic loads used In the initial ciesiJr, phase
of the F-100 D and F aircraft are summarized In the following piragraphs.
Tnese data nrave been extrac-red from Rockwell Report NA55-402-1, F-lOUD
F14draulic Flight Control Desi 9n epot Th 0alrnssem shown 'n

TTI-Igure-3 comprise5 a split (two-segment. aill*:on oi, each wing. The two
segments are tiod tog,&'ýher uy a connecting rod and are operated as a s!nale
unit by a single actua-o,r in each w!ng.

The dt,-gn requirement fkf the F-100 was Vtst the aircraft havu a rollI
rate of 160 deg/sec at Mar 1 at 10,CO( ft. Th'is occurs wifth an aileron
defiecieon tingle of 11.2 jieg. To mett this requirement, a h'nge moment
of 13Z,OOJ ii.-lb p,,r ailero,. Is required. To establish the hinge moment
for the inboarc, and outboarl segmc.nts, thc total load is considered propor-
tional to the drea momei:t for cach allerun segment as compared to the area

Mink 123
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moment tor the comp lete al loron. 1Thus, at the des Ign lImi t 9.ven above. the
N-nge vitoment for the inbodrd aillron Is F1O,600 ln.-Ib and~ the outbostid Is
51,4C0 In.-lb. Figures A-4 and A-5 are plios of hinge moment versus aileron
deflection rates and aileron deflection for i complete aileron. To obtain a
value for the Inboard or outboard aileron segment, the value obtained from
Figures A-4 and A-5 must bo altered by ratios of 61 percent for the inboa d
sagmenT and N9 pet cent for the outboard segment.

To provent excessilve structural loads on the aileron system, hingeo
moments were limited to a maximum of 91,500 In.-lt) on thet Inboard aileron
sugment and 58,500 In.-lb an th6 outboard segment. This is accomplished
by bypajssing hydraulic piessuro through pressure relief valving !n the cxistiflg
h-,draulic syslum. The total aileron deflection Is + 15 deg.

The r-udder was des!gr.ed to produce I deg of. yaw at All altioides 'ýnO
*speeds up to 0.95 V;to maintaiii a maximum of 3deg of yaw in I-g mAximum

rolls 0t all speeds up to 0.95 VD and to obtain full rudder deflection at
1.75 VD with zero yaw. To suppori these design req..irements, a ma:'inibm
nirae moment of 4300 ir..-ib will be devniloped~ Figures A-6 and A-7 are plots
of rudder hinge moment v.ersus rudder def lec:1ion and rudder dtiflection .-ates.

*Table A-i sunwnsrizes the r*.tes and hing' moment dati' ur the control surfaces
as a function of aircraft operating rode.

ITibLE A-i-

SLJI4C.RY OF SURFACE DEF'-ECTiD'i RAI'ES AND HINGE K#'JmtNTS

AF A FUNCTION OF FLIC'iT CONDIT;ONS

Opera)-ing Mode I Sur race Rate, delg/sec 'In.-lh

M8aJMum f Aileron 50 0

Stabillzcr 20 C

Rudder 50 0

Combat Aileron 10 132,000

Stabrilizer 4 :00,000

Rudder t4300

Cruise Aileomn 0.2 60,000

Stabilizer 0.25 100,000

Ru~dder 0 0

ana irlg Aileron j 3.33 10,000

Smbilizer 5.0 20,000

-- Rudder i .0 800
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CONfROL SURFACE 0U0Y CYCLL

Figures A-8 through A-11 present the duty cycle for the rudder and aileron
control surfaces of the F-100. ihese data Include (1) a presentmtlon of total
deflection as function of tim6 for various flight conditions and (2) an example
of the duly cycle experienced during an emergency descent of the aircraft.

CONTROL INTERFACE

The electromechanical actuator system Input signals can be catogorizod
Into the following areas: (1) failure sensing, (2) system feedback control,
(3) basic flight controls, and (4) aircraft ilight envelope control. For
failure sensing, the system shall be capable of monitoring the essential
safe oparating parameter, provide automatic changeover from ihe primary
mode of operation to the secondary, and alert the pilot of any failures.

The essential safe operating conditions are defined by the following

(a) Maximum operating temperatures (motor, bearings, etc.)

