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PREFACE

This report was prepared by AiResearch Manufacturing Company, a division of

The Garrett Corporation, for the Air Force Flight Dynamics Laboratory, Air Force
Wright Aeronautical Laboratories (AFSC), Wright-Patterson AFB, Ohio, in accord-

ance with Air Force Contract No. F33615-80-C-3620. Submittal of this report is
intended to satisfy all data requirements of the subject program. Mr. Dan Bird
served as the Air Force program monitor, and Mr. Bob Belanus functioned as the
AiResearch program manager. Mr. Stephen Rowe was the principal author of this
report.

The purpose of this program was to modify and test an existing advanced-

technology flight control actuation system. Specifically, the forward control,
feedback loops, and feedback sensors were analyzed, modified, and tested. Testing

addressed frequency response, transient response, and system stability.

Testing verified the desirability of the new control mechanization. Actua-
tion system performance approached theoretical limits and matched predicted

per formance.

Mr. Dan Bird is thanked for his constructive comments during the course

of the subject program.
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1. PrOGRAM SUMMARY

This report is submitted by AiResearch Manufacturing iCompany, a 1i vis'n
of The Garrett Corporation, to the Air Force Flight Dynamics Laboratory kFFL),
Air Force Wright Aeronautical Laboratories (AFWAL) (AFSC), Wright-Patterson AFE,
Ohio, in accordance with Air Force Contract No. F33615-80-C-3620. Sjbmittal

of this report is intended to satisfy all data requirements of the subject

contract.

An existing advanced technology electromechanicai actuation system (TMYA )

was modified for improved control and performance during the program. Specif-
ically, the forward control, feedback loops, and feedback sensors were analyzed,

modified, and tested. Testing addressed frequency response, transient response,

and system stability.

General conclusions of the program were that the modifications to +he
EMAS provided adequate stability and control, and qreatly improved performance
over that of the baseline system.

1.1 INTRODUCTION

The subject program was pursued for the purpose of advancing EMAS aDpli-

cations to primary flight control systems. The advantages of EMAS (and electri-
cally powered aircraft subsystems) have been well documented during the nast

decade (References 1 through 10).* This particular program is an extension Of
two previous programs using much of the same actuation system hardware (see

References 11 and 12).

This report is intended to satisiy all data requirements of the program

contract. Inclusive within the report are a program summary, a brief synopsis

of program history (previous and current), summaries of EMAS modifications and

testing, and supporting appendices.

1.2 OBJECTIVES

Objectives were specified in the program contract for the existing EMAS
(see Figure 1). The principal objective was to improve the control, stability,

and performance characteristics of the existing EMAS.

Due to the objectives specified above, particular emphasis was placed on

the EMAS servo loop and inverter control and on the EMAS sensors. Analysis and
hardware modification were restricted to the forward control, feedback loops,

and feedback sensors (see Figure 2). The actuator itself was not modified.

*All references are included in Section 5.

" . . . . . II I II II. . . l I . . ..
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Figure 1. Existing EMAS Hardware

CONTROLPOE
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CONTROLLER INVERTER ACTUATOR RESPONSE

FROM FCS

INVERTER FEEDBACK

ACTUATOR FEEDBACK
A -6415

F-35010

Figure 2. Conceptual EMAS Block Diagram
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1.3 RESULTS

As a result of the modeling and simulation work, the control mechaniza-
tion for the EMAS servo loops and inverter was modified. These modifications
required the fabrication of new controller/inverter control circuitry. The
revised EMAS block diagram is shown in Figure 3, and the modified hardware is
shown in Figure 4.

Specific modifications to the EMAS were:

(a) Implementation of a unique four-quadrant inverter/motor control

(b) Addition of a current minor loop

(c) Addition of rate feedback

(d) Use of an ac synchro with zero-crossing detection for rotor
position sensing

(e) Use of a linear, ac tachometer for motor rate feedback

f) Addition of a cross-channel offset-error compensator

These modifications are discussed in Section 3.

After modifying the EMAS, performance testing was performed; this is
described in Section 4. Performance data for the unmodified and modified EMAS
are given in Table 1. Significant improvements were demonstrated for system
controllability, stability, and performance.

1.4 CONCLUSIONS

The data summarized above were reviewed and conclusions were drawn. The

conclusions that were developed were categorized as addressing control, sta-
bility, or performance, and are described in more detail in the following text.
All test data are presented in Appendix B.

1.4.1 Control

The control approach developed during the present program was found to be

successful. Both the inverter and actuator controls offer significant advantages
over previously addressed approaches (see References 11 and 12).

