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This invention relates to a submarine hovering system

‘and, more particularly, to a system that automatically
pesﬂ:mns a submarme aeeurately at a predetermmed

A submarme is oftentrmes required to assume a given

10
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- dicative of the actual pressure exerted by the sea Water

at the depth actually assumed by the submarine is - ap-
plied via an input line 11 to an error computer 12. A
signal indicative of the pressure exerted by the sea water at
the depth at which it is desired to position the submarine
is applied to the error computer via an input line 13. The
error computier generates an output Slgnal equal to the

‘difference between the two applied signals, i.e., the output

signal is representative of the difference between the actual
and ordered depths of the submanne, hereinafter re-

ferred to as the “depth error.”

~ The output signal from the error computer 12 is ap—_

| _phed to a dmereﬂtlator 14, to an mstrumentatlen block

depth in the ocean which theoretically requires a condi~

~ tion.of neutral buoyancy. For a number of reasons, in-
~ cluding the temperature gradient of the water, the salinity
 of the water, underwater currents, and the like, it is im-~
possible to maintain a true condition of neutral buoyancy.

 Therefore, the state of neutral bucyancy is appreached
- by alternately ﬂeedmg and exhaustmg water tanks in the
bOth '

“During ﬂeedmg and pumpmg operatlens the beat mo-
| mentarﬂy achieves a state of neutral buovancy, and then,
~ depending on whether it is receiving or exhausting water,
- becomes either heavier or lighter than the volume of
water it displaces. When the submarine takes on suffi-
cient water so that its density exceeds that of the volume
of water it displaces, the boat sinks. Due fo increasing
water pressure as it smks, the submarine’s hull contracts,
thereby further 1ncreasmg its density and downward ve-

trvely buoyant; 1.e., _1ts quald veloelty mcreafies as the'

opth decreases.
Prior systems employed to position submarines at pre-
._determrned depths have generally taken into account one

~or more factors that include the water pressure at the

level actually assumed by the beoat, the water pressure at

. the desired depth, and the rate of change in depth of the

submarine. These factors were then combined in various
~fashions to provide a single or a number of control sig-
nals to change the buoyancy of the submarine. HoWever,

20

15, and to a gain devrce 15 located within a composite

signal generater 17. Within the differentiator 14, the |

‘error signal is differentiated with respect fo time to pro-
‘duce what may be termed a “velocity” signal. That is,

when the ordered pressure srgnal applied on line 13
to the error computer 12 remains constant, the output sig-
nal from the differentiator 14 is equal to the vertical ve-

| loelty of the submarine, i.e., the rate of change in the sub-

marine’s depth. When the ordered pressure signal is

- changing, however, to call for a changing depth, such as a

constantly increasing depth, for example, the signal from

-__the differentiator 14 is not indicative of the rate of ehange

in the depth of the submarine. Thus, while the output sig-

- nal from the differentiator 14 is herein termed a veleelty

30
locity. The converse is true when the boat becomes posi-

signal, the true nature of the signal should be kept in mind
at all times, and it should be remembered that the signal
represents the rate of change, with respect to time, ef the.

- output signal {from the error computer 12.

The output signal from the differentiator 14 is apphed
to the instrumentation block 13, to a differentiator 18, and

to one mput of an adder 12. Within the differentiator
i8, the output srgnal from the differentiator 14 is dif-

ferentiated with respect to time to produce a signal eaual

- to the second derivative of the depth error signal from the

40

none of the prior art systems has been successful in vary-

-ing the buoyancy of a submarine to position it rapidly and

- accurately at a desired depth Wrtheut substant1al unde-

sirable hunting.

- In the present invention- an error signal, 1nd1c**t1ve of
the difference between a depth actually assumed by a sub-

-~ marine and a desired depth, and its first and secend_tlme

derivatives are combined after being suitably weighted in.
- accordance with the magnitude of the error signal to re-

sult in the production of a single control signal that is
used to reposition the submarine. In this fashion, a given

- difference between a depth assumed and a depth desired
‘results in a more than proportionately larger control sig-
| nal than that produced by a smaller difference, and the
- depth correction of.the submarine is made much more

rapid as the “error” increases. This ensures that large
- errors are rapidly reduced, thereby increasing. the e e_etive-
- ness of the automatic control system.
_ Although the invention has been described generally
above, a better understanding of it may be obtained by
consulting the following detailed deseriptmn of an exem-
- plary embodiment thereef when taken in cen]unetlen
. with the appe*rded drawmgs in which:

