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SCOPE:

This information report (AIR) provides design information of various contemporary aircraft fly-by-wire
(FBW) flight control actuation systems that may be useful in the design of future systems for similar
applications. It is primarily applicable to manned aircraft. It presents the basic characteristics,
hardware descriptions, redundancy concepts, functional schematics, and discussions of the servo
controls, failure monitoring, and fault tolerance. All existing FBW actuation systems are not described
herein; however, those most representing the latest designs are included. While this AIR is intended
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3.1 Summary of Characteristics:
A summary of these aircraft FBW actuation systems is contained in Tables 1 through 21, where:

Table 1 - NASA F-8 DFBW Secondary Actuator Characteristics
Table 2 - F-4 SFCS Secondary Actuator Characteristics
Table 3 - YF-16 Command Servoactuator Characteristics (F-111 SAS Actuator)
Table 4 - F-16 Actuator Characteristics

Table 5 - F/A-18 Actuator Characteristics

Table 6 - F-15|S/MTD Actuator Characteristics

Table 7 - Tornpdo Actuator Characteristics

Table 8 - Spage Shuttle Actuator Characteristics

Table 9 - Lavi Actuator Characteristics

Table 10 - JA$-39 Actuator Characteristics

Table 11 - V-2P Actuator Characteristics

Table 12 - Sagb 2000 Actuator Characteristics

Table 13 - IDH Actuator Characteristics

Table 14 - B-2| Actuator Characteristics

Table 15 - C-1j7 Actuator Characteristics

Table 16 - X-3[LA Actuator Characteristics

Table 17 - Boging 777 Actuator Characteristics

Table 18 - X-2BA Actuator Characteristics

Table 19 - Airhus A320/330/330 Actuator Characteristics
Table 20 - F-1[L7 Actuator Characteristics

Table 21 - N-250 Actuator Characteristics
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NOTES:

A - Active mod

TABLE 1 - NASA F-8 DFBW Secondary Actuator Characteristics

Characteristics Phase | Phase I
Hydraulics
Pressure (psi) 3000 3000
Fluid MIL-H-5606 MIL-H-5606
Redundancy
Hydraulic Dual Triplex
Electrical Quad Triplex
Electrical Two-Fall Fail-Operate/
Failure Operate Fail-Off
Capability
Fail-Safe Fail Neutral
Modes
Servovalves A B
Output Force (Ib) 462 2,340
Stroke (in) 2.0 2.0
Output Velocity
(No-Load) 12,5 (active) 15.1
in/s 16 (standby)
Loop Gain 156 (active) 125
(rad/s) 54 (standby)
Hysteresis 0.15 (active) 0.08
(Percent Eull 0.25 (standby)
Stroke)

Standby modd:

e: two’'two-stage flapper-nozzle servovalves in an active and monit
three single stage jet-pipe servovalves in force summing configur

or configuration.

htion.

B - Three two-stage flapper-nozzle servovalves in force summing configuration.
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NOTES:

A - 1600 psi tg
B - Lateral ang
C - Single stag

TABLE 2 - F-4 SFCS Secondary Actuator Characteristics

Characteristics

Hydraulics
Pressure (psi) 3000 A
Fluid MIL-H-83282
Redundancy
Hydraulic Quad
Electrical Quad

Failure Capability
Hydromechanical

Two-Fail-Op/Fail-Safe

Electrical Two-Fail-Op/Fail*Safe
Backup/Fail-Safe Modes B
Servovalves C
Output Force (Ib) 640
Stroke (in) 1.0
Output Velocity (No Load)
in/s 0.6
Loop Gain (rad/s) 122
Hysteresis
(Percent Full Stroke) 0.04

one element

directional-actuators driven to center, longitudinal actuator holds la

e jet-pipe-servovalve

St position
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NOTES:

A - Three, two

TABLE 3 - YF-16 Command Servoactuator Characteristics

(F-111 SAS Actuator)

Characteristics SAS SERVO
Hydraulics
Pressure (psi) 3000
Fioid MTC-H-56006
Redundancy
Hydraulic Dual
Electrical Triplex

Failure Capability
Hydromechanical
Electrical

Fail-Op/Fail-Safe
Fail-Op/Faijl-Safe

Backup/Fail-Safe Modes

Servovalves A
Output Force (Ib) 15,300
Stroke (in) 15
Output Velocity (No Load)

in/s 5.2
Loop Gain (rad/s) 40 B
Hysteresis

(Percent Full-Stroke) 3.0

rstage flappér-nozzle servovalves

B - Mechanical feedback
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TABLE 4 - F-16 Actuator Characteristics

Horizontal
Characteristics Tail Flaperon Rudder L.E. Flap
Hydraulics
Pressure (psi) A A A A
Fluid B B B B
Redundancy
Hydraullc Dual Dual Dual Dual
Electrical Triplex Triplex Triplex Dual
Failure
Capability]
Hydromgchanical Fail-Op/ Fail-Op/ Fail-Op/ Fail-Op/
Fail-Safe Fail-Safe Fail-Safe Fail-Safe
Electrical Two-Fail-Op/ Two-Fail.Op/ Two-Fail-Op/ Fail-Op/
Fail-Safe Fail-Safe Fail-Safe Fail-Safe
Backup/ Drive to Driverto Drive to Lock in
Fail-Safe Modes Zero Zero Zero Place
Servovalves C C C D
Output Fdrce 34,900 34,900 21,700 350,000
(Ib) (in-1b)
Stroke (in 4.25 4.25 2.65 27 (deg)
Output Vdlocity
(No Load
in/s 5.10 5.10 5.30
deg/s 50 52 120 27
Loop Gaif 14.4 14.4 14.4 10
(rad/s)
Hysteresis 3.0 3.0 3.0 4.5
(Percent Full
Stroke)
NOTES:
A - 3000 psi
B - MIL-H-5606

C - Three, two-stage jet pipe servovalves

D - Dual electro-mechanical command servo
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TABLE 5 - F/A-18 A/B/C/D Actuator Characteristics

Characteristics Aileron Rudder L.E. Flap Stabilator T.E. Flap
Hydraulics
Pressure (psi) A A A A A
Fluid B B B B B
Redundancy
Hydraulic Simplex Simplex Simplex Dual Dual
Electrical Dual Dual Dual Quad Quad
Electrical
Failure Fail-Op/ Fail-Op/ Fail-Op/ Two Fail- Two Falil-
Capability Fail-Safe Fail-Safe Fail-Safe Op/Fail- Op/Fail-
Safe Safe

Backup/ Damper Damper Lock in Mechanical Neutral
Fail-Safe Modes Place Lock
Servovalves C C D E E
Output ForcHq Torque
(Ib) (in/lb)
Compressior] 13,100 15,740 346,050 29,940 18,070
Tension 12,090 13,880 346,050 27,540 14,330
Stroke (in) 4.38 1.43 37.0 (deg) 7.12 8.12
Output Veloqity
(No Load)
in/s 6.70 1.33 7.4 2.76
deg/s 100.0 60 18.0 40 18.0
Loop Gain 48.0 37.0 20.0 30.0 18.0
(rad/s)
Hysteresis 0.1 0.1 0.2 0.2 0.2
(Percent Full
Stroke)

NOTES:

A - 3000 psi

B - MIL-H-83282

C - Two-stage jet pipe servovalves

D - One pair of single-stage jet pipe servovalves
E - Two pair of single-stage jet pipe servovalves
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TABLE 6 - F-15 S/MTD Actuator Characteristics

Canard/ Aileron/ Rudder
Characteristics Stabilator Flaperon (Rotary)
Hydraulics
Pressure (psi) A A A
Fioid B B B
Redundancy
Hydraulic Dual Dual Simplex
Electrical Quad Dual Dual
Electrical
Failure Two-Fail-Op/ Fail-Op/ Fail-Op/
Capability Fail-Safe Fail-Safe Fail-Safe
Free Float
(canard)
Fail-Safe Modes Neutral Lock Pamper Damper
(stabilator)
Servovalves C D D
Output Force
(Ib)
Compression 42,200 23,100 22,000
Tension 38,600 18,500 (in-Ib)
Stroke (in) 7.8 1.4 60 (deg)
Output Velocity
in/s 8.4 3.3
deg/s 105
Loop Gain 30 40 30
(radis)
Hysteresis 0.1 0.36 0.1
(Percent Full
Stroke)
NOTES:
A - 3000 psi

B - MIL-H-83282

C - Quad caoil rotary direct drive force motor
D - Dual coil rotary direct drive force motor

-10 -
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TABLE 7 - Tornado Actuator Characteristics

Characteristics Taileron Rudder Spoiler
Hydraulics
Pressure A A A
Fluid B B B
Redundancy
Hydraulic Dual Dual Simpléx
Electrical Quad Quad Dual
Electrical
Failure Two-Fail-Op/ Fail-Op/ Fail-Op/
Capability Fail-Safe Fail-Safe Fail-Safe
Fail-Safe Modes Mechanical Power to Damper
Center

Servovalves C C D
Output Force
(Ib)
Compression 76,291 17,985 39,278
Tension 79,652 16,793 36,253
Stroke (in) 7.21 5.35 2.44
Output Velocity
in/s 7.28 4.80
Loop Gain
(rad/s)
Hysteresis ---
(Percent Flf
Stroke)

NOTES:

A - 4000 psi

B - MIL-H-5606

C - Two-stage electrohydraulic servovalves
D - Dual coil, two-stage electrohydraulic servovalve

-11 -
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TABLE 8A - Space Shuttle TVC Actuator Characteristics

Characteristics

SSME TVC
Upper Pitch

SSME TVC
Lower Pitch

SSME TVvC
Yaw

SRB TVC

Hydraulics
Pressure (psi)

Fluid |

A
B

A
B

A
B

A
B

Redundjncy
Hydradlic
Electrigal

Triplex
Quad

Triplex
Quad

Triplex
Quad

Du
Qu

Electrica
Failure
Capability

Two-Fail-Op

Two-Fail-Op

TworFail-Op

Tw

D-Fail-Op

Backup
Fail-Safel Modes

Servovalles

Output Fprce
(Ib)
Compression
Tension

74,400
74,400

60,000
60,000

60,000
60,000

96,
96,

D00
000

Stroke (i)

10.9

10.9

8.8

12.

Output VElocity
(No Load)
in/s

5.2

5.2

5.2

6.7

Loop Gain
(rad/s)

18.

Hysteresjs
(Percent|Full
Stroke)

3.0

NOTES:

A - 3000 psi
B - MIL-H-83282

C - Four, two-stage, flapper-nozzle, pressure-feedback drivers for single, four-way power stage

D - Mechanical feedback

-12 -
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TABLE 8B - Space Shuttle Orbitor Actuator Characteristics

Characteristics Inbd Elevon Outbd Elevon Rudder

Hydraulics
Pressure (psi) A A A
Fluid B B B
edundancy
ydraulic Simplex Simplex Triplex
lectrical Quad Quad Quad
lectrical
ailure
apability Two-Fail-Op Two-Fail-Op Two-Fail-Op
ackup
ail-Safe Modes
ervovalves C C C

utput Force
b)
ompression 65,400 54,000
ension 65,400 54,000
troke (in) 14.6 8.5

utput Velocity
No-Load)

S olnldHo=0lnMmomlomnmimT

S
S~
)

8.3 3.1

oop Gain
ad/s) D
ysteresis
Percent Full
troke)

n— Tl -

NOTES:

A - 3000 psi

B - MIL-H-83282

C - Four, two-stage, flapper-nozzle, pressure-feedback drivers for single, four-way power stage
D - Electrical feedback

-13 -
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TABLE 9 - LAVI Primary Flight Control Servoactuator Characteristics

Characteristics Elevon Rudder Canard
Hydraulics
Pressure (psi) 3,000 3,000 3,000
Fluid MIL-H-83282 MIL-H-83282 MIL-H-83282
Redundancy
Hydraudhe Dual Dual Dyal
Electrical Quad Quad Qulad
Electrical Failure Two-Fail-Op / Two-Fail-Op / Two-Fail-Op /
Capability Fail-Safe Fail-Safe Fail-Safe
Fail-Safel Modes Power-to-Center | Power-to-Center< | “Power-tp-Center
Servovalyes A A A
Output Fprce (Ib)
Compression 25,300 19,200 16,400
Tengion 25,300 19,200 16,400
Stroke (i) 4.0 2.4 5/0
Output Velocity 50 49 1d.1
(in/s)
Loop Gain (rad/s) 50 50 50
Hysteres|s
(% Full Stroke) <01 <01 <P
NOTES:
A - Two pairs of quad-coil,‘single-stage servovalves
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TABLE 10 - JAS-39 Actuator Characteristics

Inboard Outboard

Characteristics Elevon Elevon Canard Rudder
Hydraulics

Pressure (psi) 4000 psi 4000 psi 4000 psi 4000 psi

Fluid " | MIL-H-5606 | MIL-H-5606 | MIL-H-5606 | MIL-H-5606
Redundapey

Hydraulic Dual Dual Dual Dual

Electfical Triplex Triplex Triplex Triplex
Electrical|Failure Fail-Op/ Fail-Op/ Fail-Op/ Fail-Op/
Capability Fail-Safe Fail-Safe Fail-Safe Fail-Safe
Fail-Safe [Modes Damped Damped Damped Dtmped

Bypass Bypass Bypass Bypass
Servovalyes Linear Direct | Linear Direct | Linear Direct | Linepr Direct
Drive Drive Drive Drive