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

(c) Control system,} electronins htiilt-in-tpst (RIT)

For the system feedback control category, the system must continually 2

monitor the pilot's input command and the control surface position signal
and generate the command signal to the control surface to maintain it wi'hin
the limits established in (b) above. Basic flight control signals compr~Sa
the followina:

(a) Trim--The system presently Installed in iho F-100 is a mechanical
system. The electrical signal from the trim switch repositions
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 signal generated by the trim switch Is
fed directly Into the normal inpul signal.

(b) Damper--The system presently In the F-100 aircraft basically senses
angular accelerations and stick position, and generates an opposing
signal Into the appropriate axis. The signal operates a hydraulic
valve to admit fluid Into the surface damper actuator.

(c) Mach Number Sensitivi~y (Gradient ChanGer)--The F-100 aircraft
!s equipped wiTh a system to automaticaliy retrim the horizontal
stabilizer as the mach number increases above 0.85. The signal
generated by the mach number transducer is fed Into a jack-screw--
operated varlahle link In the stabilizer trim system.

(d) Pitch Correction--The F-100 aircraft is equipped with a system to
automnatically retrim the horizontal stabilizer as the flaps are

lowered.
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l'or the aircraft t I ih, envelope control category, a~l .ouqh the IF 100

is not equipped with autop! ot or autoland systems, their Inputs are also

Mechanical ly summed into the f I Iqht controls. When $ Iy-by-wlrc, Is Incorporated

Into an dircrait , allI basic f I ight ~ontrol Input, togjether with autopi lot

and autoland, can be summed electr icallIy. By an electrlcei summation ot

systems, ihe total aircraft weitght Is decreased while the versatility Is

Increased. The next stop in the natural prog~ressIon of events Is to develop

an onboard flI ght control crmiputer. The F-16 is the first production aircraft

to incorporate a tiy-~by-wire system. The f -10 also Incorporates an onboard

compur or. ',he F-lb deviates from standard aerodynamic practices In that it Is

designed to be an unstable aircr aft, thus Increasing its maneuverabilIity.

The f I igtit computer Drovide5 1he electrical summing of allI of the required

parameters, and alsco mon~tors tho critical f I ght and structural Parameters arid

prevents the pi lot from exceedIng the aiicr5f t fIiqht envelope. I t 5( nrjeS

ariqie-ot-.at tack, normal accelIer at ion. etc. And b iases the p I lots i nput

sitiar& F-!ch that the coemmand signal to the control surface w Ill not a. lo.w

the aircraft to enter an overgq or stallI condition.

in addition, two areas that are not actuLi inpujts to the flight control

sys tem but are desian considerations for the ac~uat icr subsystem are hinqe

moment limriting and fail !af provisions. ilor hinge moment I imltin(,, lro-

vsI SIons shou Id oe madje i n t he ac11 u.t i n~ system to prevent f he a Iloron h inge

moment from exceeding certain limits. This requirement ilso riu-t be mret with

thio PleCtrrwnechanicki svsiem. rcI';-. -6V'a ;-'vrc f'ý the

following:

(a) In the event of total power fai lure, the control burtdce must

return to a trail, or nuutral, posit ion.

(b) ihe electromucharrical system shallI provide dd.3.1,-ate controW surface

dimpinq duringy operating or fa; lure modes.

ENV IPONMINT

The therinal environment del it it ion pi ovldei3 a madjor parameter tor %ýlcCtr ic

servomotor s anid eie'-tronic conrtrol lers. Temperatures thmt canl Sxist within

the 3i leror, anid rudder ~c3tuator compartments are liven bolow. These tempera-

tures result froin !9rodynrdflr heat i u, adi. in tt-e c:ase- of tire rudder, conivec-

tion heating from the A~rcrjft enoine is i.icluded. The-se voluv!, do not

account for- heat that may be cgenerated from e~quipmentn optr-dfinq In these

compar tm--nts . At present., t htse compartimen ts do not have ar~y heat acne[ a t I nQ

iinits.

Al i I-r on

S i rice all heat i n t he a i 1eron1 3 acu.ior corny it i met, is5 qe~rert ed b.

aerodynam ic heat nm2 tL'mP~r at ir eS d t t yp i Ca If ti (ht conrd it i ors are as follIows:

coldi* t i o" lerper at ure, ~

Cruis~e 50

Cu'Yhat11C
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Sea level, MIL power dash 175

Sea level, afterhurner dast I32

Parked In sun or, Air Force standard hat day 160

Pudder

Temperatures zores In the rudder ar.aa wji vary consIderi.bly, dependin2
upon their proximity to the enqlne compartmert. Ti-e maxiniumn oxIpected
temperatures are given below for the three rep,-esentailve zones shown in
F (guro A-12.

