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[5 7] ABSTRACT 

Hysteretic equalization means are disclosed for equal- ' 
izing or matching the outputs of two or more servo 
valves operating simultaneously in a multi-channel or 
redundant servopositioning apparatus. Such equaliza 
tion avoids system deadzone and reduces the transient 
that may occur upon shut-off of one servovalve. The 
equalization is accomplished by feeding back the inter 

' channel mismatch through means having a hysteresis 
characteristic. 1 ‘ 

12 Claims, 16 Drawing Figures 
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IIYSTERETIC EQUALIZATION IN REDUNDANT 
ELECTRICALLY OPERATED FLUID POWERED 

SERVOPOSITIONING APPARATUS 
This invention relates to apparatus for equalizing the 

outputs of two or more servovalves in a redundant elec 
trically operated ?uid powered servopositioning appa 
ratus. This is achieved by providing, for each channel, 
equalizer means having a hysteresis characteristic for 
generating and feeding back to an electrical signal sum 
mer for a given channel an equalization signal respon 
sive to the output of the servovalve of such given chan 
nel. 
A number of outstanding advantages attend the pres 

ent invention. One advantage is that no electrical nor 
hydraulic interchannel connections are required since 
these involve a common power supply that introduces 
a potential common failure mode. 
Another advantage of the present invention is that no 

change in logic such as through the use of switches, 
shuttle valves and the like, is required when shutting off 
one channel of a redundant system, such as going from 
four channels to three, and then three channels to two, 
and so on. 
A further advantage of the present invention is that 

the redundant arrangement is allowed to follow com 
mands throughout its frequency range, as contrasted 
with some'prior art equalization schemes which do not 
work well for very low frequency cyclic commands. 
A still further advantage of the present invention is 

that the high pressure gain associated with common 
two—stage electrohydraulic ?ow control servovalves is 
retained, this being necessary for good system resolu 
tion and accuracy. 
Yet another advantage of the present invention is 

that identical equalization devices or instrumentalities, 
regardless of type, can be used in each channel of the 
redundant system.‘ 
The present invention improves a redundant electri 

cally operated fluid powered servopositioningappara 
tus having at least two channels each including a servo 
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valve, signal summing means through which a com-_ . 
mand input signal'is fed, an actuator operatively associ 
ated with the output of the servovalve and arranged to 
drive a common load member and feedback means ar 
ranged to provide a load position feedback signal to the 
signal summing means, the output of said signal sum 
ming means being fed to said servovalve, by equalizing 
the outputs of the various servovalves achieved through 
the use, for each channel, of equalizer means having a 
hysteresis characteristic for generating and feeding 
back to the signal summing means of a given channel 
an equalization signal responsive to the output of the 
servovalve of such given channel. 
Other objects andadvantages of the present inven 

tion will be apparent from the following description of 
two embodiments of the means for providing a hyster 

Y etic equalization signal as shown in the accompanying 
drawings wherein: 
FIG. 1 is a diagram indicating for a two-channel sys 

tem the relationship between load drive pressure as a 
function of supply pressure P, and actuator position 
error and showing the net actuator pressure gain. 
FIG. 2 is a similar diagram except for a three-channel 

system. 
FIG. 3 is a diagram similar to FIG. 1 except showing 

the pressure gain characteristic for a two-channel sys 

45 

50 

55 

60 

65 

2 
tem employing proportional pressure feedback servo 
valves. 
FIG. 4 is a diagram indicating the relationship be 

tween load force required and actuator position for a 
system having a high force gradient in the region of 
force polarity reversal. ‘ 
FIG. 5 is a diagram similar to FIG. 1 and illustrates 

the channel force as developed at error position HP, or 
EPz required to breakout the load on'either side of the 
actuator null. 
FIG. 6 is a diagram showing the relationship between 

command input and actuator position and depicting the 
width of the deadzone. 

FIG. 7 is a diagram indicating the relationship be 
tween equalization force level and actuator position 
error and illustrating how an equalization signal will 
draw the null of one channel toward that of another. 
FIG. 8 is a diagram showing the relationship between 

equalization signal and load differential pressure AP for 
a two-channel system having equalization in accor 
dance with the present invention and indicating at 
points IE8; and 2ES1 the equal differential pressure 
outputs of the channels when the load is zero. 
FIG. 9 is a diagram similar to FIG. 8 but indicating 

the condition of the actuator equalization signals at 
points lESz and 2ES2 when a positive differential pres 
sure is required to overcome the load. 
FIG. 10 is a diagram similar to FIG. 9, but indicating 

the condition of the equalization signals at points lESa 
and H583 when a reversal of the direction of ?uid drive 
occurs. 
FIG. 11 is a schematic of a redundant electrically op 

erated ?uid powered servopositioning apparatus having 
three channels A, B and C and arranged to drive a com 
mon load member shown as a shaft. 1 
FIG. 12 is a sectional view of a hydraulic type hyster 

etic equalizer shown schematically in FIG. 8. 
FIG. 13 isa diagram of the relationship of piston dis 

placement to differential pressure for the two pistons 
. shown in the hysteretic equalizer illustrated in FIG. 12 g 
and indicating the differential pressure breakout range 
for such pistons. ' - - - _ 

FIG. 14 is a diagram similar to FIG. 13 but also indi 
cating the effect of the lost motion drive included in the 
mechanization depicted in FIG. 12. _ 
FIG. 15 is a diagram similar to FIG. 14 but addition 

ally showing the hysteresis' effect of friction means in 
cluded in the mechanization depicted in FIG. 12. 
FIG. 16 is a schematic of an electrical circuitfor pro 

viding a hysteretic equalization feedback signal includ 
ing three components labeled as pressure transducer 
circuit, hysteresis circuit and threshold circuit, this 
overall circuit being an embodiment of the present in- ’ 
vention in electrical means, there being a diagram indi 
cating the relationship between input and output oppo 
site each component circuit all of which collectively 
produce the composite diagram at the bottom’ of the 
figure indicating the relationship between equalization 
signal and load differential pressure. 