- FIGURE 1 1s a block diagram of an e}remplary con-

 trol system embodying the principles of the present inven-

tion for use in submarines; and

FIGURES 2A and 2B are detaﬂed dmgrams e—f se— -'

- lected ones of the blocks of FIGURE 1.

error computer 12. This second derivative signal may be

-termed an “acceleration” signal; however, like the velocity

signal, the acceleration signal ‘only represents the vertical

- acceleration of the submarine if the ordered pressure sig-

nal applied to the error computer remains constant,
The output signal from the differentiator 18 is applied

_to the instrumentation block 15 and to the adder 19,

» | _The mstrumentation block, which has applied thereto the

~any number of test instruments located at a central

depth error, velecity, and acceleration signals, comprises

location or at varied locations within the submarine to
facilitate monitoring the 31011&13 from the error CO; mputer

- '_and the dif"erentrators

Within the adder 19 the ﬂlgnals from the differentiators
i4 and 18 are summed together to produce a single

output signal which is applied to one input of an adder' o

20 located within the composite signal generator 17.

60
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Referring to FIGURE 1, an exemplary automatle con- .

trol system for the hevermg of a submarine at a pre-

| determmed depth w1*h111 the sea is shown. A mgnal 111-

70

- pressed by the following equation:

Applied to the other input of the adder 20 is the output
signal from the gain device 1. This latter signal is
equal to the signal from the error computer 12 modified
1n magnitude in accordance with the magmmde of the
error signal itself. - This modification is such as to in-
crease proportionally the magnitude of the error signal
by a larger amount when the error signal is large than
when the error signal is small. |

The output signal from the adder 2@ 1.e., the eatput
signal from the composite signal generater 17, thus is
equal to the sum of the velocity, acceleration, and the
modified error signals. This output SIgnal may be ex-

(1)

dE & -
| ,C df - dif2 'KE
where C is the ourput 51gnal from the composﬂe signal

rlereter 1’7 E is the depth. error signal, K is a pre-:



- portionality factor determined by the magnitude of the
depth error signal itself, 7 is time, and d is the differential
operator. |

‘The output signal from the co

nposite signal generator

takes all pertinent factors properly into consideration.
By adding to the velocity and acceleration signals a

-modified depth error signal, a greater corrsction is pro-
vided when a greater depth error obtains. Further-
more, rapid changes in the depth error signal are reflect-

ed 1n the velocity and acceleration components of the
- composite signal, and thus changes in the depth of the
submarine are more quickly instituted when warranted
by rapidly changing conditions. -
~ The output signal from the composite signal generator
17 is applied to an output translator 2% which serves to
transform the signal into a signal of any desired param-
eter. Thus, for example, if the signal from the com-
posite signal generator is pneumatic or hydraulic, the
output franslator 21 translates such a signal into an elec-
trical signal if sc desired. Qutput signal translation is
optional, however, and the control system may deal en-
tirely with signals of a single parameter. |

‘The signal from the output translator 21 is applied to
a servomechanism 22 which in turn controls a pumping
- mechanism 23. The pumping mechanism pumps sea
water both away from and into a hovering tank 24 used
to control the buoyancy of the submarine. Thus, for

example, when the depth error is positive, i.e., when the

submarine is at a greater depth than that which is
ordered, sea water is pumped out of the hovering tank
into the sea in order to lighten the submarine, On the
other hand, when the depth error is negative, i.e., when
the submarine is at a depth less than that ordsred, cea

5,180,207
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water 1s pumped by the pumping mechanism into the

hovering tank to add weight to the submarine. |

Turning now to FIGURES 2A and 2B, a detailed de-
scription of exemplary apparatus incorporated in se-
lected ones of the blocks of FIGURE 1 will be given.
This apparatus is suitable for an automatic control sys-
tem in a submarine, and, as shown, basically comprises
a pneumatic system. |

- Error computer

In FIGURE 2A, sea water obtained from an input
port on the side of a submarine (not shown), or a pneu-
matic pressure corresponding to the pressure exerted by
the sea water at the depth actually assumed by the sub-
marine, is applied on an input line 25 to the error com-
puter 12, Within the computer the input line 25 is ap-
plied to one input 26 of a gage 27 and to one input 28
of a sensing bellows 29. -