Output Farce (Ib)

Compression 38,400 15,700 21,600 111,700

Tension 38,400 13,900 21,600 111,700
Stroke (inl) 4.19 4.08 6.00 P.80
Output Velocity

in/s 4.3 4.0 46 2.8

deg/s| 60 60 60 60
Loop Gain (rad/s) 25 25 25 25
Hysteresis
(% Full Stroke) 0.1 0.1 0.1 0.1

-15 -
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TABLE 11 - V-22 Primary Flight Control Actuator Characteristics
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TABLE 12 - Saab 2000 Actuator Characteristics

Characteristics Rudder Elevator
Hydraulics
Pressure (psi) 3000 3000
Fluid MIL-H-5606 MIL-H-5606
Redundancy
—Hydratlie————Duat Duat
Electrical Dual Dual
Electrical Failure Fail-Op/ Fail-Op/
Capability Fail-Safe Fail-Safe
Fail-Safe Modes Damped Bypass A
Servovalves B B
Output Force (Ib)
Compression 11,800 4,600
Tension 11,800 4,600
Stroke (in) 7.40 2.46
Output Velocity 26 14
(in/s)
Loop Gain (rad/s) 20 20
NOTES:
A - Damped bypass for each actuator; emergency electromechanical pitch trim actuator engages if
both primary elevator actuators bypass
B - 2-stage nogzle-flapper.pressure-flow (P-Q) control EHV with electrical spool pgsition feedback

-17 -
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TABLE 13 - IDF Actuator Characteristics

Horizontal Leading Edge
Characteristics Flaperon Tail Rudder Flap
Hydraulics
Pressure (psi) 3,000 3,000 3,000 3,000
Fluid MIL-H-5606 | MIL-H-5606 | MIL-H-5606 | MIL-H-5606
Redundaney
Hydraulic Dual Dual Dual Dual
Eleqtrical Triplex Triplex Triplex Trjplex
Electricgl Failure Fail-Op/ Fail-Op/ Fail-Op/ Fal|l-Op/
Capability Fail-Safe Fail-Safe Fail-Safe Fail-Safe
Fail-Safé Modes Damped Damped Damped Damped
Bypass Bypass Bypass Bypass
Servovalves A A A A
Output Force (Ib) 210,000 in-lb
Conppression 36,000 27,000 25,000
Tensgion 36,000 27,000 25,000
Stroke (in) 3.72 4.06 2.62 30°
Output Yelocity 4.0 6.1 54 2B°/s
(in/g)
Loop Gain (rad/s) 25 25 25 20
Hysteresis
(% Eull $troke) <02 <0.2 <0.3 41.5
NOTES:
A - Linear direft-drivecvalve

-18 -
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TABLE 14 - B-2 Actuator Characteristics
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TABLE 15 - C-17 Actuator Characteristics
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TABLE 16 - X-31A Actuator Characteristics
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TABLE 17 - Boeing 777-200 Actuator Characteristics

Spoiler, Spoiler,
Characteristics Elevator | Rudder | Aileron | Flaperon | Outboard | Inboard
Actuators Per Surface 2 3 2 2 1 1
Hydraulics
Sys. Pressure (psi) 3000 3000 3000 3000 3000 3000
Hydraulic Ffoid A A A A A A
Hydraulic System Fail - op/ | Fail - op/ | Fail - op/ | Fail - op/ | Fail - safg | Fail - safe
Failure Capability * Fail - Fail - op/ Fail - | Fail - safe
safe Fail - safe
safe
Electrical Sygtem Fail - op/ | Fail - op/ | Fail - op/ | Fail -,op/ | Fail - safg | Fail - safe
Failure Capability * Fail - Fail - op/ Fail - | Faik-"safe
safe Fail - safe
safe
Servovalve B B B B B B
Max. Output Force
(Ibs) 28,900 | 28,900 11,600 6,500 10,200 22,900
Extend 28,900 | 28,900 11,600 4,100 7,300 22,900
Retract
Max. Rate (in/sec)
Extend 6.7 9.1 3.5 17.4 6.7 5.6
Retract 6:7 9.1 3.5 13.5 5.5 5.6
Stroke (in)
Extend 3.49 3.23 1.59 10.25 6.20 479
Retract 2.99 3.25 0.92 2.35 - -
NOTES:

A - AS1241 Type IV phosphate ester
B - 2-stage deflector jet servovalve
* - Capability at surface level
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TABLE 18 - X-29A Actuator Characteristics

Characteristics Canard Rudder Flaperon Strake
Hydraulics
Pressure (psi) 3000 3000 3000 3000
Fluid MIL-H-5606 MIL-H-5606 MIL-H-5606 MIL-H-5606
Redundancy
Hydraulic Dual Dual Dual Dual
Electrigal Tripiex Tripiex Triptex Triplex
Electrical Failure Fail-Op/ Fail-Op/ Fail-Op/ Fail-Op/
Capability Fail-Safe Fail-Safe Fail-Safe Fail-Safe
Fail-Safe Modes A A A A
Servovalves B B B C
Output Forge (Ib)
(Compressjon & 34,900 21,700 21,700 8,940
Tension)
Stroke (in)| - 4.25 2.65 2.65 3.2
Output Velocity
in/s 5.1 5.1 5.1 1.1
deg/s 118 155 75 30
Loop Gain [rad/s) 24 24 24 35
Hysteresis
(% Full Stroke) 3.0 3.0 3.0 3.0
NOTES:
A - Drive to stowed position
B - Three 2-stage jet pipe‘servovalves
C - Two pairs pf series*hozzle-flapper servovalves
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TABLE 19A - Airbus A319/320/321 Actuator Characteristics

Characteristics Elevator Rudder Aileron Spoiler
Actuators per
Surface 2 ¥ 2 !
Hydraulics
Pressure (psi) 3000 3000 3000 3000
Fluid A A A A
Hydraulid System Fail-oOp/ Fail-oOp/ Fait-Op/ Fail-Safe
Failure Cppability* Fail-Safe Fail-Safe Fail-Safe
Electrical| System Fail-Op/ Fail-Op/ Fail-Op/ Fail-Safe
Failure Cpapability* Fail-Op/ Fail-Op Fail-Safe
Fail-Op/
Fail-Safe
Centering/ Damped Damped Surface
Fail-Safe|Modes Damped Bypass Bypass Down
Bypass
Servovalyes B B B B
(Yaw Damper)
Output Force (Ib)
Extend 6,230 9,960 10,200 10,100
Retract 6,230 9,960 10,200 8,230
Max. Ratg (in/sec) 2.4 4.3 3.5 3.9
Total Strgke (in) 24 4.3 1.7 3.3
NOTES:
A - AS1241 Type IV phosphate ester
B - 2-stage single inletservovalve
* - Capability gt surface level
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TABLE 19B - Airbus A330/340 Actuator Characteristics

Inboard | Outboard

Characteristics Elevator Rudder Aileron Aileron Spoiler
Actuators per :
Surface 2 3 2 2 !
Hydraulics

Pressure (psi) 3000 3000 3000 3000 3000

Fluid A A A A A
Hydraulic System Fail-Op/ Fail-Op/ Fail-Op/ Fail-Op#-d| Fail-Safe
Failure Capability* | Fail-Safe | Fail-Safe | Fail-Safe | Fail-Safe
Electrical System Fail-Op/ Fail-Op/ Fail-Op/ FailOp/ Fail-Safe
Failure Capability* Fail-Op/ Fail-Op Fail-Safe | Fail-Safe

Fail-Op/
Fail-Safe
Centering/ | Damped Damped Damped Surface
Fail-Safe Modes Damped Bypass Bypass Bypass Down
Bypass
Servovalves B B B B B
(Yaw
Damper)

Output Forge (Ib)

Extend 22,900 21,100 37,100 23,800 25,000

Retrac 22,900 21,100 37,100 23,800 19,400
Max. Rate (in/sec) 4.7 5.3 4.3 4.3 24
Total Stroke (in) 39 6.2 3.3 3.0 2.8

NOTES:

A - type IV phosphate ester
B - 2-stage single)inlet servovalve

* - Capability at surface Tevel
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TABLE 20 - F-117 Actuator Characteristics

Inboard Outboard Elevon Tail

Characteristics Elevon Fin
Hydraulics

Pressure (psi) 3000 3000 3000

Fluid MIL-H-5606 MIL-H-5606 MIL-H-5606
Redundancy

Hydrgutic Duat Duat Dyal

Elecfrical Triplex Triplex Triglex
Electrical Failure Two Fail-Op/ Two Fail-Op/ Two Fail-Op/
Capability Fail-Safe Fail-Safe Fail-Bafe
Fail-Safe|Modes Drive to Center Drive to Center Drive to| Center
Servovalyes A A A
Outout Force (Ib)

Compression 34,900 21,700 21,700

Tensjon 34,900 21,700 21,700
Stroke (in) 3.35
Output VElocity

in/s 5.1 5.3 513

deg/s 125
Loop Gain (rad/s) 14.4 14.4 14.4
Hysteres|s
(% Full Stroke) 3.0 3.0 30

NOTES:
A - Three 2-stage jet pipe EHSVs
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TABLE 21 - N-250 Actuator Characteristics

Characteristics Aileron Elevator Rudder Spoiler
Actuators per 2 2 2 1
Surface (FBVV) 1 thlci?\llr\{;')ut) 1 Nf;cTLB\I/r\\/;')ut) (FB\N)
Hydraulics
Pressure (psi) 3,000 3,000 3,000 3,000
Fluid A A A A
Hydraulic|System Fail-Op/ Fail-Op/ Fail-Op/ Fail-Safe
Failure Capability* Fail-Safe Fail-Safe Fail-Safe
Electrical |System Fail-Op Fail-Op Fail-Op/ Fail-Safe
Failure Capability* Fail-Safe
Damped Centering/ Damped Surface
Fail-Safe [Modes Bypass Damped Bypass Down
Bypass
Servovalyes B B B B
Output Force (Ib)
Extend 10,700 11,000 4,900 7,100
Retract 10,700 145000 4,900 5,500
Stroke (in) 3.54 2.50 1.70 2.25
Max. No Load Rate
Extend (in/sec) 4.1 2.09 1.77 2.7
Retract (in/sec) 4.1 2.09 1.77 2.3
NOTES:
A - AS1241 Type IV phosphate ester
B - 2-stage single inlet-servovalve
* - Capability gt surface level
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3.2 NASA F-8 DFBW Secondary Actuators:

The NASA F-8 digital fly-by-wire (DFBW) program was a research and development program which
was used to provide the foundation for the technology in terms of design criteria and practical DFBW
experience. Secondary servoactuators were used to replace the linkage between the pilot’s stick
and the power actuators on a converted Navy F-8C aircraft.

The F-8 DFBW program was accomplished in two phases. Phase | consisted of a single DFBW
primary contro] system witih an analog backup control system which provided two-{ail-operate/fail-off
capability. Phase Il consisted of a triplex DFBW system with single fail-operaté/fail-neutral capability.

3.2.1 Phase | Sen\

provide relia
secondary s

fail-operate/fail-off performance. Thus, if any two channels became inoperative,

servoactuatd

The secondd
piston and a
schematicall
primary char
standby cha
designed to

servovalves
3, and 4, ar¢g
servovalves
servovalve p
supplied by {
system isola|
in Figure 2.

Servo syster
electrohydra
flapper-nozz

oactuator Configuration: The Phase | secondary servoactuator was
hility equivalent to the conventional mechanical linkage.system. To
brvoactuator was designed with a quadruplex redundant capability t

r would continue to operate normally.

\ry servoactuator consists of four electrohydraulic control channels,
quadruplex LVDT for feedback loop clesure. The servoactuator is §

nel witih hydraulic logic failure detegtion in servo system 1 and thre
nnels with electronic failure deteetion (servo systems 2, 3, and 4). S
Dbe a relatively high responsesystem and uses a pair of two-stage fl
n an active/monitor configuration. The backup or standby channels
designed for lower response requirements and use three single-sta
in a force-summing_éonfiguration. The low pressure gain of the sing
ermits force shraing*without a force equalization network. The serv
wo independent hydraulic supplies, and the design provides complg
fion with rip.stop construction. A cross-section of the Phase | servo

n 1, which provides the normal and primary mode of operation, has

5 designed to
achieve this, the
D provide a two-
the secondary

A triple tandem
shown

Iy in Figure 1. The system is an active/standby configuration consisting of a monitored

e force-summed
ervo system 1 is
bpper nozzle
servo systems 2,
ge jet-pipe
le-stage jet-pipe
bactuator is

te hydraulic
pctuator is shown

an active

t;lic servovalve plus a monitor servovalve. The servovalves are mo

lified two-stage,
ored hydraulically

by the monitor servovalve and hydraulic comparator. The only difference between the active
servovalve and the monitor valve is that the monitor valve has a blank spool in place of the second
stage spool and sleeve.
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FIGURE 1 - Phase | Hydraulic Schematic

Quad Redundant Secondary Actuator
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3.2.2

3.2.3

Phase | Servoactuator Redundancy Management: If a failure occurs in the servoactuator or its
servo loop electronics, the outputs of the active and monitor valves will differ. This will resultin a
pressure difference on the comparator spool, causing spool displacement. When the pressure
difference exceeds a predetermined threshold, displacement of the comparator spool will dump the
supply pressure to return. This allows the engage valve of servo system 1 to be shuttled, by the
spring force, into a blocked position. The blocked position blocks the output of the active
servovalve of system 1.