The implementation of a four-quadrant motor controller allows linear opera-
tion in all four motor voltage - current quadrants (see Figure 5). The principal
benefit of this operation is that it allows the actuator to more closely approach
idealized transient response. The step response trajectories of Figure 5 illus-
trate this; e.g., a four-quadrant drive may have little or no overshoot. Addi-
tionally, linear control avoids switching of discrete inverter and controller

modes, which can introduce discontinuities.

3
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MINOR CURRENT CONTROL
LOOP LOGIC

TACHOMETER 50 AMP INVERTER

CONTROL

A 15691

F -35012

Figure 4. Modified EMAS

5



Table I

MODIFIED/UNMODIFIED EMAS PERFORMANCE SUMMARY

Parameter Modified Unmodified

Frequency Response

Frequency 13 Hz 8 Hz

Gain 0 db -3 db

Phase -135" -600

Amplitude +10 +10

Transient Response

5° step rise time* 0.05 sec 0.06 sec

10° step rise time* 0.10 sec 0.12 sec

No-Load Rate 95 dps 80 dps

Stall Load** 70,400 in.-lb 70,400 in.-lb

*90 percent of steady state
**Not tested, verified with motor and gearbox data

Note that the two-quadrant drive of Figure 5 would require additional con-

trol logic to function as a servo control.

1.4.2 Stability

EMAS stability was found to be acceptable, based on step and frequency
response data. Figures 6 and 7 show typical step and frequency response plots,
respectively.

All step responses illustrated a single overshoot and undershoot, with
rapid decay. There was no indication of any significant limit cycling at
steady-state.

Frequency response plots indicated a considerable degree of peaking in
the frequency range of 7 to 13 Hz. The maximum amplitude ratio observed was
+4.5 db at +1* input with an inertial load of 8.04 in.-lb-sec 2 . Corresponding

gain and phase margins for this case were approximately 2 db and 40, respec-
tively.

6



TWO QUADRANT OPERATION:

SPEED-TORQUE VOLTAGE-CURRENT STEP RESPONSE
0

/ T

FOUR QUADRANT OPERATION:

SPEED-TORQUE VOLTAGE-CURRENT STEP RESPONSE
0

E v

SHADED REGIONS INDICATE AREAS OF LINEAR CONTROL

A 15370

Figure 5. Two Vs-Four-Quadrant Operation
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The peaking during frequency response was attributed to the tachometer
feedback loop. The cause is believed to be the result of excessive compliance
in the tachometer-motor rotor coupling. Replacing the coupling with a stiffer
configuration would increase the tachometer-coupling mechanical natural fre-
quency, and thus decrease the peaking in amplitude ratio. This would also
improve actuator gain and phase margins.

1.4.3 Performance

Performance was considerably improved over that of previous configurations
(References 11 and 12). Both steady-state and dynamic performance were improved.

Steady-state performance was improved by an increase in no-load actuator
rate. The previous configurations had utilized a forward loop limiter, which
held the maximum actuator rate to 80 deg-sec -1 . The present configuration allows
the motor to run at whatever the bus voltage dictates, up to 10 krpm. Thus, no

load rate is approximately 95 deg-sec- 1.

Dynamic performance was evaluated primarily from frequency response data.
Bandwidth was considerably increased, from 8 Hz to approximately 13 Hz. This
bandwidth corresponds to +10 at 0 db, and should be maintained at -3 db if
peaking attenuation was incorporated.

System performance data is presented in Table 1.

1.5 RECOMMENDATIONS

The following recommendations are based on test results from the subject
program.

1.5.1 Sensors

Sensor interface (tachometer, rotor position) is critical because of its
influence on system performance and stability. Excessive compliance or the
presence of backlash in a sensor's coupling can seriously impair actuator per-
formance.

Also, sensor characteristics (linearity, noise, accuracy) must be con-
sidered carefully in terms of the application. No existing sensors are totally
satisfactory for use in advanced EMAS.

It is recommended that additional R&D be committed to sensor development
and application. Ideally, a combined tachometer/rotor position sensor could
be developed and tested, specific,'ly for brushless dc-pm motor applications.

1.5.2 Controls

The four-quadrant control, as previously discussed, operated satisfactorily
and improved EMAS performance. Specifically, linear operation in all four
voltage-current quadrants eliminated the need for several control modes and the
resulting control discontinuities.

10



The controls utilized in the present actuation system are built up mostly
from analog components. It is believed that use of digital components and

digital control techniques would provide a more flexible contro~ler mechaniza-
tion. This is especially true for a microprocessor based controller.