Zone 1--The maxlmiJrr .iructure temperature along the rudder hing"-
line is approximately 192rF.

7oni 2--The ambient air in this z:ne (the vicinity of the existing
rudder actvator) will have a maximum temperature ot 230"F.

Zone 3--The maximum temperature in zone 3 Is 300'F. Ihis Is the location

oat no existing hydraulic actuator.

r'flTnfl•m C' nr r ra r - --• 
Irrr 

r r
's•t '' .Jj 'eli t1',,C r=lnJ. I fIJ% LIsI r~ ILO

The mass properties of the aileron and -udder on the F-I00 aircraft are

sumenarized below. This summary inc'jdes the weight, center of yr.,vlt;,, and
moment of Inertia for thr inboard and outboard aýlero. segments anc' the rudder.
The. values given in Table A-2 are for the novit'.le surfaces only, and do not
Include the contro: or actuating sy-tems. The coordinate system for tho

aileron ond ruddc, ;enter of gravities Is given in Figures P-13 and A-14.

Tf.BLE A-2

CONWROL SURFACE MASS PROPERTIES

Moment of Inertli,
Suface wa .t, lb _ lb-In. 2

Inboard 36,01 YWX - 3255
ai luron iWXY z 16,996

Outboard 73.04 EWX 2 - 313'
alIeron WXY m 1328

Rudder 48.12 EWX 2 = 1175

POWER DISTRIBUTION

These data apply 1o tho existing F-100 electrical power system, and are

included only to saow that the power system nould handle a single elec-ro-
mechanical actuator to,- one outboard aile,-on for flight test evil ,atllah duric,
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F igur o A- 14, Rudder Coordin':te Sysierro
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a subsequent procv.ar phase. it Is ciea.- that a,. aircrafl designed for
ei'zctro~mechanic-oi actuation systems would a!so inc.ule a completely different
dower soijrce sized for the intended use ano duty cycle.

l'rimary electrical power for the F-100 Is provided by a 200-amp, 2F,-vdc

gener- 4cr anid a 20-kva, 115/200-v, 4J0 Hz alternlator. In lieu of Mi! -STD-704,
Ihe generciring ,ystem-:, In the F-1OJ were dehi'rned to meet MIL-E-76:ill, which
allods a trequerv~y variation of 30 to 420 Hz e-nd a nominai stecidy-sitie
vcitjge ilo the rjerge of 102 -t0 124, with &., 18-v variation. However, the
syttems In; the F-100F will operate at 396 to 404 Hz ant' 114 to 116 v steajy-
state with variations and transients as allowed by MlL-E-7894. In the last

several years, syst-ims have been tidied to the F-100 that were desig.i~d to
MIL-STD-704. As each Installation was made, tests have been conducted to
en~sure that tho Qial I y of the power prov Ided at the system I npui wa5 w Ii h In
the envelope ot MIL-STD-704. In all cases, the power was acceptable and no
additionz-,l M terina or conditioning required. The elec-trical loaa analysis
for the F-100 Inoicates thet the 200 amp dc generator is running at a load
of 8.8 to 12.5 kva for various flight conditionls. ihese load,; are ropresen-
tative of an operaticnai aircraft and can be decreased by deactivating certain
syslems that wil Inot be requ~ired for this, test program.

PERFOPMLANc;E CRITERIA AMD TRADEOFFS

No-Luad Response

The position close.-'-lcop response of the F-100 surface ser,.'oactuator
is equivalent to an tiffective first-order time constant of 0.05 sec (loop
ga!n cf 20 rad/sec) or better. (CorresponOs tu 3.2 Hz at 3 db point.)
For Input frequency and as.plitmide combinations resulting In an actuator
rate of 1/100 or the design nco-load max~imum rale, the effective time constant
is no g-eater than 0.10 sec (loop gain o, 10 radsec). These apply 1t3 the
'mnezr operating regimes (i.e., non-rate saturcition). The servo/ac+uator
output is controllaDbe (repeatable) with'-n J.2 percent of full stroke.
The output -cso Iut ion~ k I II be no greater tnar' 0. 05 percent of f ullIStrý,e

Response Under Load

The F-100 ai leron actuator timre constant for the 6esign load condition
(reference Figura A-4) is n,_ reater than 0.21 sec. For rate demands
e.ýuivafert to 1/10O of the miecimum no-load rate, the time constant isr
greater than 0.40 sec. Thes--e '-ates apply to non-riate saturated wrrvnar,ds.

