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Application October 24, 1949, Serial No. 123,296 
(C. 134-57) Cairns. 

1. 
This invention relates to a saturable reactor 

type proximity gauge and control System for reg 
ulating the positioning of ferroinagnetic material. 
This application is a continuation-in-part of 

our application Serial Number 48,893, filed Sep 
tember 11, 1943 (now abandoned), and assigned 
to the same assignee as the present application. 
A particular object of the invention is to pro 

Wide an improved control system to regulate the 
innersion of continuously noving Steel strip in 
a pickling bath. Although described in terms of 
this particular use, it will be appreciated that the 
Systein, in whole or in part, can be used in other 
Similar applications. 
Other objects and advantages of the invention 

Will become apparent as the description proceeds 
The features of the invention which are be 

lieved to be novel and patentable are pointed out 
in the claims which form a part of this specifica 
tion. For a better understanding of the inven 
tion, reference is made in the following descrip 
tion to the accompanying drawing, in which Fig. 

is a Schematic diagrain of a complete control 
system associated with a pickling bath; Fig. 2 is 
a schematic diagran of the preferred proximity 
gauge used in the System shown in Fig. 1; Fig. 3 
is a Scheinatic diagram of a hodified form of the 
proximity gauge; Fig. 4 is a schematic diagram 
of another modified for of the proximity gauge; 
and Fig. 5 is a Schematic diagram showing modi 
fications of the cornplete control system. Where 
the Sale or an identical part appears in more 
than one figure of the drawing, it is always repre 
sented by the same reference number. 

Referring now to Fig. 1, in a steel strip proc 
essing operation, steel strip is drawn from take 
up loop 2 through rollers 3 and 4. Roller 4 is 
driven by a variable-speed D.-C. motor 5. From 
rollers 3 and ; the strip is fed into pickling tank 
S which contains a pickling solution . Tank 6 
may be inade of bricks, as illustrated, or other 
suitable imaterial to Withstand the corrosive ac 
tion of the pickling Solution. 

Strip is drawn from the pickling tank, 
through l'oilers 8, and Wound upon reel 9 by Vari 
able-speed D.-C. motor it. Motors 5 and 0 are 
supplied with variable direct current through 
connections , which imay, for example, be Con 
nected to a Ward-Leonard System which controls 
the speed at which the steel strip is processed. 
Rheostats 2 and 3 are provided so that motors 
5 and may be adjusted to run at approxi 
mately the desired speeds. 

It is desirable that strip be immersed as far 
as possible in the picking solution without drag 
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ging the botton of the tank 6. Usually an aver 
age clearance of about six inches between the 
strip and the bottom of the tank is considered de 
sirable. It is evident that if the Strip drops too 
close to the botton of the tank, it can be restored 
to the correct position by slightly decreasing the 
speed of motor 5; and that if strip is pulled up 
too far above the bottom of the tank, it can be 
restored to its correct position by slightly increas 
ing the speed of motor 5. These variations in 
the speed of notor 5 can be effected by having a 
booster generator & electrically connected in 
Series with motor 5, as ShoWa, to raise or iOWeir 
the net voltage applied to the motor, as required. 
Generator A has a field winding 5 adapted to 
be externally excited. Any suitable means, for 
example an electric motor, not shown, may be 
employed to drive the rotor of generator . 
In control systems previously used, the depth 

of immersion of strip in the pickling solution 
has been gauged by a mechanical dancer arm 
riding upon the Strip. Because of the highly 
corrosive nature of the pickling Solution, the life 
of mechanical parts in contact With the Solution 
is short, and resulting mechanical failures have 
been numerous and troublesome. By providing 
a Saturable reactor type proximity gauge as here 
in after described, contact of gauge parts with the 
corrosive pickling solution is eliminated. 

Preferably the proximity gauge is embedded in 
the floor of the pickling tank, as shown in Fig. 1. 
A plate 6 of lead, or other non-magnetic, corro 
sion-resistant material, is used to protect the 
gauge from the corrosive Solution. Since, as 
hereinafter explained, only direct magnetic fux 
passes through the lead plate, there are no losses 
due to induced eddy currents as would be the 
case if alternating flux passed through the plate. 
The proximity gauge includes a two-legged 

Saturable magnetic element E. Preferably ele 
ment is about twice as long as the distance 
from the gauge to strip . Thus, if element, i is 
embedded three inches below the foot of tank 6 
and Strip f is to clear the floor by six inches, eie. 
ment may be about eighteen inches long. A 
first winding 8 is provided about, both legs of 
element fl, and second and third windings 9 
and 20 are provided about respective ones of the 
two legs. A battery 2 and a rheostat 22 are coin 
nected to energize Winding 8 With an adjustable 
Value of direct current. 