Pneumatic pressure from a source of reference pres-

sure (not shown) is applied on an input line 3@ to the

error computer 12, Within the computer, the pressure
is adjusted by a pressure adjusting valve 31 to provide an
~output pressure which is indicative of the depth at which
it is desired fo position the submarine. This output pres-
sure is applied to an input 32 of the gage 27 and to an
mnput 33 of the sensing bellows 29. |

In the gage 27, the relative positions of two pointers
34 and 35 are indicative of the difference between the
depth at which it is desired to position the submarine
and the actual depth assumed by the submarine. For
example, as shown in the figure, the pointer 34 is higher
than the pointer 35, and thus the submarine is at a
greater depth than that at which it is to be positioned.
On the other hand, if the pointer 35 is higher on the gage
than the pointer 34, the submarine is above the denth at
which it is to be positioned. In this fashion, the gage
gives a visual indication of the depth error, and the gage
- may be located at any convenient point in the submarine
for a quick visual inspection. o

Within the sensing beliows 22 of the error computer
12, ithe two pneumatic pressures applied te the inputs

28 and 33 operate against each other through two bel-

40
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315"

60
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bellows section 53
pivot 43 is positioned. -

e

lows sections 36 and 37. A rod 38 that couples tosether
ike two sections thus is forced either to the right in the

iy
(2

ure or to the left depending upon which of the pres-
ures 1n the input lines 28 and 33 is increasing relative fo
the other. For example, movement of the arm to the
left indicates that the pressure applied to the input 28
is increasing relative to the pressure applied to the input
33. If the magnitude of the pressure applied to the input
z3 18 greater than the magnitude of the pressure applied
to the input 33 at this time, this would indicate that
the submarine is at a depth greater than that ordered

o
00

and that the depth error is increasing. . |

The right and left movement of the rod 39 is trans-
lated by linkages 39, 40 and 41 into a pivotal move-
ment of a nozzle regulating vane 42 about a pivet point
¢5. One end of the vane is positioned above a nozzle
¢4 that exhausts air supplied thereto from a source of
reference air pressure (not shown) that is supplied upon
an 1nput line 45 to the error computer 12. The air
pressure from the input line is first ‘applied to a flter
€5 from wiiich it passes to the nozzle 44 through a re-
siriction 47 in nozzle tube 48. The air pressure from
the filter 46 is also applied to an input 49 of a booster
section 50, o

The booster section 58 consists of three bellows sec-
tiocns 5%, 82, and 53. The lower bellows section 51 is
itself formed from two separate sections: an outer sec-
tion 52’ and an inner section 51”. The outer bellows
section 317 is coupled to an input line 54 that is con-
nected to the nozzle tube 48 just above the restriction
47. 'The middle bellows section 52 and the upper bel-
lows section 53 are both controlled by air pressure

 supplied thereto by a pressure line 55 that is coupled to

an oufput line 36 of the booster section.

A connecting member 57 joins the middle and lower
bellows sections 52 and 51, and within the connecting
member 57 a passage 53 permits a flow of alr therethrough

- to the inner bellows section 51" that is discharsed through
@ discharge port 59,

A valve member 69 is sifuated below
the passage 53, and regulates the flow of air therethrough
as well as the flow of air from the line 49 through a
passage 61. A base platform 62 is coupled to the upper
and serves as a rest upon which the

‘The operation of the error computer is as follows.
Assume that the submarine is at a greater depth than
that which is ordered and that the actual depth is increas-
ing. 1n this instance, the rod 38 within the sensing bellows
29 moves to the left as shown by the arrow, and the move-
ments of the linkages 39, 40, and 41, and the nozzle regu-
lating vane 42 are as shown by their associated arrows.
The movement of the end of the nozzle regulating vane
thus is toward the nozzle 44. This restricts the flow of

air from the nozzle, thereby increasing the air pressure

therein.

