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1. 

This invention relates to oscillating fluid-dis 
placing machines arranged to operate in parallel 
On a common main as either pumps or motors, 
and liable to variation in the phase-relationship 
of their respective oscillating fluid-displacing 
elements. 

: The invention is concerned especially, but not 
exclusively, with internal-combustion-operated 
air-compressors and motive gas generators of the 
free-piston type, in which the oscillating element 
includes a power piston and a compressor piston 
arranged to reciprocate in unison, and uncon 
strained by any continuously-rotatable crank 
shaft, So that the period of reciprocation depends 
On the inertia of the free-piston assembly, the 
gas pressures acting on it, and the restraint due 
to friction and the driving of accessories. 
When oscillating fluid-displacing machines are 

delivering fluid to or drawing fluid from a com 
mon main in parallel, the magnitude of the fluid 
pulsations in the main depends upon the phase 
relationship of the several machines, and it is 
usually desirable to maintain such a phase-rela 
tionship that the fluid-pulsations in the main are 
minimised. An object of this invention is to pro 
vide means for automatically controlling both the 
magnitude and the sign of the relative phase dis 
placement of two such parallel-operating ma 
chines. A further object is to provide improved 
means for automatically controlling the phase 
relationship of three or more such parallel-oper 
ating machines. . . 
According to this invention a combination of 

at least two oscillating fluid-displacing machines 
arranged to operate in parallel on a common main 
is provided with means for maintaining automati 
cally a predetermined phase relationship between 
them, said means including a source of fluid under 
pressure, a device actuated by one of said ma 
chines which serves as a master for interrupting 
the flow of said pressure fluid synchronously only 
Once per cycle of said master machine, a device 
actuated by the other of said two machines which 
acts as a slave, said slave device being connected 
to receive the interrupted flow of pressure fluid 
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said intended phase relationship. "Synchronous 
ly' herein means during like portions of successive 
cycles of the oscillating machine concerned. 
According to this invention in a further aspect, 

a combination of at least three oscillating fluid 
displacing machines arranged to operate in par 
allel on a common main is provided With means 
for maintaining automatically a predetermined 
phase-relationship between them, said means in 
cluding a source of fluid under pressure, a device 
actuated by one of said machines which serves as 
a master for interrupting the flow of Said pres 
sure fluid synchronously only once per cycle of 
said master machine, two devices actuated re 
spectively by the other two of said machines 
which serve as slaves, said two slave devices being 
connected to receive in parallel the interrupted 
flow of pressure fluid passed by said master device 
for interrupting the flow of pressure fluid Syn 
chronously only once per cycle of the respective 
slave machines, the arrangement being such that 
there is normally an overlap of the non-inter 
rupting period of said master device with the 
non-interrupting period of each of said slave de 
vices, and two controllers for varying the periods 
of oscillation of the respective slave machines, 
said controllers being responsive to the mean rate 
of flow of pressure fluid passed by said slave de 

30 
vices respectively and being so set that one of 
them increases, while the other decreases, the 
period of oscillation of its associated slave ma 
chine in response to an increase in the flow of 
pressure fluid passed by its associated slave device. 

Thus, where three oscillating machines are 
combined to operate in parallel, each of said three 
devices may be so arranged that its non-inter 
rupting period occurs over one of the dead points 

40 

of the oscillating elements. 
Where it is desired that any of Said devices 

shall be oscillatory and that the non-interrupting . 
period of said oscillatory device shall occur in 
course of the displacement of the Oscillating ele 
ment between its dead points, the said device 
may be provided with a disabling element adapted 

passed by said master device and serving for in- . . 
terrupting the flow of pressure fluid synchro 
nously only once per cycle of said slave machine, 
the arrangement being such that there is nor 
mally an overlap of the non-interrupting periods 
of said two devices, and a controller for varying 
the period of oscillation of said slave machine, in 
response to variation in the mean rate of flow of 
pressure fluid passed by said two devices in series, 
in such a sense as to eliminate departure from 

to maintain it in interrupting condition during 
alternate strokes, i. e. either the instrokes or the 
outstrokes. 
The word “fluid,' herein referred to as being 

"fluid under pressure” or "pressure fluid,” means 
50. a liquid, electricity or a gas. m 

Where the pressure fluid is a liquid, for ex 
ample oil, the interrupting devices are hydraulic. 
The master valve may have a plurality of sepa 

55 
rate ports arranged to feed different slave valves 
respectively alternatively the master valve may 
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be arranged to feed a plurality of slave valves 
through a common valve port, the ducts connect 
ing this common port to the respective slave 
valves containing non-return valves. 
Where the oscillating machines are of the free 

piston type, the flowinterrupting devices are 
conveniently arranged to oscillate with amplitudes 
dependent on the stroke of the associated free 
piston machines, so that these amplitudes vary 
in dependence on the operating conditions of the Fe: 
machines; and in this case compensating means 
may be provided for reducing or eliminating the 

4. 
and return energy to them during their in-strokes. 
The proportions are such that, during any one 
working cycle, the maximum air pressure and the 
mininnun air pressure in the cushions respectively 
(exceeds and is less than the air pressure in the 
Scavenge air receiver 5, which is substantially 
equal to the delivery pressure of the motive gaS 
in the receiver 8. The air content of the cush 

effect of variation of the ratio of the non-inter 
rupting period to the period of oscillation conse 
quent on variation in the operating conditions. 

