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United States Patent Office 3,117,919 
Patiented Jan. 14, 1964 

3,117,919 
ELECTRICSUPPLY SYSTEM FOR ELECTROSYTEC 

GRENDING 
Eugeae Miffelmann, Chicago, Ill., assignor, by mesiae as 

sigaments, to George F. Keeleric, Dundee, i. 
Continuation of application Ser. No. 38,278, Sept. 2, 

1953. This application Feb. 10, 1961, Ser. No. 89,693 
24 Claims. (C. 204-218) 

This invention relates to apparatus and circuits for 
supplying and controlling electrical energy for electrolytic 
grinding. 

This application is a continuation of applicant's copend 
ing application Serial No. 381,278, filed September 21, 
1953, now abandoned. Certain of the subject matter dis 
closed herein is claimed in U.S. Patent No. 2,826,540, 
issued March 11, 1958, to George F. Keeleric, and in 
the copending application of George F. Keeleric, Serial 
No. 700,493, filed December 3, 1957, now Patent No. 
3,004,910, which latter application is a division of the 
application which matured into the said patent. 
The object of this invention is to provide an adjustable 

and automatically controlled electrical System and cir 
cuitry therefor for supplying current for electrolytic grind 
ing operations. 
With the increased use of hard materials, such as the 

sintered metal carbides, as tools or in high temperature 
applications, such as the blades of jet engines (where 
titanium carbide is sometimes used), the problem of shap 
ing such materials, always troublesome, has become of 
major importance. It has been common in the past to 
use diamond bearing abrasive tools for this purpose, but 
such tools are costly. Moreover, even the best of Such 
processes is slow. If the effort is made to accelerate the 
grinding operation-for example, by increased pressure 
of the part to be shaped against the tool-the result is to 
increase the rate of wear of the grinding tool, and thus 
add to that cost. 
As disclosed in the aforementioned copending applica 

tion, it is possible to shape or "grind' such hard materials 
by electrolytic action between the part to be shaped and 
a grinding electrode. In this process an electrolyte is ap 
plied over the surface of the grinding tool and an electric 
current is passed through the electrolyte in a direction to 
make the workpiece an anode. Commonly, the grinding 
tool has, on its working face, numerous particles of dia 
mond bort or other abrasive. The grinding tool or elec 
trode is made of metal and serves as the opposite elec 
trode or cathode in the electrolytic circuit between the 
Workpiece and the grinding tool. 
The abrasive particles serve to remove non-conductive 

films which may form on the surface which is being 
shaped, and may serve also to provide abrasive cutting 
action. By this conjoint electrolytic and abrasive action, 
the cutting speed is very much enhanced as compared 
with that obtained by diamond grinding alone. On the 
other hand, it is also possible to rely almost entirely upon 
electrolytic action, thereby reducing the rate of wear on 
the abrasive particles to a very minimum. This proce 
dure will be followed at times when diamond bort is ex 
tremely scarce, even at the expense of some reduction in 
cutting speed. 
The optimum operation of the electrolytic process de 

pends upon a number of factors. A suitable electrolye 
must be used. Such electrolytes are described in the 
aforementioned copending application. The amount of 
protrusion of the abrasive particles from the metal por 
tion of the grinding tool must be kept within limits rang 
ing from .0005’ up to a maximum of about .010'. The 
spacing and density of abrasive particles is another im 
portant factor. For various kinds and grades of materials 
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2 
to be shaped, the grit size of the abrasive particles will 
be of innportance. 

But, assuming that these factors are within the proper 
limits, a very great difference in removal rate will result 
from a proper control of the current supplied to the 
electrolytic system. The rate of material removal, as 
suming a given grinding pressure, will increase markedly 
as the current flow is increased up to the point where there 
is a breakdown through the electrolyte. The mechanism 
of the breakdown through the electrolyte is not clearly 
understood. Some amount of breakdown appears to occur 
when the electrolyte is intact. Very marked breakdown 
seems to occur when the gassing rate within the elec 
trolyte reaches a substantial level, probably reducing the 
total electrolytic conductive path between the grinding tool 
and the workpiece. But whatever the mechanism of the 
breakdown may be, it is important for optimum removal 
rate that the current supply shall be at the maximum 
which can be obtained without causing marked break 
down in the electrolyte. Under some conditions, par 
ticularly in ultrafine finishing operations, it may be desir 
able to operate at a fixed current level below that at 
which any breakdown occurs. 

It is possible under laboratory conditions to fix all of 
the factors which seem to determine the maximum volt 
age which may be applied across the electrolytic circuit 
without causing breakdown. But in actual industrial use, 
such stability of conditions is seldom obtained. In off 
hand grinding the workpiece is moved by the operator 
toward and away from the grinding electrode. The work 
piece may also be moved angularly in order to shape the 
surface being ground to a desired contour. The result 
of such movements is to produce wide and sudden changes 
in the resistance path through the electrolytic circuit. 
Even if this variability were controlled, as it is to some 
degree where the workpiece is held and moved mechan 
ically, there still seems to be considerable variation, some 
of it occurring during the actual operation and some of 
it arising as the result of change from one grinding elec 
trode to another, some of it arising from changes in elec 
trolyte and electrolyte flow, etc. 
The problem is complicated by the fact that the re 