Air' rart Performance

A preliminary analysis of data de3veloped from the performaný-r curves
and 2qeuailions for the Pratt & hWriitney J-37 enejine (installed Ir the F-100
aircraft) indicates thdt a sizable suvinas in horsepower must bc obtained
by the electromechanical systemn before a noticeable change In aircrafT per-
formance or ranqe will be realized. For each 10-hp chanqe at the engine
accessory pad, the engine thrust will change 0.00176 percent and the specific
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fuel consumption will change O.O06 osrzent. The engino thrust is directly
related to aircraft performance such as velocity art' rate of climb, while
the aircraft range and loiter time are a funct!on of the enginr specific fuel
consumption.

HVDRAULIC CONFROL SYSTEM WEIGHT

A preliminary weight survey v .. conducted for the F-100 aircraft.
Table A-3 show. the weight of the complete hydraulic primary flight control
system with an electromechnica! system for the .-o11, pitch and yaw axis.
The flaps, wheel brakes, nose gear ster.ing, and speed brake system are not
Inc I uded.

T ABLE A-3

F-10OF REVISED FLIGHT CONTROL SYSTEM DELETIONS

cjntroI s Weight, lb

Automatic flight control-. (43)

Servos 54

Plumbing and fluid 9
I

Aileron cont,o, s (243)

Mechan ca 1 28
Nydrau I iC 206
Artlficial f.'iql 9

Hori zontal tail controI ler (224)

Merhan I ce 1 49
tiectrical 21
Hydraulic 90
Artificial feel 64

Rudder controls 1840)

MccnlanIcai 27
Hydraulic 31
Artificial feel 14
Vibration damper 8

Powei- conirýi systeml (242)

Puijtt" 31
Accumuluators 41
PerervOi's 24
Valves, filters, etc. 23
P I ubln g 68
Fluid 24
Emergericv sys em 31

Structure (1 39)

AI leron hIlrres 88

Rjdder hinqes 4
Rat door and "ech. 47

Totel )eletions 971
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APPENDIX B

B-52 RUDDER AND ELEVATOR CONTROL SYSTEM

The rudder and elevator actuation system comprises three major assemblies:
(1) a rudder actuator, (2) an elevator actuator, and (3) a hydraulic power
supply. The characteristics of these assemblies are described below.

ACTUATORS

The actuator consists of a dual tandem hydraulic cylinder, Including
Integr-al input servomechanisms, position feedback, and summing linkages. The
actuators are capable of operation based upon either mechanical comnand
Inputs or electrical command Inputs. The performance characteristics of the
two actuators are presented in Table B-1.

TABLE B-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.-Ib

Rate 80 deg/sec 80 dog/sec

Weight 52 lb 57 lb

Load Ir•ierta 17,008 lb-;n. 17,894 lb-In.

Stiffness 40,000 lb-in. 50,000 lb/In.

Bandwidth 4 Hz 4 Hz

MTBF, goal 2500 hr 2500 hr

input command (mechanical) 2.7 in. Input 3 In. Input gives
gives 2.6 in.output 2.93 in. output

An i*pproximate duty cycle is obtained from the cycling endurance tests
for the actuators. These are summarized in Table B-2.

1 •8
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TABLE B-2

ACTUATOR EN=DURANCE RCQU!REMENTS

Elevator Actuat,)r (at 1 Hz)

Input command, Sprirg rate, No. of
in. lb/In. x cus

+ 0.157 9gCO 400,000

+ 0.392 5000 65,000

+ 0.626 5800 24,000

* 1.165 5800 5000

1.465 5800 1000

Rudder Actualor (at I Hz)

Input Command, Spring Rate, No. of
in. lb/in. Cycles

+ 0.138 3700 400,000

+ 0.346 ?4C0 65,000

+ 0.554 2400 29,000

+ 1.04 2400 5000

+ 1.3 2400 1000

HYDRAULIC POWER SUPPLY

The hydraulic power supply (HPS) from hydiau:ic power to the rudder and
elevator actuators. The HPS provides a total of 4-gpm flow 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 reservoir
to provide peak power aemand to the actuators. rhe component chiaracteristics
are presented in Table 6-3.
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TABLE B-3

HPS C0MPONENT CHARACTERI3TICS

COmponent ' 7haracteristIcs Value

Motor pump

We! ni" 35 lb

Efficiency 60 percent minimum

Duty cycla 4 gpm for 2 rin,
2 gpm rms

Maximum current, 30 dmp/phase
opera"ing

Resorvoir

We!gnt 23 lb

Capacity 490 cu in.