The increased air pressure within the nozzle 44 is com-
municated to the lower, outer bellows section 51’ through
the line 54, and the section 51 along with the connecting
member 57 are moved downward., As the connecting
member is moved downward, it contacts the valve &0
pushing the valve downward, This action closes off the
passage 58 within the connecting member and. opens up
the passage 61 to allow the flow of additional air to the
chamber surrounding the lower bellows section 51 and to
the chamber between the bellows sections 52 and 53
through lines 56 and 55. Since beliows sections 57 and
S2Z are substantially equal in diameter, the degree of open-
ing of the passage 61 is not influenced by this pressure
change. The increase in pressure, however, causes the
upper section 53 to be urged upward. The support plat-
form 62 is accordingly raised upward, moving the end of
the regulating vane 4% away from the nozzle 44, thereby
decreasing the pressure in the nozzle. This reduces the
downward movement of the bellows section 53 and re-
duces the flow of air through the passage 61 to the output

| -

line 56.
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- The entire effect of tﬁé booster section 50 is | to create -

a rapid and large change in the output pressure from the

section when warranted by a changing depth error. By

- the use of feed back, the rapid and large change is tapered

off somewhat so that a balance condition is achieved, and
the output pressure from the booster section, i.e., the
depth error signal, is made to be exactly that as csllsd

- for by the particular depth error. In this respect it should

~ be noted that the output pressure varies about some fixed
- pressure {hat corrssponds to-zero dspth €Iror. |

Dzﬁerem‘zatar 14"

 The pnsumaﬂc depth error signal, sltsr first passing

'rth_rough a filter 63 and an adjustable pulsation dampener -
erentiator
14, to the instrumentation block 15, and to the composite

- 04, is applied via an cutpui line 63 to the di

mgnal generator 17. (See FIGURE ZB) Within the
differentiator 14, the depth error. mgnal is applied directly

to a bellows 66 and indirectly to a bellows 67 after first
passing through a pressure dampening device 68. Because

of the action of the pressure dampsmng device, for a

16

15

20

_changmﬂ depth error signal the pressure in the bellows 6'7' |

= lags the change in pressure in the. bellows 6€6. I
The bellows 66 and 67 are coupled to a rod 69 thh B

pwots in seesaw fashion about a fixed pomt 7¢. . ‘The rest

posmon of the rod is set by a set point adjuster 71 that

is coupled to one of the ends of the rod 63. A nozzle

regulating vane 72 is coupled to the other end of the rod
69, and a porticn of the vane in turn is coupled to a cam-
type. proportionsl band sector 73 by a linkage 74.

- Adlr pressure is s.pphsd from a source of reference pres-

25

30

- sure (not shown) via an input line 75 to the differentiator

34, Within the differentiator the input air pressure passes
~ through a filter 76 to a pair of inputs. 77 and 7§ of @

dls.phragm booster unit 79. A small restriction 89 is
located in the mput line 77 snd rsstrlcts ths flow of air

- into bellows section 81. | S
- The diaphragm booster umt ’79 comprlsss a lower bel- |

lows section 81 that is connected to the input line 77.
A pair of linkages 82 and &3 mechanically couple the
bellows section &1 to a flexible diaphragm 84 attached

3D

40

to the sides of an outer tube §5. The dlaphraﬂm 84 1s,

in turn, coupled by a linkage 8§ to an inner tube 87

located within the outer tube 85. The inner tube 87

passes through and is pivotally coupled to a second flexible
diaphragm 88 attached to the sides of the outer tube §5.
The inner tube 87 has air. pressure admitted thereto via
the input line 78. A valve assembly 82 controls the
flow of air from the Inner tube, and air flows into an
cutput line 98 onl‘y when the inner tube is pivoted about
a pwat point 21 in the diaphragm 88 to open the valve.
“Air flow from the diaphragm booster unit 79 proceeds

| 11p011 the line €0 to an output line 92 of the differentiat-
- ing unit 14 and to an upper pellows 93. The upper bel-

lows is coupled to one end of a nozzle control arm 94 -

- that pivots about a pivot point 95. @ A lower bellows 96
is coupled to the nozzle control arm on the other side of
- the pivot point 95, and the bellows is freely exhausted to
the outside atmosphere by virtue of two exhaust lines
97 and 9§. Attached to one end of the nozzle control
arm 94 is a tube 99 contammg a nozzle 196 at the tip

thereof. ‘The tube 99 is coupled to the diaphragm booster

_the depth error signal.