sistance path through the electrolyte is quite low; for ex 
ample, in grinding a workpiece having a cross section of 
/2' square (e.g., 4 sq. in.) the resistance path through 
the electrolyte from the workpiece to the grinding elec 
trode may in a typical situation be of the order of 0.1 
ohm. Any electric Supply systern using normal compo 
nents is likely to have a resistance through the circuit 
components and through the connections themselves which 
is at least equally great and usually greater. The rate 
of current flow is normally quite high and may range 
above 100 amperes. The result is that any substantial 
change in the resistance through the electrolytic circuit 
proper will cause changes in voltage drop through the sup 
ply system components and will thus cause substantial 
Variation in the voltage applied to the electrolytic circuit. 
If the voltage is properly adjusted for what might be 
considered a normal running condition, then if the re 
sistance in the electrolytic circuit increases-for example, 
in narrowing the area of contact by shaping one of the 
corners-then the applied voltage will rise and cause a 
breakdown through the electrolyte. if, on the other 
hand, the operator shifts to work on a larger workpiece, 
the resistance in the electrolytic circuit proper decreases. 
Accordingly, there is a greater voltage drop through the 
components of the supply system, and a voltage less than 
the optimum will be applied across the electrolytic circuit 
with a consequent reduction in cutting speed. 

In theory, this might be avoided by constructing a very 
large supply system having extremely low internal re 
sistance, but the cost of such a system would be prohibi 
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tive. It might also appear to be possible to use one or 
more of the constant voltage transformer devices which 
have been used to some extent for other applications, but 
most of these are either quite costly, particularly for the 
heavy currents here needed, or provided a less accurate 
control than is required. 
The purpose of this invention is to provide an improved 

method of controlling the electrical energy supply to meet 
the wide variations which are encountered in practical 
application of electrolytic grinding and, at the same time, 
to permit making an apparatus which is reasonable in 
cost so that it can be widely used. 
Another object of this invention is the provision of 

improved apparatus for supplying current to an electro 
lytic grinding system, which apparatus controls the volt 
age applied to the electrolytic circuit and which overrides 
the voltage control to control the current Supply in re 
sponse only to high frequency components generated as 
the result of sparking or arcing in the electrolytic circuit 
between the workpiece and the grinding electrode; an in 
dication of some degree of electrolytic breakdown. 
Another object is the provision of apparatus which will 

hold the voltage at which current is supplied to an elec 
trolytic grinding system within adjustably close limits. 
Another object is the provision of apparatus which will 

hold the voltage and current supplied to an electrolytic 
grinding system at an adjustably fixed level until such 
time as sparking or arcing may occur between the work 
piece and the grinding electrode, at which time the ap 
plied voltage will automatically be reduced. 

In the drawings: 
FIG. 1 is a schematic darwing of an electrolytic grind 

ing apparatus with a circuit diagram of a form of the con 
trol apparatus of this invention in which control of the 
voltage applied to the electrolytic grinding system is re 
sponsive to high frequency components caused by Spark 
ing or arcing between a workpiece and a grinding elec 
trode; 
FIG. 2 is a circuit diagram of a variant of the control 

apparatus of FIG. 1. In FIG. 2 thyratron tubes are used 
instead of saturable reactors in order to achieve the de 
sired control; 
FIG. 3 is a fragmentary circuit diagram showing the 

use of plasmatron tubes instead of thyratron tubes as the 
control elements; and 

FIG. 4 is a circuit diagram of apparatus in which the 
applied voltage is controlled both in an absolute sense and 
in response to sparking or arcing between a Workpiece 
and an electrolytic grinding electrode. 

Referring to FIG. 1, any more or less standard grind 
ing machine may be used when adapted for electrolytic 
grinding. It may consist of a driving motor 2 having a 
spindle 11 and a grinding electrode 10 mounted through 
insulating member 13 on the spindle. The grinding elec 
trode will preferably consist of a single layer, diamond 
bearing grinding wheel made in accordance with Keeleric 
Patent No. 2,368,472 for “Method of Making Abrasive 
Articles,' issued January 30, 1945. The diamond par 
ticles will preferably protrude .001' or .002' from the 

etallic surface of the electrode, although greater or less 
spacing may also be used satisfactorily. The upper limit 
of the spacing is determined partly by loss of efficiency 
through passage of current through a greater thickness 
of electrolyte and partly also by cost factors and other 
difficulties inherent in using the larger size particles. As 
a practical matter, a protrusion of about .010' is near the 
upper limit. The lower limit is controlled by the neces 
sity for an adequate supply of electrolyte between the 
workpiece and the metal surface of the grinding electrode. 
A protrusion of about .0005'' seems to be the lower limit 
for satisfactory operation. 
Means are provided for connecting the negative side of 

the direct current supply to the grinding electrode through 
a brush 32 held by spring 33, which in turn is mounted 
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4. 
on insulating pedestal 34 fixed to the bed 14 of the ma 
chine. 
A tool pedestal i5 is provided and the positive side of 

the direct current supply is connected to this pedestal 
through bed 14. The workpiece 17, which may be made 
of a sintered carbide sometimes bound by cobalt or sim 
ilar material, is held manually or otherwise on the ped 
estal 5. A nozzle 23 and supply conduit 22 are pro 
vided for feeding electrolyte to the work area. The 
nozzle is preferably directed near the center of the wheel, 
so that the motion of the wheel causes a film of elec 
trolyte to spread evenly over its surface. This is of use 
in preventing pile-up of electrolyte against the leading 
side of the tool, which tends to cause unwanted electro 
lytic action on the side of the tool, thus making it difficult 
to obtain a sharp and clean edge. The pump 21 for Sup 
plying electrolyte to the conduit is conventional, and so 
is the shroud 24 to collect the splatter from the wheel and 
the return system 25 and sump 20. All of these com 
ponents are like those used for conventional wet grinding. 