Each of the controllers for varying the period 
of oscillation of the slave machines may include 
a differential fluid pressure-responsive device both 
sides of which are connected to said source of 
fluid pressure. 
Embodiments of the invention as applied to a 

group of free-piston gas-generators will be de 
scribed by way of example with reference to the 
accompanying diagrammatic drawings, in which 
only those parts of the control mechanism with 
which this invention is concerned are shown. In 
the drawings: 

Fig. 1 shows in section a group of three gas 
generators arranged to operate in parallel, 

Fig. 2 is a diagram illustrating the operation of 
this group, - w 

Fig. 3 shows in section a group of five gas 
generators, 

Fig. 4 is a diagram illustrating the operation 
of the group shown in Fig. 3, 
'r Figs. 5 and 6 show modifications of parts of 
Fig.1, 

Fig. 7 shows part of an arrangement equivalent 
to...that shown in Fig. 3, and 

Fig. 8 is a section of a detail of Fig. 7. 
In the examples hereinto be described with 

reference to Figs. 1 to 6 the phase control system 
is hydraulic, the pressure fluid employed being 
oil. Figs. 7 and 8 show an analogous electrical 
systern wherein switches, resistances and electro 
magnetic devices' take the places respectively of 
the piston valves, restricted orifices and fluid 

... pressure-responsive devices of the hydraulic 
systems. - - 

In Fig.1 the master gas-generator is denoted 
by M, and the two slave gas-generators by S. 
and S2. The three gas-generators are similar, 
and each has a two-ströke' power-cylinder for co 
axial with a pair of symmetrically opposed con 
pressor cylindersfi. Two like free-piston assem 
blies have each a power piston f2 rigid" with a 
compressor piston f3. These assemblies are con 
strained to move equally and oppositely by the 
usual Synchronizing mechanism (not shown). 
Thie inner ends of the compressor cylinders serve 
as air-compressor chambers, air being drawn in 
through valves such as '9' during the out-strokes 
of the pistons and delivered through valves such 
as 29 during the in-strokes to a scavenge air re 
ceiver 5 from which inlet ports f4, controlled by 
one of the power pistons 2, open directly into 
the power cylinder. Exhaust ports 16, controlled 
by the other power piston, communicate by an 
exhaust pipefil with a motive gas receiver 18 
common to all three gas-generators and supply 
ing for example a gas turbine. 

she chambers at the outer ends of the com 
pressor cylinders serve as pneumatic energy ac 
cumulators (hereinafter called “cushions') which 
store energy during the out-strokes of the pistons 

ions can be varied by a control valve 21, adapted 
twhen in the neutral position shown to seal a bal 
ance pipe 22 connecting the two cushionS. The 
valve 2, when noved to the left of the neutral 
position, puts the cushions into communication 
with the Scavengeair receiver 5 through a non 
return valve 23 which allows air to pass only from 
"the cushions:to:the receiver, which Will occur dur 
ling that part of each cycle when the cushion 
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pressure...exceeds the receiver pressure. When the 
"valve 2 is moved to the right from its neutral 
position, it connects the cushions to the receiver 
f5 through a non-return valve 24 which allows 

"air to pass only from the receiver to the cushions, 
which will -occur during that part of each cycle 
when the cuishion pressure is lower-than the re 
ceiver pressure. In such a gas-generator the 
periodic time of a cycle can be reduced by in 
creasing the quantity of air contained in the 
cushions. Consequently movement of the valve 
2 to the left and right-respectively will gradu 
rally reduce and increase respectively the cyclical 
speed of the gas-generator. The free-piston as 
semblies of the master gas-generator M operate 
synchronously a hydraulic valve WM, shown dia 
grammatically as a piston valve the piston of 

5 which is formed on a 'tail rod 25 of 'one of the 
free-piston assemblies. This valve has two simi 
lar sets of ports 261 and 262 operating in parallel 
and arranged to remain open during a part of 
each cycle when the free-pistons are approach 
-ing, passing through and receding from their 
inner deadpoint and to remain-closed during the 
rest of the cycie including the outer dead point. 
The slave gas-generators Si and S2 are provided 
with hydraulic-valves VI and V2 similar to the 
valve VM, except that each has only one set of 
ports. The two sets of ports 261 and 262 of the 
master valve VM control respectively the flow of 
oil in two pipes 271 and 272 which branch from a 
Source 23A of oil at 'constant pressure. The two 
branches 2-1 and 272 are also controlled respec 
tively by the two slave valves V and W2. Each 
branch includes a metering orifice 3). 
The branch 271 terminates in a cylinder 311 

containing a piston 321 loaded by a spring 33. 
3 The piston 32 is connected to the cushion air 

control valve 21 of the slave gas-generator Si, 
the arrangement being such that the spring 331 
biases the valve 2f1 towards the position in which 
it causes the Speed "of the gas-generator Sf to 
increase, while the oil pressure in the cylinder 
31 urges the valve'2f1 in the opposite direction. 
The cylinder 3f communicates with an air-col 
umn chamber 341 and with a leakage orifice 35. 
The branch 272 terminates in a cylinder 312 

coitaining a piston 322 connected to the cushion 
air Éontrol valve 2 of the slave gas-generator 
S2. The piston 322 is loaded by a spring 332 which 
biases the valve'2?2towards the position in which 
it causes the speed of the gas-generator S2 to 
decrease, while the oil pressure in the cylinder 
352 urges the valve.2 (2 in the opposite direction. 
The cylinder 3f2 communicates with an air-col 
umn chamber 342 and with a leakage orifice 35. 
The frequercy-regulating means of the slave gas 
"generator S2 are thus arranged to operate in the 
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opposite sense to the frequency-regulating mea 
of the slave gas-generator St. - - - 
The operation of this plant will be described 

with reference to Fig. 2, which shows, on a base 
of time, in the upper part of the figure the dis 
placements of the free-pistons of the gas-gen 
erators, and in the lower part, by the shaded rec 
tangles the period during which the valves WM, 
VI and W2 are closed, the length of the time base 
being exactly the periodic time of the cycle. 
When the three gas-generators are running at 