'40
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APPENOIX C

F-I RUDDER CONTROL SURFACE ACTUAI0R PERFORMANCE

Tine F-15 ruddFr 1!: controllcd by a rotary hydraulic actuator. The aculator
Is located on thii hinge-line of the conlrol surface. The major characteristics
of the actuator are presented below.

Output torque 13,500 +250 In.-lb

Maximum torque 15,500 in.-lb (unit will smoothly
back-drive to neutral at a minimum
rate of 15 deg/sec)

Rate 137 414 deg/sec, no-load

Bandwidth 3 Hz minimum

Weight 23.4 Ib (dry)

Dimensions 6.4 by 3.5 by 16.7 In.
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APPENDIX D

F-3 RUDDER CONTROL SURFACE ACTUATOR PERFORMANCE

The F-8 rudder conTrol subsystem Is located In the aft section of the
vertical tail. The hydraulic cy~lnder has two tandem pistons on a single
piston rod. Each piston Is powered from a separate hydraulic power supply for
redundancy. The valves are mounted in a separate assembly and connected by
a linkage arrangement that provides synchronization. Feedback Is accomplished
using a scissor type mixing linkage. The major performance characteristics
are presented below.

Stroke +17 dog

Rate 80 deg/sec

Hinge moment 36,000 in.-Ib

Stiffness 0.66 x 106 In.-lb/rad
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APPENDIX E

1OROIDAL DRIVC ANALYSIJ

INTRODUCTMON

The feasibility of using a mecharical scrvo (variable rolle.- drive) in a
eleciromechanical actuator system has been analysed. The complete details of
ihe analysis are presented in AIRescarch Report No. 7b-12633. This append;x
suummarizes the analyses. The servo system investigated (see Figure [-I) converis
high-speed, low-torque Input to a low-speed, high-torque output through coitrol
and output rollers of a toroidal servo. Variable gear ratios are achieved by
varying the angle (Wc) of the control roller from -30 to +30 deg. Other
geometric paramoters affwcting servo performance such as radius of the rollers,
distance of The roliers from the rotational exis and tilt of output roller
were fixed for a configuratlon, but were varied during the analysis, so t-lat
key parameters were included without complicatIng in-depth analysis (if problem
areas.

The Investigation covered the following areas, which are surmarized in
this appendix.

a KinematIcs

Cedr ratio

Svrmnetry

Linearity

0 Radii of curvature at roller contacts

0 Hertz stress at roller contacts

"* Performance

Force and toroue balance

Preload and frictional force

Life

Freauency response

"* Synthesis

For illustration, the analy1is was centered on an example with the
followina reouirements:

Envelope, 4.0 in. dia.

Output torque, T0 = 37,500 lb-in. at stall

145
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Output speed. NC a 80 deg/sec at no loed

Torque characteristics are given beIow,

TORQUZ

37.500 L8 IN.

0 .SPEED
0 

BISEC LEO

Life, 8000 hr 
S

Frequency response

f = 8 Hz at no load

K INEMAAi Cs

The Sasic p~rameters are the rotler radius, the distance the rollers ore

located from the rot6tional axis, and the tiltina angle of the rollers. For

convenience, these cen be reduced to the roller parameter X.

Distance of roller center from actuatO; centerline
Roller radius

and the roller tilting angle ýP.

These two parameters are appl Icable to the fixed roller and the variable-

angle control rollers.

If the gear ratio is defined as ,l

ouptspeed
J - nu pe

ihe.. (See Ftgure E-l)

S = I I II I I I I I145
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4)t t ry - b n
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Int -oduci ng 
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A 2 1/2 1I- s+ +) 
gi

Bt f sil ,

At t! +i bi (P t II(P

,., i . ri, Pl x

•t =1 - 4f

N): ... _____ __-_i__ l__ p,

The functions Bt and Bý are structura!ly ic•eni;cdi. Tthe I~a SJi tS her.