Turning now to the electrical supply and control sys 
tem, there is provided a tapped line transformer 82 in 
tended to accommodate a variety of available line volt 
ages without the need for a variety of internal circuit 
components. As shown here, a three phase system is em 
ployed, but it will readily be seen that the same system 
may be applied to a single phase or two phase system by 
adaptation which will be readily understood. In the 
supply lines leading from line transformer 82 there are 
provided saturable, iron core reactance coils 84. The 
main windings have low resistance, and, when their iron 
cores are saturated, pass the line voltage with little loss. 
The cores are saturated to greater or less degree by bias 
windings 86, the bias level being adjustable by potentiam 
eter 22. The current is then passed through voltage 
reducing transformer 90 and through the rectifier system 
comprising rectifier elements 92 to the electrolytic cir 
cuit proper, which consists of supply lines 94, brush 32, 
movable grinding electrode 10, the electrolyte, the work 
piece 17 and the tool pedestal 15. 

In one of the supply lines 94 a shunt resistor 96 is pro 
vided across which the control signal is generated. 

This control signal is fed to transformer 98 connected 
in shunt with resistor 96 and then amplified by triode 
V-ia. Thus, the resistor 96 and/or the primary of trans 
former 98 comprise an impedance arrangement con 
nected in series with the load for sensing voltage changes 
thereacross. 
The output of triode V-1a is connected through a 

cathode follower tube V-1b to a high pass filter con 
prising inductance 164, condensers 6 and 68, and re 
sistor 119. The components of this filter are designed 
to provide sharp attenuation below 1500 cycles per sec 
ond and minimum attenuation above this frequency. This 
is done in order that alternating current supply ripple in 
the electrolytic circuit will not have effect on the control 
apparatus. 

in this application the term "high frequency” is used 
to indicate the alternating current components which arise 
from sparking or arcing in the electrolytic circuit, and the 
term "low frequency' is used to designate alternating 
current components which arise from ripple in the Supply 
source, whatever it may be. This distinction is made be 
cause in other contexts, as in the communications art, 
these terms sometimes are given meanings different from 
the meanings intended here. 
The filtered signal is then passed through transformer 
12, germanium rectifier E4, and is partially integrated 

by condenser 15 and fed from potentiometer 18 to the 
control grid of pentode V-2. Potentiometer 18 adjusts 
the gain or sensitivity of the control system. This ad 
justment will be set to cause operation near the critical 
voltage of the electrolytic circuit as hereinafter explained. 
When adjusted at the minimum sparking level, the 
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finish achieved may be as fine, when measured by a Brush 
analyzer, as five micro-inches R.M.S. 
The output of pentode V-2 is connected to control 

windings 85 which augment the flux produced by bias 
windings 86. Normally, the output of pentode V-2 is suf 
ficient to energize control windings 85 to such an extent 
that a substantial degree of saturation of the iron cores of 
reactance coils 84 exists. In response to an arcing sig 
nal, the output of peritode V-2 is reduced, thereby re 
ducing the degree of saturation of the iron cores of re 
actance coils 84. Under these conditions the effective 
inductance increases and the current passed is reduced. 
The level to which the current falls may be set by the 
adjustment of potentiometer 122 which controls current 
supply to bias windings 86. The lower the current Sup 
plied to bias windings 86, the lower will be the minimum 
saturation of iron cores of reactance cois 84, and, ac 
cordingly, the lower the current will be dropped in re 
sponse to signal generated by oscillations caused by spark 
ing or arcing. 
The electric supply system for the control elements just 

described is a conventional half-wave rectifier system with 
a voltage doubler circuit for B supply for pentode V-2. 
It consists of transformer 24, rectifiers 26 and 28, and 
conderasers 3, 132 and 34. 

Turning to FIG. 2, there is shown an alternative con 
trol system in which thyratron tubes are used in lieu of 
reactance coils as a means of controlling the input to 
the transformer and rectifier circuit. 
As in the system of FIG. 1, a signal is taken from one 

of the main direct current leads 94. This may be done 
by use of a resistor 96 and a transformer as in FIG. 1, or 
it may be accomplished by use of a doughnut coil 20 
around one of the leads 94. The signal is then filtered 
through a high pass filter for the purpose of eliminating 
low frequency components (usually 60-cycle or 180-cycle 
ripple). The signal may then be passed through a gating 
circuit by which highly transient signals are rejected. 
Thus, an occasional spark-as, for example, that which 
is created when contact is first made between the work 
piece and the grinding electrode-is rejected and only a 
more or less continuous signal is passed. The signal is 
then amplified and fed to two transformers 203, each 
having two secondaries. Detectors 285, which may be 
germanium rectifiers, feed the signal from the secondaries 
of the transformers to potentiometers 207. Condensers 
209 are connected across the output of each rectifier cir 
cuit in order to give some smoothing to the output signal. 
Potentiometers 267 serve to adjust the control point. The 
rectified signals are then fed to the grids of thyratron 
tubes Th-, Th–2, Th-3, and Thi-4, connected in the 
conventional and well known manner in two of the three 
legs of the three phase, alternating current supply system, 
the components of which, together with the rectifier sys 
tenn, are otherwise like those of F.G. 1. 

in response to a signal resulting from sparking or arc 
ing at a predetermined level, the control grids of the 
thyratrons are rendered more negative with respect to 
the thyratron cathodes, and this the firing point is raised 
So that a lesser amount of each cycle is passed by the 
thyratrons to the transformer 9). The output of trans 
former 98 is rectified by rectifiers 92 and fed to the elec 
trolytic grinding system through leads 94. 