O 

constant cyclical Speed, with a phase displace 
ment of one-third of a cycle as shown, which 
condition may be initially established by man 
ual control, the period during which the master 
valve WM is open Overlaps by the equal intervals 
t1 and t2 the periods during which the slave 
valves V and V2 are open respectively. The flow 
capacities of the orifices 30, 35 and 35° are so 
selected, in relation to the pressures exerted by 
the springs 33, and 33° and to the ratio of the 
intervals t1 and t2 to the periodic time of the 
cycle, that the quantity of oil that flows into 
each of the cylinders 31 and 3° during one such 
interval is sufficient to replace the quantity. that 
escapes through the leakage orifices 35 and 35° 
during one complete cycle. The air columns 34 
and 34 compensate for the pulsating admission 
of oil so that the pistons 32 and 32 remain sub 
stantially stationary, their mean positions being 
as shown. - 
Now if the slave gas-generator S2, which is 

leading the master gas-generator M by one-third 
of a cycle in phase, tends to run for example 
slow, the interval of overlap ta between the nor 
interrupting periods of its valve V2 and the 
master valve WM increases, and the resulting in 
creased admission of pressure oil to the cylin 
der 3 causes the valve 2 to be moved to the 
right so that the gas-generator S2 is speeded 
up. If the slave gas-generator S, which is lag 
ging the master gas-generator. by one third of a 
cycle in phase, tends to run for example slow, 
the valve overlap interval ti decreases, and the 
resulting decreased admission of pressure oil to 
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40 
of five gas-generators M, Sl, S2, S3 and S4 sin 

the cylinder 3 causes the valve 21 to be moved 
fed up. . . . . . . . . 
to the right so that the gas-generator Si is speed 

. As regulation of the power output. Or delivery 
pressure of any of the gas-generators may cause 
a variation of the outer and inner dead points of 
its free pistons, if the oil pressure line control 
-valve is operated, as in the example shown in 
Fig. i., by a member moving proportionally to 
the displacement of the free pistons, the ratio of 
the valve overlap interval to the duration of a 
cycle will vary With variation of load. On the gas 
generator. In some circumstances, and with a 
careful choice of fixed opening positions of the 
valve ports, the irregularity in phase relationship, 
due to regulation of the powers output or deliv 
ery pressure of the gas-generator, can be kept 
within tolerable limits. Nevertheless, in other 
circumstances, it may be necessary to provide the 
phase-controlling mechanism with means adapt 
ed to compensate for variation in load on the 
gas-generator. In Fig. 1 is shown one possible 
compensating arrangement which serves to vary 
the ratio of the effective areas of the metering 
orifice 30 and the leakage orifice. 35 or 35. The 
areas of the leakage orifices are controlled by 

: needles 36 and 36 rigid with pistons, 3...and 
37 which work in cylinders 381 and 38 and are 
-biased by springs 39 and 39 in such a direc 
&tion as to increase, the leakage. area. Pipes. 40 
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6 
and 40 branch from a pipe 40 connected to the 
source 26A of oil under constant pressure and 
lead to the cylinders 38 and 38° so as to admit 
oil which urges the pistons 37 and 37 in such 
a direction as to decrease the area of the leak 
age orifices 351 and 352. The tail rods 251 and 
25 are provided with piston valve chambers 60 
and 60 which, while the free pistons of the as 
Sociated gas-generator are passing through their 
Outer dead point, open valves ports 61 and 6f 
controlling the pipes 40 and 40°, the opening 
period increasing as the Outer dead point in 
creases (i.e. recedes from the middle of the gas 
generator). Metering orifices 621 and 622 arear 
ranged in series with the valveports 61 and 6 
respectively. Pipes 63 and 63 branch from the 
pipes 40 and 40 downstream of the valve ports 
and metering orifices just described and lead 
directly to restricted leakage orifices 641 and 642 
and also through metering orifices 651 and 652 
to valve ports 66 and 66 forming additional 
leakage paths and controlled by the piston valve 
chambers 60 and 60 in such a manner that the 
additional leakage paths are open while the free 
pistons of the associated gas-generators are 
passing through their inner dead point, the open 
ing period decreasing as the inner dead point in 
creases (i.e. recedes from the middle of the gas 
generator). - 

The effect on the opening period of the slave 
valve W or W2 of a change in inner dead point 
is not the same as that of the same: change in 
Outer dead point, and furthermore the effect of 
a change in inner dead point is different accord 
ing to the nature of the change in the operating 
conditions of the gas-generator. The leakage 
orifices 64 and 64 are of such a capacity as to 
provide the best compromise for the inner dead 
point. ... . . . . . . . . 

Fig. 3 shows phase-controlling gear for a group 

ilar to the gas-generators shown in Fig. 1. Like 
parts in thes two figures are denoted by the same 
reference numerals, the two plants being gener 
ally similar in arrangement, except for the fol 
lowing, differences. 
... The master valve VM has only one set of ports 
common to all the branches to the slave valves, 
and each of these branches is provided with a . 
non-return valve 29 permitting oil to flow only 
in the direction from the master valve towards 
;the slave valve and serving to prevent any flow 
of oil between the cylinders 31, 32 etc. during 
intervals of Overlap of the non-interrupting pe 
riods of the slave. Valves. - . . . . . 

