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DIGITAL ELECTROI-IYDRAULIC SERVO ACTUATOR 

CROSS-REFERENCES TO RELATED APPLICATIONS 

This application is a modi?cation of the electronic circuitry 
described in the copending application entitled “Digital Auto 
matic Control System with Pseudo Position Feedback and ' 
Monitor,” Ser. No. 31,986, the latter being ?led concurrently 
with the instant application and assigned to the same assignee 
as the present invention. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The hydraulic boost actuator modi?cation described is ap 

plicable to and compatible with almost all existing hydraulic 
actuating systems. The use of digital techniques and a stepper 
motor permits accurate incremental variations of displace 
ment and rate of displacement of the boost actuator and hence 
the hydraulic system itself. 

2. Description of the Prior Art 
There are two basic types of electrohydraulic servo control 

mechanisms. The ?rst of these, and by far the most common is 
the “?apper” type of valve. The second is the “jet pipe” type. 
Both of these valve types require a second stage of hydraulics 
to provide feedback ‘and power ampli?cation to a magnitude 
suf?cient to control the hydraulic ram. In the ?apper type ac 
tuator, the ?ow of hydraulic ?uid through a pair of opposed 
ori?ces onto a ?apper is controlled. Pressure differentials 
which result from the ?ow control cause a second stage spool 
to move and port ?uid to the ram. Since the second stage 
spool is connected to the ?apper mechanically, the spool mo 
tion provides the necessary feedback. In the jet pipe type, the 
?uid is controlled through ?uid impingement on one or the 
other of the two receiver ori?ces. Flow through each ori?ce 
causes the second stage spool to move. This motion ports ?uid 
to the ram, and also as in the ?apper type, provides the neces 
sary feedback. Both of these control mechanisms are generally 
satisfactory but the ?apper-nozzle has a failure characteristic 
which leads to hard-over actuation, the jet pipe is relatively 
expensive, and neither is adaptable to an existing boost actua 
tor for converting the latter to a servo boost actuator without 
extensive modi?cations. 

SUMMARY OF THE INVENTION 

The application describes a typical ‘hydraulic boost actuator 
whose metering shuttle control arm has been modi?ed by the 
addition of a stepper motor actuator to thereby convert it to a 
servo boost actuator. Prior to the modi?cation, the metering 
shuttle control arm was a simple bar which carried the human 
pilot input to the metering shuttle by pivoting the arm and 
stroking the metering shuttle. This action ports ?uid to the 
ram, which causes the actuator or shuttle valve housing to 
move to restore the metering shuttle to its neutral position. 

In this invention, a stepper motor is introduced as an actuat 
ing mechanism. When the automatic control system is off, the 
stepper motor is in a locked position and operation of the 
boost actuator is the same as a normal boosted manual system. 
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When the automatic control system is active and the input _ 
control demands a motion from the actuator, the stepper 
motor receives a prescribed number of pulses in one direction 
which incrementally opens the metering shuttle, causing vthe 
ram to move. Immediately following the removal of the input 
command, the stepper motor rotation is reversed by'a spring 
centering mechanism or by electronic means whereby the 
same number of pulses of an opposite sense are fed to the 
stepper motor. Other means for returning the stepper motor to 
its initial position are also anticipated. By whatever means are 
selected, the return of the stepper motor to its original posi 
tion will close the metering shuttle. This will cause the ram to 
stop its motion, but it will be in a new position gained as a 
result of the motion during the time the metering shuttle was 
open. If the demand of the control system is still not satis?ed, 
another train of pulses is fed to the stepper motor to again 
open the metering shuttle, etc. until the control system is at a 
closed loop null. 
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2 
The described system is vadmirably suited to airborne 

manual boost control systems, for example in helicopters, 
where precise controlled movement is paramount without ex 
tensive complex feedback arrangements. The invention may 
be easily incorporated, into existing hydraulic boost systems at 
only a nominal weight increase. The input signal vmay be 
analog or digital from the receiver of a remote control system 
or it may be the input from a ?ight stabilization or computer 
controlled system. 
A primary advantage of the instant invention is to provide a 

low cost, low weight digital system for controlling a hydraulic 
boost actuator. 
Another advantage of the invention is to provide a system 

requiring only the addition of a stepper motor to an existing 
‘hydraulic boost actuator to convert it to a servo boost actua 
tor. 