While there may be some advantage in a pulsing sys 
tem, this is not entirely achieved by the thyratron system 
and there is some tendency to introduce transient peak 
Woltages which under some conditions is undesirable. This 
may be overcome by the use of a relatively new type tube 
called a "plasmatron.' 

In FIG. 3 there is shown a circuit in which "plasma 
trons' are substituted for the thyratrons. The diagram is 
fragmentary and illustrates how two plasmatrons Pl 
and Pl-2 are to be substituted for thyratrons Th- and 
Th-2 of FIG. 2. It will be understood that the third leg 
of the three-phase, alternating current supply is to be 
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6 
connected through two more plasmatrons, just as two 
more thyratrons are used in the third leg in FIG. 2. The 
remainder of the circuit may be like that of FIG. 2. 
The plasmatron is currently produced by Bendix Avia 

tion Corporation and is described in its publication No. 
R33–3, the tube itself being identified as “Red Bank Type 
RXB-103005.” The tube is a gas filled type in which, 
however, a smooth and gradual control of the resistance 
of the tube is achieved by the counterpart of a grid in 
an ordinary vacuum tube or thyratron. This control ele 
ment is designated a garrote, and is here designated g. 
As applied in this system, the advantage of the plasma 
tron is that the current supply is controlled not by limiting 
the duration of each cycle or pulse, as in the case of the 
thyratron, but by introducing a controllable resistance 
into the circuit, thus producing a smooth regulation of 
the total current passed. The presently available plasma 
tron tubes are low in capacity, and, accordingly, it is 
necessary to use a plurality of the tubes in parallel, the 
number required being dependent upon the size of the 
electrolytic grinding installation. 

In the drawing, transformer secondaries 203 of FIG. 2 
are designated 203-S. Other similar components carry 
similar reference numerals. Batteries C are provided for 
bias. 
The three systems just described and shown in FIGS. 

1, 2, and 3 have the advantage of reasonable simplicity 
but leave open one problem. When the workpiece is not 
in contact with the grinding electrode the voltage will rise 
to the maximum which the system is capable of delivering. 
This voltage is, of course, determined by the constants of 
the transformer circuits, etc. This no-load voltage will 
be somewhat higher than the electrolytic circuit will nor 
mally use. The no-load voltage will be reduced during 
actual operation, partly by voltage drop through the var 
ious resistances inherent in the supply circuit and partly 
through operation of the automatic control system in re 
sponse to sparking and arcing. However, upon first ad 
vancing the workpiece toward the grinding electrode there 
is likely to be a substantial amount of sparking and arcing 
resulting from the energy stored in the inductances of 
the circuit. The control system does not respond quite 
instantaneously, and the result may be to cause some dam 
age to the grinding electrode and some roughness on the 
surface of the workpiece being shaped. Quite apart from 
this, the initial flash may be disturbing to operators, par 
ticularly those who have not had previous experience with 
this type of equipment. 

This difficulty is of less consequence when the size of the 
workpiece is somewhere near the top limit for which the 
System is designed. That is, the initial sparking and arc 
ing Will not be of any serious consequence if the size of 
the workpiece is sufficient to establish an electrolytic path 
capable of using somewhere nearly all of the full output 
of which the Supply system is capable. But in some in 
stances it is desired to be able to grind workpieces of 
Widely different sizes, and the problem of initial sparking 
becomes quite troublesome if the cross-sectional area of 
the Workpiece is reduced to, say, 4 of the maximum area 
for which the System is designed. Such a change in area 
occurs, for example, in changing from a tool bit approxi 
mately 72' Square to one which is 4' square, and of 
course any shift from full face grinding to the grinding 
of a corner will cause even more marked variations. 

This latter variation, which occurs when a corner is 
ground, is often, if not primarily, due to the tendency 
of the diamond abrasive to “bite' into the workpiece when 
the area of contact is reduced while the force urging the 
Workpiece toward the abrasive remains substantially con 
stant. Often, the Workpiece makes point or line contact 
with the abrasive to exaggerate the problem. 

This tendency of the diamond to bite into the work 
piece will change the spacing between the workpiece and 
the conductive face of the grinding wheel. A change in 



8,117,919 
7 

this spacing effects a corresponding change in the critical 
voltage at which arcing and/or sparking will occur. 

Changes in this critical spacing also occur as a result of 
applying forces of differing intensity to the workpiece 
when urging it toward engagement with the grinding 
wheel, as a result of wear on the abrasive over extended 
periods of use, and as a result of the differing spacing 
characteristics of differing grinding wheels. 
To permit easy accommodation of a wide range of sizes 

in the workpieces and wide variations in the spacing be 
tween the workpiece and the conductive face of the grind 
ing wheel, the system shown in FiG. 4 is provided. The 
gist of the system of FIG. 4 is that it provides both a con 
stant voltage control and, in addition, a spark or arc 
responsive control. It is the combination of these fea 
tures to which the present invention is directed. 
As in the other systems, a high frequency signal is taken 

from one of the direct current leads 94 across a resistor 
96. The signal is taken through condenser C-1 through 
transformer T-, and is amplified by triode V-ga and 
connected through a cathode follower V-1b, as in FIG. 
1. The amplified signal is passed through resistor R-8 
to a high pass filter consisting of condensers C-5 and C-6 
and inductance T-2. The high pass filter is used to 
eliminate unwanted low frequency components not caused 
by sparking or arcing. The amplified and filtered signal 
is then passed through transformer T-3, and is rectified 
and partially integrated by the components comprising 
rectifier D-4, condenser C-4, and potentiometer R-9. 