Upon a failute of the primary channel, the servo system 1 failure indicator will provide an electrical
signal to autpmatically energize the solenoids of the standby channels 2, 3,,and’ 4. Thus, a control
transfer to the three-channel force-summed standby mode of operation takes place. Differential

pressure transducers are provided across each cylinder port in order to{provide gignals which can

be used to d

Second failu
degradation,

ptermine failure status.

re (first failure in the standby system) will result inrcontrol with some
With one of the three channels deactivated, the’servoactuator forc

degree of
P ouptut is

degraded by|one-third, while the system response remains:unchanged. When the second channel
is deactivated, the system response is unchanged, while'the force output is redyced by an
additional third. Upon complete de-energizing of all:solenoid valves, the total acfuator is by-
passed. Pisfon and seal friction are the only constraints on the piston when totally de-energized.

Phase Il Serpoactuator Configuration: The Phase Il secondary servoactuator was designed as a
triplex redungdant actuator capable of providing a single fail-operate/fail-neutral. [The Phase II
servoactuatgr configuration resulted from the following aircraft modifications:

» Installatipn of a triplex digital flight control computer.

« Addition pf a third independent hydraulic supply to provide complete hydraulic supply
redundancy.

« Addition pf an external "spring bungee" assembly to drive the surface actuatr to neutral
(faired) gosition-after total shutdown of the servoactuator.
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3.2.3 (Continued):

3.24

The Phase Il servoactuator consists of three electrohydraulic channels "A", "B", and "C" operating
in tandem on a common shaft as shown in Figure 3. Each electrohydraulic channel incorporates

the following

features and components:

A two-stage electrohydraulic flapper-nozzle servovalve to control the actuator motion.

« A solenoid valve to port pressurized fluid to the servovalve and to the actuator chambers.

e Anenga
interconr

* Adiffere

The triple tapdem piston contains a triplex LVDT for position output sensing and

closure. Ac
Figure 4.

The normal
simultaneou
channels ten
feedback eq
valves. The
fight among

Phase Il Ser
servoactuatg
force fight is

de-energized.

The Phase |
failures and

je valve, which allows the servovalve ports into the actuator chamb
ected when disengaged providing a bypass mode which prevents 4

pperational configuratioin of the secondaty servoactuator is three ch
5ly. The full benefits of a multi-channel force summing can only be
d to work in harmony or synchronization. To guarantee this conditig
Lialization scheme is required patticularly in a servo system using hi
incorporation of this feedback loop with a high DC gain serves to re
the various channels to tolerable limits.

voactuator Redundahcy Management: If a failure occurs in a chann
r or its servo loop electronics, a force fight will develop among the g
detected by the\differential pressure sensors and the solenoid on th

brs to be
hydraulic lock.

htial pressure sensor and transducer for failure detection and channg¢l synchronization.

feedback loop

Foss-section of the triplex redundant Phase Il séeondary servoactuator is shown in

annels ON
ealized if all

DN, a pressure
gh pressure gain
duce any force

el of the
hannels. This
b failed channel is

servoactuator was designed with some internal features which add
brevention of hydraulic lock. In the event a servovalve loses its elec

a passive fai
servovalve’s

lure; detection is accomplished by providing a mechanical null bias

ressed passive
rical signal or has
bn the

firSTStage. ThUs, a bias i the Servo foop efectronics 1S needed 1o keep the

servovalve at null. If a lead wire breaks or there is a short in the coil, the servovalve cannot be
nulled. This will result in an immediate large pressure signal at the differential pressure sensor and
the failed channel will be disengaged.

The solenoid valve is designed to be engaged only when energized with an electrical signal. In the
event a solenoid valve loses its electrical signal, the solenoid valve is de-energized and pressure is
shut off. This places the servoactuator channel in its fail-safe state.
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Triplex Redundant Secondary Servoactuator
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3.2.4 (Continued):

A basic requirement for the Phase Il servoactuator was that "no single hydraulic channel failure

shall result in a hydraulic lock." In the event an engaged valve fails to close as
mechanical failure of the spring or jamming of the spool, a hydraulic lock could

the result of a
occur by virtue of

the electrohydraulic servovalve being at its null position. To preclude such a failure, a spring is

provided in the servovalve second stage spool which will mechanically bias the

spool to a hard-

over position when pressure is removed by de-energizing the solenoid valve. This connects one of
the cylinder ports directly to return and the other cylinder port is connected to return via the

solenoid valye.

3.3 F-4 SFCS Seqdondary Actuators:

The F-4 Surviyable Flight Control System (SFCS) program was an Ait. Force flight|control advanced
development program, program No. 680J. The control system is a fally quadruple, three axis
system with two-fail operational capability. The quadruplex electrohydraulic secordary actuators

converted the electrical signals into mechanical commands to‘the existing power

dctuator of the F-4

test aircraft. Tjhree hydraulic power sources are normally available in the F-4 aircrpft, power control
system No. 1, No. 2, and utility. An electrically driven 1600 psi hydraulic pump was|added as a fourth

hydraulic systéem for the secondary actuators.

3.3.1 Secondary Actuator Configuration: The secondary actuator is comprised of four|individual

elements, wiich are small actuators, whoseforce outputs are summed through
provide the gingle mechanical input to the surface actuator, as shown in Figure

h rotary linkage to
%. The actuators

used in the lateral and directional axes-are designed with a centering mechanism after three
failures. The actuator used in the longitudinal axis has a similar mechanism whith holds it in the
last position jafter the third failuref\The front frame of the actuator assembly confains a spring-

operated plunger which operates'the centering or brake mechanism. The indivi

actuators alqo contain a centering/brake release piston which is designed to tot

function by gompressing:the spring plunger during normal operation and avoid
performance.

Each individual actuator element is part of one of the electronic channels. Figu

y disengage this

(?i:al element of the
Il
ecting actuator

re 6 shows a cross

section of a fypical econdary actuator element. Each element is driven by a single-stage jet pipe

servoavle. The Jerpipe Servovalve was Used because It has sufficient flow recovery to meet the
actuator slew rate requirement while the low pressure gain allows the elements to force sum
without the need for pressure equalization. Each element has a LVDT to provide position feedback

to its channel of the electronics.
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FIGURE 6 - Hydraulic Schematic, Single Actuator Element
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3.3.2 Secondary Actuator Redundancy Management: The elements contain a differential pressure
sensor assembly which is used for failure monitoring. The sensor assembly performs several
functions; it monitors the working pressure or differential pressure across the piston head, provides
an indication of loss of pressure, and limits the differential. A LVDT in the sensor measures its
position and provides electrical information for failure detection. The servovalve coils on the
element supplied by the 1600 psi hydraulic system are connected in series while the coils on the
other elements are wired in parallel. This tends to equalize the pressure gain of elements and the
pressure limit in the differential pressure sensor prevents the 1600 psi element from being
overpowered.

rror in an element or its servo loop electronics will result in a‘force fight with the other
d its differential pressure will increase relative to the others{ “When the differential

A failure or g
elements an

pressure exq
element has
shutoff valve
the third eler
the third faily
the failure vd

eeds a predetermined level, failure logic in the electronics’will indic
failed and initiate a shut-down by de-energizing the. element’s solen
. A second failure will result in a similar sequencedn another elemen
nent fails, the electronics will shut down both refaining elements.
re fights the remaining element and the differential pressures in bot
ting level. It is very difficult to determine which of the remaining two

hte that the

oid-operated

I. However, when

he element with

N increase toward
elements is good,

2. When a lateral
tem centers the
tor in its last

thus necessi
or directional
output. Inth
position.

tating the shut down of both elements inthe event of the third failure
| secondary actuator has been totallyshut down, a spring-driven sy
e case of a longitudinal secondary-actuator, a brake holds the actug

3.4 YF-16 Commgnd Servoactuator:
FBW) control
the-art

Hancy and
ectronics system
ystem was to use
uthority command

The YF-16 prg
system. The
components W
reliability level
was designed
the production

totype was one of the.first aircraft designed to employ a fly-by-wire
F-16 prototype FBW system was designed to use existing state-of-
ith little or no development required to provide the necessary redun
5 needed forsasFBW system. The quadruplex analog flight control e
for two-fail-zOperate capability. The design scheme of the actuation
F-111.stability augmentation system (SAS) damper servo as a full a
servo (secondpry aectuator). The servo drives mechanical linkage to provide positipnal inputs to a
conventional tandem valve-on-ram arrangement at each primary surface. The prgtotype aircraft
redundancy requirements for the primary surfaces are fail-operatvesfait-safe for the rudder and
flaperons and dual-fail-operative for the horizontal tails. In the case of the rudder and flaperons, this
redundancy was achieved completely through the hydraulic logic within the damper servo. The
electrical interface with the rudder and flaperon systems is shown in Figure 7. The horizontal tail
actuation system includes a mechanical cross-over linkage shown in Figure 8 to provide the desired
redundancy. The linkage allows either command servo to drive both horizontal tails in the event of a
second failure of one of the command servos.

The F-111 SAS servoactuator is a triplex configuration with an all hydromechanical failure logic (self-
error sensing and correction) unit. The actuator was designed to provide single-fail operate (SFO)
capability.
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3.4.1 F-111 SAS Servoactuator Configuration: The actuator configuration, shown in Figure 9, has three
two-stage electrohydraulic servovalves with mechanical feedback from the main ram to the torque
motor of the servovalves. The actuator receives three electrical command signals and two
hydraulic supplies. All of the mechanization necessary to produce actuator displacement in
response to command signals, and continued operation after failure of any input or internal
component, is contained within the package.

3.4.2

Failure Monitoring: The failure monitoring is basically an active/active detection-correction

configuratior]
active servo
flow outputs
by feedback
washed out.
(called the d
between the
mismatch ex
model servo

The model in
arrangemen
Use of an el
including pis
torque moto
provisions fg

The servova
of either actt
signal is use
model has f3

Two solenoi

to reset the failuredogic upon start-up or following self-shut-off. Although a num

, together with an electrohydraulic model servo. Continuous equali
alves (No. 1 and 2) is performed by an integrator spool which cross
of the two valves. The position of this integrator spool is fed ‘back t
spring wires so that any differences in command inputs, orvalve n

The actuator schematic diagram in Figure 9 shows the function of

fferential sensor spool). The position of this spool is a-measure of t
two active servovalves, so it contains valving elements which open
ceeds a preset amount. This failure logic, together with a comparis
position and the actual servo position, provides the failure detection

cludes another servovalve together witili'a separate piston and me
. The piston is scaled down from the:sactual piston size to save enve
pctrohydraulic servo model gives good reproduction of many actuatd
ton stroke limits, velocity saturation, servoloop dynamics, servovalvg
hysteresis. Loading on this SAS actuator is small so the model ne
r load induced nonlinearities’

ve error sensor and the'model sensor are interconnected hydraulical

ation channel, or(f'the model, will produce a corresponding hydrad
0 to cut off an active servo if it has failed, or to provide just a failure

I contrelled start-up valves are included in the package and these

vation of the two
-compares the
each servovalve
[l shifts, are

his equalizer

he mismatch

when servovalve

bn between the

function.

chanical feedback
tlope and weight.
r nonlinearities,

b dynamics, and
ed not include

ly so that a failure
lic signal. This
ndication if the

iled. The failure indicator provides an electrical signal for a pilot wafrning light.

ust be energized
per of double

failure capal

ilities exist for this servoactuator, not every possible double failure is

protected, so the

actuator rate

S only a singie-Tait-operate capabifity.
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FIGURE 9 - F-111 SAS Servoactuator Schematic
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3.5 F-16 Actuators:

Several ground rules were important in the development of the F-16 integrated servoactuator (ISA).
Commonality between various surface locations would be desirable. Both the command servo and
power stages had to be operational after a hydraulic system failure. The ISA should perform like the
YF-16 system. The YF-16 flight control system adapted the F-111 stability augmentation system

(SAS) servoactuator to drive conventional surface actuators via mechanical linkage. The SAS servo
had shown excellent reliability during the F-111 and the YF-16 programs. The SAS servo is a dual-
tandem hydraulic design utilizing mechanical position feedback and self-contained logic to detect

and correct hydromechanical failures. The decision for mechanical feedback was|made because of
the following rg¢asons:

» Compatibility with YF-16 FCs design

» Less vulndrable to damage

* Minimum glectrical interface with actuator
» Easier to implement fail-safe feature

The decision tp use fail-operative/fail-safe hydromechanicalkredundancy was sele¢ted because
greater redundancy did not yield a significant improvementin aircraft safety. However, two-fail-
operate electrical failure detection was still necessaryx

The production F-16 ISA functional schematic isishown in Figure 10. Features of the ISA
configuration are as follows:

» Same actuator used at flaperon and-horizontal tail locations. Rudder actuator iglentical except for
smaller poer ram

* Mechanicgl rate (main valve/Spool position) and ram position feedback
* Three EHVs: two active-averaging, one standby

» Internal hydromeehanical failure detection/correction

3.5.1 Electrical Fajlare' Monitoring: The two-fail-operate electrical failure protection is accomplished by
the eIectricamemmﬂTmmeMWWe three

servovalves contain two identical windings independently capable of full servovalve control. Three
electrical channels within the computer provide signals to the primary coils in the servovalves.
These signals are simultaneously compared to detect failures which occur anywhere within a
command circuit. After a failure, the fourth computer servoamplifier, which is normally in standby,
is switched in to control the secondary coil of the servovalve. If the servovalve coil current monitor
voting level and time are set lower than that in the ISA voting logic, then a first electrical failure will
be detected in the computer. A subsequent electrical failure will be corrected within the ISA,;
hence, the desired electrical two-fail-operative redundancy is achieved.
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3.5.2

3.53

3.6

Hydromechanical Failure Monitoring: The hydromechanical fail detection and correction logic is
shown in Figure 11. Detection is accomplished by monitoring of servovalve first stage "T" pressure
by a hydromechanical monitor valve. Failure isolation is accomplished by the voting spool. A first
failure of one of the active valves (SV1 or SV2) causes transfer to the standby servovalve (SV3). A
first failure of SV3 locks on SV1 and SV2 control. During dual hydraulic system operation,
servovalves SV1 and SV2 operate on one hydraulic system and SV3 operates on the other
system. Hydraulic system failure correction has precedence over servovalve failures. The ISA has
second-fail-safe capability which is activated by excitation of two solenoid valves upon receipt of
command frgm an external monitor comparing ISA position with an electronic model position.
Engagement of solenoids allows a feedback linkage centering spring to commang the actuator to a
zero positior].