Another advantage of the invention is to provide a sim 
pli?ed synchronizing system for a hydraulic boost actuator. 
Another advantage of the invention is to provide a simple 

and periodically verified position feedback system for a 
hydraulic boost actuator. 
Another advantage of the invention is to provide a variable 

control for displacement and rate of displacement of a hydrau 
lic boost actuator. 
Another advantage of the invention is to provide a digital 

control system for a hydraulic boost actuator that can be im- I 
plemented by analog input signals. 

.. Another advantage of the invention is to provide a hydraulic 
boost actuator that can be simply implemented to operate in 
either a parallel or series mode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1‘ illustrates a basic electronic circuit for driving the 
stepper motor; 

FIG. la illustrates the pulse count control circuitry; 
FIG. 2 illustrates a means for attaching the‘stepper motor 

and gear train to a hydraulic boost actuator; and 
FIG. 2a and FIG. 2b illustrate modi?cations affording a self 

centering stepper motor. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

FIG. 1 illustrates an electronic control circuit that may be 
used to command and control the hydraulic boost actuator. A 
detailed description of the circuit is incorporated in patent ap 
plication entitled “Digital Automatic Control System with 
Pseudo Position Feedback and Monitor," Ser. No. 31,986, 
?led Apr. 27, 1970, and assigned to the instant assignee. In 
general, the circuit functions in the following manner. 
An input signal represented by the signal source 1 may be 

an analog signal indicative of a desired change or an error 
signal. This initial command signal is shaped in shaper 2 to 
render it compatible with the circuit and appears at the 
summing junction 4. A takeo? from the shaper output is fed 
through integrator 3 to isolate and determine long term errors, 
and appears at summing junction 4-. The algebraic sum of the 
signals from summing junction 4 is fed to a threshold circuit 5 
having positive and negative levels. The initial signal as 
modi?ed by the summing junction 4, if of suf?cient absolute 
magnitude will cause the threshold circuit 5 to enable either 
?ip-?op 6 or ?ip—fl0p 7 (See FIG. la). When either ?ip-?ops 
are enabled, the output of pulse generator 9 is fed via the pulse 
count control 8 to the motor pulse sequencer 11 which in turn 
provides the intelligence to drive the stepper motor 12 the 
desired number of steps inthe desired rotational direction. By 
an appropriate gear train 13, the output arm 17 is displaced in 
proportion to the amount of motor movement and controls 
the hydraulically operated portion of the actuator 14. 
The response of the actuator 14 in FIG. 2 is conditioned 

upon two independently variable parameters, the amount of 
displacement and the rate of displacement. In the instant in 
vention these two parameters are easily and simply controlled 
by electronic means and thereby allows the establishment of 
optimum hydraulic parameters which need not have variation 
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capabilities and their attendant complexity. The amount of 
displacement is controlled by the time during which the pulses 
are fed to the stepper motor 12 and the time required to return 
the stepper motor 12 to its initial position. Thus, pulse count 
control 8 may control the displacement by determination of a 
preselected, but variable pulse train time period. This time 
period may be determinable by the magnitude of the input to 
the threshold circuits, contingent upon some other condition, 
preselected and ?xed, or manually variable. Thus for any 
given pulse repetition rate, the angular displacement and 
return or full cycle of the stepper motor 12 and the linear dis 
placement and return of the control arm 17 is dependent upon 
the time period speci?ed. 
Two alternatives for re-centering the control arm 17 that 