This much of the system serves to provide a direct cur 
rent signal responsive to and proportional to the sparking 
or arcing which may exist between the workpiece and the 
grinding electrode. 
The next portion of the system consists of a voitage 

balance and bias system, the purpose of which is to pro 
vide a signal for controlling the direct current voltage 
impressed across the electrolytic circuit between the work 
piece and the grinding electrode. The balancing syste 
consists of the following components: One of the two 
secondaries of transformer T-4, two rectifier units D-2 
and D-3, condensers C-9 and C-10, and potentiometer 
R-11. These components generate a direct current which 
is connected so as to balance out the voltage of the direct 
current across Supply lines 94. Note that connections 
are made to lines 94 for the purpose of getting a direct 
current signal at this point. These connections should 
be close enough to the actual electrolytic circuit so that 
there is virtually no voltage drop between the point of 
connection and the electrolytic circuit itself. 
The level at which the balance is to be obtained and at 

which control will be held may be adjusted by potenti 
ometer R-il. As this balance voltage is reached the coin 
trol system tends to hold the voltage at this level. 
A bias voltage is obtained from the following coin 

ponents: a second secondary of transformer T-4, rectifier 
D-1, condenser C-8, and potentiometer R-50. This bias 
voltage, which is adjustabie through potentiometer R-58, 
sets the sensitivity of response of the control system to 
changes in voltage and may be readjusted depending upon 
the level at which voltage control is to occur. 

Potentiometer R-9 controls the amount or rate of re 
sponse of the control system to sparking and arcing. 

By examining the circuit, it will be seen that the direct 
current signal derived from high frequency components 
and amplified, filtered, and rectified is, in effect, set in 
series with the signal derived from the direct current volt 
age balance and bias system. Thus, the two control sig 
nals are additive. If the direct current voltage rises 
above the predetermined balance level, a direct current 
signal is fed to the power amplifier, tending to reduce the 
supply voltage. Or if there is sparking or arcing above 
a predetermined level, a similar signal is delivered to the 
power amplifier. Or if both occur together-that is, if 
the supply voltage rises and if concurrently there is spark 
ing or arcing-a combined signal will be delivered to the 
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power amplifier to reduce the voltage and, thus, concur 
rently to reduce the sparking or arcing. Of course, the 
spark derived signal must be amplified so that its magni 
tude is sufficient to override any tendency of the voltage 
derived signal to increase the output voltage when it is 
being lowered in response to the control effect of the 
spark derived signal. 
The power amplifier is conventional. It includes a 

power tube V-2, a fixed voltage bias tube V-3, and three 
pentode tubes V-4 connected in parallel. The power 
transformer T-4a may be, and usually is, made integrally 
with transformer T-4, and the primaries of both may be 
common. The output of the power amplifier is fed to 
the control windings CW of three saturable core reactors 
L-1, L-2, and L-3 in series with the three legs of a three 
phase, alternating current supply. The greater the signal 
delivered to the control windings of the three Saturable 
core reactors, the less effective they will be as inductances 
and the more current they will pass. Thus, the limitation 
of current is achieved by reducing the amount of current 
passing through these three control windings. Maximum 
current will be delivered to these windings GW when the 
maximum supply voltage to the electrolytic system is 
desired. 
The three phase alternating current thus controlled by 

the saturable core reactors is fed to a transformer and 
rectifier in the conventional manner (as illustrated, for 
example, in FIGS. 1 and 2), and thence to direct current 
supply lines 94. 
The use of this invention permits maximum electro 

lytic material removal at all times. Without it, if the 
voltage be initially established at a proper level, then as 
the electrical load through the electrolytic circuit be 
tween the workpiece and the grinding electrode increases, 
the supply voltage will fall due to increased resistance 
drop in the supply system. Or if the voltage be properly 
set for full load conditions, it will rise under reduced load 
(as in shaping a corner) and cause excessive sparking 
and arcing. This latter operation may be harmful to the 
grinding electrode, and will produce a rough finish on the 
workpiece. 

It has been found that with any given grinding elec 
ticide, electrolyte, speed of grinding electrode, etc., a crit 
ical voltage range exists from the point when the electro 
iyte begins to break down up to the point where substan 
tially all of the current is carried by arcing. Below this 
critical range electrical removal of material is electrolytic. 
Above it, the electrical material removal is caused pri 
marily by electro-erosion-e.g., arcing-with all of its 
attendant problems. 
Sometimes it is observed that within the critical range 

of voltage, the material removal rate may actually decline 
with increased voltage. It may be that as the electrolyte 
breaks down and heavy sparking begins, the electrolytic 
action is impaired by puncturing and dispersion of elec 
trolyte. Yet the sparking is not heavy enough to bring 
about sufficient electro-erosion to offset the loss of elec 
trolytic effectiveness. The voltage level just below this 
point is here referred to as the critical voltage and repre 
sents the ideal level for operation according to this in 
vention. This critical voltage seems to be independent 
of the size of the workpiece or of the size of the area 
of the workpiece which is being ground. This general 
observation will hold true over a substantial range of 
sizes, although some deviation from the general rule may 
occur to the extent that the size of the workpiece being 
ground may have a secondary effect on the rate of flow of 
electrolyte between the grinding electrode and the work 
piece, but the general statement holds over a sufficient 
range of sizes so that once the critical voltage is estab 
lished for a given grinding electrode running at a given 
speed and supplied with a given electrolyte at a given 
flow rate, then workpieces of different size may be shaped 
and different surface areas may be presented to the grind 
ing electrode as the workpiece is moved without requir 
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ing any marked change in the direct current supply, pro 
vided only that the voltage of the supply system is held 
substantially constant at or slightly below the critical 
voltage. 
With a diamond bearing grinding electrode in which 