It is very important in certain situations to provide 
electrical input-hydraulic output systems which are 
very reliable since life may depend upon their proper 
operation or they may be part of a vehicle such as air 
craft or spacecraft which is .very expensive. Generally 
speaking, there are two ways of improving reliability. 
One is to make the elements stronger by overdesigning 
them. This is not feasible where the parts are inherently 
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small and delicate, as here. In this latter situation the 
alternative is to use more than one device in the system 
so as to provide a redundant system in order to achieve 
reliability. 

FIGS. 1-7 

FIGS. 1-7 will be referred to in connection with the 
ensuing description to indicate the background for the 
present invention later to be discussed herein. 
When two or more channels of a redundant electro 

hydraulic servoactuator are force summed, as with a 
tandem cylinder/piston or with torque summing shaft, 
the problem of synchronizing the channels arises. With 
out synchronization the channels may fight each other 
and so not work together to drive the load. Of even 
more concern, system deadzone may occur. Deadzone 
is that length of actuator travel where it can move in ei 
ther direction since there is no net drive on the load. 
The problem of synchronization is especially acute 
when closed-center sliding-spool valves are used to 
drive each cylinder/piston. These valves have a very 
high pressure gain around null so that large differential 
pressures or high piston forces are created with very 
small spool displacement. 
Consider the case of two servovalves and actuators in 

a position servosystem driving the same load to a force 
summed arrangement. A load drive force will be built 
up by each servovalve whenever a net position error ex 
ists. Net position error is the difference between the ac 
tuator position and command position, together with 

- equivalent position offsets due to valve and ampli?er 
null shifts and other disturbances. In effect, when the 
servovalve receives a command to move off null, it will 
create a differential pressure that attempts to move the 
actuator. The magnitude of this differential pressure is 
related to the magnitude of the position error. 
The overall actuator pressure gain that is present 

‘with two force-summed servovalves when null shift is 
present is depicted in FIG. 1. The region of ,zero force 

, gradient will occur whenever the actuator. stops. This 
region will cause actuator deadzone as a corresponding 
actuator position error must be developed whenever 
the actuator is to be moved. 
With an odd number of servovalves and actuators op 

erating simultaneously in a force summed arrangement, 
as depicted in FIG. 2, there is always a stiff region 
about null wherever the actuator is positioned. The 
staircase of actuator force gain would only be apparent 
under load. _ 

Several design techniques are available to aid in ser 
vovalve synchronization. If the valves are physically 
just different sections of a tandem valve spool, the syn 
chronization can be achieved by careful null cutting or 
grinding of the various flow metering lands. If the 
valves are physically separate but rigidly linked to 
gether, as in a rip-stop design, them it is possible to ad 
just or shim the valves for shychronization. Usually the 
mechanical valve synchronization techniques are prac 
tical for only the two-valve case. 
Another approach taken by the prior art is to soften 

the pressure gain characteristic of the servovalves by 
overcutting the nulls to create an open-center valve 
con?guration, or by using proportional pressure feed 
back servovalves. If nozzle or jet type single-stage ser 
vovalves are used, the pressure gain is inherently low 
due to the open-center con?guration. 
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4 
If the valve pressure gain is sufficiently reduced so 

that it remains relatively constant throughout the range 
wherein valve mismatch will occur, then load sharing 
is accomplished as depicted in FIG. 3. However, the ac 
tual pressure gain that results from either the open 
center or proportional pressure feedback technique is 
signi?cantly lower than that which is achieved with 
closed-center servovalves. This gives correspondingly 
poorer actuator resolution capability. 
When separate servovalves are used in multi-channel 

redundant servovalve actuation system, it is‘ generally 
necessary to use equalization. Equalization involves the 
use of additional feedback loops to create signals that 
reduce interchannel mismatch. 

Equalization is usually required for two reasons. One 
is to reduce the transient that may result when shutting 
off a failed channel, and the other is to achieve better 
synchronization or load sharing between various chan 
nels. Reduction of the shut-off transient involves the 
concept of slowly changing from the system null that 
existed prior to failure and shut-off, to that which exists 
after shut-off. 
A number of different equalization schemes have 

been devised in the past with varying degrees of suc 
cess. The limitations of a speci?c approach are usually 
not immediately apparent, and only appear after care 
ful scrutiny of such characteristics as (a) performance 
with differing supply pressures, (b) dynamic stability of 
equalization loops, (0) reset provisions if integrators 
are used, (d) need for interchannel comparisons or 
connections, (e) if there are interchannel comparators, 
the need for redundancy of ‘comparators and power 
supplies, and (f) the suitability for flightworthy imple 
mentation of the equalization concept. These charac 
teristics will be brought out in the following discussion. 