Leading Edge Flap Actuation System: Each wing of the F-16 aircraft has a single leading edge
flap (LEF) panel which runs the full span of the wing. Rotary mechanical actuatgrs intermittently
spaced along each flap panel provide attachment of the flap to/the wing structure|and allow the flap
to be rotated as a function of Mach number and angle-of-attack.

Two sizes of|rotary actuator units are utilized - two of the larger sizes on the inbogrd portion of each
wing and tw¢ smaller units on the outboard portion (a total of four actuator units per wing). The
remainder of the drive system consists of two angle gear boxes, a centrally IocaLed power drive
unit (PDU), an asymmetry brake assembly at thecouter tip of each panel, and multiple torque shafts
interconnect|ng all of these devices.

The PDU copsists of two hydraulic motors torque summing into a single gearboX. Each motor
receives power from separate hydraulic systems through a tandem main controlfvalve. Inputs to
the valve ar@ accomplished with a.command servo through mechanical linkage. | Flap position
feedback is accomplished mechanically on the PDU through the mechanical linkage arrangement.
The command servo is powered by two independent electrical motors giving the|system fail
operation/faiT safe performance.

F/A-18 A/B/C/D Actuaters:

The redundangyrequirements of the F/A-18 A/B/C/D actuators were established i association with
the aircraft aerodynamic redundancy. The Servo configurations are simpiified by the summing of the
redundant electrical channels in the magnetic flux of the torque motor in the electrohydraulic
servovalve. Flux summing of the electrical channels permitted separation of the redundancy
management into electrical failure monitors and hydromechanical failure monitors. The redundancy
management of the F/A-18 flight control actuators performs failure detection and failure isolation of
the actuator components and the associated servo electrical systems. Electrical feedback was
chosen for the main ram and servo position to improve resolution and to permit higher loop gains.
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3.6.1 Aileron Actuator Configuration: The aileron actuator is a fail-operate/fail-safe configuration. As
shown in Figure 12, the aileron actuator consists of single main ram with one dual-coil two-stage,
electrohydraulic servovalve. Dual main ram linear variable differential transformers (LVDTS)
provide the feedback for closed loop position control. Dual contact pressure switches and dual
LVDTs on the servovalve spool provide inputs to the flight control computers for failure monitoring.
Each actuator is controlled by two electrical channels with different channel pairs controlling the left
and right ailerons. Dual hydraulic power sources are provided via an upstream switching valve.
Failure of both electrical channels or both normal and backup hydraulic supplies will result in the
actuator reverting to a damper mode. The actuator contains an integral accumu

3.6.2

3.6.3

system to prpvide a hydraulic fluid supply for the damping mode of operation.

Rudder Actuator Configuration: The rudder actuator is functionally equivalent to
actuator. The tandem main ram was required due to envelope considerations.

Leading Edge Flap Actuation System: Leading edge flap actuation is accomplis

mechanical

transmitted
supplies pro

Each motor
other half. F

Each actuatq
hydraulic su
shut down a
hydraulic sy
control units
solenoid and

ide torque and rotational velocity to thefiydraulic drive unit outputs

irives one half of the leading edge flap system and is mechanically i

br system will sustain operation following an electrical command falil
pply failure. In the event of a second electrical failure on the same S
nd the collective flap*command to the other side is frozen. In the ev
tem failure, the\flaps will remain in the last position at the time of fa
are installedwen the outboard transmissions. These units contain a
dual-rotary.variable differential transformers (RVDTS).

Jator in the return

the aileron

ned by

ransmissions spaced spanwise along the surface as shown in FigurE: 13. These
transmissions are driven by a central hydraulic drive unit whose output to the tra
y rotating shafts. Two hydraulic motors pewered by two independent hydraulic

smissions is

hdependent of the

ow to each hydraulic motor is previded by separate servocontrol unifs shown in Figure
13. Each servocontrol includes a main cantrol valve positioned by two dual-coil,
electrohydraplic servovalves. Switching-valves provide backup hydraulic power

single-stage

to each motor.
ire and one

ide, that side is
ent of a dual

lure. Asymmetry
brake, a dual-coil
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FIGURE 12 - F/A-18 A/B/C/D Aileron Actuator Schematic
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3.6.4 Aileron and Rudder Actuator Servo Loop Electronics and Redundancy Management: The
actuator servo loop electronics and redundancy management is typical of the aileron and rudder
actuator configurations. As shown in Figure 14, each electrical channel commands one of the dual
coils in the electrohydraulic servovalve. The servovalve is designed to provide full performance
capability when operating on a single channel. The servoamplifier gain is doubled for single
channel failure. As shown in Figure 14, each channel of the computer contains four basic actuator
monitor functions: servoamplifier, command signal, main ram LVDT, and servovalve. Failure
monitoring of the electrical components in the actuator can provide fail-operate/fail-safe capability

3.6.5

by comparing servoamplifier currents between an active path and a model path.

The actuator

model of the

servoamplifier current. The command signal to both the servo [gop and the servo

servoamplifigr monitor compares the actual current through the electrohydraulic{ervovalve with a

loop model is failure detected by the digital-to-analog converter monitor., The m
secondary winding has a center tap failure detection. A failure detected by any

monitors will|disengage the servoamplifer in that channel and de-energize the co
the solenoid|operated hydraulic shutoff valve. A second failure will.femove all e
solenoid valye coils, which will cause the shutoff valve to close~and the bypass d
shift to the damper position. A servovalve failure or hydraulic’pressure loss indid
down two chiannels.

The servovalve is monitored for hydromechanical failures by the servovalve mor
servovalve i$ a conventional two-stage valve with mechanical feedback between
spool and the torque motor. The servo-valve mohitor compares actual spool po
spool positign which is commanded by the sum of the currents in both channels

A simple lagjfilter is used to simulate the servovalve dynamics for the commands

in ram LVDT

bne of these
responding coil in
citation from the
amper valve to
ation will shut

itor. The

the second stage
sition with the
driving the valve.
bd valve position

path. When|this monitor declares a failure, it shuts off both channels. The hydraulic pressure

system used
because of f

for aileren‘and rudder. The leading edge flap system has two addi
ilure mades of the hydraulic motors, mechanical transmissions, an

ce failure

management
ivalent to the
ional monitors

] rotating shatfts.
asymmetry
utboard flap

pOSItIOﬂS one

lic motor failures

or jams in the gear traln compares commanded flap posmon with actual flap position.
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FIGURE 14 - F/A-18 A/B/C/D Aileron Actuator Monitors
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3.6.6 Stabilator Actuator Configuration: The stabilator actuator is a two-fail-operate/fail-safe
configuration. As shown in Figure 15, the stabilator actuator consists of a dual-tandem main ram
configuration with an integral quadruplex servo and a mechanical manual command input. The
actuator contains a Command Select mechanism (CSM) which provides electrical control during
normal operation and mechanical control as a backup. The actuator is normally commanded by
four electrical commands. The mechanical backup command capability is provided in the event of
electrical command or electrohydraulic servovalve failures. The servos and the dual main rams
are powered by two independent hydraulic supplies. The servo rams are positioned by two pairs of
quad-coil single-stage electrohydraulic servovalves. Quadruplex main ram and servo ram LVDTs

3.6.7

provide feedpack for closed loop position control. Two quadruplex fail solenoid 4
failure isolatijon. The actuator will sustain normal operation following two electric

failures and
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FIGURE 15 - F/A-18 A/B/C/D Stabilator Actuator Schematic
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FIGURE 16 - F/A-18 A/B/C/D Trailing Edge Flap Actuator Schematic
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3.6.8 Quadruplex Actuator Servo Loop Electronic and Redundancy Management: The stabilator and

trailing edge flap actuator servo loop electronics and redundancy management are functionally
equivalent. These actuation systems were designed to provide two-fail-operate/fail-safe capability.
As shown in Figure 17, each electrical channel commands one coil in each of the electrohydraulic
servovalves, and the coils of the two pairs of servovalves are connected in series. Failure
detection and failure isolation are performed by monitors in the flight control computers. As shown
in Figure 17, each channel contains three monitor functions: servoamplifier current, cross servo,
and electrohydraulic valve failure detector. The servoamplifier current monitor will detect failures in

the servo log
actuator con
actual servo
the servoam
a third failure

servo ram, the main ram LVDT, the servo ram LVDT or the command signal. B

ram position
comparing th
logic for the
of one electr
servo positig
path of the s
performance

Failures in th
each of the t
electrohydra|
electrohydra
active outpu
together to
PSUM with t
plugged noz
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by a level de
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p electronics including the amplifier. This is done by a model curre

hmplifier current to the servovalve. A failure detected by this‘monitg
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the actuators revert to fail-safe mode. The cross serva monitor det

is the average of all operating channels, a single.«chiannel failure ca

Cross servo monitor is the same as for the servoamplifier current mg
cal channel does not affect the steady-state relationship between th
n and the actual servo position becausé(the flux summing takes plal
ervo loop. The actuator servo loop gains were designed to meet all
requirements when operating on only two channels without gain ch

e electrohydraulic valves are detected by two differential pressure 3
Wo hydraulic systems of the-actuator. The servo ram is controlled b
lic valves. Each pair isspowered by a separate hydraulic system.
lic valve contains afh.active output pressure and an inactive output
s in each pair differentially drive the servo ram. The inactive output
rovide a reference pressure, PSUM. The differential pressure sens
he average aetive pressure. Any failure in the electrohydraulic valvg
vle or receiver, will unbalance the pressure measured by the differe

tector, /A failed electrohydraulc valve will result in the removal of all
ofe'solenoid valve. This will disengage one pair of electrohydraulic

nt using the same

mand, main ram feedback, and servo ram feedback which is used’{o generate the
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ed channel. After
pcts failures in the
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FIGURE 17 - F/A-18 A/B/C/D Stabilator Actuator Monitors
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3.7 F-15 S/MTD Actuators:

3.7.1

3.7.2

3.7.3

force motor se
failure detectid
Electrical feed
to permit highg

This description is restricted to the aerodynamic surface servocylinders for the F-15 STOL/Maneuver
Technology Demonstrator, all of which are controlled directly by outputs from the flight controllers of
the flight path control set (FPCS). The nozzle actuators, under the control of the nozzle controllers,
and the nose landing gear steering servocylinder are the balance of the actuators controlled by the
integrated flight/propulsion control (IFPC) system. The redundancy concepts for the F-15 S/IMTD
surface actuators were based on the aircraft aerodynamic redundancy and control system degraded
mode requirements. Commonality between the various actuators was a major consideration. The

Canard/Stah
acommon ¢
by two indep
tandem mair|
direct drive fi
transformerg
control. Twd
the stabilato
canard actud
mode was d

Aileron/Flapg
configuratior]
The actuatof
actuators co
control valve
damper accy
closed loop ¢
failures, the

rvo configuration was chosen to improve reliability by eliminating the
n sensors required in most redundant electrohydraulic servovalvec
pack was chosen for the main ram and servo position for good|actug
r loop gains.

ilator Actuator Configurations: The canard and the stabilator actuat
pnfiguration; they have two-fail-operate/fail-safe capability. The actu
endent hydraulic supplies. As shown in Figure,8, these actuators

ram, a single stage dual tandem spool-slegve'main control valve,

(LVDTSs) provide main ram and main control valve position signals
guad-coil solenoid valves are used for failure isolation. After three
actuator is powered to a neutral lock position. After three electrica

bne by changes to the main.gontrol valve and mode select valve.

bron Actuator Configurations: The aileron and flaperon actuators ar
, With the exception of unigue rod ends. They have fail-operate/fail]
s are powered by two independent hydraulic supplies. As shown in
nsist of a dual-tandem main ram, a single stage, dual-tandem spool
, a dual-coilxetary direct-drive force motor, a mode selector valve, 3
mulator.~Dual-coil LVDTs provide main ram and main control valve
ontrol-Two dual-coil solenoid valves are used for failure isolation. 4
Actuators revert to a damper mode.

hydromechanical
pnfigurations.
tor resolution and

Drs are essentially
htors are powered
consist of a dual-
. quad coil rotary

brce motor, and mode selector valves. Quadruplex linear variable differential

for closed loop
electrical failures,
failures, the

itor is allowed to free float to an-unloaded position. The modification to achieve that

b a common
safe capability.
Figure 19, these
sleeve main

nd an integral
positions for
\fter two electrical

Rudder Act

ator configuration. The radder actuator 1S a rotary configuration wit

h fail-operate/fail-

safe capability. Itis powered by a single hydraulic supply. As shown in Figure 20, the actuator
consists of a three-chamber rotary ram and cylinder, a single stage spool-sleeve main control
valve, a dual-coil rotary direct drive force motor, a mode selector valve, and an integral damper
accumulator. Closed loop control is provided by a dual-coil rotary variable differential transformer
(RVDT) for main ram position and a LVDT for main control valve position. Two dual-coil solenoid
valves are used for failure isolation. After two electrical failures, the actuator reverts to a damper

mode.
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3.7.4 Servo Loop Electronics and Redundancy Management: The servo loop electronics and the
redundancy management for the flight control actuators is contained within the quadruplex flight
path control set (FPCS) computers. The servo loop-closure electronics is analog. The IFPC
redundancy management uses a combination of cross-channel monitoring and inline comparison
of active elements and models.