the diamond particles protrude approximately .001''' it 
has been found that the critical voltage, with an electro 
lyte substantially like that disclosed in the aforementioned 
Keeleric copending application, will be around 8 volts. 
If the protrusion of the particles is about .005'', then the 
critical voltage will be around 24 volts. As the grinding 
electrodes are worn so that the protrusion distance is 
reduced, then the critical voltage will be reduced. This 
critical voltage will vary somewhat with different electro 
lytes, different flow rates of electrolyte and different speeds 
of the grinding electrode. 
The system of FIG. 4 will hold the voltage constant 

within about 2%, which is an adequate control for this 
purpose. Since it may not be possible in industrial prac 
tice to set the fixed voltage at precisely the critical level, 
the voltage may be set slightly higher than the critical 
voltage, placing reliance upon the spark-generated signal 
to reduce the voltage to the desired level. Thus, for ex 
ample, if the critical voltage is 10.1 volts in a given set 
up, the electrical system might be set for 10.5 volts or 
11 volts, and the spark responsive portion of the control 
will then bring about the further reduction which is 
needed. Voltmeter V will be helpful in this initial adjust 
nient. 
One advantage of this system is that the voltage will 

not rise to excessive levels under the no-load condition 
when the workpiece is not against the grinding electrode. 
When the workpiece is removed from the grinding elec 
trode for inspection or measurement, the direct-current 
voltage in the supply lines 94 will tend to rise, but the 
control system will overcome this tendency. if it is found 
that there is excessive initial sparking, this indicates that 
the voltage has been set too high and should be adjusted 
to a lower value. Attention should be directed here to 
load resistor 97 across the lines 94. This resistor applies 
at a times a minimum load to cause a sufficient amount 
of current to be flowing in control reactors -i, L-2, and 
L-3 as to permit their being effective for control purposes 
during the time when the workpiece is not in contact with 
the grinding electrode. The value of the resistor is higher 
than the normal resistance of the electrolytic circuit it 
self, and it absorbs cniy a very small part of the total 
energy supplied when grinding operations are going on. 

By use of the control system of this invention it has 
been found possible to achieve removal rates very much 
greater than those actually obtained in service operations 
where supply systems are used which do not have the 
automatic control features of this invention. The in 
crease of the removal rate is accomplished primarily by 
enhancement of the electrolytic action rather than by 
increased grinding pressure. Thus, there is not only a 
very marked saving in labor through acceleration of the 
shaping operation, but there is, in addition, a saving in 
the use rate of the expensive abrasive tools. Accordingly, 
the added cost of the electronic control components is 
more than offset by the great economies in operation. 
While a preferred embodiment of this invention has 

been shown and described, it will be apparent that numer 
ous modifications and variations thereof may be made 
without departing from underlying principles of the in 
vention. It is therefore desired by the following claims 
to include within the scope of the invention those varia 
tions and modifications which may be obtained through 
the use of substantially the same or equivalent means. 
What I claim as new and desire to secure by Letters 

Patent is: 
1. In an electrolytic grinding system having an electro 

lytic circuit and a direct current supply circuit therefor, 
said supply circuit having internal resistance, automatic 
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means for preventing substantial rise in voltage of said 
direct current supply circuit under conditions of reduced 
load in said electrolytic circuit, second automatic means 
comprising an impedance arrangement connected in series 
with the electrolyte in said electrolytic circuit and said 
Workpiece and electrode for sensing resistance changes 
across the electrolyte, and means controlled responsive to 
said sensed changes and coupled to said first automatic 
means for reducing the voltage of said direct current 
supply circuit in response to sparking in said electrolytic 
circuit. 

2. In combination, a direct current supply system for 
an electrolytic grinding circuit having an alternating cur 
rent input, automatic means acting on said alternating 
current input normally holding the direct current output 
voltage applied to the electrolytic grinding circuit con 
stant, neans having its output coupled to said automatic 
means for automatically reducing the direct current out 
put voltage in response to sparking in the electrolytic 
grinding circuit including signal producing means con 
nected in series with the electrolyte in said electrolytic 
grinding circuit and said workpiece and electrode respon 
sive to alternating current components in the electrolytic 
grinding circuit, and means for discriminating against 
low frequency, alternating current components not aris 
ing from the electrolytic circuit. 

3. Electrolytic grinding apparatus including an elec 
trolytic load circuit and a high current, low voltage, di 
rect current supply system, said direct current Supply 
having an alternating current input and a rectifier, a 
voltage control system in said direct current supply sys 
ten including means connected in series with the elec 
trolyte in said electrolytic load circuit and said work 
piece and electrode and responsive to the direct current 
voltage appearing across the electrolytic load circuit and 
acting on said alternating current supply adapted to 
maintain a substantially constant direct current voltage 
output under widely varying load conditions and includ 
ing means responsive to alternating current components 
arising in the electrolytic load circuit and coupled to 
said means responsive to said direct current voltage across 
the electrolytic load circuit to modulate and overrule the 
otherwise substantially constant direct current, whereby 
the direct current voltage across the electrolytic load 
circuit is automatically reduced in response to alternating 
current components arising in the electrolytic load circuit. 

4. Apparatus as defined in claim 3 in which the means 
responsive to the direct current voltage across the elec 
trolytic load circuit includes adjusting means to adjust 
and establish the voltage at which a direct current is 
normally regulated. 