Furthermore, the master and slave piston 
valves. WM, W, W2, W3 and V4, which move 
in Synchronism with the free pistons of the as 
Sociated gas-generators, are arranged to open 
while the free pistons are passing through a part 
of their stroke intermediate between the inner 
and outer dead points, and in order to obviate 
the ambiguity in phase that would result if the 
valves opened and closed twice per cycle, they 
are provided with ported disabling sleeves 42, 
42, 422, 423 and 424 which are fitted between the 
valve piston and the valve body and which mask 
the ports during alternate strokes. These sleeves 
are driven by collars 43 and 44 on the valve pis 
tons arranged to provide the appropriate degree 
of backlash. 
In the present example the duration of the 

outstroke of the free pistons is about three 
quarters of that of their in-stroke, and the four 
slave gas-generators are arranged to lead the 
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master gas-generator respectively by phase dis 
placements which increase by equal increments 
from gas-generator S4 to gas-generator S, as 
shown in the upper part of Fig. 4 which shows, 
On a base of time, the displacements of the free 
pistons. The valves WM', 'W' and W4' are ar 
ranged to be masked on the out-strokes, while 
the Valves V2 and V3' are masked on the in 
strokes, The lower part of Fig. 4 shows by the 
shaded rectangles the times during which the 
valves are closed, the dotted horizontal lines de 
noting the times during which the valve ports 
are masked by the disabling sleeves. The non 
interrupting periods of the individual valves are 
shown in the upper part of Fig. 4 where OM de 
notes this period for each of the valves WM, W 
and V4, O2 the period for the valve V2, and O3 
that for the valve V3'. 
When the gas-generators are running at a 

constant speed. With their intended phase rela 
tionship, the periods of overlap of opening of the 
master Valve VMI and of the slave valves Wii', 
W2', V3' and V4' are those denoted by t1, t2, t3 and 
t4 in Fig. 4. Lagging of the slave gas-generators 
Sf and S3 will cause the periods ti and ta to de 
crease and consequently the cylinders 3 and 
33 are so arranged that a reduction in the quan 
tity of oil supplied to them through the piston 
valves causes the pistons 321 and 323 to operate 
the cushion control valves 2 and 23 in such 
a sense as to speed up the gas-generators S and 
S3. If, however, the gas-generators S2 and S4 
lag, the periods to and ta increase, and the cylin 
ders 3 and 34 are set to operate oppositely to 
the cylinders 3 fi and 33, so that an increase in 
the quantity of oil supplied to the cylinders 3 
and 34 causes the gas-generators S2 and S4 to 
be speeded up. - 

It will thus be apparent that Such a combina 
tion of five gas-generators is constituted by two 
groups of three gas-generators each of which 
groups is arranged similarly to that shown in 
Fig. 1, and which have however a common master 
gas-generator, the non-interrupting periods of 
the slave devices of one group differing from the 
non-interrupting periods of the slave devices of 
the other group in such a manner that the phase 
differences of the five machines are substantially 
uniform. 
When it is desired to maintain a Substantially 

constant phase displacement when the power out 
put or the working pressure of a group of units 
is varied, the opening period of the phasing valve 
may be varied in accordance with variation in 
the inner dead point or the outer dead point or 
both of these points of the free-piston assembly. 
This result may be attained by providing piston 
type phasing valves with ported sleeves controlled 
by spring-loaded pistons working in cylinders 
supplied with pressure fluid in the same way as 
the cylinders 381 and 382 in Fig. 1. Alternatively 
the ported sleeves of the phasing Valves may be 
controlled by dead-point followers, and these 
sleeves may be actuated by a linkage so arranged 
that the opening or closing of the phasing ports 
occurs at a constant percentage of the free-piston 
stroke. With phasing ports arranged to be open 
over a dead point, the valve opening or cut-off 
point may be displaced through the agency of 
a floating lever in accordance with the Weighted 
mean of the inner and the outer dead points. 
With phasing ports having an opening period 
lying between the inner and the Outer dead points, 
the opening or the cut-off points may be similarly 
displaced in accordance with suitably weighted 
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8 
means; a simple but approximate compensation 
for such ports is to displace each cut-off point 
independently by inner and outer dead-point 
followers respectively, so as to maintain thena at 
fixed distances from the dead pointS. 

Fig. 5 shows a compensating mechanism ap 
plicable to each of the valves of the plant shown 
in Fig. 1. The phasing valve, here denoted by 
W, is provided with a ported sleeve 45, the posi 
tion of which determines the beginning of the 
non-interrupting period. An inner dead point 
follower 46, of the kind described in application 
Serial No. 492,865, filed June 30, 1943, has a con 
necting member 47 the position of which corre 
Sponds to the inner dead point of the free pistons. 
A similar outer dead point follower 48 has a 
connecting member 49 the position of which cor 
responds to the Outer dead point of the free pis 
tons. One end of a floating lever 50 is pivotally 
connected to the connecting member 49 and its 
other end is coupled by a link 52 to the con 
necting member 47. An intermediate point on 
the floating lever is coupled by a link 5 to the 
valve Sleeve 45. The ratio of the arms of the 
lever 50 above and below the link 5 is so selected 
that the opening point of the valve is displaced 
in accordance with the Weighted mean of the 
inner and outer dead points. 
The fluid-pressure-responsive devices that op 

erate the cushion air control valves may be of 
the differential type arranged to balance two 
hydraulic pressures, instead of being spring con 
trolled as in the examples hereinbefore described. 
Fig. 6 shows a part of a plant similar to that 
shown in Fig. 1, except that such a balanced 
system is used, the means for compensating for 
variation in load. On the gas-generators are 
Omitted, and a master valve WM having one 
set of ports common to both branches 27 and 
272 is used, these branches having non-return 
valves 29. Corresponding parts in Figs, 1 and 6 
have the same reference numerals. 
In Fig. 6 the fluid-pressure-responsive device 

that operates the cushion air control Valve 2 
5 of the slave gas-generator S is a cylinder 3 

containing the piston. 32, which is spring biased 
to its central position. The right-hand end of 
this cylinder is supplied with oil in exactly the 
same way as the right-hand end of the cylinder 
31 in Fig. 1, through the valves VM and W. 
The left-hand end of the cylinder 3 is provided 
with a restricted leakage orifice 55 and is con 
nected by a branch pipe 53, which contains a 
metering orifice. 54, to a pipe 26 communicating 
with the source of oil under pressure that sup 
plies the master phasing valve. WM. When the 
master and slave machines are running in the 
correct phase relationship, the force tending to 
move the piston 321 to the right due to the 
oil pressure in the left-hand end of the cylinder 
31 balances the mean force acting on the right 
hand face of this piston due to the pressure of 
the oil passed by the phasing valves WM and 
W. 