Rectifiers 23 are respectively connected in series 
with windings is and 2). A transformer 23, 
having a primary 23 adapted to be energized with 
alternating current through connections 26, inas 
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a center-tapped seconday . .he two haveS 
of secondary are respectively connected a Ci'OSS 
the two sets of Series-Corlinected rectifie's aid 
windings. Thus, two alternating voltages in 
phase opposition ai'e provided across Wiriding 3 
and its associated rectifier and a cross vinting 33 
and its rectifier, respectively. 
A magnetic amplifier 23 has a signal winding 

29 connected in series with both sets of Series 
connected rectifiers and windings, as shown. A 
Second signal winding 30, or bias Winding, is en 
ergized from a constant D.-C. Source through 
connections 3. The value of the bias current 
flowing through winding 39 can be adjusted by 
rheosta, 32. 
An amplidyne generator 33 has a field windi: 

34 connected to the output of magnetic ampli 
fier 28. A second field Winding 35 is energized 
by a bias current, the value of which gay be 
adjusted by rheostat 35. The amplidyne genera 
tor rotor is driven by any Suitable means, for ex 
ample an electric notor, not shown. The output 
of amplidyne generator 33 is connected to en 
ergize field winding 5 of booster generator 4. 
Refer now to Fig. 2, which shows the proximity 

gauge and its magnetic flux paths. Two alter 
nating voltages in phase opposition are applied 
across winding 9 and its series-connected reci 
fier, and across winding 2 and its Series-coil 
nected rectifier, respectively. Because of the rec 
tifying action of rectifiers 23, pulsating direct 
current flows through windings 9 and 29. Shese 
pulsating currents have alternating components 
which produce alternating magnetic fux alging 
the path indicated by broken line 33. This al 
ternating fiux is substantially confined within 
the saturable magnetic element, and thus followg 
what is herein referred to as a confined magnetic 
circuit. 

Direct current through winding 8 and direct 
components of current through windings 9 a. 
20 produce direct magnetic flux which travels 
from left to right through element and Je 
turns through the air or the pickling Solution 
and through any magnetic material in proXi:rity 
to element, 7. Such flux paths are illustrated 
by broken lines 39. Since this flux is not con 
fined to element , and since the paths which 
it follows vary depending upon the proxiinity of 
ferromagnetic materials, the direct filiX follows 
what is herein referred to as an unconfined 3riag 
netic circuit. 
The direct magnetic flux passing through ele 

ment 7 partially staurates this element. When 
a ferromagnetic material, such as Steel Strip , 
is moved into proximity to the gauge, the rel, C 
tance of the unconfined nagnetic circuit is re 
duced and hence the amount of direct fluix 
through element is increased. Since most of 
the reluctance of the circuit is in its in oil-r: 29 
netic portion, variations in thickness of Strip 
produce little effect, and proximity alone deter 
mines the reluctance. An increase in direct fils: 
increases the Saturation of element i and there 
by reduces the reactance of windings 9 and 23. 
This permits more curernt to flow through these 
windings. The increased current has a larger 
direct component, which still further increa.SeS 
the direct flux. Thus, the gauge has a regee?'a- 
tive action which provides very high Sensitivity. 
If high sensitivity is not required, the rectifiers 
may be omitted. 

It is, of course, not necessary that the entire 
element 7 be saturated by the direct fill2. 
There may be, for example, saturable portions in 
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each leg of element , and the remainder of the 
element may renain unsaturated. 

Refer again to Fig. 1. Suppose strip drops 
nearer the floor of tank 6; this increases the cur 
reit, through Windings 3 and 20, and hence the 
Current through signal winding 23 of the nag 
netic ailipifier. his in turn increases the cur 
rent thi'ough field winding 33 of the amplidyne 
generatC, which then energizes field winding 3 
of the booster generator with a polarity such that 
booster generator 4 generates a voltage oppos 
ing the voltage applied to inotor 5. Thus, the 
let Voltage applied to notor 5 is reduced, and 
that Yaotor runs at a slower Speed. This tends 
to restore strip to its proper innersion depth. 
Conversely, if strip is too far away from the 
bottom of tank 3, the current, through winding 
29 is reduced and motor 5 is caused to run at a 
higher speed until strip i is restored to its proper 
position. 

linitial adjustments for the desired intersion 
depth of strip are made by adjusting rheostats 
22, 32, and 36. Rheostat 22 should be adjusted 
to give a degree of Saturation of elemeit which 
Will provide 2, relatively large change in induct 
ance of windings 9 and 2 for Small changes in 
reluctasice Cf the Unconfined in agnetic circli. 
Rheostat 33 3)ay be adjusted to a good operat 
ing point, for ragnetic amplifier 23. Rh2ostat 
33 is the adjusted to balance the System at the 
idesired innersion depth. 

if desired, 2n airikheter 3 can be connected in 
Series with winding 29 and hay be calibrated to 
indicate irectly in appropriate units the inner 
SiO3 epth of Strip . 