3.8 Tornado Actuators:

The most fundamental advance in the Tornado actuators is that the system is normally electrically

signalled ("fly-
the signal outg
there is also a
control surfacq
immediate and
command or g

The hydraulic
duplex level. 7
with the duple
shown in Figu

3.8.1 Taileron Act
its own powd
schematic is
The position
frequency-bl
plastic-film p
mechanical
normal, elec
mounted on
CSAS electr

by-wire"). This means that the actuators must incorporate means of

ut from the Command and Stability Augmentation System (CSAS):

completely separate provision for conventional mechanical signallin
s (the tailerons), and so in this part of the system, means-must be g
smooth mode changeover from electrical to mechanical Signalling

utomatically in the event of sufficiently severe malfunction.

pbarts of the Tornado flying-control system have‘very adequate failur

hydraulic system. The arrangement is shown diagrammatically in
e 21.

lator Configuration: Each taileroni(or half horizontal stabilizer) is se
br unit incorporating a tandem hydraulic actuator, Figure 22. The tai
shown in Figure 23. Each actuator piston is served by a separate |
of the surface is controlled:by a mechanical servo-valve equipped V
pcked pressure-feedback’/device. Motion of the ram rod is sensed |
otentiometer, or, in_the mechanical mode, by a mechanical feedbac
mode, this link acts'directly on the servovalves to cancel the input dé
rical, mode the'surface power unit is governed by a quadruplex act
the power unitiand serves as a high-integrity interface between the |
bnics on the one hand and the mechanical powered flying control ur

interfacing with
In the system
g to one set of
rovided for

bither upon pilot

e survival at the

[he basic electrical control is triplex with the internal control loop quadruplexed to align

he block diagram
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ydraulic system.
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3.8.2 Taileron Actuator Redundancy Management: In the normal (electrically signalled) mode of

operation, the quadruplex actuator performs two main functions. It converts the summed electrical
demand inputs into a medium-power mechanical output to control the surface power unit, and it
allows for variations between the signals in the four electrical lanes. Should there be a substantial
error in one lane, it automatically isolates that lane from the common mechanical output.

The deviations between the four signals originating from the voter monitor would, in the absence of
faults, be small.

Other errors
demands or
major deviat

between the four quadruplex lanes may arise from the implementat
failures of valves or potentiometers in the actuator or wiring fault$)in
on of any one lane from the position of the other three is signalled tg

operate" waining. The actuator can tolerate a second electrical lane failure and

operational.
resultsinar
pilot.

Each of the

hydraulic sel
four electrica
actuator driv|
hydromechal
variable deg
actuator to:

1. operate
2. disconns
3. disconns

The variable
plate and no
hydraulic po
in two pairs,
and establis
loop. Inthe

A third electrical failure or combination of one hydraulicfailure with 3

vovalve. In turn, this governs the position.of*a small hydraulic suba
| inputs are converted to four independéent mechanical movements.
e "connecting rod" links, each of whichrotates a clutch plate which i
hically loaded onto a driven plate secured to the consolidated outpu
ree of coupling between the cluteh plates and the output shaft enabl

vith four lanes functioning) despite minor disagreements,
ct any lane whose degree of disagreement exceeds a critical value,
ct all electrical lanés'in the event of a nonsurvivable fault condition.

coupling takes'the form of conical pegs projecting axially from the fa
Fmally mating with detent sockets in the corresponding face of each
iver on<and all lanes operative, the four sub-actuators drive four clutg
eachpair gripping a driven plate between them. The whole assemb

on of these
the aircraft. Any
the pilot as a "fail
remain fully
n electrical failure

bversion to the mechanical signalling mode of control with a "fail-safe" warning to the

juadruplex actuator input lanes commands thé'movement of a sepdrate electro-

ctuator. Thus, the
The four sub-
S

t shaft. The

bs the quadruplex

and

\.ce of each driven
clutch plate. With
h plates arranged
y moves together

N€S,a consolidation of the output displacements of all four control lapes in the inner
mmmmmmmmmmt, the output

consolidation favors the three good lanes. Minor deviations are accommodated by the detent
sockets of the clutch plates, riding away from the conical pegs on the driven plates against the
clamping force of hydraulic clutching pistons inside the hollow output shaft. This allows each
clutch plate to move through an angle of about 4° relative to its mating driven plate. This
represents 20% total lane displacement in that direction. The total system is, therefore, very
tolerant of minor deviations arising from component tolerances within the actuator and the avionic
driving system. Relative motion is always possible because the torque imparted to each clutch
plate substantially exceeds the opposing force of the clutching pistons.
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3.8.2 (Continued):

Once the disagreement in any lane causes the relevant clutch plate to move through a relative
angular distance greater than 5° the axial travel of that clutch plate along the output shaft becomes
great enough to cause effective disengagement. A latch plate drops between the clutch plate and
driven plate preventing the drive from that plate being applied to the consolidated output and
preventing the faulty plate from being re-engaged (until the latch plate is deliberately raised). The
axial travel of the clutch plate closes a switch signalling an amber fail-operate warning on the pilot’s
panel. Further rotation of that clutch plate, such as would occur with a faulty hard-over signal,

carries the d
torque it can

surviving channels.

Two of the in
lanes drive t
pairs from th
from the con
springs pusl
driven plate.
taken place)

1. one lane
2. two lane
3. failure of

Such a warn
hazardous fl
reversion to

With any fau
at least one
fault, howev{

Reversion is

ptent sockets out of engagement with the conical pegs of the driven
transmit is effectively zero. The output, thus, continues to be détern

put lanes drive their clutch plates through one hydraulic system ang
nrough the other. In the same way, the clutch-plate loading pistons
e two hydraulic systems, and clamp the assembly-axially against an
centric pairs of coil springs. In the event of failure of either hydrauli

This is again signalled as a fail-operate condition (if no other failurg
An amber warning is interpreted by th& pilot as one of the followin

well outside normal operating limits;
5 well outside normal operating dimits,
one hydraulic system.

ing calls for no mandatory action by the pilot unless he is in an unng

ght mode (for example, ‘mission in a severe terrain-clearance regime
mechanical signalling might be undesirable.

hydraulic-system and at least two correctly operating electrical chan
br, must.cause an immediate reversion to mechanical signalling.

hreught about by microswitches being opened, thus cutting off currg

plate, so that the
hined by the three

the other two
are energized in
opposing force
C system, these

apart the two affected clutch plates until they.are no longer in engagement with their

e has previously
)

cessarily
) in which sudden

It condition,giving an amber fail-operate warning, the system continfies to function on

nels. Any further

ent to solenoids in

the reject se

eclor assemply. there are T1our fail-safe sotenoids provioeu 10 contr

| the mode

selector valve, which is a two-position tandem hydraulic spool valve with one half operating in each
hydraulic system. With the solenoids in the de-energized condition, the selector is held in the
mechanical mode position by spring pressure.

- 66 -



https://saenorm.com/api/?name=d4428697b7ad5d8160d875e22c61d5cf

SAE AIR4253 Revision A

3.8.2

3.8.3

(Continued):

The taileron actuator also includes two types of clutch and trim actuators. The clutches and the
trim actuators are needed to provide two independent actuator control linkages, one for use with
electrical signalling and the other for mechanical signalling, and for engaging only that which is
demanded. The trim actuators are needed to take out any difference between the electrical and
mechanical control demands at the moment of reversion, and re-align the geometric datum
settings of the surface and the pilot’s control column. The importance of this function is evident
from the fact that, in the worst case, at the moment of changeover the pilot might be making a 10%

demand in o
direction in g

The electricd
between the
by the two h

In contrast, t
requirement

transient. This sudden take-up of the mechanical systenm might also occur at a t

relative moti
to engage th
takes place.

The trim actijiators, which are needed to-wash out the difference between surfac

pilot’s stick
alignment. T
the aircraft.
control authd
stick positior]
surface mus

required by the pilot.

Rudder Actu
within the ru

he direction while the surface may actually be at the limit of its trave
ccordance with control demands from the CSAS.

quadruplex actuator output shaft and the power unit servovalves ar
ydraulic systems.
that mechanical reversion must be almost instantaneous, with no in

bn between the mating members. The s@lution is an infinite position
e mechanical system and transmit the\control movements while the

osition at the moment of changeover, must not bring the two into im
o do so might cause a sudden deflection of the tailerons which at hig
A time of 9 s is, theréfore, allowed for trimming out the difference. 1

is displaced., This would not cause immediate embarrassment, bu
be broughtte.a common datum to permit full control surface displal

ator €onfiguration: The single rudder is driven by a power unit of sl

| in the opposite

| mode clutch has a fixed geometry with which it engages.ar'disengpges the linkage

d is pressurized

he mechanical mode clutches are of unusual design to meet the challenging

significant

me of rapid
device with which
trimming function

P positioni and
mediate

h IAS could break
'he pilot has

rity throughout this\period, but at the moment of reversion, he may find that his neutral

the stick and
cement when

m design housed

der itself, driving on to the fixed fin. The rudder actuator is shown i

n Figure 23. Its

operation is Simifar 1o that of The taileron power units, apart from the fact that there is no provision
for manual signalling. The rudder is less important as a control surface since the aircraft can,

under normal conditions, be controlled without the rudder. Accordingly, its reversionary mode is a
centering action back to the streaming position.

3.8.3.1 Rudder Actuator Redundancy Management: The rejector selector is "signalled over" to the
reversionary position by solenoids, as in the taileron system. In this position, the main
mechanical servovalves are isolated from the cylinder, which are then commanded by a local
mechanical closed loop. This lever system signals two secondary valves, one in each hydraulic
system, to bring the rudder to the central position. Subsequently, it is held "stiff" by hydraulic
pressure to prevent flutter.
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3.8.4 Spoiler Actuator Configuration: Each wing carries two spoiler surfaces above its trailing edge, the
inner spoilers being driven by one hydraulic system and the outer by the other. Each panel is
positioned by a double-acting actuator with a duplex electrical feedback potentiometer. The
actuator, shown in Figure 24, is governed by a separate package, alongside it in the thin wing.
This contains a single electro-hydraulic valve with separate coils receiving two demand signals fed
through duplex electrical control links. The coil in the first stage determines the position of the flow
stage of the valve which controls the actuator.

3.8.4.1 Spoiler Act

3.9

continuoug
servestot
to drive thd
being impa
other wing

When the
sections, S
hydraulic f

Space Shuttle

The Space Sh
servoactuatorg
configuration i
servoactuatorg
majority voting
elements is co

output elements involves unreasonable size and weight. The servo design is a fol

configuration ||
servoactuator
each case, ho

ly compared with the duplex input signals, and any sufficiently large
igger the reject system. This applies hydraulic power on the fétracti
surface fully home. The movement is completed in 0.5 s.t0"prever]
rted by a faulty hardover signal. Simultaneously, the corrésponding

vings are swept to a supersonic angle, the same’system is triggereq
nce at maximum sweep the inner panels are-within the fuselage. In
hilure, the spoilers are allowed to close under aerodynamic load.

Actuators:

Uttle Main Engine (SSME) serveactuators and the Solid Rocket Boo
provide Thrust Vector Control (TVC) for the shuttle engines. The 3
5 common among the various applications and there are four actuat
consist of a single cylindér and piston with mechanical feedback af

nservative to provide adequate reliability. The alternative of using r
vith electricalfailure sensing and shutoff to give two-fail-operate capg

have three hydraulic supplies and the SRB servoactuators have tw
vever,-0nly one hydraulic system is used at a time within each serv

uator Redundancy Management: The potentiometer feedback signpls are

disagreement
bn side of the ram
t undesired roll
spoiler on the

is housed and deactivated to preserve symmetry of,roll power in both directions.

| for all spoiler
the event of

ster (SRB)
ctuator

Dr sizes. The
nd a quadruplex

servo assembly. The mechanical design phhilosophy for these large power output

bdundant power
Ir servovalve
bility. The SSME
0 supplies. In
pactuator.
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FIGURE 24 - Tornado Rudder Actuator
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FIGURE 25 - Tornado Spoiler Actuator and Valve Package
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3.9.1 Thrust Vector Actuator Configurations: A diagram of the TVC actuators is shown in Figure 26.
Overall actuator position feedback is provided mechanically by a conical cam, cam follower and
linkage arrangement that positions springs that act on the torque motor of each servovalve.
Internal cantilever spring wires within each servovalve provide mechanical feedback from the
second-stage spools and from the power-valve spool. The four servovalves are arranged in a V-4
configuration about the single power valve spool (see Figures 26 and 27). A concentric drive
piston is used at each end of the power valve to create four separate drive areas at each end. The
drive pistons couple to the power valve through flex rods to reduce concentricity problems. The
entire power valve drive assembly is immersed in fluid and no elastomeric dynamic seals are used.