This balanced system has the advantage that 
it is unaffected by accidental variations in the 
pressure of the oil supplied to the pipe 26. 

In order to avoid irregularity in operation of 
such hydraulic phase-control mechanisms due to 
variation in viscosity of the pressure liquid, 
which is conveniently lubricating oil, the said 
metering orifices and leakage orifices should be 
so designed that the resistance which they in 

75 
pose to the flow of liquid is substantially pro 
portional to the viscosity of the liquid, that is 
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to say, they should provide a streamline flow 
with only small kinetic energy effects. Thus 
the metering orifices and the leakage - orifices 
will be similarly affected by changes in viscosity. 
A large battery of gas-generators may be con 

veniently and simply phased in two or more 
groups of two or four slave gas-generators, all 
the groups having a common master gas-gener 
ator. In special cases, it is possible to control, 
in accordance with this invention, the phase 
relationships of the master generators of two or 
more separate phase-controlled batteries. . 
As hereinbefore mentioned, an electrical sys 

tem may be used in place of a hydraulic sys 
tem, and the analogy between the two will be 
illustrated by reference to Figs. 7 and 8, which 
are comparable with Fig. 3. The pipe 26 of 
Fig. 3 is replaced by a lead 226 to one terminal 
of a current source, 226A, the other terminal of 
which is grounded. The hydraulic valves VM 
and W - to V4' are replaced respectively by 
electrical switches SuM, Sul, etc. operatively 
Connected with the free pistons of the gas. 
generators. Where the gas-generators are, as 
shown, of the usual opposed-piston type, each 
switch is conveniently formed by a ring 80 of 
insulating material fast on the oscillatory shaft 
8 of the piston synchronising mechanism, each 
ring having a conducting segment 82 co-operat 
ing with a pair of brushes 83. The synchronising 
mechanism shown in Fig. 7 is of the known 
rack-and-pinion type, so arranged that the maxi 
mum amplitude of oscillation of the shaft 8 is 
substantially less than 360°. 
The sleeves 42 and 421 to 424 of Fig. 3 are 

replaced by switches 242, 2421 etc., which are 
generally similar to the rotary switches SuM, 
etc., but in which the ring 80A is drivably con 
nected to the shaft 8, by friction disks 84 (Fig. 
8) loaded by a compression spring 85, and have 
a range of displacement, which is limited by an 
arm 86 co-operating with stops 87, between the 
“on” and "off’ positions of the segment 88. 
The branch pipes 271 to 274 of Fig. 3 are re 

placed by branch leads 2271 and 2274 respectively, 
each including a rectifier 229 and a resistor 230, 
replacing the non-return valves 29 and the or 
ifices 30 of Fig. 3. The cylinder and piston 
devices of Fig. 3 actuating the air-transfer valves 
21 to 2 4 are replaced by spring-biased electro 
magnetic devices energized from the appropriate 
branch lead 227, 2272, etc., through the appro 
priate pair of switches 242 and Swi, etc. Such 
a device in its simplest form would be a solenoid 
having a spring-loaded armature adapted to take 
up a position dependent on the mean value of 
the unidirectional current passing through its ex 
citing winding. In practice it is more conven 
ient to use torque motors, one of which appears 
in Fig. 7. The motor is of the direct-current 
type and its armature 232 is connected between 
ground and the respective branch lead 2771. Its 
field winding 89 is separately energised through 
a conductor 90 leading directly to the ungrounded 
side of the current source 226A. A resistor 9 
may be shunted across the armature in order to 
reduce sparking at the contacts of the rotary 
switches. The armature 232 is coupled by a suit 
able transmission, indicated diagrammatically 
at 92, to the transfer valve 21 and the biasing 
spring 233. In practice the efficiency of the 
electromagnetic devices will usually be so low 
that, when they operate as generators, their out 
put will be negligible; thus the rectifiers 229 can 
be Omitted. . . . . . 
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::1. A combination of at least two oscillatory 
fluid-displacing machines arranged to operate 
in parallel on a common main and provided with 
means for maintaining automatically a predeter 
mined phase relationship between them, said 
means including a source of fluid under pres 
Sure, a device actuated by One of said machines 
Which serves as a master for interrupting the 
flow of said pressure fluid Synchronously only 
Once per cycle of said master machine, a device 
actuated by the other of said two machines which 
acts as a slave, said slave device being connected 
to receive the interrupted flow of pressure fluid. 
paSSed by Said master device and serving for 
interrupting the flow of pressure fluid synchro 
nCusly Only Once per cycle of Said slave machine, 
the arrangement being such that, when said pre 
determined phase relationship exists, there is an 
overlap between the non-interrupting periods of 
said two devices, and a controller for varying the 
period of oscillation of said slave machine, in 
response to variation in the nean rate of flow 
of pressure fluid passed by said two devices in 
series, in such a sense as to eliminate departure 
from said predetermined phase relationship. 
12. A combination of at least three Oscillatory 
fluid-displacing machines arranged to operate in 
parallel on a common main and provided with 
means for maintaining automatically a predeter 
mined phase relationship between them, said 
means including a source of fluid under press 
sure, a device actuated by one of said machines 
which serves as a master for interrupting the flow 
of said pressure fluid synchronously only once per 
cycle of said master machine, two devices, actu 
ated respectively by the other two of said man 
chines which act as slaves, said two slave devices 
being connected to receive in parallel the inter 
rupted flow of pressure fluid passed by said mass 
ter, device, for interrupting the flow of pressure 
fluid synchronously only once per cycle of the 
respective slave machines, the arrangement being. 
such that, when said predetermined phase rela 