R8fe a0W to Fig. 3, Which shows a modifica 
tign of the proximity gauge. A capacitor 4 is 
connected in parallel with widing 20 as shown, 
and has a value. Such that winding 20 is turred 
somewhat below resonance at the frequency of 
alterilating current enployed. As element, ap 
proaches Sati'a, iOil and the reactance of Wind 
ing 23 decreases, winding 2 ) and capacitor 4) 
approach parallel resonance and the impedance 
presented by the parallel circuit increases. This, 
cullent through the right-hand rectifier 23 tie 
Creases While cirrent through the left-hand rec 
tifier increases, These currents flow through op 
posite halves of center-tapped resistor 4 and 
provide a voltage across the resistor which is 
picoCrtional to the difference in value of the two 
currents. Winding 23 is connected in parallel 
With resistor A and is energized by an amount 
proportional to the Voltage across the resistor, 

Refer now to Fig. 4, which is a schematic di 
ag!'23) of another modification of the proximity 
gauge. This modification is similar to the gauge 
illustrated in Fig. 2, except for the means for pro 
viding direct magnetic flux through the uineon 
fined circuit. Instead of a, Winding linking the 
Linconfined circuit, permanent nagnets are used. 
The per:manent magnetS may be small lar mag 
netS 42 and 43, arranged at respective ends of 
elenent , as shown, with their polarities aiding 
to provide direct magnetic flux, represented by 
broken lines i, through the unconfined circuit. 
Otherwise, operation is the same as in the Fig.2 
circuit. 
Somewhat better operation can be obtained if a. 

Separate notor is used to draw the steel strip 
from the pickling tank, instead of relying en 
tirely on the motor which drives reel 9. A further 
improvement in operation is obtained by addi 
tional control means for automatically maintain 
ing Substantial equality between the speed at 
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which strip enters the pickling tank and the speed 
at which it emerges, so that only small errors 
need correction by the proximity gauge control. 
An arrangement of this type is shown in Fig. 5. 
Referring now to this figure, motor O drives reel 
j as hereinbefore explained. Another motor 45 
drives roller 8' to draw the steel strip from the 
picking tank at a Substantially constant Speed. 
I?otor 63 is Supplied With current through con 
nections , and a rheostat 46 is provided for 
adjusting the speed of this motor to a desired 
value. 

Motors and 45 automatically divide their 
load, and consequently no special means to main 
tain a proper speed relation between the two is 
necessary. If notor 45 should tend to run faster 
than required for it to keep up with motor 6, 
notor 45 picks up a larger portion of the load, 
Which tends to reduce the speed of motor 5 and 
increase that of motor i, until the correct speed 
i'elation is restored. 
Two Sinal D.-C. generators 4 and 48 are me 

chanically coupled to motors 5 and 45, respec 
tively. Generators 47 and 48 are of the type 
commonly called “D.-C. tachometer generators' 
which provide direct current proportional in 
value to the Speed at which the generator is 
driven. Generators 47 and 48 are connected to 
Supply current through magnetic amplifier Sig 
inal windings 49 and 50, respectively. The current 
through winding 49 acts upon the control System 
to decrease the speed of motor 5, while current 
tihrough Winding 50 acts to increase the Speed of 
notor 5. Rheostats 5 and 52 may be provided, 
in series with the tachometer generators aS 
shown, for adjusting the currents through wind 
ings & 9 and 56 to equality when the speed of Strip 
entering the pickling tank equals the Speed of 
strip leaving the tank. If motor 5 should no 
mentarily run faster than motor 45, generator 47 
supplies more current through winding 49 than 
generator 48 supplies through Winding 50. This 
tends to reduce the speed of motor 5, and restore 
the speed equality. But if strip becomes too 
close, or not close enough, to the bottom of the 
tank, the proximity gauge operates as hereinbe 
fore described to correct the error. The complete 
system described is unusually stable and free of 
any tendency to hunt excessively. 

It will be appreciated that other modifications 
and arrangements which may occur to those 
skilled in the art, such as feeding the Strip into 
the pickling tank at constant speed and using 
the proximity gauge to control the Withdrawal 
rate for regulating immersion depth, are within 
the scope of this invention. 

Having described the principle of this inven 
tion and the best mode in which We have COIl 
templated applying that principle, We Wish it 
to be understood that the apparatus described 
is illustrtaive only, and that other means can be 
employed without departing from the true Scope 
of the invention. 
What we claira as new and desire to secure by 

Letter's Patent of the United States is: 
i. A proximity gauge for ferromagnetic na 

terials, comprising a confined magnetic circuit 
and an unconfined magnetic circuit the magnetic 
elerient of each of said magnetic circuits consist 
ing of the same saturable element, means to pro 
vide direct magnetic flux through the unconfined 
circuit, a winding linking the confined circuit 
and a portion only of the unconfined circuit, a 
rectifier connected in series with Said winding, 
connections to apply alternating voltage across 
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6 
the series connected Winding and rectifier, and 
apparatus responsive to the value of current 
through said Winding. 