3.9.2

3.9.3

3.94

Separate md
servovalve h
and from theg
second-stag
amplifier noZ
actuator pist
engine and {
Figure 28.

TVC Servo |
monitored fol
supplied to t
lagged integ
interchannel
which is long

If the monito
period of tim
for that chan
opens a byp
commands t

Orbitor Flight Surface Actuators Redundancy Concepts: The orbital flight surfac

conventiona

dular differential-pressure sensors and solenoid shutoff-valves are
as twin feedback wires to provide mechanical feedback from‘the se

P spools to give load sharing. Each servovalve has a second pair o

pn differential pressure provides stabilization for the‘resonant load f
tructure. A simplified schematic of the TVC servoacatuator pressur

oop Redundancy Management: The output pressures from the fou
r failure sensing by four differential pressure electrical sensors. The
ne electrical failure monitoring circuitfy, shown in Figure 29. This cirg
rator equalization to reduce thetransient associated with channel sh

er than the period of the lowfrequency vehicle mode.

red pressure from any one channel exceeds a preset threshold leve
e, a channel shut¢off signal occurs. This signal energizes the shut-g
nel. The valve removes hydraulic pressure from the corresponding
ASS across the servovalve output. Electrical signal limits are imposq
D avoid cemmon mode failures associated with excessive rate and 9

liinear actuators for the inboard and outboard elevons and a differe

summation

yStem for the rudder two-fait-operate capabifity.

Ised. Each
cond-stage spool

power valve. The servovalves also have pressure feedback to stulp shafts on their

hydraulic

zles that connect to dynamic pressure feedback (DPF)pistons. Th¢ DPF from the

brmed by the
b loop is shown in

r servovalves are
se signals are
uitry incorporates
ut-off when

mismatch is present. The time“constant of the equalization filter is gpproximately 8 s,

| for a preset

ff solenoid valve
servovalve and

d on the actuator
troke commands.

e actuators are
ntial gear

Orbitor Elevon Actuator Configuration: The elevon servoactuators consist of a single cylinder and
piston with a quadruplex valve assembly similar to the TVC actuators; however, there is no
mechanical feedback mechanism between the main piston and the quad valve assembly. Instead,
these servoactuators use electrical feedback from a quad LVDT located inside the piston rod. The
only significant difference between the inboard and outboard elevon actuators are the force and
velocity capabilities.
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FIGURE 26 - Simplified Schematic of TVC Servoactutaor Position Loop
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FIGURE 28 - Simplified Schematic of TVC Servoactuator Pressure Loop
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FIGURE 29 - Equalization and Fault Detection Scheme
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3.9.5 Orbitor Rudder/Speed Brake Actuation System Configuration: The rudder and speed brake
actuation system is a differential gear summation configuration driven by hydraulic motors and
controlled by quad servovalve assemblies. The rudder/speed-brake gear train schematic is shown
in Figure 30. The schematic of the rudder/speed-brake valve module is shown in Figure 31.

3.9.6

3.10 LAVI Actuators:

The LAVI fight
computers cor
The hydraulic

3.10.1

3.10.2

Orbitor Servo Loop Redundancy Management: The redundancy management for the orbitor
elevon and rudder/speed-brake servoactuators is the same as that used for the TVC
servoactuators.

er fly-by-wire primary flight control system consists of quadraplex fli

system consists of dual 3000 psi supplies using MIL-H+83282 fluid.

Actuator Co:lwfiguration: All three designs are equal area, dual<tandem actuators

mounted at
cylinder barr|

od end and tailstock. Pressure vessel “ripstop™protection is providd
els and manifolds. The actuators are full Fly-By-Wire designs and

Electrohydrgulic Servovalves (EHSVs) rather than Direct:Drive Valves (DDVSs).

single stage
Control Valv

Archhitecturg
Digital Flight
double-fail-o
electrical red
multiple-coil
provided to 3
valves press

As shown in
presurized b
pressures, li
The pressurg

valves, force summed on separate drivelareas on the dual-tandem,
b (MCV) which controls the flow from the two hydraulic systems to p

b and Redundancy Management; The flight control system is centrg
Control Computer (DFCC) has four cross-compared channels. The
perate / fail-safe performanee (FO?/FS), with respect to electrical fa
undancy is independent.of the dual-system hydraulic redundancy, t
EHSVs. The actuatdr.commands generated by all four channels of
1l of the servovalves'in series so that, following loss of one hydrauli
urized by the remaining good system continue to be commanded by

y each.of the two hydraulic systems. Each pair of valves generates
e a single four-way servovalve, which are used to drive a pair of ar
ps_are also summed, and compared with the differential supply pres

pht control

nmanding dual tandem actuators for two canard, four elevan; and one rudder surface.

, pin—joint

ed by separate

se conventional
The EHSVs are
spool-type Main
ower the actuator.

llized and the
actuators achieve
lures, and this
hrough the use of
the DFCC are

C system, the

all four channels.

Figure 32;.there are four EHSVs per actuator in a dual-pair arrangment, one pair

two control
pas on the MCV.
sure to the

servovalve

air, for EASV Tailtre detection. This faifure detection can onty dete

t EHSV failures

and cannot detect command failures since each of the two summed pressures is controlled by all
four command signals from the DFCC. DFCC failures then are detected upstream by a

combination

of self-monitoring and cross-comparison.

Each EHSV pair is turned on and off with a quad coil solenoid operated valve (SOV). The
hydraulic output of the SOV is amplified with a second stage, poppet-type for jam-free performance
and the pressure supplied to the EHSV pair is regulated to allow reliable failure-detection
performance over a wide range of hydraulic system supply pressure.
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FIGURE 30 - Rudder/Speed Brake Geartrain Schematic
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FIGURE 32 - LAVI Primary Flight Control Actuator Schematic
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3.10.2 (Continued):

3.10.3

3.10.4

To minimize the analog wiring to each actuator the inner loop around the MCV position is closed
mechanically, through a spring-type feedback wire to each EHSV. For the same reason, the
position of the comparator centerline which detects EHSV failures is sensed, and conveyed to
each channel of the DFCC, with a cam mechanism and four switches, rather than LVDTSs.

Fail-Safe Mode: At loss of three DFCC commands, or loss of both EHSV pairs or loss of one pair
of EHSVs and the opposite hydraulic system, the actuators fail-safe to a hydraulically powered,

centered pog
which engag
linkage is no
SOVs are er
engages ang
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to the center
check valveq
attempt to m

Performancs
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channel cou
decrease in
increased by
loop gain is

The failure tif
failure are hd

ition. This is achieved with a lightweight linkage, contained within.
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ed position but it will tend to ratchet towards center\because the cor
and the mechanically driven MCV allows free motion towards cents
ove away from (and hence past) the centergd.position.

: The actuators are required to achieve(@ phase shift of better than

e presence of a moderately demanding inertial load giving a load re
the frequency at which 45° must,not be exceeded. This performang
inner and outer loop gains 6f120 and 50 s repectively, together W

d cause a 25% reduction of the gain in the outer loop and a conseq

pctuator bandwidth. To avoid this, at first electrical failure, the gain
33% so thesloop gain remains unchanged. At second electrical log

hllowed to-decrease to 2/3 of the normal 50 s

ansients which result from the first EHSV hardover failure and the fir
p|d-to less than 1.5 and 3.5% of full stroke, respectively, and the nor

rotected cavities,
mited range. The
br or both of the
rized the linkage
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d it will not power
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3.11 JAS-39 Actuators:

The Swedish JAS-39 Gripen fighter primary flight control actuation system consists of two
servoactuators each for the inboard elevon and outboard elevon surfaces and a single rudder
surface. The servoactuator architecture is simplified by the use of direct-drive valves (DDV). This
aircraft marks the first production application of DDVs for primary flight controls. The DDV actuation
system uses redundant electronic inner-loop (spool position) feedback and failure detection of the
single Main Control Valve. The high electrical power demands of the DDV require the use of pulse

width-modulat
coils in a flux {

currents. The

slight degrada

3.11.1 Canard Actu
in Figure 33,

3.11.2

3.11.3

3.11.4
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control. Mod
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ns. Complete failure of either half of thé{tandem actuator results in
side of the piston, resulting in half thethinge moment capability and

mulator in the return system to @ensure a hydraulic fluid supply for th

on Configuration: The canhard actuator is functionally equivalent to

aforementioed valving and accumulator is mounted remotely from the main pis

assembly.

Rudder Con

with the inbd

Outboard Elq

ard elevon the valve control module is mounted remotely.

Each DDV force motor is configured w

valves are capable of performing at full capability with any twa coils

ator Configuration: The canard actuator is a fail-op/fail-safe configu
this actuator consists of dual tandem pistons with-a‘triplex coil, sing
hlve. Each piston chamber is powered by a separate hydraulic systg
iriable differential transducer (LVDT) provides.feedback for closed lpop position

e to installation constraints the inboard elevon valve control module

pvon Configuration: The outboard elevon is the simplex hydraulic sy
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m. A triplex main

afe control under
h free-flow bypass
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Failure of both sides results in a damped bypass mode. The actuator contains an

b damped bypass

he canard
, containing the
on/cylinder

iguration:i~The rudder actuator is functionally equivalent to the cangrd actuator. As

stem functional

equivalent o
from the mai

the tandem canard actuator. HOWeVeT, 1S vaive control moduie 1S
n piston/cylinder assembly.

ounted remotely

-81-



https://saenorm.com/api/?name=d4428697b7ad5d8160d875e22c61d5cf

Revision A

SAE AIR4253

|
FEE
T |

®

IATVA
1071d
aiON310s

xw._n:m._.

HOLYNLOV W3ANVL
~ e /8 W 5
\ WWW X IR
! indod \oted ~att | 1 1 1
QLN N
VZ o2
O
A |
SSVd-Ag
IAVA LOTId — ||
QION310S e e«
X3dIyL el ﬁ
~ ANTVA o)
SSVd-AS Q3dWVa Fm.ﬁm_&_ﬂﬂ = L
1) n_
e T = I :
..H....u.u...i.mﬂ 1 == F
goLvinwnoov -H-t - — ===k ..
e _I 1041809
A o - Zeniey < W3aNVL
(LAATX31dIYL) \\.-_um.w\mﬂtiltl?.eu g i
43DNASNVHL e e
NOILISOd m.m_m.m. T a0l
ANTVA pily § pgegl by  pldetpel
| Am—
E
INIIE R

@_m

(110D X31diyl)
HOLONW
30404

FIGURE 33 - JAS-39 Canard, Inboard Elevon and Rudder Actuator Functional Schematic
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3.12 V-22 Flight Co

3.11.5 Primary Actuator Servo Loop Electronics and Redundancy Management: The actuator servo loop

electronics and redundancy management is typical of the three primary actuator configurations,
flaperon, horizontal tail and rudder. As shown in Figure 34, each electrical channel generates
current commands to one of the DDV triplex coils in a flux summing fashion. There are three loop
closures within the electronics, the current loop, the inner (valve) loop and the outer (ram) loop.
Each of these loops is triplex. The outer loop is driven by the mid-level selected command from
control laws. Failure of one channel reduces the forward gain of the system by one third. The
failure of a second channel will send the actuator into a damped bypass mode. Three failure
monitors are utilized: the coil current monitor, the position feedback monitor and the main control
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FIGURE 34 - JAS-39 Electrical Flight Control System
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3.12.1 Swashplate Actuator Configuration: There are a total of six swashplate servoactuators; three for
each rotor. By controlling collective and cyclic pitch they provide all directional control while the
aircraft is in helicopter mode and forward thrust when in the airplane mode. These actuators are
quite critical in that loss of function of any one of the six swashplate actuators will result in loss of
rotor control and thus loss of the aircraft. To minimize the chance of this event the servoactuator
redundancy is dual hydraulic and triplex electrically. As shown in Figure 36 the actuator is a
tandem piston/cylinder design with system 1 having unbalanced area pistons and system 2 with
balance pistons. Actuator position feedback for loop closure is provided by a triplex LVDT housed
within the actuator. The actuator is partially ballistic tolerant with the system 1 cylinder designed to
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In the event of an electrical failure of either channels A or B the corresponding bypass/shutoff valve
will move to the position that shuts off system pressure to the servovalve. If both channels A and
B fail then both of the bypass/shutoff valve spools will move into a position which will shut off

system pressure to the EHVs and also interconnect both sides of mod piston 1.

The integrity of all LVDTs are checked by continuous monitoring of each transducer’s summed
output voltage. If a summed voltage falls out of acceptable tolerance its corresponding electrical
channel is declared failed and the channel is turned off.
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FIGURE 36 - V-22 Swashplate Actuator Pictorial Schematic
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3.12.2 Flaperon Actuator Configuration: The V-22 has a total of eight flaperon actuators positioning four
surfaces (2 actuators each). Figure 37 shows a pictorial schematic of a flaperon actuator. The
actuator piston rides on a balance tube so that the net piston areas are slightly unbalanced.
Housed within the balance tube is a simplex LVDT which provides ram position feedback to the
FCC. An actuator mounted control module houses an EHV with a spool monitoring LVDT, a
solenoid valve, a shutoff/bypass valve and a force transducer.
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FIGURE 37 - V-22 Flaperon Actuator Pictorial Schematic
-89 -



https://saenorm.com/api/?name=d4428697b7ad5d8160d875e22c61d5cf

SAE AIR4253 Revision A

3.12.5 V-22 Conversion Actuator Configuration: Two conversion actuators, one for each nacelle, are
used to transition the V-22 aircraft between airplane and helicopter modes. Loss of either actuator
can prevent conversion to helicopter mode for landing which is essential to clear the 32 ft diameter
rotors from the ground. Thus the conversion actuators are considered flight (or should we say
landing) critical and incorporate extensive redundancy.