I IL

j - A ( B , - B , _

Vaclations o' tunction A with ct'ancies iri control roller tiltino anle

aie shown In Figure E-2. Variations of R.- (8. is fixed for this analysis'

are shown in Fiaure's E-5 throuqh E-5.

As a check of the eauations, v3lues were assioned to key pa-anleters in

the system shown In Fglaure E-1.5.

FIro Fioure E-6,

• 2.5

"Y = 1.2

X -_ 2 .0 0

0 z 30 djea

sIn %0, sin 30 den o=.5

A " 112 1 +
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B 2 - si f 2.08333 - 0.50 z 0.61290

x 2 + sin'Pf 2.08333 + 0.50

Results are shown In Table E-1

TABLE E-1

EXAMPLE RESULTS

'Y
-sin'P

Sin~~ v~+ sin'

[DEGI (- in.] (i n.]I

+30 +0.50 1.50 2.50 +0.60000 +0.00800

0 0 2.00 2.00 +1.00000 -0.24000

-0. 50 2.56 1.50 +.66

For- any control servo, it is desirable to have a linear and skew-symmwretric
curve, as shown In the figure below which shows the speed versus Input comin1and
relationship.

OUTPUT SPEED

I ~INPUT C0MtAND
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Gear Ratio

A study of gear ratio was nrede

where

C
I

WE= Output angular velocity

W = input angular velocity

The study shows thar linearity ard skew-symmetry can be achieved at specific
parametric values only. Figure E-7, plotted for gear ratio changes of +3r depo
and the same absolute va'ue of speed extremes, shows that linearity improves
with Increasing X valup. Figiure E-8 is a plot of the varial ion in gear ratio ,
with a full 360 deg change in both roi ler anales and with X kept constar:t.

IInearity arid Skew Symmetry

Liiearlty and skew symmetry analyses were maoe for the servo. The proilem
reauces to determining the Ir,flexion points on the curves shown on Figure E-8.
At 1hese points, the second derivative of

t iJ !

given by di 2

dip

where j 11/21+ sifn~lb -s iin f C C
W Xf + sin x0 + sin "-

In the derivat:ve XC, xf andtj are assumed to be cons-tants.

Differentiat;ng qives infleztion points at the values ofPc shown below

1.0 -88.0

1.5 -58.3

1.5 -121.7

3.0 -34.i63

6.0 -18.459
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RADIUS OF CLJRVA1URE

Radius of curvature of the roller and the torold must brd known to deter-
mine the contact stress. Determining the two principal radii of curvature for
the roller Is simple because iI Is assumed that the roller has a 55 percent
conformity to the torold (establIshed practice In Lall and screw applications).
Conformity geometry is shown In Figure E-9.

One of tihe principal raoii of the torold is similarly straightforward;
it Is Identical with the rol;er radius. The second principal radius is deter-
mined as follows.

55 PFERtCENT CONFVaMITY (CUSTOMARY WITH BALL SCREWS)

ROLLER

/ I

I /

R I""'- .A T•! -

IOROIDR

WITH 55 PERCENT CONFORMITY:
0.55 d = O.55 (2R1 ) 1.10 '1 R 1 0. O9 1 f

Figure E-9. Conformity Between "oro~d and Roller

A cone Is fitled into the toroid so that the cone touches the torold at the
point where it Is In contact with the roller. The radius of curvature in
questi :n Is taken as the radius of curvature of the coiiical sac!Ion, which
Is In the plane of tie roller (as shown in Figure E-1O).

For tne examnple, approximately six roller parameters were selected,
assumig a +20 deg roller tilting angle. The selection of the six roller pare-
meters is !:.own on FI-gure E-II. The variatIon of toroid :-adius of curvature
with roller tilting angle Is shown on Figure E-12.
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SUBST ITUTING
CONE BODY R R, y

R' •R, (ARBITRARY)

"R

PLANE OF (TORO ID)
P• ) LANE OF

SECT ION

S-4433

Figure [-10. Radius cf Curvaiures

7 -

D 4.0 iN
EN;. LCPL.