are economical and reliable, are presented in FIGS. 2a and 2b. 
This recentering feature is required for parallel operation of 
the actuator, as described below, but will not be required for 
series operation, also described below. FIG. 2a illustrates a 
simple helical spring or coil 31 attached to both the stepper 
motor shaft 30 and its casing. In operation in the parallel mode 
with brake 23 engaged‘, the stepper motor 12, under command 
of the circuit in FIG. 1 will rotate the speci?ed amount and 
wind coil 31. Rotation of stepper motor 12 will translate shut 
tle valve 16, say to the right, porting pressure oil to the left 
side of actuator ram 26 thereby moving output arm 27 and 
valve housing 14 to the right, return oil being ported from the 
right side of ram 26 to the sump through the ?uid relief. Since 
the stepper motor 12 cannot translate relative to housing 14 in 
the parallel mode, it must be returned to its normal zero posi 
tion when the ram has moved the commanded amount. This is 
accomplished by the return springs of FIG. 2a or 2b. After 
completion of rotation and the input command satis?ed there 
will not be any electromotive force holding the stepper motor 
12 at the new position and the force of the wound coil 31 will 
return the stepper motor shaft 30 to its initial position arrest 
ing the ?ow of oil to ram 26 and stopping movement of the 
control surface. Thus the surface is de?ected an amount pro 
portional to the command signal. If desired, the pulse count 
control unit 8 can be made to generate a steady signal when a 
commanded pulse train is not present which corresponds to 
the initial position of the stepper motor 12 and thus insure an 
accurate return to and hold at the initial position. Some 
hysteresis may be present in the coil 31 and the generated ini 
tial position steady signal will obviate problems stemming 
therefrom. In situations where a powerful stepper motor is 
used so that it need not rotate 360° to cause an appreciable 
displacement of the output arm 17, a simple centering spring 
36, shown in FIG. 212, may be employed. The spring 36 is 
mounted on post 37 attached to the motor casing with its legs 
34, 35 extending to either side of post 32 attached to motor 
shaft 30. Two stop posts 33, 33’ attached to the casing 
established the positional center for each of spring legs 34, 35. 
In operation, rotation of the motor will cause post 32 to be an 
gularly displaced normal to the axis of rotation. Movement of 
the post 32 will displace one or the other of legs 34, 35, the 
other leg being forced against and held by its respective post 
33 or 33’ and wind the spring 36. At the completion of the 
commanded stepper motor movement, the force of the spring 
36 will center the motor shaft 30. As in the previously 
described modi?cation, the pulse count control unit 8 can be 
made to generate a signal to electrically center the stepper 
motor 12 at its initial position. I 

In a third alternative system for re-centering the stepper 
motor 12 and control 17, the pulse count control unit 8 may 
be designed to generate a train of pulses equal in number and 
rate to the commanded train of pulses but of opposite polarity. 
This second train of pulses would then command the motor 
pulse sequencer 11 to rotate the stepper motor 12 in the 
reverse direction and return the stepper motor 12 and its out 
put arm 17 to the initial starting position. Should an error 
signal enter the system such that the return movement would 
be incomplete, the shuttle 16 would fail to ?nally close the 
hydraulic ports and resulting effect would be a “hard-over” 
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4 
condition. To obviate this result an auxiliary spring could be 
attached to the motor shaft 30 as described to insure a full 
return to the starting position. 
The rate of displacement of the hydraulic actuator 14 is de 

pendent upon the quantity of ?uid which is metered to the ac 
tuator during a given time period, and is proportional to the 
.rate at which the port is opened. The rate of port opening is 
controlled by the stepping rate of the stepper motor 12, or the 
pulse repetition rate of the pulse generator 9. The displace 
ment is normally controlled by the absolute magnitude of the 
input signal source, but may also be limited to a de?nite 
number of steps. The displacement rate may be contingent 
upon any condition existing within the circuit, ?xed or 
preselected or manually variable and implemented by chang 
ing the repetition rate of the pulse generator 9. In this manner, 
both the amount and rate of displacement of the actuator may 
be individually controlled. 
The above-discussed system lends itself to a simple but ef 

fective feedback and synchronizing system. Attached to the 
output portion of the pulse count control 8 is a parallel feed to 
the pulse to analog memory element 10. The pulses cor 
responding to the commanded stepper motor movement and 
hence the movement of ram 27 are fed to the memory element 
1 1. The analog equivalent thereof is algebraically summed 
with the input signal in summing junction 4, thereby providing 
a modi?ed input to the threshold circuits 5. Synchronization 
may be obtained by placing a pick-off 29 and pick-off respon 
sive device 28 on the hydraulic ram 27 which is responsive to 
its zero position. The output of the device 28 may then be used 
to clear the memory element 11 as its output should be zero 
when the ram 27 is at the zero position. The effect accom 
plished is that of clearing the memory element 1 l of any spuri 
ous pulses that have entered the system without having moved 
the stepper motor 12. If desired, the synchronizing feature 
may operate at a point other than that of the zero position of 
the hydraulic ram 27 by simple modi?cation of the pick-off 
device 29 and the memory element 1 1. 