All equalization concepts or arrangements require a 
means for measuring interchannel mismatch. With 
force summed channels,‘ this measurement may bev 
achieved by sensing the piston drive pressures or load 
drive forces. According to one technique, force fight 
ing between channels is allowed up to that correspond 
ing to a preset differential pressure. If the channel posi 
tion error exceeds that required to breakout this differ 
ential pressure detent, then a signal is developed that ' 
can be used for equalization. . I 

Another concept or arrangement is similar but‘uses 
position detents that are displaced whenever interchan 
nel mismatch occurs. These detents create electrical 
signals that can be used for equalization. . 
The range of the equalization feedback signals must 

be sufficient to offset the total anticipated interchannel 
mismatch, including input signal mismatch, null and 
tracking differences in position feedback transducers, 
servovalve null shifts and servoampli?er mismatch. 
These may be on the order of i 5 percent command 
input mismatch, i l percent-position feedback mis 
match, :L 1 percent due to servovalve null shifts (the 
normal servovalve null uncertainties of : 6'to i 10 per 
cent are reduced by the gain of the electrical servoam 
pli?er) and i 1 percent due to the servoampli?ers. 
Therefore the usual equalization range approaches 1t 
10 percent of full command input. Equalization signals 
that exceed a preset limit may be usedto indicate chan 
nel failure. 
The function of equalization feedback in synchroniz 

ing interchannel mismatch can be described by consid 
ering the two-channel case. Previously the deadzone 
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problem was described for two-channel operation with 
null mismatch, that is, lack of synchronization. The 
deadzone resulted from zero force gradient in the re— 
gion of force polarity reversal. This deadzone problem 
can be understood by the ability or inability of the actu 
ator to move back and forth across a load that requires 
a force reversal, such as a detent or breakout load as 
represented in FIG. 4. 
The actuator force scheme, without equalization, 

may be as depicted in FIG. 5. There, to breakout the 
load on either side of actuator null requires a channel 
force as developed at error position EP1 or EP2 in FIG. 
5. The separation of these points will then correspond 
to the actuator deadzone, as shown in FIG. 6. The 
width of the deadzone will depend upon the actual null 
shift between the two channels. 
Now with equalization present, an equalization feed 

back signal will be developed at one or both channels, 
depending upon the load present and the equalization 
breakout levels. For example, with equalization break 
out levels as shown in FIG. 7, and driving the load cor 
responding to position EP, in FIG. 5, channel No. 2 will 
receive an equalization signal that draws its null toward 
channel No. 1. For such situation, the equalization sig 
nal has reduced the null separation between channels 
No. l and No. 2 by feeding back to channel No. 2 a sig 
nal related to the null mismatch. However, this equal 
ization signal may or may not be effective depending 
upon the holding capability of the equalization feed 
back. If there is no holding ability in the equalization, 
then the equalization feedback will'shift from channel 
No. 2 to channel No. l, and back, as the actuator is cy 
cled across the detent load. It is apparent that this 
would not overcome the actuator deadzone problem. 
According to the prior art, one-way of providing the 

holding ability of the equalization feedback was by in 
tegrators, either electrical or hydromechanical. Ideally 
the equalization integrators would hold the correct val 
ues of feedback signals sufficient to offset individual 
channel null shifts. However, the use of pure integra 
tors, unfortunately, will not work without some means 
of continuous integrator reset. 
A hypothetical sequence that illustrates the need for 

integrator reset is the following. Assume one channel 
of a triple channel actuator having pure integral equal 
ization 'is arbitrarily commanded + 10 percent. Its 
equalizer will introduce a — 10 percent signal to offset 
the command, as the single command input appears as 
a null shift, or interchannel mismatch. Next, repeat the 
sequence for the second channel, and then the third. A 
situation at this point is that all commands are at + 10 
percent and yet the actuator has not moved. In practice 
this dilemma is manifested by saturation of the equal 
ization integrators shortly after turning on the system. 
While several techniques have been used to prevent 

saturation of the equalization integrators, most of these 
have involved some form of cross-channel comparison, 
together with integrator reset on a preferential basis. 
Such an arrangement is tremendously complex and has 
several undesirable aspects including the requirement 
of connections between the interchannel comparators 
and this comprises the separateness of the channels and 
may lead to mutual failure modes; also the cross 
connections involve multitude of wires; further the 
reset logic must be changed for systems with multiple 
failure capability depending on how many and which 
channels are active; and also comparison elements and 

6 
their power supplies may need to be redundant to 
achieve a reasonable failure probability. 
Because of these limitations, other means for reset of 

equalization integrators is usually desirable. Such other 
means involves the use of a simple lagged—integrator 
with a long time constant. The time constant of the 
reset circuit must be suf?ciently long such that the 
equalization signal does not follow the lowest fre 
quency of command input. With quasi-static input sig 
nals that approach the corner frequency of the equal 
izer, the actuator position will fail to follow the com 
mand as the equalizer will continuously wash out the 
command signal. This is particularly troublesome with 
underdamped long-period vehicle resonant modes, 
such as the phugoid oscillation of an airplane or rocket. 
It is generally impractical to achieve suf?ciently long 
time constants for lagged equalization integrators in a 
flightweight system. 
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FIGS. 8-15 