~oufput lines 182 and 183 to the adder 19 and to the in-
| strumsntatmn block 15, respectwely -

6

 tube 87 results in the Op'sning of valve 89. Acsordingly,'

an increase in air pressure occurs in the line 90 which is

- directly coupled to the output line 92 of the differentiator.

- Since the increased output pressure in the line 90 is also
applied to the upper bellows 23, the nozzle control rod
%4 pivots about the point 93, as shown by the arrows,
thereby forcing the nozzle 160 away from the end of the
nozzle regulating vane 72. This results in a decrease
1n pressiure within the nozzle tube $9, giving a feed back
action similar to that encountered in the booster section

50 of the error computer 12 and a consequent rapid
- response of the output signal.

- ging action of the bellows 67, the output pressure from

. Thus, because of the lag-

the differentiator 14 is equal to the rate of change, wﬂh
respect to time, of the depth error signal. . |
As may be noted, when the depth error s:tgnal is con-

‘stant and is not ch_anging, the pressures applied to the
‘bellows 66 and 67 are equal, and the nozzle regulating
vane 72 assumes a rest position with respect to the nozzle
- 188,

In the rest position, the output pressure from the
differentiator 14 is constant at a fixed value which corre-
sponds to no rate of change of the dePth eIror signal.

Dzﬁerentrator 18

The output pressure from the differentiator 14, which
is ‘indicative of the rate of change of the depth error

signal, is applied via an output line 101 to the differentia-
tor 18, to the adder 19, and to the instrumentation block

i85, Ths dlffsrsnflator 18 has the same internal com-
ponents as are included in the differentiator 214, and for
this reason similar numerical designations for like com-
ponents have been used in FIGURE 2A.

The output signal from the differentiator 18 thus i8
equal to the first time derivative of the output signal from
the differentiator 14, i.e., the second time derivative of
This output signal is applied via

Insff umem‘atmn block

- As ,fnay be notsd, the s:gnals applied t_o the instrumenta-

~ tion block 15 are the depth error signal (line 65) and its

45

- electrical slgnal e.g., if such a transfor:

first and second time derivatives (lines 101 and 103,

respe ctwely} - Within the block, the depth error signal
is applied to a depth error transducer 104 which serves
to transform the pneumatic depth error 31gnal into an

ation is desired '
The electrical depth error signal ap-

for convenience.

- pears upoen a pan: of secondary leads 105 of a transformer

50

~ 106 whose core 137 is positioned in accordance with the =

pressure appl lied to the tramsducer. ‘These secondary

windings in turn may be coupled to any standard elec- '

- trical meter (not shown) to give an lndlcat:ton ef the

29

60

depth error signal.
Within the mstmmsntatmn blocl{ 15 the ﬁrst and sscond |

derivative signals are applied to a pair of associated ad-

justable pulsation dampeners 168 and 109, Tespectively,
- whose outphts on lines 110 and 111 may be coupled to
pneumatic test instruments (not shown). -

~ The instrumentation block 15 is pmwded for momtor—-

- ing the essential slgnals that form the ultimate comtrol

unit 79 and rscswss air. pressur... spphsd thsreto from the

input line 77.
The operatlan of the diff

- srsntlstor 14 iS as follows

- Assume that the depth error signal applled on the line 65
- 1s increasing. - The increasing pressure is communicated

to the bellows 66 before it is communicated to the bel-

65

lows 67. Thus, the rod 69 pivots about the poznt T6 as
shown by the arrow, thereby forcing the nozzle regulat-

- ing vane 72 toward the nozzle 1€9. This increases the

pressure within the nozzle tube 99, which is communicated
~ back to:the dlaphrsﬂm booster unit 79, and results in a

70

signal used to position the submarine. Thus, the test
instruments located therein may be mounted either on
a srngls panel, at some convenient central locatlon, or at
varmus ssparate locatmns Wlthln the submarms

Adder

The adder 19 has virtually the same internal compo-

nents as does the differentiator 14 described above, and R

for this reason similar numerical des1gnat10ns for like

- components have been used. Changes in the connec-
tions of the componems of the adder, however, are as

downward motion of bellows section 81 which results

~ pivotal dlaphrsgm 34 Conssqusntly, motwn of inner

- in corresponding motion of linkages 82, 83 and 86 through

75

foilows.