5. Apparatus as defined in claim 3 in which the means 
responsive to alternating current components arising in 
the electrolytic load circuit includes adjusting means to 
adjust the rate of response to said alternating current 
conspoilets. 

6. Apparatus as defined in claim 3 in which the means 
responsive to the direct current voltage across the elec 
trolytic load circuit includes adjusting means to adjust 
and establish the voltage at which a direct current is 
normally regulated, and in which the means responsive 
to alternating current components arising in the electro 
lytic load circuit includes adjusting means to adjust the 
rate of response to said alternating current components. 

7. Electrolytic grinding apparatus including an elec 
trode adapted for relative motion with respect to a work 
piece and having abrasive particles protruding therefrom 
to prevent direct short circuiting between the electrode 
and the workpiece, and means for holding the workpiece 
in working relationship against the abrasive particles on 
the electrode, means for flowing an electrolyte between 
the electrode and the workpiece and a direct current sup 
ply system connected to the eiectrode and the workpiece 
in a sense to make the workpiece an anode, thereby es 
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tablishing an electrolytic load circuit between the elec 
trode and the workpiece, said direct current supply sys 
tem including a source of alternating current and a recti 
fier, electric control means interposed between said alter 
nating current source and said rectifier, automatic means 
comprising an impedance element connected in series 
with Said electrolytic load circuit and said workpiece and 
electrode for sensing voltage changes in said load circuit 
and responsive to direct current appearing across said 
electrolytic load circuit and acting on said alternating 
current source to maintain substantially constant direct 
current voltage over widely varying load conditions, and 
means responsive to alternating current components gen 
erated in said electrolytic load circuit and having its out 
put coupled to said automatic means to reduce the nor 
Inal regulated direct current voltage appearing across 
said electrolytic load circuit whenever alternating cur 
rent components are generated therein. 

8. Apparatus as defined in claim 7, in which adjusting 
means are provided for adjusting the direct current volt 
age at which regulation normally occurs. 

9. Apparatus as defined in claim 7, in which adjusting 
means are provided for adjusting the rate of response to 
alternating currents generated in the electrolytic load 
circuit. 

10. Apparatus as defined in claim 7, in which adjusting 
means are provided for adjusting the direct current volt 
age at which regulation normally occurs and in which 
adjusting means are provided for adjusting the rate of 
response to alternating currents generated in the electro 
lytic load circuit. 

11. in electrolytic grinding apparatus a rotating electro 
conductive electrode having insulating abrasive particles 
protruding from a working face thereof, means for hold 
ing a workpiece in working relationship against the pro 
truding abrasive particles on the electrode, means for 
flowing an electrolyte between the electrode and the 
workpiece, direct current supply means connected to the 
electrode and the workpiece in a sense to make the work 
piece an anode, said direct current supply means includ 
ing an alternating current source and a rectifier, at least 
one Saturable core reactor interposed between the alter 
nating current source and the rectifier and having a di 
rect current control coil adapted to be energized by a 
variable direct current, electronic means having a direct 
current output connected to said control coil and includ 
ing connections to the direct current output of the recti 
fier, means comprising an impedance element connected 
in Series with said electrode and workpiece to sense re 
sistance changes occurring thereacross for establishing an 
adjustable reference voltage, circuit means for deriving 
a signal from the difference between the reference volt 
age and the output voltage of the rectifier, means for con 
ducting the signal to an amplifier, and means connecting 
the amplifier to the control coil of the saturable core re 
actor, and adjustable potentiometer means adapted and 
connected to permit substantially continuously variable 
adjustment of the level of the reference voltage. 

12. In equipment of the type in which a hard conduc 
tive workpiece and a movabie electrode are brought into 
close proximity, in which an electrolyte is introduced be 
tween the Workpiece and eiectrode, and in which an al 
ternating current supply is rectified to apply a direct cur 
rent potential across the workpiece and electrode for elec 
tiolytic grinding of the workpiece, the combination with 
the Supply of signal responsive apparatus controlling the 
value of the applied potential, a first circuit means in 
cluding a linear circuit element connected in series with 
Said electrode and workpiece and responsive to changes 
in applied potential for producing first signals as a func 
tion of change in applied potential from a reference po 
tential, a second circuit means responsive to high fre 
quency signals produced by arcing and sparking between 
the electrode and workpiece producing second signals as 

O 
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a function cf the high frequency signals, and circuit 
means applying the first signals to the apparatus in a 
manner tending to maintain a Substantially constant ap 
plied potential and applying the second signals to the 
apparatts reducing the applied potential to inhibit sub 
stantial arcing and sparking. 

13. In equipment of the type in which a hard conduc 
tive workpiece engages a movable electrode having a con 
ductive workface and abrasive particles projecting from 
the workface not substantially more than .010', in which 
all electrolyte is introduced between the workface and 

- Workpiece, and in which an alternating current supply is 
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rectified to apply a direct current potential across the 
workpiece and electrode for grinding of the workpiece 
by abrasion and electrolysis, the combination with the 
Supply of signal responsive apparatus controlling the value 
of the applied potential, a first circuit means including 
a circuit element connected in series with said electrode 
and workpiece and responsive to changes in applied po 
tential for producing first signals as a function of change 
in applied potential from a reference potential, a second 
circuit means responsive to high frequency signals pro 
duced by arcing and sparking between the electrode and 
Workpiece producing second signals as a function of the 
high frequency signals, and circuit means applying the 
first signais to the apparatus in a manner tending to main 
tain a substantially constant applied potential and ap 
plying the second signals to the apparatus in a manner 
reducing the applied potential to inhibit substantial arc 
ing and sparking. 