45tionship exists, there is an overlap of the non 
interrupting periods of said master device with 
the non-interrupting periods of each of said slave 
devices, and two controllers for varying the 
periods of oscillation of the respective slave ma 

50 chines, said controllers being responsive to vari 
ation in the mean rate of flow of pressure fluid 
passed by said slave devices respectively, and 
being so set that one of them increases, while 
the other decreases, the period of oscillation of 

55 its associated slave machine in response to an 
increase in the flow of pressure fluid passed by 
its associated slave device. . . . . . . . . . 3. A combination of at least two oscillatory 
fluid-displacing machines arranged to operate in 

60 parallel on a common main and provided. With 
means for maintaining automatically a prede 
termined phase relationship between them, said 
means including a source of fluid under pressure, 
a device actuated by one of said machines which 

65 serves. as a master for interrupting the flow of 
said pressure fluid synchronously with the oper 
ation of said master machine, a device actuated 
by the other of said two machines which acts as 
a slave, said slave device being connected to re 

70 ceive the interrupted flow of pressure fluid passed 
by said master device and serving for interrupt 
ing the flow of pressure fluid synchronously with 
the operation of said slave machine, the non 
interrupting period of each of said devices occur 

75 ring oyer only one of the dead points of the aSSO 
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ciated oscillatory machine, and the arrangement 
being such that, when said predetermined phase 
relationship exists; there! is: an, overlap between. 
the non-interrupting periods of said two devices, 
and a controller for varying: thieperiod of oscil, i. 
lation of said slave:machine, iirresponse to varies 
ation: in the mean rate of flow. of pressure fluid 
passed! by said two devices in: Series;. in Such a 
sense as: to eliminate departure: from: Said prer 
determined phase:relationship;. 0. 

4. A combination; of at least three, oscillatory 
fiuid-displacing machinesiarranged to. operate in 
parallel; on: a common main and provided with 
means for' maintaining automatically a. prede. 
termined phase relationship between them, said: 15. 
means including a sources of fluid; under pressure;. 
a device actuated by one of said machines, which 
servest as a master; for interrupting thie.flow of 
said pressure. fluid Synchronously. With-thie. Oper 
ation of said master-machine; two-devices; actus. 20. 
ated respectively by the other two of said ma-. 
chines, which act as slavesi said: two slave-devices: 
being connected to receive in parallel the inter. 
rupted flow of pressure-fluid passed by said:nase. 
ter" device for interrupting: the flow: of pressures 25: 
fluid synthironously with the operation of there-- 
spectives slave. machiihes; the non-interrupting 
period of each of saiédevices occurring overonly, 
one of the dead? points of the associated oscilla. 
tory machine; and the arrangement; being such 30. 
that, when said predetermined phase-relationship. 
exists, there-issan-overlap' of the non-interrupting. 
periods of said master device-withsthe:non-inter. 
rupting periods of eachi of saiti; shave devices, and 
two cositrollers for varying the periods of oscia. 35. 
lation of the respective-slave machines; said con 
trollers being responsive to variation in the mean: 
rate of fow of pressure-fluid passed by said slave 
devices respeetively; and being 'so setthiat, one of 
thiem increases, while the other decreases; the: 40 
period of oscillation of its associated slave, mar. 
chihe in response to an increase in the flow of 
pressure, fluidi passed by its associated siaves der 
vice: 

5: A combination of at least two: oscillatory 45 
fiuid-displacing machines arranged to operate in 
paraller on a common main and, provided with 
means' for maintaining automatically: a prede, 
termined phase relationship between them, said: means including'a-source offluid under-pressure; 
a device actuated by one of said 'machinese whibh. 
serves as a master for interrupting the flow of 
salti pressure fluid synchronously: only onces per 
cycle of said master machine; a device actuated 
by the other of said two-machines which acts as: 55. 
a slave, said islave, devilee being connected to re. 
ceive the interrupted flow ofpressure fluid passed. 
by said master device and serving for interrupt 
ing the flow of pressure-fluid synchronously-only, 
once per cycle of said slavemachine; at least one 60 
of said devices being oscillatory, the non-inters. 
rupting periodof'saidoscillatory device occurring 
in course of the motion of the associated oscilla 
tory.machine between its deadpoints, a disabling 65 
element associated withi, said oscillatory device 
for: maintaining it in interrupting condition dur 
ingalternate-strokes, the arrangement being such. 
that, when said predetermined phase relationship 
exists; thereisanoverlap between-the-non-inter- 70 
rupting periods of said, two devices, and at concer 
troller for varying: the period of oscillation of 
saidslave machine; in response; to variation in the 
meant rate offibw of pressure: fiuidspassed by said 
tW 0. de wi c ii. Se hi 8: S e aS: t 0. eli ini 5 
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nate departure: from: Said predetermined phase: 
relationship, 