0. i

6 bLLLII

F qur-(! L-I I. Enve lope Resl ri t ions
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21

20 f-
CURVE [IN [-J [IN]

(1 2.6 0.3846 1.000

18 2.2 0.5227 1.150
7- 17 (-1.8 0.711i1 1.280-

16 ( 1.4 1.0143 1.420

_15.5500 1.550
1" ® 0.6 2.8000 2.680

I.-

Uj 14

ILALNEO

<13 - __

S12 - __

7 ROLL- /- ) /

i.n

8-LPLANE OF
7 - ''ROLLER

4

~ 5. RADIUS OF CURVMURE IS
cr IN THE PLANE OF ROLLER

-, -
0 • -,- -- - -- [,00

0 10 20 30 40 50 60 70 80

ROLLER TILTING ANGLE, uf DEG

Figure L-12. Varietion of Toroid Rauius of
Cur vaturo with TI ltirg AngIe
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HERTZ STRESS AT ROLLER CONTACIS

Hertz stress wat 'Jalcuiated for the rollor-torold contact a'as. The problem
Is the most general case ot Hertz stress (Roark, Page 231, Case 8) w',ure 2!wo
bodies are in contact, the two principal rad.us of curvature are known for each
body, and the resoective orientation 0 of the minimum radius cf curvature also
Is given. It is applied to the roller contact ae shown In Figure E-13. The
calculated onit Hertz stres.os are plotted In Figure E-14.

90 D)ŽN..-'

R 2 0

BODY 2 (TOROID) /

R'I = "fY

/ ~1

BODY I (ROLLER) R1 0.9091 yf

R' 2  Yf

R = VARIES WITH 'Cf

S-44149

Figure E-13. Methodo;ogy in Calculatinq Roller Contict Areas

Roa.k, Riaymond J., Formu!as for Stress arid Strain, Fourth Ejition, McGraw
Hill, New York, 196,57 p' .
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PfIRFORMANC-t

ToIL: t per-turfrance * a foircyý t~Ieao:z.c was i rtwtid through(I ilie dlc ye
"rain ardj ihet re~tulls were checl~edý aaainsýt the kinematic cafcu~j:tions, F or
ft.0 c CI Cil.-T ionis . to, pe' tormanc-e vo 1ume presentfed 3,1nr1i er Were used.

l'iquro 1-15 shows the fo rco helance on tihe systen- tron) cut)ut to inp~ut,

fU~i wjm ich basic for-ca K,! :ince enoat iocs may be, wr itter,:

OUtput to, Qme T0  AV6C

F i xed rol1ler, UN A!?2

Cy ! i r~dr i ual toro d flY '%3 0

Rcari ion at the contrat ral ler D 2C

input shaft DIV C\1  + Ti 0

Camb i noin those ecluat~ons nives the r atio:

TIi I

wh ich. Ti 0 i f S

and 1 )ai> t a

The derivcd ecuatio15 were used ia calculate 0~C in(Iure r-) f or com~rp; i5

k ith t hcse calIculIated at Ythe samle conrd it ors uis i n t he drkr ie k inorltiafi

ecluationis. From Figlure E-6.

42.5 in.

19in.

n in.

Re- It a- t' OL tabulad n 1Ta0 1e F-?
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IABLE E-2

EVALUf'TIO,4 OF FORCE BALANCE EQUAT;ONS

c =-30 deg 0 dtug YC +30 deg

Point v w v u, v

S2.50 +1.0 2.00 +I.C 1.50 +1.00

-2.50 -1.66667 -2.)(, -1.00 -1.50 -0.60000

-5.16;67 -1.66667 -3.i00 -1.00 -1.86000 -0.60000

÷1.900 +1.0 +1,900 +1.0 +1.900 +1.00

-,.63333 -0.653333 -0.90o0 -L.24(200 +0.02000 +0.00OOuo

out -0.b53 1 4 -0.24000 +0.00800

t -0. 65734 -0.24C0o jo0.008G0
S:From Table E-I

iI
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P-eload and Frictional Fcrce

Sufficient frictional force is necessary to prevent sliding at Ine point
of r)l ler-toroi 1 conta-t. Calculations were made to drtermkb.e the preload
requircd to de,.g!op t,,o necessary frictional force and to e-tablilci the
relaxatinn between this force and ti~e reqLired oLtput torque, as shown In
tha fore diagram or th- firad roller.

lhG tangential torce ot S, 8 is

A2=T ST_ 'Y
ne

A = tangential force at e

st staII force, 37.',00• b1

e€ = Distince of C from rotating axis

The force rl.-4uired to prevent slipping is

Z=B41

where cefficient )f friction

= 0.08 app-oxim-it2 mean va1ue of .-. )efficients with a Heiz -tress

of 400,000 rsi and a modesi (<1 in./sec) tlidinr

anJ the required preload

P- n Q cOS c,

wnere = 20 deg

Combining, substituting, and 6pplying a 20 percznt margin to the selected
configu. dtio),

= 1.2b in.