14. In equipment of the type in which a hard conduc 
tive workpiece and a movable electrode are brought into 
ciose proximity, in which an electrolyte is introduced be 
tween the workpiece and electrode, and in which an al 
ternating current supply is rectified to apply a direct cur 
rent potential across the workpiece and electrode for elec 
trolytic grinding of the workpiece, the combination with 
the supply of signal responsive apparatus controlling the 
value of the applied potential, a first circuit means in 
cluding a circuit element connected in series with said 
electrode and workpiece and responsive to changes in 
applied potential for producing first signals as a func 
tion of change in applied potential from a reference po 
tential, a second circuit means responsive to high fre 
quency signais produced by arcing and sparking between 
the electrode and workpiece producing amplified second 
signals of greater intensity than the first signals as a 
function of the high frequency signals, and circuit means 
applying the first signals to the apparatus in a manner 
tending to maintain a substantially constant applied po 
tential and applying the second signals to the apparatus 
in a manner reducing the applied potential to inhibit sub 
Stantial arcing and sparking. 

i5. In equipment of the type in which a hard conduc 
tive workpiece and a novable electrode are brought into 
close proximity, in which an electrolyte is introduced be 
tween the workpiece and electrode, and in which an al 
ternating current supply is rectified to apply a direct cur 
Tent potential across the workpiece and electrode for elec 
trolytic grinding of the workpiece, the combination with 
the Supply of signal responsive apparatus controlling the 
value of the applied potential, an adjustable first circuit 
means including a circuit element connected in series 
with said electrode and workpiece and responsive to 
changes in applied potential for producing first signals 
as a function of change in applied potential from a ref 
erence potential which produces at least sparking between 
the electrode and workpiece, an adjustable second circuit 
means responsive to high frequency signals produced by 
arcing and sparking between the electrode and workpiece 
producing second signals as a function of the high fre 
quency signals, and circuit means applying the first sig 
inals to the apparatus in a manner tending to maintain 
the applied potential substantially at the reference evel 
and applying the second signals to the apparatus in a 
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mainier reducing the applied potential to inhibit substan 
tial arcing and sparking. 

16. in equipment of the type in which a hard conduc 
tive workpiece and a movable electrode are brought into 
ciose proximity, in which an electrolyte is passed be 
tween the workpiece and electrode, and in which an al 
ternatiiig current Supply is rectified to apply a direct cur 
rent poeiitial across the workpiece and electrode for elec 
trclytic grinding of the workpiece, the combination with 
the supply of applied potential control apparatus con 
sisting essentially of signal responsive meains controlling 
the value of the applied potential, a first circuit means 
including a circuit element connected in series with said 
ectrode and workpiece and responsive to changes in 
pplied potential for producing first signals as a func 

tige in applied potential from a reference po 
a 
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icy 
e electrode and Workpiece producing second signals as 

a function of the high frequency signals, and circuit 
eans applying the first signais to the signal responsive 

lineans tending to Ilaintain a substantially constant ap 
plied potential and applying the Second signals to the sig 
Iial responsive means in a manner reducing the applied 
potential to inhibit substantial arcing and sparking. 

arragement for controlling the potential ap 
between a grinding wheel and a workpiece which 

re in close proximity and between which an electrolytic 
Sciition is passed for carrying current between said wheel 
and Workpiece, the improvement comprising an alternat 
ing current power supply, means for rectifying the cur 
rent provided by Said Supply to provide a direct current 
output voltage, means for applying Said direct current 
it plit voitage across said grinding wheel, electrolyte, and 
Workpiece, and an in pedance arrangement connected in 
series with said wheel, electrolyte, and workpiece, for 
Sensing voltage changes appearing thereacross to provide 
corresponding signals for use in controlling the provided 
direct current voltage. 

i8. The arrangement claimed in claim 17, in which 
Said it pedance arrangement comprises a resistance ele 
1rient having a linear response to voltage changes. 

19. The arrangement claimed in claim 18, including a 
transformer primary connected in shlint with said element 
fo: transmitting the voltage changes occurring across said 
element for use in controlling said direct current output 
voltage. 

20. The arrangement claimed in claim 17, including 
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4. 
controlling the output voltage only in response 
fluctuations having a predetermined rate of 

Imaans for 
to voltage 
change. 

21. he arrangement claimed in claim 17, including 
means for selecting the level at which said sensed volt 
age changes are effective for controlling said direct cur 
Irent output voltage. 

22. The arrangement claimed in claim 17, including 
means for selecting a sensed rate of voltage change for 
use in controlling said direct current output voltage. 

23. An arrangement for controlling the potential ap 
plied between an electrode and a workpiece which are 
in close proximity and between which an electrolytic so 
lution is passed for carrying an electrical current between 
said electrode and workpiece for electrolytically eroding 
Said workpiece, the improvement comprising means for 
Seising changes occurring in said potential between said 
electrode and workpiece, and means for automatically al 
tering the potential applied between said electrode and 
Workpiece in response to said sensed changes for main 
taining the potentiai between said electrode and work 
piece at a desired value. 

24. The arrangement claimed in claim 23 in which said 
Sensing means includes an impedance element in series 
with said electrode and workpiece and said automatic 
altering means comprises an amplifier for amplifying the 
character of said sensed changes, and means responsive 
thereto for reversing the direction of potential change by 
an amount dependent on the amplitude of the change. 
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