- 88b 18 completely closed off, and input line 975 within
the adder is coupled directly to the line 102 from the dif-

‘Bellows 67b is completely vented, input line




2,180,297

a?'
ferentiator 18.
together the input signals applied thereto from the dif-
ferentiators 14 and 18. This is apparent since the signal
- from the differentiator 14 is coupled only to the bellows
66b, providing the sole force on the nozzle regulating
vane 72D, while the signal from the differentiator 18 is
coupled directly and only to bellows 96b, which moves
the nozzle tube 995. Venting the bellows €75 el1m1-
nates the di f”crentlahng feature of the unlt

Composite signal generator

The sum of the first and second derivatives of the
aepth error signal is applied via an output line 112 from
the adder 19 to input line 98¢ within the composite sig-
nal generator 17, ILike the other units of the control
system, the internal components of the composife signal
generator are similar to those included in the differenti-

With these modifications, the adder sums

£
<D

- 120. The bar 220 is urged downward by a spring 121

10

- erator 17 is increasing.

ator 14, and for this reason similar numerical designa-

tions for like components have been used. The follow-
ing changes, however, have been made. Input line 97¢
is completely closed off, bellows 67c is vented, and the
depth error signal, applied to the composite signal gen-
erator on line 65, passes to bellows 6é6c and to another
bellows 113c. A pair of linkages 1i4c and 115¢ couple
the diaphragm 1%3c¢ to a secondary cam 1i6c whose

movement actuates an arm 117¢ that swings the primary -

cam 73c about its pivot point. Movement of the pri-
mary cam 73c¢ swings the end of the nozzle regulatmg
vane 72c¢ toward or away from the nozzle 100c.

With the changes described, the output signal from the
composite signal generator appearing' on the line 92c¢
within the generator is equal to the sum of the signal
from the adder 1% and a modified depth error signal,
'This output signal is expressed by Equation 1 given above.
'That the composite signal generator generates such a
signal is apparent from an examination of the generator
itself, That is, the input signal from the adder 19 is
applied directly to the bellows 26¢ which controls the
movement of the nozzle control arm %4c. This accounts
for the first two factors of Equation 1, namely, the first
derivative and second derivative depth error signals. Ap-
plying the depth. error signal to the bellows 66¢ and 113c,
both of which control the movement of the nozzle regu-
lating vane 72c, results in the addition of the third and
final factor of Equation 1. Without the bellows 1i3c
the deptn error signal would be added directly to the
signal from the adder 12; however, the bellows 113c
_Il'lOdlﬁeS the depth error 31gnal by a propor tIOI]EllltY fac-
tor given as K in Equation 1.

Because it 1s the depth error signal that is applied

to the beliows 113c¢, the proportionality factor K is a
variable which is a function of the depth error signal.

The variation in K with the depth error may be chosen '

to be linear or non-linear, to give any desired type of
response, 1.e., one which is either positive or negative
with respect to the depth error. In the present applica-

tion of this invention to submarine hovering, it is desir-

able that K increases as the magmtude Gf the depth error
1fself increases.

The output signal from the composne SIgnal generatﬂr

| W_thh 1s a weighted signal taking into account the depth
error signal and ifs first and second time derivatives,
may be used in its pneumatic form to actuate suitable
conirol equipment for changing the depth of the subma-
rine. Ilowever, at times it may be desirable to effect a

translation of the control signal from its pneumatic form *

into another form, such as an electrical control signal,
Apparatus to effect such a translation is shown in FIG-
URE 2B as the output tmnslator 21, and a dcscnptlon
of this follows.

Output 'tmnslator |

The output signal from the composite signal generator

17 is applied on a line 118 to the output translator 21.
Within the translator the pneumatic input signal is ap-
plied to a bellows 1i% which actuates a movable bar
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coupled between the bar 120 and another bar 122, The
movement of the bar 122 i1s determined by the movement
of a cam 123 that is mechanically coupled to a vertical
gear rod 124, The gear rod 124 is in turn coupled at
the top thereef to a diaphragm 125 that is urged down-
ward against the restraining force of a spring 126 by
a source of air pressure supplied to the diaphragm from
an input line 327, The input line 127 is coupled to a

filter 128 which receives air pressure through a valve

129 that is actuated by the movable bar 120. The valve
129 recelves air pressure from a source of reference pres-