It recommended that a microprocessor-based controller be examined for use
in EMAS applications. A prototype microprocessor controller would be very

useful in evaluating digital control techniques.

1.5.3 Flight Test

EMAS will never be fully accepted until a comprehensive flight test program
has been performed. This is reasonable, in light of flight control system (FCS)

criticality.

It is recommended that a flight test program be funded for the purpose of
realistically demonstrating EMAS feasibility. Such a program would encompass

as a minimum: problem definition, EMAS fabrication, aircraft modification,
safety-of-flight testing, ttight test, and test data reduction.



2. PROGRAM HISTORY

As stated in the introduction, the subject program was an extension of two
previous studies. Both the current and past programs have been referred to as
the electromechanical actuation development program (EADP). EADP was an out-
growth of a previous study performed by AiResearch in 1975 for AFFDL (Reference
1). Feasibility studies for the use of EMAS in aircraft primary FCS was the
principal objective of that study. State-of-the-art (1975) technology was
reviewed in areas of motor design, electrical power conditioning techniques,
servo control mechanization, mechanical drive techniques, and actuator/aircraft
interface.

The purpose of this section is to provide a brief overview of the EADP for

both past and present programs.

2.1 DEVELOPMENT PROGRAM (1976 THROUGH 1978)

EADP began in 1976 shortly after a feasibility study. The program objec-
tives were to design, develop, and test a prototype actuation system based on
a problem statement from the feasibility study (Reference 1). Table 2 shows
a summary of the problem statement. Complete documentation of the program may
be found in Reference 11.

The design of the actuation system began with the configuration shown in
Figure 8. An actuator capable of satisfying the requirements of Table 3 was
designed, and is shown in Figure 9. In addition, a controller/inverter com-
patible with the actuator requirements using microprocessor based servo control
was designed.

Hardware for the actuator was fabricated, and component tests were per-
formed to verify design predictions. Figure 10 shows the assembled actuator,
and Figure 11 shows the motor used in the actuator. Concurrently, a breadboard
controller/inverter was fabricated and tested.

Development testing of the EMAS began after system component checkout.
During development, design and control problems surfaced requiring several EMAS
configuration changes. Briefly, development testing revealed the need for the
following changes:

(a) Rate feedback was necessary for servo stability and desirable tran-
sient response characteristics, when actuating large inertial loads.

(b) Analog controller circuitry was found to be more practical for

development use, due to programming complexity of the microprocessor,
and memory/speed requirements beyond microprocessor capabilities.

12



TABLE 2

EADP PROBLEM STATEMENT

Vehicle Application Interfaces

Structurally integrated, rotary hingeline actuator

3 hp available at control surface, max.

115/200-vac, 3-phase power supply

Fail-operational (two-channel) :1

Actuation Goals

Stall hinge moment 37,575 in-lb

No-load rate 80 deg-sec - I

Bandwidth 4 to 12 Hz at +1 deg amplitude

Load inertia 46.6 in-lb-sec 2

Duty cycle Continuous operation at a minimum
of 20 percent peak torque

PODWECRIEERO*ICORCSRSRV CONTROLLERFEBC

SUPMROTOR MOTORINVETTERTRANSDUCER

-- SUMMING ICON
, 

TROL

COMMAND DIFFERENTIAL SURFACE

INPUT AND OUTPUT E UT~GEARING
l II

suWER COIVNT OLLER/ MOTOR FEBC
k INVRTERTRANSDUCER

l CHOSEN FOR FEATURES

FPOWER DEMAND SYSTEM 8 E70 VOC POWER INPUT

DIRECT DRIVE SERVO 1 MICROPROCESSOR SERVO CONTROLLER
0 FAIL.SAFE 0 TRANSISTOR POWER SWITCHES

0 RARE-EARTH COBALT. BRUSHLESS.
PM ROTOR.L PC MOTOR

0 PLANETARY GEARED OUTPUT '

Figure 8. Prototype EMAS Configuration
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TABLE 3

SUMMARY OF PERFORMANCE GOALS AND TEST RESULTS

Characteristics Specified Test Results

Output stroke +30 deg +30 deg

Output velocity 80 deg-sec -  80 deg-sec - l

(no load)

Output torque 37,575 in-lb
(stall)

Hysteresis 0.5 percent 0.5 percent
full stroke

Frequency 4 to 12 Hz 8 Hz
response -3 db, -90- -3 db, -60 °

Position null 0.5 percent 0.5 percent

*Not tested or verified with motor and gearbox data.