6:. A combinations of at least five-; oscillatory 
fiuid-displacing machines arranged to operate in 
parallel: on a common main, and provided with 
means for maintaining, automatically, a predeter 
mined phase, relationship between: them. Said; 
means, includings assource of fluid under.pressure, 
a.device actuated by one of. Said machines which 
serves as a master for interrupting the flow of: 
pressure. fluid Synchronously with the operation 
of said master, machine, four devices, actuated 
respectively, by the other for of said: machines 
whichsact-assiayes, said fourt devices...being coasts 
nected to receives flow.S., of pressure. fluids inter, 
rupted by said master, devices and Serving again: 
to.interrupt Said flows of pressure fluid Synchros. 
neusly. With the operation of the respective'slaye 
machines, said: five-devices being, oscillatory with. 
their non-interrupting periods occurring in course 
of the motions of the associated oscillatory nar. 
chine: between its dead points, five disabling ele 
ments associated. With said five devices: respecr. 
tively; for eliminating... non-interrupting periods, 
on alternate strokes...the-arrangement, being such 
that, when said predetermined-phase-relationship, 
exists, there:issan overlap of the nons interrupting: 
periods of Said, master-device-with the non-inter-r 
rupting periods of each of Saidslave-devices; and 
foul," Controllers...for varying the periods of oscils: 
lation- of the respective; slave machines:, in rer. 
Spolase to variation sins the mean, rate, of flow of. 
pressures: fiuid passed by the respeetives slave.des. 
vices, a first pair of said, controllers being sa-set. 
that they increase the periods of oscillations of 
the associated first pairs of said, slave machines, 
ini, response: to increase in the flows, of pressure, 
fluid. passed by they associated first, pair of said 
slave. devices, the:second pair of...saids controllers, 
being so, Set: that they decrease, the periods of 
oscillation of the associated. second pair of, said, 
slave machines: in response. to increase in the 
flows of pressure fluid passed by the associated 
Second-pair.ofsaid slave devices, and the overlap 
of, the non-interrupting: period of one: device of, 
each of Saidpairs...with that.ofsaidmaster. device. 
occurring during, like-strokes. of the master and 
slave, while the overlap of the non-interrupting: 
period of the other device of each of said pairs. 
with that of said... master device occurs durings 
opposite. Strokes of the master and slave. 
7. A combination of at least three oscillatory: 

fluid displacing machines arranged to operate in. 
parallel on a common main and provided with 
means for maintaining:automatically, a predeter.-- 
mined phase, relationship between them, said: 
means.including...a...Source of liquid under.pressure. 
a hydraulic valve actuated by... one of said ma 
chines which serves as a master. and, having two. 
ports for delivering, two separate, flows of said. 
liquid each interrupted Synchronously once per. 
cycle of Said, master machine, two hydraulic. 
Valves actuated respectively. by the other two of 
said machines, which act.asslaves, said two slave, 
valves being connected to receive the interrupted 
flows of liquid deliyered by said two ports respects. 
tively of the master valve and serving to interrupt. 
the, flow. of liquid Synchronously only once per 
cycle of the respective slave machines, the ar. 
rangement being such that, when said predeter 
mined-phase; relationship exists, thereissan, over 
lap of the:non-interrupting...periods of Said-master. 
valve. with the non-interruptings periods of each: 
of saidslaye-valves; and two controllers for varyry 
ing the periods of oscillation of the respeetiyes 



2,408,362 
--- 13 

islave machines, said controllers being responsive 
to variation in the mean rate of flow of pressure 
liquid passed by said slave valves respectively, in 
such a sense as to eliminate departure from Said 
predetermined phase relationship. - 

8. A combination of at least three Oscillatory 
fluid-displacing machines arranged to operate in 
parallel on a common main and provided with 
means for maintaining automatically a predeter 
mined phase relationship between them, said means including a source of liquid under pressure, 
a hydraulic valve actuated by one of said ma 
chines which serves as a master and having a 
port for delivering a flow of said liquid inter 
rupted Synchronously once per cycle of said mas 
ter machine, two hydraulic valves actuated re 
spectively by the other two of said machines, 
which act as slaves, said two valves being con 
nected to receive in parallel the flow of liquid 
delivered from said port and serving to interrupt 
the flow of liquid Synchronously only once per 
cycle of the respective slave machines, the ar 
rangement being such that, when said predeter 
mined phase relationship exists, there is an over 
lap of the non-interrupting periods of said master 
valve with the non-interrupting periods of each 
of said slave valves, and two controllers for vary 
ing the periods of oscillation of the respective 
slave machines, said controllers being responsive 
to variation in the mean rate of flow of pressure 
liquid passed by said slave valves respectively, in 
such a sense as to eliminate departure from said 
predetermined phase relationship. 

9. A combination of at least two free-piston 
fluid-displacing machines arranged to operate on 
a common main and provided with means for 
maintaining automatically a predetermined phase 
relationship between them, said means including 
a Source of fluid under pressure, a fluid path 
connected with said source and including two 
devices arranged in series in said path and actu 
ated respectively by said machines for interrupt 
ing the flow of pressure fluid in said path syn 
chronously with the operation of said machines 
respectively, the arrangement being such that, 
when said predetermined phase relationship 
existS, there is an Overlap between the non-inter 
rupting periods of said two devices, a controller 
for varying the period of oscillation of one of said 
machines, in response to variation in the mean 
rate of flow of pressure fluid along said path, in 
such a sense as to eliminate departure from said 
predetermined phase relationship, said devices 
having oscillatory elements arranged to oscillate 
with amplitudes varying with variation in the 
length of the free-piston strokes of said machines, 
and means for at least reducing automatically 
the effect of variation of the ratio of the non 
interrupting period of each of said devices to its 
period of Oscillation consequent on variation in 
the free-piston stroke of the associated machine. 