Each actuator, shown schematically in Figure 38, is capable of generating 33,000 Ib stall force
over its 45 in stroke and consists of a telescoping ballscrew normally powered by redundant
hydraulic drive units (HPDUs) which are powered by hydraulic systems 1 and 2 and controlled by

dual redundant channels of the FCCs. The conversion actuators incorporate du
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3.13.1 Rudder Actuator: Figure 39 is a rudder control system functional schematic showing the push-pull
arrangement of the two actuators acting on the single rudder surface. As shown in Figure 40 the
rudder actuator is a single balanced area piston design. A mode select valve piloted by a solenoid
valve is a two-position valve that configures the actuator either in operate mode with control
provided by a servovalve or damped bypass mode. In bypass mode the two cylinder chambers are
connected through a damping orifice to provide flutter suppression. The damping function is
ensured by anticavitation valves and an integral emergency return line reservoir so that the
damping circuit is kept full with hydraulic fluid at a minimum pressure.
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provides a s
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LVDT also p
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Cribed above. Table 12 in 3.1 tabulates its,unique performance par

ctromechanical actuator engages thersurface to maintain adequate
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architecture is simplified by the use of direct-drive valves (DDV). Th
pdundant electrenic inner-loop (spool position) feedback and failure

bd (PWIM) servoamplifiers. Each DDV force motor is configured w
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ion,on just one coil.
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e is proportional to current). Additionally, a spool position LVDT_ €naf
position confrol loop whose net effect is a pressure-flow (P-Q) control servovalve
bfter pressure gain than that of a flow control valve so that.force figh
hctuators is greatly reduced. Potential force fight is diminished furth

s Defense Fighter (IDF)\primary flight control actuation system cons

ntrol Valve.s-The high electrical power demands of the DDV requiré

re control valve
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The P-Q feature
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er by autorigging
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th three separate
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In addition to the primary flight control actuators the IDF has a maneuvering leading edge flap

system which

also is controlled by direct drive valves.
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FIGURE 39 - Saab 2000 Rudder Control System Functional Schematic
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3.14.1 Primary Flight Control Actuator Configuration: The primary flight control actuators are identical in
function, although different in size. The actuators are a fail-op/fail-safe configuration. As shown in
Figure 41, they consist of dual tandem pistons with a triplex coil, single-stage direct drive
servovalve. Each piston chamber is powered by a separate hydraulic system. A triplex main ram
linear variable differential transducer (LVDT) provides feedback for closed loop position control.
Mode select valves piloted by triplex solenoids are employed to provide safe control under fault
conditions. Complete failure of either half of the tandem actuator results in a free-flow bypass of
the failed side of the piston, resulting in half the hinge moment capability and slightly degraded no-
load rate. Failure of both sides results in a damped bypass mode. The actuator contains an

3.14.2

3.14.3

integral accU
mode.

Primary Actu

electronics gnd redundancy management are typical of the three primary actuatd
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t
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path. The P

The PDU is
valve. The n
gear which d

mulator in the return system to ensure a hydraulic fluid supply for th

ator Servoloop Electronics and Redundancy Managements 'The ac

al channel generates current commands to one of the-DDV triplex
hion. There are three loop closures within the electronics, the currg
And the outer (ram) loop. Each of these loops isdriplex. The outer |
selected command from control laws. Failure-of one channel redu
ystem by one third. The failure of a second channel will send the ag

nitor and the main control valve monitor. Failures attributable to the
back are determined through majority vote of the three channels. T
/ is uncovered by comparing coil current inputs to MCV position fee
an MCV jam the actuator is.placed into damped bypass mode.

e Flap Actuation System.’ The IDF leading edge flap system reacts
the aircraft enhanced maneuverability. A centrally located Power [

DU, angle gear-boxes, and actuators are connected via torque sha

b damped bypass

uator servoloop
br configurations.
coils in a flux

nt loop, the inner
pop is driven by
tes the forward
tuator into a

ass mode. Three failure monitors are utilized: the coil current monitor, the position

b coil current and
he detection of a
dback. Upon

to the angle of
rive Unit (PDU)
edge flap on

S.

powered:by two 3000 psi hydraulic motors which are each controlled by a direct drive

notarsiare connected in a torque summing arrangement to a pinion i

N mesh with a bull
an integral

rives two output shafts through bevel gears. The PDU incorporateg

overtravel st

p modute and a tripiex rotary position ransducer.

The rotary mechanical actuators convert the high speed moderate torque of the PDU to moderate
speed very high torque at the flaps. The hingeline actuators provide high stiffness at the surface in
a compact design. An asymmetry brake and duplex position feedback module have been
integrated into the outboard actuator. The brake can be activated electrically when the asymmetry
exceeds prescribed limits or will activate automatically in case of a runaway flap.
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FIGURE 41/~ 1DF Flaperon, Horizontal Tail and Rudder Actuator Functional Schematic
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3.15 B-2 Actuators:

The B-2 Flight Control Actuation System (FCAS) is a self contained quadruplex system. The FCAS
includes simplex piston, direct drive servovalve, hydraulic actuator designs for all surfaces with
numerous quadruplex transducers. The B-2 normally has four (4) hydraulic systems available. Each
actuator is plumbed to two hydraulic systems. A mode control switch valve selects one of three
operating modes: Primary, Alternate and Bypass. At least two identical actuators drive each of the
B-2's eleven (11) primary flight control surfaces. The surfaces are: (a) the Gust Load Alleviation

Surface (GLAS
rudders. A de
inertia, surfacq

3.15.1 Actuator Construction: All of the primary flight control actuators for the/B-2 are 3

3.15.2

3.15.3
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data bus infd
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distributed o
aircraft, for 4

5), (b) inboard, middle, and outboard elevons, and (c) the upper and
5ign challenge of the B-2's FCAS was high bandwidth control of the
S.

n the surface, a balanced or unbalanced area piston is’used. Figur
ba piston design used for the GLAS, inboard and middle elevons. T
r the outboard elevon and both rudders demand@ed minimum length

ce.

n the health of the hydraulic systems_ an actuator is commanded to S
tems or bypass mode. The selectiofn is controlled by energizing eith
ither for bypass) which, in turn, positions the switching valve to one (
osition represents bypass mode.

\ctuator is connected to two hydraulic systems, complete rip-stop cd
bm the supply ports_te.the switching valve. To minimize internal lea
hult detection hardware, direct drive valves are utilized.

stem Interfaces: Actuator Remote Terminals (ARTS) receive MIL-S]]
rmation from the quadruplex Flight Control Computers and provide
bp closure’and redundancy management for the actuation system.

h the airframe such that a set of four (4) redundant ARTs operate o

lower split
unbalanced, high

simplex design.
b 42 depicts a
ne installation
actuators, so

area designs were specified. These actuatorsiincorporate balance fubes to minimize

elect either of two
er of two solenoid
f three positions.

nstruction is
age and

[D-1553 multiplex

the actuator

The ARTs are
each side of the

Control Actuation

total of eight. The Operation Flight Program software for the Flight

System resi

€5 In the AcCtuator Remote Terminals. Figure 43 depicts the FCAS

architecture.

Actuator Control Loops: Figure 44 outlines the loop closures used for control of the primary flight
control actuators on the B-2. Each actuator has an outer position loop, dynamic pressure
feedback, main control valve (MCV) rate, MCV position, force limiting, force equalization,
snubbing, and rate limiting.
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FIGURE 42 - B-2 Gust Load Alleviation Surface Actuator Pictorial Schematic
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3.15.3 (Continued):

3.15.4

The actuator position loop uses quad-redundant linear variable differential transformers (LVDTS) to
sense actuator position and provide feedback for the electronic loop closure. The actuator position
feedback signal is also used for position snubbing near the end of actuator stroke and for rate

limiting of the surface commands.

Quad-redundant differential pressure transducers provide feedback used to dampen the load
reasonance mode necessary for the B-2's relatively high loop gain. The loop gains are driven by
the high sysfem bandwidth requirements: Approximately 8 Hz for the unbalance

surfaces. TH
unsymmetrid
reducing stru
between act

The main co
variable tran
position and
necessary fa

Actuator Re(
FCAS allowq
System reco
implements

include anal

A monitor dg
of redundan
sensor data
capability. T
loops. This

e pressure transducer also is used for force limiting. Due to thé’B-3
al loading requirement (see Table 14) the force limiter has a‘drama
ctural weight. Finally, the pressure transducer is also used for forcg
lators on a surface.

htrol valve uses a quad-redundant LVDT for position-and a quad-re(
sformer (LVT) for spool velocity loop closure. The electronic feedbg
rate provides for the stable, accurate, and very high bandwidth sery
r the B-2 actuation system.

it to tolerate up to three electronic.system and three hydraulic systé
nfiguration is completed to remeve the effects of any detected failur
h combination of hardware and software monitoring, all completed in
pg and discrete cross channel monitors and analog and discrete in-|

tecting a sensor path.fault on a branch reduces the actuator loop cl¢
Ly. However, sinceythe feedbacks from the other sensors remains V
continues to belused in the voting algorithms. This improves failure
he ART adjusts individual actuator loop closure gains as a function ¢
econfiguration, a gain change, is to maintain actuator performance

channels bejng available.

Should suffig
surface, the

1, high inertia,
’s relatively
ic effect on
e equalization

jlundant linear
ck of the spool
ovalve response

jundancy Management: The quadruplex hydraulic and electronic architecture of the

em failures.

es. The FCAS
the ARTs. These
ne monitors.

sure by one level
alid, the other
detection

f the valid control
vith less than four

ient'actuator loop failures occur, and a sister actuator is currently e

hgaged on the

actuator iIs commanded 10 oypass. 1 his reconriguration allows TOr 1

moval of the

faulty FCAS component but continues to allow for surface control (albeit with reduced hinge

moment cap

ability).
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3.16 C-17 Actuators:

C-17 flight control surfaces are actuated by electrohydraulic devices. Control surfaces for C-17 are:
eight (8) slats, eight (8) spoilers, four (4) flaps, two (2) ailerons, two (2) rudders, four (4) elevators

and horizontal

stabilizer. The layout of these surfaces is illustrated in Figure 45.

The flight cont
the spoilers arj
with the Eleva
mechanical b3

Integrated Flight Control Modutes (IFCMs) and to the Horizontal Stabilizer control

no mechanica
slats are comn

The flight cont

OUTBOARD ELLEVATOR

INBOA
ELEVA‘?@R

\

MOVABLE sTAsILIZER "
AILERON

FIGURE 45 - C:17 Flight Control Surfaces

rol actuators are all dualredundant servomechanisms with the exce
d slats. All flight controls-are electrically commanded in their main n|
or, Aileron, Lower Rudder, and Horizontal Stabilizer Systems havin
ck-up mode. Inthe mechanical mode, the pilot inputs are directly ¢

backup control for spoilers, flaps, nor slats. The spoiler actuators 3
handed gither fully extended or fully retracted with no intermediate p

fol actuators are powered by the normal aircraft hydraulic supply of

ption of those for
node of operation,
) an additional
bnnected to the
valves. There is
ire simplex. The
ositions.

1000 psi pressure

and 85 psi retl

ir) All four hydraulic systems are used to power the flight control a

ctuation devices

with the distribution designed to give maximum control authority following failures within the supply
system. The Spoiler actuators are self-contained electrohydraulic servomechanisms with the control
valve manifold mounted directly on the actuating cylinder. The Elevator, Ailerons, Rudders, Flaps
and Slats have remote cylinders which are connected to their control modules with hydraulic tubing.
These control modules are supplied by two hydraulic systems simultaneously and have rip-stop
construction to prevent a single structural failure causing loss of both systems. The individual
cylinders are made from high strength steel to provide good load carrying capability along with high

fatigue life.
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3.16.1 Primary Flight Control Actuator Configuration: A functional layout of a typical C-17 primary flight
control actuator is shown in Figure 46. The elevator, aileron, and rudder actuation systems use
similar control valve modules and actuators. Each control valve assembly is an Integrated Flight
Control Module (IFCM) which provides both direction and rate control for two remote cylinder
assemblies. The IFCMs are each powered by two hydraulic systems and interface with the four
Flight Control Computers (FCCs). The FCC interface is via four external electrical connectors, one
for each channel. The remote cylinder assemblies have an internal dual Linear Variable
Differential Transformer (LVDT) which is used for position feedback to the FCCs.