The aforementioned de?ciencies and disadvantage of 
the prior art equalization techniques have been over 
come by the principle of the present invention which 
brie?y may be characterized as providing a hysteretic 
equalization feedback signal. The present invention 
avoids the limitations of cross-channel comparators for 
equalization reset, and does not suffer the frequency 
sensitive problems of lagged integrating equalizers. 
Before describing the inventive hysteretic equalizer 

means in detail, a sequence of problems that led to the 
need for such an equalizer can be reviewed as follows. 
First, the need for equalization in multi-channel opera 
tion in a majority voting or mid-value logic system 
arises to reduce the transient following shut-off of a 
failed channel. There is also the need for ?nite load 
drive pressure gain in the region around actuator null. 
This only becomes a problem when an even number of 
channels are active as, with an even number, any chan 
nel null shift'leads to a region of zero pressure gradient 
about null. This condition of zero pressure gradient will 
give actuator position deadzone. The techniques of 
open-center valves or proportional pressure feedback 
valves to soften the pressure gain characteristics and so 
avoid deadzone have been discarded in favor of a tech 
nique for equalizing the channel nulls. 
Accordingly, an approach for equalization pursuant 

to the present inventive concept involves providing a 
means for measuring interchannel mismatch by me 
chanical or hydraulic detents. The magnitude of mis 
match is fed back through a holding-type of equaliza 
tion that provides a signal to reduce the interchannel 
mismatch. Reset of equalization holding circuits by in 
terchannel comparisons has been discarded in favor of 
a self-contained channel reset approach. This led to the 
consideration of lagged equalization integrators and 
the frequency bandwidth problem associated with the 
reset time constant. 
Referring to FIG. 8, let us consider an equalization 

sensor which has a hysteresis characteristic together 
with a threshold characteristic. With only two chan 
nels, the force or differential pressure output of one 
channel equals that of the other, providing the load is 
zero. This situation is indicated‘ by points lES1 and 
2ESI in FIG. 8 where the right side of the diagram rep 
resents the equalization of one channel, say channel 
No. l, and the left side indicates the equalization‘ in the 
other, say channel No. 2. The sum of the two equaliza 
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tion signals represents the total null mismatch. These 
equalization signals will remain ?xed until the actuator 
is required to move a load. 
To overcome a load, the actuator must develop a net 

differential pressure of one polarity or the other. As 
sume this polarity is positive in FIG. 8. The change in 
actuator equalization signals will then be as shown in 
FIG. 9. There, channel No. 2 contains a constant equal 
ization signal, as represented by point 2ES2 while its 
servovalve develops a differential pressure essentially 
equivalent to driving the load. Channel No. 1 can de 
velop very little positive differential pressure as its 
equalization signal, indicated at point lES2 in FIG. 9, 
effectively offsets any error signal tending to increase 
the pressure. 
Reversal of the direction of load drive causes the op 

posite effect as represented by the points 1ES3 and 
2ES3 in FIG. 10. The result is that a net equalization 
signal is obtained in each channel that establishes an 
operating point for the differential pressures which 
allow both valves to work together to drive the load. 

It is signi?cant to note that the total actuator pressure 
gain in the region around these valve operating points 
is effectively double that of just one valve operating 
alone. Ideal load synchronization is, therefore, present. 
The magnitude of the equalization signals must be 

sufficient to offset the anticipated interchannel null 
mismatch. Excessive equalization signal may be used as 
a criterion of channel failure. The maximumdifferen 
tial pressure available within the equalization operating 
range must be sufficient to drive the load for the lowest 
number of channels active. The width of the hysteresis 
range should be as wide as practical without losing the 
region about null wherein zero differential pressure al 
ways corresponds to zero equalization signal. If this 
condition is not retained, then a problem equivalent to 
integrator reset of the non-hysteretic equalizer arises. 
Turning now speci?cally to FIG. 11, a redundant 

electrically operated ?uid powered servopositioning 
apparatus having at least three identical channels is de 
picted therein. These channels are designated, reading 
from left to right, as channel A, channel B, and channel 
C. 
Each channel includes certain elements hereinafter 

described in detail in connection with channel A as il~ 
lustrative of all channels, the similar elements for chan 
nel B being designated with the suffix b, and the similar 
ones for channel C being designated with the suf?c c. 
Channel A shows a command signal represented by 

line 20 being fed to signal summing means including a 
first summing point 21 connected by a line 22 to a sec 
ond summing point 23, the output of this second sum 
ming point being transmitted via line 24 to an ampli?er 
25. The output of this ampli?er is transmitted via line 
26 to a flow control servovalve 28. This servovalve may 
be of any suitable construction and is intended as being 
of the electrohydraulic type such as shown in US. Pat. 
No. 3,023,782. This servovalve 28 has two actuating or 
control ports, one of which via conduit 29 leads to the 
left end of the cylinder 30 of an actuator 31, the other 
port being connected via conduit 32 to the right hand 
end of cylinder 30. In actuator cylinder 30 is shown a 
slidable piston 33 connected by a right piston rod 34 to 
the free or outer end of a lever arm 35 fast to a shaft 
represented by the broken lines 36. One end of this 
shaft is shown as being fast to another lever arm 38 suit 
ably connected to a load such as a control surface of an 
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8 
aircraft. The other side of the actuator piston is shown 
as connected by a left piston rod 39 to a position feed 
back device indicated generally at 40. This device may 
be of any suitable construction, that illustrated being 
shown schematically as a linear variable differential 
transformer adapted to" generate an electrical signal 
proportional to displacement of piston rod 39, such sig 
nal being transmitted via line 41 to summing point 21. 