AIRCRAFT

270 V DC STRUCTURAL

BRAKE BRUSHLESS INTERFACE

ASSEMBLY MOTOR

PLANETARY ELECTRIC
OUTPUT MOTOR

PLANETARY STAGE ELECTROMAGNETIC
ACTUATOR BRAKE ASSEMBLY
OUTPUT

FEATURES DIAMETER: - _ - 4 IN. FITTINGS

LENGTHW .. . 23.75 IN.
WEIGHT: 34.8 LB

POWER INPUT: - ----- 270 V DC. 34 A. TOTAL
BOTH MOTORS

OUTPUT RATE: ... . So DEG/SEC
TORQUE: ----- - -- 37.00 LE-IN. MAX.
FRED. RESPONSE: . NH

Figure 9. Actuator Design
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(c) The digital encoder was found to have insufficient resolution when
directly driven by the actuator, but was satisfactory when driven
through step-up gearing; it was unnecessary once a deciscn was
made to proceed with analog controls.

Several configurations were developed to investigate digital and analog
control mechanizations. Satisfactory performance and adequate stability were
obtained using the analog system of Figure 12.

Testing was performed using this EMAS configuration for the balance of the
program. Performance data measured using this configuration is tabulated in
Table 3.

2.2 FOLLOW-ON PROGRAM (1979 TO 1980)

During the program time frame, significant advances in high voltage-high
current transistors were made, and new devices became available. In order to
capitalize on this technology, a follow-on program was pursued from 1979 to 1980
with the intention of increasing inverter current rating and of improving actua-
tor performance. In addition, limited environmental testing was planned as part
of the follow-on, in order to evaluate system performance and component opera-
tion. A block diagram of the EMAS is shown in Figure 12. Program documenta-
tion may be found in Reference 12.

A 30-amp inverter was constructed for use with the existing actuator. New
controller electronics were also breadboarded, including an improved current
limiting technique (based on average rather than peak current), and new servo
control/compensation circuitry. A tachometer was not used for rate feedback
in this configuration during most of the follow-on program, requiring the use
of lower loop gain. Figure 13 shows the breadboard inverter.

Performance and environmental testing of the EMAS was performed at tempera-
tures of -65, 70, and 250°F. Figure 14 shows the actuator installed in an
environmental chamber. Figure 15 shows the follow-on EMAS block diagram. Per-
formance data are tabulated in Table 4. The EMAS operated satisfactorily at
all temperatures; however, performance of the system was not improved over the
previous configuration in all of the areas anticipated.

This, and other EMAS anomalies, led to a thorough review of component
designs and system control. The review was accomplished after the follow-on
program, and resulted in the following conclusions:

(a) Motor rotor position sensing was not completely satisfactory because
of a low signal-to-noise ratio and ramping during sensor state changes
(see Figure 16A). The effect produces an inverter "firing angle"
(commutation) that is not at the optimum value, thus reducing peak
motor running torque (see Figure 16C).

(b) Motor tachometers previously examined were nonlinear at low speeds,
and noisy at all speeds, making use of the signal difficult
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TABLE 4

TEST DATA SUMMARY

Characteristics Test Results

Output velocity 80 deg-sec -1

(no- load)

Output torque 70, 400 in-lb*
(stall)

Frequency response

* -650 F 8 Hz, -3 db, -60°

* 70°F 8 Hz, -3 db, -600
* 250°F 8 Hz, -3 dh, -80 °

Thermal evaluation
(motor end turns)

* -65°F, 23 amp (rms) 0'F at 75 sec
* 70'F, 18 amp (dc) 300°F at 250 sec

* 250'F, 23 amp (rms) 385OF at 60 sec

*Not tested, verified with motor and gearbox

RAMP I NG

ROTOR POSITtON SENSOR OUTPUT

RIPPLE

(b) CURRENT WAVEFORM

OPTIMUM ALTUAL

IN, ERTER 
.

(SII
INVERTER FIRING ANGLE

Figure 16. Sensor/Control Characteristics
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(c) Motor current limiting was not as precise as desired due to sig-
nificant "ripple" in the current waveform caused by inverter control
technique (see Figure 16B).

(d) Although minimum performance requirements were met, it was recog-
nized that the increased torque (current) capability affored by the
Westinghouse D60T power trarsistors was not being used to the maxi-
mum advantage with the two-quadrant control scheme. This was evi-
denced by system instability at high gain levels, thus limiting system
frequency response.