=1 = oioh
SqLmM
N soLa )
k L i | —
ELECTRICAL MODE ELECTRICAL MODH
CONTROL YALVE CONTROL VALVE
I EHSY1 I I I l _——I
EHSV2 EHSY3 [:HSV q
MECHANICAL MODE I
[— CONTROL YALVE
Epsy I l— l FA!LU&E%ETEOTORJ
FAILURE DETECTOR T | —'I MECHANICAL MODE COUPLER _
Iriop Piston | . MAIN TANDEM |t CONTROL VALVE MODPISTON ]
\— FLOATMODE DAMPING VALVE

L (M

FIGURE 46 - C-17 Primary Flight Control Actuation

There are three modes of operation: Electrical Control, Float mode, and Mechanical Control. The
Electrical Control Mode is the primary mode of operation for the IFCMs. In this mode the FCCs
have control of the surfaces. The Electrical mode is engaged by the FCC energizing the "M"
solenoids and then, 100 ms later, energizing the "A" solenoids. Each FCC provides a 28 V DC
discrete to drive one of four coils in each "M" and "A" solenoid. For monitoring purposes, current
from two or more FCCs is required to keep the solenoids engaged.
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3.16.1 (Continued):

The "M" solenoids disengage the mechanical mode input and the "A" solenoids allow pressure to
be ported to the Electrohydraulic Servovalves (EHSVs). The hydraulic sequencing prevents the
Electrical and Mechanical Modes from being commanded simultaneously. In the Electrical Control
Mode, the electronic inputs from the four FCCs command the EHSVs which in turn position the
main tandem control valve. The EHSVs (two per hydraulic system) are force summed at the main
tandem control valve and mod piston. The position of the main tandem control valve controls the

rate and position of the remote surface cylinders. The main control valve spool has an anti-

jamming feagure which can shear a chip of 73 Kpsi material totally occupying a.f
EHSVs on the IFCM contain four coils each, which are driven by the FCCs, Eac
coil in each ¢f the EHSVs connected in series.

ow slot. The
N FCC drives one

The surface position feedback to the FCCs for the Electrical Control. Made is from internal dual

LVDTs in the cylinders. Each LVDT channel receives its excitation-from and ser
signals to one FCC. The LVDTs in one cylinder interface with/FCCs 1 and 2 and
other cylinddr interface with FCCs 3 and 4.

The Electrical Mode Control Valve provides four discrete signals, one to each FG
the EHSV F4ilure Detector valve has detected a servovalve failure and that it has
pressure to that pair of EHSVs.

The float mode is a transitory mode between-the electrical mode and the mechal
prevents impacts on alpha limiting in the.pitch axis and rudder limiting in the yaw
axis, the float mode is limited to a short:time span (approximately 1 s) in order to
aileron surfafce aerodynamic neutral‘pasition.

The float mode is engaged when'the FCCs de-energize the "A" solenoids, while
still remain gnergized.

The float mode also is-€ngaged if both EHSV failure detectors are tripped and c
disengage bpth elegtrical mode control valves, while the "M" solenoids remain e

The float modé-is also the default mode when pressure in both hydraulic system

ds its output
the LVDTs in the

C, to indicate that
shut off hydraulic

hical mode, and
axis. In the roll
avoid the adverse

the "M" solenoids
bnsequently

nergized.

5 is lost.

In the float mode, the remote cylinders are isolated from the main control valve and system
pressure. In addition, both cylinder control lines are interconnected through an orifice in the float

mode damping valve to return.

In the Mechanical Control Mode, the pilot has a direct mechanical input from the
rudder pedals to the main tandem control valve in the IFCM. Surface position is
summed with the pilot input at the IFCM to provide the servo control.

control stick/
mechanically
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3.16.1

3.16.2

3.16.3

(Continued):

This mode is commanded by de-energizing the "M" solenoids or if all electrical power to the IFCM
is lost, the EHSV's are depressurized to prevent any electrical inputs from fighting the mechanical
input. Pressure is ported through the mechanical mode control valve to the mechanical mode
coupler which provides a fixed pivot for the pilot input. In the Electrical Control Mode, this pivot is
allowed to float, preventing the pilot mechanical input from commanding the main tandem control

valve.

Primary Flig
failure detec
above a preg
exceeded du
detector valy
EMC valve t
and self-latc
to the four F
the remainin
performance
tandem cont
controlling E

The FCCs ¢
allows the m
transition to

has moved t
hard point).

valve taking
restricting th
time is 0.6 to)
valve is tran

Spoiler Actu

or valve in each hydraulic system. This valve detects output presst
letermined threshold between the pair of EHSVs in that system:” If {
e to either a mechanical failure of one EHSV or a large null shift, th
e will port pressure to the Electrical Mode Control (EMC)«alve. Th
p the failed mode. The electrical mode control valve depressurizes

nes in this failed mode. Simultaneously a quad discrete electrical sig
CCs to announce this failure. The IFCM contindes to function norm
g pair of EHSVs in the other hydraulic system.*This failure does not
of hinge moment capability as both remote cylinders are still contro
fol valve. Following a further failure, eitherloss of hydraulic pressur
HSVs or tripping off their failure logic will result in the Float mode.

pbmmand the Mechanical Controkmode by de-energizing the "M" sol
echanical mode control valves to port fluid to the mechanical mode
Mechanical Mode, the IFEMremains in the Float Mode until the me
D provide the input linkage with a hard point (either hydraulic system
As soon as the hard'point is provided, pressure is ported to the floa
it out of the damping mode at a controlled rate. The rate is controllg
b return flow fromvthe end of the valve as it moves out of bypass. T
1.0 s. A quagdhdiscrete signal from a position switch on each mechai
Emitted to-the four FCCs to indicate that the IFCM is in the mechanig

htor.Configuration: Figure 47 shows a pictorial schematic of a C-17

The spoiler g

nt Control Actuator Redundancy Management: The IFCM incorporates an EHSV

re differences
his threshold is
bn the failure

s commands the
he pair of EHSVs
jnal is transmitted
ally, controlled by
degrade

lled by the main
b to the remaining

enoids which
coupler. During
chanical coupler
can provide the
| mode damping
d by an orifice
he total reversion
hical mode control
al mode.

spoiler actuator.

efvoactuator consists of a self-contained, pivoting body, unequal arg

ba unit, comprised

of a cylinder

assemply, a maniford assemply, and a o-way I:IeCIrOI"IyOI’aLIIiC ServV

valve (EHSV). A

mechanical input is not provided. Each spoiler servoactuator assembly is a "fly-by-wire"
servoactuator that provides positional control of a spoiler surface , for both on-ground and in-flight
operations. Each spoiler interfaces with two parallel electrical command inputs from the Spoiler
Control/Electronic Flap Computers (SC/EFCs) and a single hydraulic power supply. A total of
eight spoiler servoactuators are used on the C-17 aircraft; four inboard (two per wing) and four
outboard (two per wing). The inboard and outboard cylinder assemblies are similar, the main
difference being the bore diameters. Both cylinder assemblies consist of a power ram, end gland
and dual LVDTs. The center-tap LVDT is incorporated to close the electrohydraulic servo loop.
The LVDT provides an electrical signal proportional in amplitude to the displacement of the ram
from its retracted position.
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3.16.3

3.16.4

d
® 9

FIGURE 47 - C-17 Spoiler Actuation

(Continued):

The EHSV assembly is identical for both servoactuators (inboard and outboard), Each EHSV-
controlled adgtuator perferms as a conventional three-way actuation system. Theg double-acting
ram drives the spoilersurface. The retract end of the ram, which is always subjegted to full system
pressure, has an ‘effective area less than the extend end. The two-stage, three-way jet-pipe EHSV
is an adaptign;ofia standard two-stage, four-way, jet-pipe EHSV. In the retract nmode, a single flow
path is used because of fower ffow requirements:

Spoiler Actuator Failure Management: The dual channel LVDTs provide the surface position
feedback to the SC/EFC. To monitor the integrity of the spoiler LVDT, the center tap voltage is used
by the SC/EFC.

In the control valve, the first stage contains a bias on the torque motor to assure that, in the event
of a total electrical system failure, hydraulic pressure is ported to the retract side of the ram to fully
retract the spoiler surface. The second-stage spool is spring-biased to assure that in the event of a
hydraulic system failure, it will port hydraulic fluid from the extend side of the piston to system
return, allowing the aerodynamic load to push the spoiler surface to a trail position.
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3.16.5 Flap Actuator Configuration: The Flap Actuation System consists of four surface panels each
panel positioned by two remote hydraulic actuators and one Tandem Control Valve Module
(TCVM), as shown schematically in Figure 48. Each TCVM is supplied by two independent
hydraulic systems which are controlled by two dual-coiled solenoid valves, one active/one standby.
The module housing provides a complete structural separation between the two independent
hydraulic systems to prevent a crack or rip from propagating from one system to another. The
main spool chip shear force will shear a chip of 73 Kpsi material totally occupying a flow slot, hence
providing an anti-jamming feature. The TCVM is controlled by two electrical input channels from

3.16.6

each of the §
Speedbrake
within the S(
40.5°, the ra
to the electrd
main power

the flap surfa
active/stand
The system

each with 50
amplifier gai
applied to bq
minimize tra

EC/EFCs in response to pilot selection of the Flap/Slat handle, Flap
switch. The flaps have the capability of extending to 42°, but aré’ele
C/EFCs control laws to a maximum deflection of 40.5°. The narmal
nge in speedbrake mode is 0 to 8°.
hydraulic servovalve (EHSV) is used for proportional flaw €ontrol. A
stage is used for failure monitoring. Panel to panel syrichronization 4

py hydraulically with only one EHSV controlling the 'main valve spoo
s active/active electrically with each SC/EFC-driving a separate coll
% authority. When one SC/EFC becomes,inoperative, the remainin
N is doubled to maintain the same response. The electrical commar]
th servovalves in series so that both servovalves will be synchroniz

maintains a
conditions.

arming flow within the agtuation loop to improve performance unde
his recirculating flow is‘'shut off during operation and only becomes

last 0.1 in of [fully retracted stroke\While in operation, if one of the two flap surfag
fails to deliver force, the other(@ctuator has full design capability to supply 100%

Flap Actuatdr Redundaney:Management: The flaps use Hydraulic Systems No.
Following failure of either system, the flaps still operate normally. Following loss
system, the {laps arerlocked in the last commanded position. The flaps are kept
by the SC/EFCs.by speeding up slow flap surfaces and slowing down fast surfag
failure and/o damage the spllt between fIap surfaces exceeds a set threshold i

ndex Switch, or
ctronically limited
lap range is O to

Mechanical feedback-ftom the nain power stage

dual LVDT on the

ind rate control of
\ces is carried out by the SC/EFCs, which in turn control the TCVMSs.

The system is
at any one time.
in each EHSV,
g SC/EFC servo
d signals are

ed at all times to
nsients when the other servovalveiis-brought on-line. The two actuators (cylinders)

ace have dual LVDTs to provide-flap position feedback to the SC/EHR
@ in stow position (fully retracted) a piston cross flow of approximate

Cs. While the

y 0.12 gpm

r low temperature
active during the
e panel actuators
hinge moment.

1 and No. 4.

of the remaining
n synchronization
es. Ifduetoa
he SC/EFCs will
ition.
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FIGURE 48 - C-17 Flap Actuation Pictorial Schematic

3.16.7 Slat Actuatign System Configuration: The slat system consists of eight surface panels, four per
wing, as illugtrated in Figure\49. All panels are positioned simultaneously by a sjngle Tandem
Control Valve Module (FEVM) and each panel is powered by two unbalanced agtuators. The
TCVM is supplied by two independent hydraulic systems No. 2 and No. 3. The module housing
provides a complete-structural separation between the two systems to prevent ajcrack from
propagating [from_éne system to the other. The TCVM is controlled by the mechganical input from
an electrical [actuator which in turn is controlled by the input signal from the SC/EFCs in response
to pilot selection of the flap/slat handle. Each Slat panel uses a Hydraulic Lock Valve Module
(HLVM) and two identical actuators working in parallel. With the hydraulic systems pressurized,
the slat extend or retract pressure commands the lockvalves to the unlock position, permitting
extension or retraction of both actuators.

Each actuator incorporates pressure compensated flow control valves at the cylinder extend and
retract ports which provide a constant flow over a wide pressure drop range across the ports.
Along with the snubbing feature at the actuator first 1/4 in of stroke, it accomplishes the
synchronization of the panels. The slats are designed to fully extend in 4 to 6 s and fully retract in
810 10s.
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FIGURE 49.-C-17 Slat Actuation

n Redundancy Management: An over-center spring on the TCVM [
d extension or retraction in case of mechanical input link failure; th
he last commanded:position. Each slat panel uses a Hydraulic Loc
two identical actuators working in parallel. The HLVM prevents ung
retraction dué\to air loads, in case of dual hydraulic system failure,

revents

e spring will hold
k Valve Module
ommanded

Dy trapping the

Iso pérmits the panel to operate in the event one hydraulic system
a-thermal relief valve in both retract and extend chamber which limi

as failed. It also
rs the pressure

tuator due to temperature rise of the frnpppd fluid

C-17 Pitch Trim Actuator Configuration: Figure 50 shows a hydraulic schematic of the C-17 pitch
trim actuation system. The hydraulic portion of the Pitch Trim Actuation (PTA) system consists of
two single speed hydraulic motors, two hydraulic brakes, and two solenoid operated Dual Control
Valves (DCVs). One motor, brake and DCV combination is supplied by Hydraulic system No. 1
and the other by System No. 4. The hydraulic motor outputs are differentially summed by a
gearbox that combines their speed to drive one output that rotates the ballscrew. A brake is
provided with each motor to prevent one motor from back-driving the other in case of a hydraulic
failure. The horizontal stabilizer is prevented from back-driving the drive system by a ratcheting

type "no-bac

k" load device.
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