Referring to FIG. 1a, the pulse count control circuit 8 may 
be described in more detail as follows. If an error exists at the 

output of the summing junction 4 demanding movement of the 
actuator ram 27, the appropriate control ?ip-?op 6 or 7, is set 
“on." This does two things. First, it assures that the other con-_ 
trol flip<flop cannot be turned on until a complete cycle is ac 
complished. Second, the activated ?ip-?op supplies an input 
to the full pulse circuit 40 which will then gate out the next se 
ries of'full pulses from the pulse generator 9. The output from 
the full pulse circuit 40 is ANDed with the appropriate buffer 
41 or 42 to drive the corresponding clockwise or counter 
clockwise motor drive in the motor pulse sequencer 11. In ad 
dition, the full pulse circuit 40 drives a power ampli?er 44 
through a buffer 43 so that only a reduced voltage is applied to 
the stepper motor 12 between pulses and between cycles. The 
full pulse circuit 40 also drives a differentiator 45 through a 
buffer and into a modulo 4 counter 46. The modulo 4 counter 
46 along with the count 3 decode 47 and end of count 3 reset 
48 insure that the counter 46 will proceed through a single 
cycle of 4 counts each time that the threshold 5 is exceeded 
or, it will produce a series of 4 count cycles if the threshold 5 
remains exceeded during the reset time. 
The count 3 decode 47 feeds a power ampli?er 49 so that 

the power is withdrawn from the stepper motor 12 during the 
“three” count so that the spring on the stepper motor 12 can 
begin to center the stepper motor 12. After the third count, 
reduced voltage is applied to hold the stepper motor 12 at the 
start or null position. 

Referring to FIG. 2, there is shown the mechanical connec 
tion between the stepper motor 12, the direct pilot input 19 
and a boost actuator 14. The stepper motor 12 and gear train 
13 may be built as a unit for simplicity having an output arm 
17 which extends and retracts. If desired, a pivoting angular 
motion may be incorporated without departing from the scope 
of the invention. Attached to the output arm 17 is the meter 
ing shuttle arm 15. The operation of the metering shuttle arm 
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15 is simply that of moving the shuttle 16 to control the input 
of hydraulic ?uid to the hydraulic ram system 26 in a well 
known manner. In more detail, the stepper motor 12 and gear 
train 13 unit is pivotally attached to the actuator housing at 
point 24 through the rigid arm 18, 25. A rigid arm 21 and 
brake device 23 is attached to the actuator housing 14. The 
rigid arm 21 is connected to the control arm 18 through a 
lockable sloppy link connection 20. In other words, the 
stepper motor 12 and gear train 13 form an integral assembly 
with the normal valve actuator arm 18, 25 of the otherwise 
conveontional boost actuator. 
The actuator may operate as either a parallel or a series ac‘ 

tuator. In operation, as a parallel actuator, the brake 23 ac 
tivated by a manually controlled switch 30 locks the sloppy 
link connection 20 and units 21, 18, 13 and 25 become a rigid 
or integral unit. Any movement of the stepper motor 12 will 
be re?ected in a lateral movement of the output shaft 17 and 
metering shuttle arm 15 such that the shuttle or pilot valve 16 
is moved. Movement of the shuttle 16 will operate the hydrau 
lic system 26, causing the ram 27 to move. For example, if 
motor 12 moves shuttle 16 to the right, pressure oil will be 
ported to the left side of ram 26 and return oil from the right 
side of ram 26 will be ported to the sump. Output 27 will thus 
move to the right carrying housing 14 with it. The rigid unit 
described above and boost actuator housing 14 is effectively 
attached to the ram 27 and and therefore moves with the ram. 
The ram movement will thus be re?ected at the pilot's control 
stick through arm 19 as is characteristic of a parallel actuator. 
When the command is satis?ed, i.e., the control member 
operated by member 27 has reached its commanded position, 
the signal input to motor 12 goes to zero and the shuttle 16 
returned to its zero position, as by return spring described 
above. It will of course be understood that should the pilot 
desire to command the actuator through arm 19 he only needs 
to operate the brake switch 30 to release the link or lever 18, 
25. 
Should the pilot wish to control the movement of the ram 