- sure (not shown) that is applied via an input line 130

through a filter 131. |

To understand the operation of the output translator,
assume that the signal from the composite signal gen-
In this event, the movement

~ of the movable bar 128 is upward as shown in the fig-
ure, resuliing in the delivery of a greater supply of air

to the diaphragm 125 and a comsequent downward
movement of the vertical gear rod 124. Dowaward

movement of the gear rod results in counterclockwise

movement of a gear 132 and clockwise movement of a
gear 133. The clockwise movement of the gear 133 in
turn moves an arm 134 on a rheostat 135, thus changing
the values of the resistances “seen” looking into output
terminals 126 connected to the rheostat. The terminals
136 may be coupled to any well-known electrical gain
device (not shown) whose gain depends upon the mag-
nitudes of associated resistances, and in this fashion the
output translator effects a translation of a pneumatic
control sienal into an electrical control signal. Such a
gain device, e.g., would normally be incorporated in the
servomechanism 22 of FIGURE 1.

“Although the submarine hovering system described in
detail above its a pneumatic-electric control system, the
invention is not in any way limited thereto. Such a con-
trol system could be entirely pneumatic, hydraulic, or
electrical, for example, or portions of the system might
involve any one or more of these parameters. This is
illustrative of one of the ways in which the invention
might be modified without constituting a departure from
the spirit of the inventicn., Such modifications and
changes as these, and other immaterial changes, should

all be deemed to lie well within the scope of the follow-

ing claims which are set forth as follows to define this
invention. -

Iclaim: |

1. The method of positioning a submarine at a pre-
determined denth comprising the steps of generating an
error signal representative of the difference between the
depth assumed by the submarine and the predetermined

~ depth, differentiating the error signal to generate a first

derivative signal, differentiating the first derivative sig-
nal to generate a second derivative signal, multiplying

~the error signal by a factor substantially equal to the

error -signal raised to a power equal to at least one, and
combining the multiplied error signal, the first derivative
signal and the second derivative swnal to generate a com-

posite control signal, whereby. the composﬂe control sig-

nal may be utilized to reposition the submarine.

2. In a control system in which a signal is generated
for positioning a vehicle at a predetermined level in a
fluid, means. for multiplying the signal by a factor sub-
stantially equal to the difference between the level as-
sumed by the vehicle in the fluid and the predetermined

level, thereby to generate a weighted signal.

3. In apparatus for positioning a vehicle at a prede-
termined level within a fluid, means for generating a

single control signal usable to actuate apparatus for re-
positioning the vehicle within said fluid, comprising
means for generating an error signal substantially equal
to the difference in pressure exerted by said fiuid at said
predetermined level and the level then assumed by said
vehicle, means for generatmg a velocity signal and an




- acceleration signal from said error “signal, means for
- multiplying the magnitude of said error signal by a factor

proportional to its unadjusted magnitude with respect
to a reference magnitude which is equal to at least one,
and

eans for combining said velocity, said acceleration

- and said multiplied error SIgnals thereby fo generate a
- single control signal.

8,180,207

4, In a control systemm whrch an error srgnal and at

- least one time dif

‘erentiated error signal are utilized to

position a vehicle within a fluid, means for generating 7

~ a composite control signal comprising means for multi-

plying said error 51gnal by a factor proportional to its: _
1,988,458

magnitude which is equal to at- least one, and means for
adding together said multiplied error signal and said time

differentiated error srgnal to produce a composite eontrel
signal.

5. Apparatus to posrtren

. sub

15

1arine at a predeter—-_-i |

mined depth comprising means for generating an error

signal representative of the difference between the water
pressure at the depth actually assumed by the submarine

20

and a reference pressure representative of the water pres-
sure at said predetermined depth, means for differentiat-

' SAMUEL FEINBERG, CHESTER L. JUSTUS,

ing said error signal with respect to time to generate a

first derivative signal, means for drfferentlat_mg said first

10

| derlvatwe signal with respect to time to generate a seeend
“derivative signal,

~ond derivative signals to generate a first sum signal, |

eans for adding said first and said sec-

means for multiplying the magnitude of said error sig-

nal by a factor substantially equal to the error signal

raised to a power equal to at least one, means for add-
ing said first sum signal and said multiplied error srgnal-
to generate a correction signal, and means responsive to

‘said cerreetron 51gnal to reposrtlon the submarm_e B
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