2.3 FOLLOW-ON PROGRAM (1980 TO 1981)

Using these conclusions as a basis, a revised EMAS controller and inverter
control circuitry were designed, and new motor sensors were incorporated. This
design formed the basis for a follow-on program from 1980 to 1981.

The controller design is new, and employs four-quadrant control in lieu
of the previous two-quadrant control. A block diagram of the EMAS is shown
in Figure 3. The system utilizes velocity and current minor loops for motor
speed and current control, respectively, which provides a linear, four-quadrant
servo control.

The system of Figure 3 was fabricated and tested during 1981. This system
is the subject of the present report, and is discussed exclusively in Sections
3 and 4.
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3. SYSTEM MODIFICATIONS

Modifications were made to the existing actuation system for the purpose of
improving operation and performance. Elements of the actuation system that were
modified included the controller, inverter, and actuator sensors. No modifica-
tions were made to the actuator itself.

3.1 SYSTEM

The actuation system was modified to the configuration shown in Figure 3.
Notable features are current and rate minor loops; a commutation circuit; and
an ac synchro and tachometer for motor rotor position-sensing and rate feedback,
respectively.

A block diagram for one channel of the system is shown in Figure 17. This
diagram illustrates in greater detail the portion of Figure 3 from the position
command/feedback summing junction to the inverter input.

3.2 CONTROLLER

THe controller is configured to allow linear operation in all four motor
voltage-current and speed-torque quadrants (see Figure 18). This permits the
actuator to approach ideal response characteristics.

Linear operation is obtained by using both rate and current feedback, per-
mitting direct control of both variables. Additionally, logic analogous to
a non-linear amplifier is used for current control within the current loop.
This logic provides an input to the commutation logic ano determines the sign
of the current feedback. This mechanization allows the motor to transition
from one quadrant to an/ other quadrant, both voltage-current and speed-torque.

Current limiting is obtained by a limiter in the forward loop and is set
for +30 amp.

3.3 INVERTER

Minor modifications were made to the inverter. Modifications were limited
to the inverter commutation logic. The basic Iridge remained unchanged.

The previous current limit was mechanizeu by monitoring the cLrrent level,
and if it exceeded the maximum allowed, the motor drive was turned off for 100
usec. Turning off the drive for 100 usec caused excessive ripple in the current
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4. SYSTEM TESTING

The modified EMAS, as described in Section 3, was. subjected to the te!,tinq
required by the program test plan. The test plan and LMAS testin are discu-,seed
in this section. Test data are evaluated, and conclusions drawn.

4.1 TEST PLAN

A test plan was developed by AiResearch and rt~vitwed tv the, customer. Thc

approved procedure is contained in Appendix A.

Three specific tests ire required by the test [ Ian. 7htv jr(:

(a) Stability assessment (pdra. 5.1)

(b) Frequency response (para. 5.2)

(c) Increased system inertia (para. 5)

The objectives of the above tests were to evaluate lMA(i performance and
stability.

4.2 TESTING

Testing was performed in accordance with the test plan of Appendix P. Test

data were recorded and may be found in Appendix B.

Individual tests are discussed in the fol lowinq paraqraphs.

4.2.1 Stability Assessment (Para. 3.1)

Step and square wave inputs were applied to the actuation system. Both
loaded and unloaded test runs were made. Actuator loading was accoml fished
with a linear spring, having a stiffness of 130 in.-lb-deg -1.

Test data may be found in Appendix B. Test numbers corresponding to this
paragraph are I through 16 of Appendix B.

4.2.2 Frequency Response (Para. 3.2)

A sinusoid-l input was applied to the actuation system, a frequency sweep
performed from I to 25 Hz. This was accomplished for several input amplitudes,
with the actuator loaded and unloaded. Actuator loading was iccomplished via a
linear spring.
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INTEGRATED HINGE (ROTARY) ELECTROMECHANICAL ACTUATION TEST PLAN

1.0 PURPOSE

1.1 INTRODUCTION

This document is submitted by AiResearch Manufacturing Company in accordance

with the data requirements list, Sequence No. 4, of Air Force Contract Number
F33615-80-C-3620 issued by Air Force Wright Aeronautical Laboratories Flight
Dynamics Laboratory. The following paragraphs describe a test plan for additional
demonstration testing of the integrated hinge (rotary) electromechanical actuation
unit.

1.2 SCOPE

This plan describes the tests to be conducted on the Integrated hinge (rotary)
electromechanical actuation unit. The actuation system will be tested under labora-
tory ambient conditions using the existing actuator test stand.

The components that undergo a redesign or change function will be checked out
and demonstrated initially on a component level then incorporated and tested on a
system level.