In accordance with the present invention a hysteretic 
equalizer indicated generally at 42 is provided for gen 
erating and feeding back an equalization signal respon 
sive to the output of servovalve 28. Accordingly, hys 
teresis equalizer 42 is shown as having a pair of con 
duits 43 and 44 connected to conduits 29 and 32, re 
spectively. For present purposes, let it be assumed that 
hysteretic equalizer 42 moves a member 45 of a feed 
back device 46 adapted to generate an electrical signal 
transmitted via line 48 to summing point 23. 
By reason of actuator positionfeedback signal re 

turning via line 41 to summing point 21 to which the 
command signal is fed, there leaves this summing point 
the normal servovalve position error signal which is 
transmitted via line 22 as an input to the second sum 
ming point 23 to which the hysteretic equalization sig 
nal is fed back via line 48. As an output of this second 
summing pint 23, an equalized error signal is transmit 
ted via line 24 to ampli?er 25 from whence the ampli 
fied signal passes via line 26 as a valve signal to the 
torque motor of servovalve 28. 
‘It will be noted that lever arms 35b and 35c con 

nected to the corresponding right actuator piston rod 
are fast to shaft 36 so that this shaft represents a com 
mon load member for the various channels. It will fur 
ther be noted that there are no interchannel connec 
tions shown in FIG. 1 1 between the various channels A, 
B and C. The only connection is through the common 
load member 36. 
A hydromechanical form of hysteretic equalizer 42 is 

shown in detail in FIG. 12. This equalizer is there 
shown as comprising a cup-shaped body 50 having a 
stepped recess including a relatively deep and narrow 
inner cylindrical recess portion 51 and an outer cylin 
drical portion 52 connected thereto by an outwardly 
facing shoulder 53, the outer extremity of recess por 
tion 52 being internally threaded as indicated at 54. A 
closure 55 having an externally threaded neck is 
screwed into the threads 54 and closes off the recess in 
body 50, thereby to provide a compartment de?ned in 
part at the right end by an end wall 56 and de?ned adja 
cent its other or left end by an end face 58 formed on 
the inner end of the extension of closure 55. 
A first or right piston 59 is slidably arranged in recess 

portion 51. A second or left piston 60 is slidably ar 
ranged in recess portion 52. Operatively interposed be 
tween these pistons is a helical compression spring 61 
which in the embodiment being described is in a pre 
compressed condition so that pistons 59 and 60 are bi 
ased laterally outwardly or preloaded, the right end 
face 62 of right piston 59 bearing against end wall 56 
and the left end face 63 of left piston 60 bearing against 
the surface 58. 
Closure 55 is shown as being recessed from end face 

58 so as to provide a chamber 64. This chamber is com 
municatively connected to a radial passage 65 which 
extends outwardly through body 50 into communica 
tion with conduit 43. 
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The right end portion of right piston 59 is shown as 
being reduced so that it in cooperation with recess por 
tion 51 provides a chamber 66 which is communica 
tively connected via radial passage 68 in body 50 to 
conduit 44. 

Left piston 60 is shown as having a reduced inner 
portion 69 which in cooperation with recess portion 52 
and shoulder 53 provides a chamber 70. This chamber 
is connected with passage 68 via a passage 71 provided 
longitudinally in body 50. 

Piston 60 is shown as having a central horizontal lon 
gitudinally extending through bore 72 which at its left 
end can communicate with chamber 64 although this 
is assured by reason of an angled passage 73, and at its 
right end communicates with a chamber 74 existing be 
tween pistons 59 and 60. 

In this manner, it will be seen that a differential pres 
sure between conduits 43 and 44 is applied to piston 59 
to urge it to move in one direction, and the same differ 
ential pressure is applied to piston 60 to urge it to move 
in the same direction. The passage arrangement is such 
that the differential pressure is applied to each of pis 
tons 59 and 60 so as to urge one to move toward its stop 
surface and the other to move away from its stop sur 
face. 

In FIG. 12, the device 46 is shown speci?cally as a 
linear variable differential transformer including a coil 
75 and a movable member or probe which is designated 
45, this being the movable member illustrated in FIG. 
11. 
Lost motion drive means are operatively interposed 

between pistons 59 and 60 and probe 45. Such means 
are shown as comprising a rod 76 connected suitably at 
its left end to probe 45 and extending through an open 
ing 78 provided in the cover portion of closure 55, this 
rod continuing to extend through bore 72 in piston 60, 
past its inner end face 67' and past the opposing end 
face 77 of piston 59 into a recess 79 having an outer en 
larged portion 80 leading to end face 77 and an inner 
enlarged portion 81. ' 
Three annular collars or lugs 82, 83 and 84 are shown 