10. A combination of at least two free-piston 
fluid-displacing machines arranged to operate on 
a Common main and provided with means for 
maintaining automatically a predetermined phase 
relationship between them, said means including 
a source of liquid under pressure, a duct con 
nected with said source and including two hy 
draulic valves arranged in series in said duct and 
actuated respectively by said machines for inter 
rupting the flow of liquid in said duct synchro 
nously with the operation of said machines re 
Spectively, the arrangement being such that, when 
said predetermined phase relationship exists, 
there is an overlap between the non-interrupting 
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14 
periods of said two valves, a controller for vary 
ing the period of oscillation of one of Said ma 
chines which acts as a slave, said controller in cluding a hydraulic fluid-pressure-responsive de 
vice connected to be supplied with liquid by said 
duct and through a metering port and to dis 
charge liquid through a leakage port, said con 

...troller acting to eliminate departure from said 
predetermined phase relationship, and said valve 
actuated by said slave machine having an oscil 
latory element arranged to oscillate with an an 
plitude varying with variation in the length of 
the free-piston strokes of said slave machine, and 
means responsive to variation of the ratio of the 
non-interrupting period of the said valve actuated 
by said slave machine to its period of oscillation 
for varying the ratio of the flow capacities of 
said ports so as to compensate at least in part for 
variation in said free-piston stroke. 

11. A free-piston fluid-displacing machine in 
tended for operation in predetermined phase re 
lationship in parallel with other like machines on 
a common main and having a controller for vary 
ing the period of oscillation of its free pistons, 
means for conducting a variable supply of fluid 
under pressure for actuating said controller, and 
a device having an oscillatory member connected 
for movement in synchronism with said free pis 
tons and serving to interrupt synchronously the 
flow of pressure fluid through said conducting 
means, and means for adjusting the non-inter 
rupting period of said device automatically in 
response to variation in at least one of the dead 
points of said free pistons so as at least to reduce 
the effect of variation of the length of the free 
piston stroke on the ratio of said non-interrupt 
ing period to the period of oscillation of said free 
pistons. 

12. A free-piston fluid-displacing machine in 
tended for operation in predetermined phase re 
lationship in parallel with other like machines. On 
a common main and having a controller for vary 
ing the period of Oscillation of its free pistons, 
said controller including a hydraulic actuating 
device responsive to variation in mean rate of 
flow of liquid thereto, a duct for admitting liquid 
to said actuating device and including a valve 
having an Oscillatory member connected for 
movement in Synchronism with said free pistons, 
and means for adjusting the non-interrupting 
period of said valve automatically in response to 
variation in at least one of the dead points of said 
free pistons so as at least to reduce the effect of 
Variation of the length of the free-piston stroke 
on the ratio of said non-interrupting period to 
the period of oscillation of said free pistons. 

13. A combination of at least two oscillatory 
fluid-displacing machines arranged to operate in 
parallel on a common main and provided with 
means for maintaining automatically a prede 
termined phase relationship between them, said 
means including a source of fluid under pressure, 
a device actuated by one of said machines which 
SerWeS as a master for interrupting the foW of said 
preSSure fluid Synchronously only once per cycle 
of Said master machine, a device actuated by the 
other of said two machines which acts as a slave, 
Said slave device being connected to receive the 
interrupted flow of pressure fluid passed by said 
master device and serving for interrupting the 
flow of pressure fluid synchronously only once per 
cycle of said slave machine, the arrangement 
being Such that, when said predetermined phase 
relationship exists, there is an overlap between 
the non-interrupting periods of said two devices, 
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ands.a. controller for varying; the period of aScillar 
tions of: saidslave machine, in response to Varia 
tion in: the mean: rate of flow of pressure fluid, 
passed by said two devices: in series; in such a. 
sense, as to eliminate departure from said:prede 
termined phases relationship, said, controller in 
cluding. a differential: fluid-pressure-responsive. 
actuating device: both Sides of Whichi are: CCEa 
neeted to said source:offluid pressure; 

14. A combination of at least; two free-piston 
fluid-displacing. machines, arranged to: Operate 
on a common main and provided with means for, 
maintaining automatically a predetermined 
phase...relationship between-them, said: means.in 
cluding assource: of liquid: under pressure, a duct. 
connected. With said:Source and includingstWohy 
draulic: valves arranged in series in said duct, and 
actuated, respectively by said machines: for in 
terrupting the flow; of liquid in said duct; syn 
chronously. With the operation of said machines 
respectively, the arrangement, being. Such that, 
when said, predetermined; phaSet relationship-ex 
ists, there, is an overlap between the non-inter 
rupting periods of said two valves, a controller 
for varying, the period of Oscillation of one of 
said machines which acts; as a slave, said con 
troller, including, a differential. hydraulic pres: 
Sluice-responsive device. One: Side of which is con 
nected to be Supplied. With liquid-by, said duct and 
through a metering port, and to rdischarge, liquid 
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through a leakage; port, while the other: side: of 
said:device, is connected to be supplied with:liquid 
from Said source: through, a metering port inde 
pendently of said. duct, and to, discharge liquid. 
through a leakage port, Said, controller being set 
to eliminate departure from said; predetermined 
-phase-relationship. " . . 

15. At least two-internal-combustion-operated 
gas-generators: of the free-piston type, connected 
to deliver gas to a common main, in: combination 
With means for maintaining them.ini, predeter 
mined phase relationship, each of said two-gas 
generators: having a speed-controller, as pressure. 
fluid circuit for actuating said: controller and a 
device: for interrupting said circuit.synchronously 
Once: per cycle of the associated: gas-generator; 
and a.master device; capable of interrupting;each. 
of Said-circuits. Synchronously at a predetermined 
frequency, the arrangement being such that, when: 
said: gas-generators: are maintained in said pre 
determined phase-relationship, there are overlaps: 
between the: non-interrupting periods of said 
master device and of each; of said islave devices; 
Wariation of said. Overlaps: due: to: departure of 
Said gas-generators: from: said predetermined 
phase-relationship-causing: Variation of the meant 
rates: of flow of fluid-in said circuits and speed 
correeting actuation of said, controllers; 
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