A major emphasis of this program will be to assess the improvement at system
stability that results from I) more sophisticated switching logic, 2) the use of
pure rate feedback via a discrete tachometer mounted on the motor shaft and 3) the
use of a synchro for improved motor commutation.

Further areas of interest include system operation with increased surface
inertia and redundancy management. These areas will be investigated through test
demonstration and system analysis.

1.3 BACKGROUND

Air Force Contract F33615-76-C-3043 has sponsored the development and test
of the integrated hinge (rotary) electromechanical actuation unit designed for
aircraft primary flight control. The baseline unit shown schematically in Figure 21
provides dual redundancy in the electronic control, motor drive, and mechanical
elements. The actuator was designed to be in a flight configuration to illustrate
hingeline structural interface capability, thermal management considerations, and
servo feedback mounting and design considerations. The controller was fabricated
as an engineering breadboard with two separate, rack-mounted servocircuits and
power switch assemblies. This arrangement provided maximum flexibility to incor-

porate design improvements. Major actuation unit features are described on the
following page
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COMMMAND SERVP POWERSWJ MOT TOR
COTRL SWITCHES

I JFEED )BACK ._

Figure 21. Electromechanical Actuation Unit Block Diagram

(a) Closed-loop position servo circuits were impelemented using both
analog and digital techniques to demonstrate versatility for inter-
facing with various aircraft flight control systems. Optical,
digital encoders, and analog potentiometers were used to monitor con-
trol surface position and are used in the serve feedback loop. Tran-
sistorized electric power switch circuits provides motor torque-rate
and commutation control.

(b) Permanent-magnet, 270-vdc motors using brushless commutation and
rare-earth cobalt magnets in the rotor assembly are used to achieve
high acceleration and torque in minimum space and weight. Samarium
cobalt and other high-energy, rare-earth-magnet materials are being
used to reduce servomotor size and weight while maintaining high
performance output. As a result, dc electric motors are competitive
with the hydraulic motors used in primary flight control systems.
The selection of 270-vdc power was based upon rectification of a
standard 115/200-v, 400-Hz aircraft power source.

(c) Torque multiplication and speed reduction are accomplished through a
rotary hingeline actuator that implements dual redundant drive chan-
nels, using a velocity summing planetary differential and planetary
gear stages to the rotary output. The rotary actuator gear ratio
matches the torque and speed requirements of the control surface to
the motor output. Improved materials and manufacturing processes
make use of high-strength alloys to achieve high fatigue strength,
high stiffness, and ease of producibility.
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This hardware has demonstrated the capability of using low-level electric
signals (fly-by-wire) to control high-power electrical servomotors (power-by-wire).

The following tests were performed under the basic contract, including an amend-
ment to the contract.

Component acceptance and functional testing

Mechanical and electrical interface compatibility verification

System performance (frequency response, dynamic stiffness, velocity,
position resolution, and efficiency)

System demonstration (reliability redundancy management)

System psrformance at ambient temperatures (actuator only) from -65°F
to + 250 F

System performance as a function of the inverter current limit at
currents up to 30 amp.

System operation as a function of supply voltage

1.4 OBJECTIVE

The overall objective of this testing effort is to further demonstrate the
feasibility of electromechanical actuation for primary flight control surfaces.
This can be accomplished through dual channel stabilized control capab4lity for
high torque, high bandwidth response.

1.5 REFERENCES

1. Air Force Contract F33615-80-C-3620, Section C, Description/Specifications

2. AiResearch Proposal, 09308-13720-015, March 20, 1980. Preliminary Pro-
posal for Integrated Hinge (Rotary) Electromechanical Actuation Testing.

2.0 TEST CONCEPTS

2.1 TEST ARTICLES

The hardware to be tested consists of components and assemblies as described
below:

COMPONENT ASSEMBLY UNIT

ITEM QTY PART NO. ITEM PART NO. ITEM

Motor* 2 P515018-2 Atrd

Gearbox 1 2022192 Actuator 202219 llneActua-

Controller I - Jtion Unit
2-channel ...

*The motor includes instrumentation per

Dwg. PA150920 (tachometer and synchro)
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2.2 TEST PLAN

2.2.1 Special Test Equipment

For this testing effort the existing test stand and linear spring load-
ing fixture will be utilized.

2.2.2 Schedule

The schedule of tests is presented in Figure 22. This figure also
includes the time allotted to incorporate the required hardware modifications.
Testing of the actuation system will require one month beginning October 1980.