2. A proximity gauge for ferromagnetic ina 
terials, comprising a confined in 2gnetic circuit 
and an unconfined ragnetic circuit both the 
Inagnetic element of each of Said magnetic cir 
cuits consisting of the Sanne Saturaole element, 
first and Second Windings linking the unconfined 
circuit and the confined circuit espectively, con 
nections for €nergizing the first Winding with di 
rect current, a rectifier connected in series with 
the Second Winding, CO:nnections to apply an 
alternating voltage across the series-connected 
Second Winding 3.}ld rectifier, and apparatus re 
Sponsive to the Value of cui'ent through the sec 
Oild Winding. 

3. A proxiinity gauge for ferronagnetic raa 
terials, comprising a two-legged saturable mag 
netic element, a first Wilding around both legs of 
said eleinent connected for energizing the first 
winding with direct current, second and third 
windings around respective ones of the two legs, 
rectifiers connected in Series with the second and 
third Windings respectively, consections to apply 
two alternating Voltages in phase opposition 
across the respective sets of series-connected 
rectifiers and windings, and apparatus respon 
Sive to the Value of currents through the second 
3.nd third windings. 

4. A proxiranity gauge for ferromagnetic ma-. 
terials, comprising a, two-legged saturable mag 
netic element, a first winding about both legs of 
Said element, connections for energizing the first 
Winding With direct current, second and third 
Windings around respective ones of the two legs, 
a capacitor connected in parallel with said third 
Winding, rectiiiers connected in series with the 
Second aid third windings respectively, connec 
tions to apply two alternating voltages in phase 
opposition across the respective sets of series. 
connected rectiáiers and windings, and apparatus 
responsive to a difference in value between the 
direct currents through the second and third Windings respectively. 

5. A control system for a D.C. motor which 
regulates the position of ferromagnetic material, 
Comprising a booster generator electrically con 
nected in Series with the D.-0. motor and hav 
ing a field winding adapted for external excita 
tion, a confined magnetic circuit, and an uncon 
fined inagnetic circuit both including a common 
Saturable element and positioned in proximity to 
the ferromagnetic material the position of which 
is controlled, first and second windings linking 
the unconfined circuit and the confined circuit 
respectively, connections for energizing the first 
Winding with direct current, connections for en 
ergizing the Second winding with current having 
alternating components, and a current airplifier 
connected to provide through the field Winding of 
Said booster generator a current dependent in 
yalue upon the current through said second wind. ling. 

6. In apparatus for pickling steel strip, includ. 
ing a pickling tank, means to draw Strip from the 
tank, and means including a variable-speed D,-C. 
notor to feed strip into the tank, an in proved 
control System comprising a booster geihei'ator 
electrically connected in series with the D.C. 
motor and having a field winding adapted for ex 
ternal excitation, a two-legged saturable I ag 
netic element embedded in the floor of the pick 
ling tank, a first winding around both legs of said 
element, connections, for energizing the first 
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Winding with an adjustable value of direct cur 
rent, Second and third windings around respec 
tive Ones of the two legs, rectifiers connected in 
Series with the second and third windings respec 
tively, connections to apply two alternating volt 
ages in phase opposition across the respective sets 
of Serias-connected lectifiers and Windings, a 
magnetic amplifier having a signal Winding con 
nected in Series with both sets of Series-connected 
rectifiers, and Windings, the depth of immersion 
of the strip controlling the values of the currents 
fiowing in said sets and the voltage supplied to 
Said Signal winding amplidyne having a field 
Winding contected across the output of the mag 
netic axplifier and having its output connected 
to the fiel: wiriding of said booster generator. 

'. In a System for controlling the depth of in 
mersion of strip raterial in a tank, having elec 
tric notors for feeding such laterial into the 
tank and for withdrawing material from the tank 
respectively, the cabination of a booster gener 
ator connected in series with one of such motors 
fol' varying the xelative Speeds of such motors, 
n182nS including a magnetic, amplifier for con 
ti'olling the voltage generated by said booster 
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generator, said: magnetic, asaplifier having a plu 
rality of signal windings, gauging (neans for Sup 
plying 'direct current, through a first of Said Sig 
nal windings in: amounts related to the depth of 
inmersion of Sulch rhaterial, a first tachometer 
generator mechanically coupled to . One of such 
motors and electrically, connected to Supply cur 
rent through a second of Said signal windings, 
and a second tachometer generator. Yechanically 
coupled to the other of such motors and electri 
cally connected to supply current through a third 
of Said signal windings, 

TED UNNECAN, JR. 
HUGH A. OGLE. 
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