P 764288 = 206,475 lb

Life Determination

For the I ife ,..ýtermi iation, the confi y.,,rcIio! •-lIPCTrd was deft 1ec more

ful!y as sh'.wn in Cigur- E-16, which definei; thc- kinernai;,s, atv Figure E-17,
wiijr shows the physical dime-',ions. Verilicatico of th,Ž oesiqn parameters
with this example is skowih in [Fa.le E-3.
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Since the numner ot Hertz stress cyc'es Is related io the operatir~g time,
calculations were ma-Je to determin-, the nut~tir of cycles :ncident to the
800O-hr l ife. Hertz cycles wi~re dei,*rmIr~qd Lsing the selected system ge'metry
as a ba~iis and the di-'sgrn verification parameters In Table E-3; tn., time Tor one
ruller revoltition (1.21931 sec and 800 degIs~c Input) was used to ca~cula te the
number of contacts (2 per revolut~on) for the V'O0O-hr life, or 47.24 x 10~
contacts. Similarly', the nu'-.er ot contacts tor the disk lIn contact with the
Ou~put roller wa-, computed to be 127.'96 X 1C' contacts for 8000 hr. A~ plot
of a! lowable contuct struss agnInst bear~ng life for angu:.r contact bemrings
Is shown In Figure ---18.

f~ejuency Resc~onse

rrecivency response for the system was O~etermlneu as a function of the
lnsertod gear ratio. Requiremenis for fresquency response at no load was + I
deg sinusoidal mnotion at f - Hz. icor purposes of calculating the mass
moment of Inertia, the roiler drive was considered to be equivalent to a

from which 0 =0.0495 lb-;n, sec

= 0.0745 rad

f - 8 Hz

= 50.265 rad/sec

Td~i) - 37,5(10 lb

from eq~uations for sinusoidal

displacement (C ý4 s In Lot

.ýPeed 4 P u

acceleration a pu 2 y 0 Sin Lut

The maximum value ot acceleration required Is given by

2
C VCPO

but ihe available ecceleration is given by
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Values of torque, maximum accelerction, sinusoldal amp;Itude, and
frequencies for various gear ratios are given In Table E-4.

TA8LE E-4

FREQUENCY RESPONSE FOR SELECTED SISiLM

Amplitude of
MAl mu.l SlnusoldalF Maximum Available Motion for 1 deg

Gear Output AcceIeration C. at panel ,o Frequency
Ratio I, Torque Te, rad I
[-] [Ib-In.J S"2 [rradj Hz

1 37,500 751,570 0.01745 1048.6

2 18,750 378,780 0.03491 524.3

4 9375 189,390 0.06981 262.1

8 4687 94,690 0.13963 131.1

1C 2344 47,350 0.27925 65.5

32 1172 23,670 0.55851 32.8

64 586 li.b,7 1.11701 16.4

128 293 5918 2.23402 8.19

256 140.5 2959 4.46804 4.10

512 73.24 1479 8.93g09 2.05

1024 36.62 ?59 17,87219 1.02

18.31 370 15.74434 0.5i?

SYNTHESIS

Results of the analysis show ihat a variable roller drive in the given
envelope will nIeet the specified preload, life, frequency response. *.id input
speed requirefments within a limited range of gear rr0los, 118 •lI 132, on l. .
However, the concept warrants further vc-iflcatIon by actual hardware design
&nd teas. The results are tlbulated a5 a function of gear ratio in Tabie E--5
and Figure E-19. Limitations In gear reIo are defIntd below and in Figure
E-19.

1 1*70!
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I * 20 Because the practical limit of axial preload Is about
10,000 lb in the given env6lope. and I < 20.8 would

require preload In excess of 10,000 lb.

I - 180 Geca•se the highest practic6l Input speed Is 24,000 rpm

(2-pole, 400-Hz system) and higher qear ratio I would
require higher input speed than 24,000 rp~n.

I - 118 Because the obtsinable life is less ti.-a' 8000 hr It 1<118

1= 132 Because at higher i, the t = Hz freqcency response cannot

be satisfied.
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