as fast to rod 76 at spaced intervals therealong. Lug 84 
is shown as being fast to the extreme right end of rod 
76 and in the position of the piston 59 illustrated in 
FIG. 12 the left end face of this lug engages the shoul 
der 85 between recess portions 79 and 81 in this piston. 
Left lug 82 is shown as having its right end face engag 
ing end face 63 on piston 60. Intermediate lug 83 is 
shown as having its left end face 86 opposing end face 
67 on left piston 60 and spaced therefrom a distance 
equal to that which exists between the right end face 88 
of this lug and the opposing shoulder 89 which exists 
between recess portions 79 and 80 in right piston 59. 
In other words, the spacing between the various lugs 
82-84 is such that intermediate lug 83 is spaced sub 
stantially equally from piston end faces 67 and 89 when 
piston end face 63 engages left'lug 82 and piston end 
face 85 engages right lug 84, this occuring when the 
pistons 59 and 60 engage their respective stop surfaces 
56 and 58, respectively, as shown. The diameters of 
lugs 83 and 84 are sufficiently less than those of the 
wall surfaces of the corresponding recess portions 80 
and 81 such that the fluid pressure is equal on opposite 
sides of lugs 83 and 84 at all times. 

Friction means are provided for resisting yieldingly 
movement of the probe 45 or rod 76. In the embodi 
ment shown in FIG. 12, such means are indicated gen 

10 
erally at 90 and while capable of being constructed in 
any suitable manner are shown as comprising a body of 
suitable packing material 91 such as asbestos or the like 
arranged between two glands 92 and .93, this assembly 

5 of elements 91-93 being arranged in passage 78 in clo 
sure 55 and severally surrounding rod 76. The packing 
91 holds rod 76 against movement while lost motion in 
the aforementioned drive means is being taken up and 
thereafter wipingly engages the periphery of this rod as 
it moves in or out of body 50. 
The effect of the various elements of the hysteretic 

equalizer shown in FIG. 12 are depicted in FIGS. 
13-15. A differential pressure breakout range is indi 
cated in FIG. 13, that for piston 59 being the distance 
along the abscissa from point 0 to point B59 and that 
for piston 60 being the distance along the abscissa from 
point 0 to point B60. 

Since each of pistons 59 and 60 contains a lost mo 
tion drive to the probe 45 of the electrical signal gener 
ating device 46, this is represented in FIG. 14 for piston 
59 by the distance along the abscissa from point B59 to 
point L59 and for piston 60 by the distance along the 
abscissa from point B60 to point L60, and gives a wider 
deadzone for the probe position. The friction device 90 
cooperates with the probe 45, 76 to hold the probe sta 
tionary while a piston moves to take up the lost motion. 
Thereafter movement of piston 59 will move probe 

45, 76 from point L59 to point P59, and movement of 
piston 60 will move this probe from point L60 to point 
P60, as depicted in FIG. 15. 
The friction device 90v cooperates with the probe 45, 

76 so that the probe will remain stationary when either 
piston thereafter backs off due to a decrease in differ 
ential pressure, as depicted in FIG. 15, for piston 59 by 
the horizontal distance from point P59 to point F59 
and for piston 60 by the horizontal distance from point 

4 P60 to point F60. 
With these diagrams shown in FIGS. 13-15 in mind, 

the hysteretic equalizer 42 as shown in FIG. 12 oper 
ates in the following manner. ' ' 

When there is no differential pressure between con 
duits 43 and 44, the various elements will be in the con 
dition depicted in FIG. 12. Assume now that a differen 
tial pressure between conduits 43 and 44 is developed 
as a result of a valve signal to servovalve 28 such that 
the pressure in conduit 43 is higher than that in conduit 
44. Such pressure differential applied to right piston 59 
merely assures its extreme rightward position depicted 
wherein its right end face 62 engages end wall 56. On 
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left piston 60 builds up to a level overcoming the pre 
load thereon, indicated from point 0 to point B60, 
whereafter a further increase in differential pressure 
displaces piston 60 away from stop surface 58 against 
the urging of spring 61. Such rightward displacement of 
left piston 60 continues until its right end face 67 en 
gages left end face 86 on intermediate lug 83, a total 
distance indicated from point B60 to point L60, where 
upon this lug is moved along with the piston in a right 
ward direction. This shifts rod 76 and probe 45 in a 
rightward direction, causing the generation of an elec 
trical signal by device 46 which is proportional to the 
displacement of this probe. This continues as depicted 
by the line from point L60 to point P60 until maximum 
differential pressure intended is reached, whereupon a 
reduction in this differential pressure will cause a left 
ward movement of piston 60 while the friction device 

55 

65 

the other hand, this differential pressure as applied to ' 
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90 holds rod 76 stationary, depicted as movement from 
point P60 to point F60, the flat top line on the curve 
shown in FIG. 15. 