2.2.3 Facilities

The test program will be conducted in the existing facilities of AiResearch
Manufacturing Company. All system tests are to be performed in the electro-
mechanical laboratory.

3.0 TESTING

This section presents descriptions of each test that is to be performed.
Individual test briefs summarizing setups, procedures, and required data are
presented in Section 4 of this document.

3.1 STABILITY ASSESSMENT

The objective of this test Is to establish the actuation system operates
in a stable manner. The system will be subjected to square waves (step) and
triangular waves (ramp) input commands of various amplitudes and frequencies
under loaded and unloaded conditions. Results will be recorded on an oscillo-
graph and be available for evaluation. All tests will be performed at labora-
tory ambient temperature.

3.2 FREQUENCY RESPONSE TEST

The objective of this test is to determine the amplitude ratio and phase lag
as a function of frequency. The system will be subjected to Input commands of
various amplitudes and frequencies to determine the bandwidth of the actuation
unit.

3.3 INCREASED SYSTEM INERTIA

This test will investigate the effect of an increased inertial load. The
output arm of the test stand will be incrementally weighted and system response
will be recorded. These results will be correlated with analytical predictions.
This test will be limited to demonstration only due to test stand limitations.
Results of the test will determine the extent to which the output inertia is
increased.
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4.0 TEST PROCEDURES

This section includes test briefs describing the system demonstration
tests to be performed. These briefs include the following information:

Objective

Facility

Test Setup Schematic

Equipment and Instrumentation List

Test Procedure Summary

Required data to be recorded

Criteria for acceptance or rejection of tests

Special Notes
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TEST IPrepared by:
STABILITY ASSESSMENT Part No.

Date

OBJECTIVE FACILITY

TO DEMONSTRATE ACCEPTABLE SYSTEM STABILITY ELECTROMECHANICAL LABORATORY

SCHEMATIC EOUIPMENT AND
INSTRUMENTATION

Hingeline Actuator 1. OSCILLOGRAPH

Contro S2. 
SIGNAL GENERATOR

Controller 3. POSITION INDICATOR

4. REACTION FIXTUREl <._Linear Spring

Load

PROCEDURE

I. APPLY STEP INPUT COMMANDS OF 1, 5, AND 10 DEG AMPLITUDES - RECORD RESULTS

2. REPEAT STEP I FOR VARIOUS LOADS

3. APPLY RAMP (TRIANGLE) INPUT COMMANDS OF 1, 5, AND DEG AMPLITUDES - RECORD RESULTS

4. REPEAT STEP 3 FOR VARIOUS LOADS INCLUDING NO LOAD AND FREQUENCIES - FREQUENCY TO
VARY BETWEEN 0.1 AND 2 HZ.

REQUIRED DATA

I. INPUT COMMAND 3. LOAD

2. OUTPUT POSITION 4. CURRENT
q- VOLTAGE

ACCEPT/REJECT CRITERIA NOTES

TEST DEMONSTRATION ONLY DATA TO BE COMPARED TO ANALYTICAL RESULTS

S-95237
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TEST Prepared by:
FREQUENCY RESPONSE Part No.

Date

OBJECTIVE FACILITY

TO DETERMINE BANDWIDTH OF THE ACTUATION SYSTEM ELECTROMECHANICAL LABORATORY

SCHEMATIC EQUIPMENT AND
INSTRUMENTATION

HingelineControl Surface I. OSCILLOGRAPH

-Con rol Sur ace2. SIGNAL GENERATOR

Controller 3. POSITION INDICATOR

4. REACTION FIXTURE
qi, Load

PROCEDURE
I. APPLY SINUSOIDAL INPUT COMMANDS OF AMPLITUDES OF + 0.5 DEG AND + 1.0 DEG AND VARY

THE FREQUENCY FROM 0.5 TO 20 HZ - RECORD RESULTS

2. REPEAT STEP 1 FOR VARIOUS LOADS

REQUIRED DATA
1. INPUT COMMAND 3. LOAD

2. OUTPUT POSITION 4. CURRENT

q VOI TAUF

ACCEPT/REJECT CRITERIA NOTES

TEST DEMONSTRATION ONLY DATA TO BE COMPARED TO ANALYTICAL RESULTS

S-95237
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5.0 DOCUMENTATION

All documentation of test conducted for this program will be included in
the final report for this contract (CDRL Sequence 6) which will be submitted
March 1981. The format of test results will be determined by the nature of the
individual test.
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APPENDIX B