27, he must disengage the brake system 23. A movement of 
the control stick will re?ect through arm 19 a movement of 
the control arm 18 within the con?nes of the sloppy link 20. 
As the control arm 18, 25 is pivotally attached to unit 14, the 
latter will pivot about point 24. The gear train within unit 13 
maybe reversible, and as such, movement of unit 13 may or 

' may not be re?ected at output arm 17 depending on the 
amount of friction present. The gear train could be made non 
reversible but would then have to be much stronger and larger 
to withstand loads in the non-reversible direction. The 
presently used small size gear train 13 may be used provided 
that the movement of the output arm 17 be limited so that a 
force exerted on the unit 13 will be re?ected through move 
ment of the output arm 17 and acting through the limit posi 
tions. The degree of freedom between the limit positions must 
be less than half of the relative total movement of sloppy link 
20, otherwise a movement of control arm 18 would be ab 
sorbed by the relative movement between the output arm 17 
and unit 13 resulting in no movement of the shuttle 16. Some 
slop would be present under the means of manual control 
described above, but manual control would be maintained 
even if the stepper motor 12 or its control system failed. Dur 
ing a non-failure condition when the pilot wished to provide 
full time manual control, the motor could be locked electroni 
cally by simple switching means and thus the above-described 
slop would not be present. 

In operation, as a series actuator, the sloppy link 20 plays a 
critical role. The brake is disengaged by switch 30 to allow 
movement of the pin 22 within the sloppy link 20. If, by means 
of a commanded control signal, the output shaft 17 and meter 
ing shuttle arm 15 were displaced to the right, the movement 
could be absorbed in two areas, depending on which one of 
fered a greater frictional resistance to motion. Either the shut- ' 
tle 16 would move within the actuator housing 14 causing a 
?ow of hydraulic ?uid, or the units 25, 13 and 18 would pivot 
about point 24 causing the control stick arm 19 to move. The 
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6 
first alternative is the only desirable result, as the hydraulic 
ram 27 would then re?ect the desired change. Under the 
second alternative, movement of the ram 27 could still be ef 
fected by the pilot resisting the movement of the control stick 
arm 19, but this places an undesirable burden on the pilot. 
Thus, the control stick arm 19 should be con?gured to have 
more friction or spring load than the shuttle mechanism. 
An example of the operation of the actuator of the present 

invention in the series mode is as follows. The brake 23 is 
released allowing the lever arm, comprising members 18, 25, 
and 13 to pivot about pivot 24 relative to housing 14. Nor 
mally, the frictional load in the control linkage connecting the 
pilot’s controller with arm 19 is much greater than the force 
required to move shuttle 16. Thus, assume that an electrical 
command is supplied to motor 12 to move the shuttle, say to 
the right. The motor housing gear train 13, links 18 and 25 are 
essentially rigid being held in position by the load at arm 19 
and the motor 12 therefore moves shuttle to the right porting 
pressure oil to the left side of ram 26 and porting returning oil 
from the right side of ram 26 to the sump. The ram moves to 
the right carrying housing 14 with it. Since arm 19 is ?xed by 
its frictional load, the lever arm including motor 12 is forced 
to pivot clockwise about pivot 24 (within the con?nes of slot 
20) thereby moving shuttle 16 to the left relative to housing 14 
shutting off the supply of pressure oil. Movement of ram 26 
then stops and the control surface is positioned in accordance 
with the electrical input signal. This action is accomplished 
without re?ection at the pilot’s control column as is charac 
teristic of a series actuator. In operation, the movement of the 
shuttle 16 will also cause the housing 14 to reposition itself as 
discussed. This will, in turn, cause the sloppy link 20 to move. 
If the movement is less than the full distance of the slot within 
the sloppy link 20, the pin 22 will not be moved by the sloppy 
link 20 and may‘ be accomplished by suitable geometry and 
lever arm lengths. The movement of the housing 14 will cause 
movement of the control arm 18, through units 13 and 25 and 
pivot 24. Because of the aforementioned frictional resistance 
of the control stick arm 19, the control arm 18 will tend to 
pivot about the point of attachment of the control stick arm 19 
and control arm 18. Thus, for relatively small correctional 
control movements, the motion of the housing 14 and ram 27 
will not be re?ected at the control stick. If the commanded 
controlsignal requires a movement greater than the restric 
tion, preferably 50 percent of available movement, the excess 
will be re?ected at the pilot's control stick. Unless this restric 
tion is imposed, there will not be an incremental distance 
within which the control stick can be moved by the pilot if he 
wishes to supplement a commanded signal. The geometry of 
the pin 21 against one side or the other of the sloppy link 20 
would then prevent a movement of the control arm 18 relative 
to the housing 14 to effect a movement of the output arm 17, 
metering shuttle arm 15 and shuttle 16. Similarly, if the pilot 
wishes to oppose the commanded signal, he could do so as the 
pin 21 would not be adjacent to the sloppy link 20 on the side 
of the desired movement either. 
While the invention has been described in its preferred em 