It will be noted that when piston 60 left its stop sur 
face 59 and moved initially toward the end face 86 of 
intermediate lug 83, this piston moved away from left 
lug 82. Now it is returning toward engagement with this 
lug 82 while moving away from engagement with lug 
83. This leftward movement of piston 60 continues 
until its end face 63 engages lug 82, terminating at 
point F60. When such engagement occurs, continued 
leftward movement of piston 60 will push lug 82 with 
it and thereby shift rod 76 and probe 45 leftwardly, 
thereby causing a change in the signal generated by de 
vice 46, depicted by the line from point F60 to point 
B60. This change in signal is proportionate to the un 
loading of now expanding spring 61 from its more fully 
compressed condition to its preloaded condition. This 
portion of the return travel of piston 60 continues until 
it engages stop surface 58. From this point on, any re 
duction in differential pressure is without the genera 
tion of any equalization signal, as represented by the 
horizontal line between point B60 and point 0 in FIG. 
15. 
On the other hand, let us assume that the differential 

pressure between conduits 43 and 44 is such that the 
dominant pressure is in conduit 44 resulting in a change 
of polarity. This differential pressure across left piston 
60 assures its retention against its stop surface 58. But 
this differential pressure applied to right piston 59 
causes the same to build up to offset the preloading on 
this piston by spring 61, being represented by the hori 
zontal line between point 0 and point B59 in FIG. 15. 
Thereafter an increase in this differential pressure of 
the same polarity will cause a yielding of spring 61 to 
allow piston 59 to move in the leftward direction until 
the lost motion or the spacing between surfaces 88 and 
89 is taken up. This is represented by the horizontal 
line from point B59 to point L59 in FIG. 15. Thereafter 
an increase in differential pressure of the same polarity 
will continue to move piston 59 in the leftward direc 
tion, but in doing so it will push intermediate lug 83 and 
also shift rod 76 and probe 45 in a leftward direction. 
This causes generation of an electrical signal by device 
46 which is proportionate to movement of probe 45, 
this electrical signal being represented by the line 
drawn from point L59 to point P59 in FIG. 15. This 
leftward movement continues until the maximum dif 
ferential pressure intended has been achieved, repre 
sented at point P59. Thereafter, when the differential 
pressure reduces, the friction device 90 holds rod 76 
and probe 45 stationary so that no change in the elec 
trical signal generated is effected as the differential 
pressure subsides, represented in FIG. 15 by the hori 
zontal line between point P59 and point F59. This re 
duction in differential pressure allows the piston 59 to 
move rightwardly and back off away from engagement 
with intermediate lug 83. Such backing off continues 
until the end face or right lug 84 engages shoulder 85 
on piston 59, occurring at point F59, whereupon con 
tinued movement of the piston picks up the rod 76 and 
shifts the probe 45 rightwardly causing the electrical 
signal to reduce along the line from point F59 to point 
B59 depicted in FIG. 15. This continues until piston 59 
engages its stop surface-56, depicted at point B59. 
Thereafter the continued reduction and eventual elimi 
nation of the differential pressure is effective only to 
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12 
reassert the preload of the spring 61 on this piston as 
represented by the horizontal line from point B59 to 
point 0 in FIG. 15. 
From the foregoing, it will be seen that means are 

provided for equalizing the outputs of the three servo 
valves, including, for each channel, equalizer means 
having a hysteresis characteristic for generating and 
feeding back to the signal summing means of a given 
channel a hysteretic equalization signal responsive to 
the output of the servovalve of such given channel. 
While in the embodiment shown in FIG. 11 the hys 

teretic equalizer is shown as being responsive to the dif 
ferential pressure output of the servovalve or the load 
actuator, it will be understood that another output of 
the servovalve such as the actuator force produced by 
its output or the flow of its output might be utilized as 
the output to which the hysteretic equalizer is respon 
sive. In the case of the hysteretic equalizer being re 
sponsive to the actuator force output, a force trans 
ducer such as a strain gauge interposed in the mechani 
cal load drive may be employed. 

Instead of using electrical feedback for the actuator 
position or the equalization signal, an arrangement'can 
be provided whereby these one or more signals sever 
ally may be a mechanical force or displacement applied 
directly to a suitable element of the servovalve. 

FIG. 16 

Another form of means for producing a hysteretic 
equalization signal is depicted in FIG. 16. Whereas the 
hysteretic equalizer 42 shown in FIG. 11 was of a hy 
dromechanical type, that shown in FIG. 16 is of an 
electrical type. The hysteretic equalizer shown in FIG. 
16 includes three main circuit components indicated 
generally at 95, 96 and 97. Component 95 is provided 
by a circuit including a pressure transducer of any suit 
able conventional construction to convert a differential 
pressure such as detected from conduits 43 and 44 into 
an electrical signal proportional to the actuator differ 
ential pressure, represented by a for output to the left 
of pressure transducer 95. This pressure transducer 
produces a relationship between differential pressure 
and output or electrical signal as indicated by the dia 
gram immediately below the pressure transducer in 
FIG. 16. 
The central circuit component 96 receives the elec 

trical signal from component 95 and passes it through 
a combination of computer analog elements that create 
a hysteresis characteristic depicted by the diagram in 
FIG. 16 below this component 96, input being repre 
sented by i and output by 0 in this diagram. These ele 
ments are shown as including ampli?ers 98 and 99 and 
an integrator 100, arranged in a circuit possessing a 
hysteresis effect well known to those skilled in the art. 