TEST DATA

Guide to Test Data

Test No. Figure No. Description

1 23 +10 step, nb load

24 -1° step, no load

2 25 +2* step, no load

26 -2° step, no load

3 27 +50 step, no load

28 -6° step, no load

4 29 +100 step, no load

30 -10° step, no load

5 31 +10 step, X0  0', loaded

32 -? ° step, X0  +10, loaded

33 -1' step, X0 = 0, loaded

34 +1* step, X0 - -1, loaded

6 35 -20 step, X0 = +20, loaded

36 -2' step, X0 = 00, loaded

37 +20 step, X0 = -2, loaded

7 38 +5 ° step, X0 = 0, loaded

39 -5' step, X0 = 50, loaded

40 -50 step, X0 = 00, loaded

41 +50 step, X0 - -50, loaded

8 42 +100 step, X0  0, loade

43 -100 step, X0 = +10, loaded
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Test No. Figure No. Description

8 44 -10' step, X0 = 00, loaded

45 +100 step, X0 
= -10, loaded

9 46 +10 triangle, 1 Hz, no load

47 +10 triangle, 2 Hz, no load

10 48 +2* triangle, 0.1 Hz, no load

49 +2' triangle, 1 Hz, no load

50 +20 triangle, 2 Hz, no load

11 51 +50 triangle, 0.1 Hz, no load

52 +50 triangle, I Hz, no load

53 +50 triangle, 2 Hz, no load

12 54 ±10 ° triangle, 0.1 Hz, no load

55 +10 triangle, 2 Hz, no load

13 56 +1° triangle, 0.1 Hz, loaded

57 +1' triangle, 1 Hz, loaded

58 -I- triangle, 2 Hz, loaded

14 59 +2' triangle, 0.1 Hz, loaded

60 +20 triangle, I Hz, loaded

61 +2' triangle, 2 Hz, loaded

15 62 +5° triangle, 0.1 Hz. loaded

63 +5* triangle, 1 Hz loaded

64 +50 triangle, 2 Hz, loaded

16 65 +100 triangle, 0.1 Hz, loaded

66 +10° triangle, 1 Hz, loaded

67 +10' triangle, 2 Hz, loaded

17 68 +1 ° sine, I Hz, no load
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tesr .. Fjqure i. '.,i r t

17 69 +l sire 7 U "Z qO i

70) +i
°  sinep, 4 'Iz, ...

71 -10 i , Hz

2~

18 ~7. , ,

74

75

76 -n , 3 H n d -

77 +2' s inh I, !', n 1>1

19 78_ 5 sine I , a

79 +5
°  s ine , n' 'aK

80 +50 sine, 4 Hz, r .a

81 +50 sine, 5 Hz, no la~4

32 +50 sine, 1) Hz, no lead

20 83 +100 sine, I Hz, n*ooia

84 +I 0 0 sine, 2 HZ, no load

85 +10 ° sine, 4 Hz, no)

86 +100 sine, 8 HZ, no ooCa

S7 +10 sine, IL Hz, no) load

21 88 +1* sine, I Hz, loaded

89 +10 sine, 2 Hz, lo-4,

90 +10 sine, 4 Hz, l oad

91 +10 sine, 8 Hz, loaded

92 +10 sine, 16 Hz, lcnded

22 +2 °  sine, 1 H.7, Ioaded
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.iure No. rescristi'

94 +20 sine, 2 Hz,

95 +20  sine, 4 Hz, Iaded

96 +2 °  sine, 8 Hz, 1;)aded

97 -2° sine, 16 Hz, Iia~

98 +50 sine, 1 Hz,

99 t5 °  sine, 2 Hz, I )a e,

100 +50 sine, 4 Hz, !je .

I10 I +50 sine, 8 Hz, 1 Wa!eO

102 +50 sine, 16 Hz, !.dded

24 103 +100 sine, 1 Hz, Ioaded

104 +100 sine, 2 Hz, !oaded

105 +100 sine, 4 Hz, loaded

106 +10' sine, B Hz, loaded

107 +100 sine, 16 Hz, loaded

25 108 Frequency response, +1',
2.55 in.-Ib-sec

2  -

26 109 Frequency response, +2°,
2.55 in.- b-sec2

27 110 Frequency response, +1*,
4.34 in.-lb-sec-'

28 111 Frequency response, +2',
4.34 in.- lb-sec'

29 112 Frequency responbe, ±_'

8.U4 in.- b-sece

30 113 Frequency respon,), t2,
8.04 in.-lb-sec
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Figure 64. Test 15, +5* Triangle, 2 Hz, Loaded
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F igure 76. Tes -t IR, +20 Sine, 8 H7', No Load
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