bodiment, it is to be understood that the words which have 
been used are words of description rather than limitation and 
that changes within the purview of the appended claims may 
be made without departing from the true scope and spirit of 
the invention in its broader aspects. _ 
What is claimed is: 
l. A control system for comprising, a hydraulic boost actua 

tor of the type having valve means displaced in one direction 
or the other from a zero position to control the ?ow of hydrau 
lic ?uid to move said actuator 

a source of error signal in the form of discrete pulses, 
a stepper motor energized by said pulses, 
means coupled with said valve means and responsive to said 

stepper motor for incrementally positioning said valve 
means in accordance with said pulse error signal, and 

means responsive to said error signal going to zero for 
returning said stepper motor to its original position 
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whereby to return said valve means to its zero position 
and thereby arrest further motion of said actuator. 

2. A control of the character set forth in claim 10 wherein 
said source of error signal comprises, 

electronic circuitry means including threshold detector 
means responsive to a command signal and a feedback 
signal and adapted to supply discrete pulses when the dif 
ference between said command and feedback signals ex 
ceeds a predetermined value, and said circuitry further 
including means responsive to said pulses for providing 
said feedback signal whereby said pulse error signal is 
representative of the control system error. 

3. A control system as described in claim 2 in combination 
with synchronizing means wherein the synchronizing means 
comprises 

a position sensing device responsive to the movement of 
said actuator through a predetermined position, and 

means modifying said feedback signal in response to said 
position sensing device, whereby spurious signals causing 
lack of coincidence between said pulse signal and the ac 
tual position of said actuator are removed. 

4. A control system as set forth in claim 1 including 
further means responsive to said error signal going to zero 

for impressing upon said stepper motor a holding signal 
coincident with the stepper motor zero position. 

5. A hydraulic boost actuator system for operating an out 
put member from a manual input member, the combination 
comprising 

a hydraulic actuator having a ?xed part and a movable part 
coupled with said output member, 

a control valve housing coupled with the movable part of 
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8 
said actuator and including valve means for controlling 
the flow of ?uid to said actuator, 

a valve means actuating arm pivoted on said housing and 
coupled with said manual input member for moving said 
valve means upon movement of said manual member 
whereby movement of said arm by said manual means 
ports ?uid to said actuator to move said output member 
and simultaneously to return said valve means to its unac 
tuated position, 

brake means between said valve actuating arm and housing 
for clamping said arm relative to said housing, whereby 
said actuator is operated as a parallel actuator, 

a stepper motor mounted on said valve actuating arm and 
adapted upon energization to move said valve means in 
dependently of said arm, 

electronic control circuitry coupled with said stepper motor 
and responsive to an electrical input command for dis 
placing said valve means and moving said output 
member, and " 

further means responsive to removal of said command 
signal for returning said stepper motor and valve means to 
its unactuated position whereby to arrest movement of 
said output member. 

6. The combination as set forth in claim 5 further compris 
ing 

a sloppy link connection between said arm and said valve 
housing, and 

means for rendering said brake means ineffective and said 
sloppy link connection effective whereby said servo boost 
actuator may be operated as a series actuator. 

* * * * * 