Circuit component 97 comprises ampli?ers 102 and 
103 and a biased diode circuit 104 to provide a thresh 
old function generator circuit, also understood by those 
skilled in the art. A diagram indicating the relationship 
between input i and output 0 is for circuit component 
97 illustrated below this circuit. 
By cascading these three circuit components, a pres 

sure transducer circuit 95, a hysteresis circuit 96 and 
a threshold function generator circuit 95, a hysteretic 
equalization signal e is created which is transmitted by 
line 48' to summing point 23’ for the servoamplifier 
25'. A composite diagram indicating the relationship of 
hysteretic equalization signal e to load differential pres 
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sure AP is represented in the lowermost diagram in 
FIG. 16, it being similar in con?guration to that shown 
in FIG. 15. 
What is claimed is: 
1. In redundant electrically operated ?uid powered 

servopositioning apparatus having at least two channels 
each including a servovalve, signal summing means to 
which a command input signal is fed, an actuator oper 
atively associated with the output of said servovalve 
and arranged to drive a common load member and 
feedback means arranged to provide a load position 
feedback signal to said signal summing means, the out 
put of said summing means being fed to said servo 
valve, the improvement which comprises means for 
equalizing the outputs of said servovalves including, for 
each channel, equalizer means having a hysteresis char 
acteristic for generating and feeding back to said signal 
summing means of a given channel an equalization sig 
nal responsive to the output of said servovalve of such 
given channel. 

2. Apparatus according to claim 1 wherein said out 
put of said servovalve is a'differential pressure. 

3. Apparatus according to claim 2 wherein said 
equalizer means comprises a piston, means for applying 
said differential pressure to said piston, means for pre-. 
loading said piston against movement induced by said 
differential pressure and for resisting increasingly but 
yielding such movement above such preloading effect, 
means including a movable member for generating an 
output electrical signal in response to movement of said 
member, friction means resisting yieldinglyv movement 
of said member, and lost motion drive means opera 
tively interposed between said piston and member, said 
output electrical signal being said equalization signal. 

4. Apparatus according to claim 2 wherein said 
equalizer means comprises a pair of pistons, means for 
applying said differential pressure to each of said pis 
tons, common spring means operatively interposed be 
tween said pistons, means including a movable member 
for generating an output electrical signal in response to 
movement of said member, friction means resisting 
yieldingly movement of said member, and lost motion 
drive means operatively interposed between said pis 
tons and member, said output electrical signal being 
said equalization signal. ‘ - 

5. Apparatus according to claim 2 wherein said 
equalizer means comprises a pair of pistons, common 
spring means operatively interposed between said pis 
tons to bias them severally in opposite directions, 
means limiting movement of said pistons in said oppo 
site directions, means for applying said differential 
pressure to each of said pistons to urge one to move in 
one of said directions and the other to move in the 
other of said directions, means including a movable 
member for generating an output electrical signal in re 
sponse to movement of said member, friction means 
resisting yieldingly movement of said member, and lost 
motion drive means operatively interposed between 
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14 
said pistons and member, said output electrical signal 
being said equalization’ signal. 

6. Apparatus according to claim 2 wherein said 
equalizer means comprises a body having piston stop 
surfaces defining partly a compartment, a pair of pis 
tons severally slidably arranged in said compartment, 
common spring means constantly urging said pistons 
severally toward said stop surfaces, means for applying 
said differential pressure of said servovalve to each of 
said pistons so as to urge one to move toward its stop 
surface and the other to move away from its stop sur 
face, linear variable differential transformer means in 
cluding a probe, friction means resisting yieldingly 
movement of said probe, and lost motion drive means 
operatively interposed between said pistons and probe, 
the output electrical signal of said linear variable differ 
ential transformer means being said equalization signal. 

7. Apparatus according to claim 6 wherein one of 
said pistons has oppositely facing ?rst and second sur 
faces, the other of said pistons has oppositely facing 
third and fourth surfaces, and said lost motion drive 
means comprises passage means in said one of said pis 
tons connecting said first and second surfaces, passage 
means in said other of said pistons connecting said third 
and fourth surfaces, a rod connected to said probe and 
extending through said passage means, a first lug fast to 
said rod opposite and adapted to engage said first sur 
face, a second lug fast to said rod intermediate and 
adapted to engage either of said second and third sur 
faces and a third lug fast to said rod opposite and 
adapted to engage said fourth surface, the spacing be 
tween said lugs being such that said second lug is 
spaced substantially equally from said second and third 
surfaces when said first surface engages said ?rst lug 
and said fourth surface engages said third lug. 

8. Apparatus according to claim 6 wherein said fric 
tion means comprises a packing surrounding and wip 
ingly engaging said probe. 

9. Apparatus according to claim 7 wherein said fric 
tion means comprises a packing surrounding and wip 
ingly engaging said rod. ‘ ' I 

10. Apparatus according to claim 2 wherein said 
equalizer means comprises pressure transducer means 
for providing a ?rst output electrical signal related to 
said differential pressure, and electrical circuit means 
receiving said ?rst output electrical signal as input and 
providing a second output electrical signal having a 
hysteresis characteristic, said second output electrical 
signal being said equalization signal. 

11. Apparatus according to claim 10 wherein said 
electrical circuit means includes hysteresis circuit 
means and threshold circuit means. 

12. Apparatus according to claim 11 wherein said 
hysteresis circuit means includes ampli?er means, inte 
grator means and biased diode means, and said thresh 
old circuit means includes ampli?er means and biased 
diode means. 
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