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This invention relates to an electrical circuit for simu 
ating an adjustable non-linear resistance and more par 
ticularly to a non-linear resistance circuit for an analog 
computer. 

In analog computors, it is frequently necessary to em 
ploy in an electrical analogy circuit constructed of cir 
cuit elements having electrical properties analogous to 
the properties of a physical system, a circuit element in 
the nature of a non-linear resistance to represent a non 
linear function of the physical system. 
Attempts to produce non-linear devices in the past 

have been chiefly of three types, namely, the type em 
ploying non-linear resistance materials, such as treated 
silicon carbide, the type employing grid-controlled cir 
cuits, and the type employing tapered potentiometers 
which are adjustable to effect non-linear resistances. 
As to combining the features of accuracy, adjustability, 

dependability and simplicity, applicant has invented an 
adjustable non-linear resistance device employing a plu 
rality of parallel circuits, one or more of which is con 
ductive depending upon the magnitude of the current 
flowing through the device, to produce any desired 
variation of voltage across the device. It is frequently 
necessary to have available such a readily adjustable 
non-linear resistance device for various applications of the 
analog computer with sufficient flexibility and accuracy 
for such analysis work. In some cases it is necessary 
to operate such a device at high speeds, such as up to 
several thousand cycles per second and to operate such 
device over a range of single valued functions which do 
not necessarily pass through the origin. 

It is accordingly an object of this invention to pro 
vide a circuit for effecting at its terminals a non-linear 
voltage-current characteristic. 

It is a further object of the invention to provide a 
circuit, arrangement, which can be made to produce any 
desired variation of voltage across the circuit arrange 
ment, as a function of the current therethrough. 

It is a further, object to provide a circuit for effecting 
a non-linear resistance a curve comprising a plurality of 
parallel circuits, the resistance of any one of the parallel 
circuits being adjustable without affecting the conduc 
tivity of other parallel circuits. 

It is a further object of the invention to produce a 
circuit capable of effecting a resistance which increases or 
decreases with a change in the magnitude of the flow of 
current through the circuit. 

It is a further i object of the invention to provide a 
method of simulating a desired non-linear resistance curve 
for an analog system. 

It is a further object to provide a method of simulat 
ing a desired non-linear resistance curve in an alternat 
ing current circuit. 
The foregoing objects are merely illustrative of the 

various aims and objects of the invention. Other ob 
jects and advantages will become apparent upon consid 
ering the following disclosure when considered in con 
junction with the accompanying drawings, in which: 

Figure 1 is a diagrammatic showing of a non-linear 
resistance circuit capable of effecting a decrease in resist 
ance with an increase in the flow of current through the 
circuit. Fig. 1a illustrates a typical voltage-current curve 
that may be effected by the circuit of Fig. 1. 

Fig. 2 is a diagrammatic showing of a non-linear resist 
ance circuit capable of effecting an increase in resist 
ance with an increase in the flow of current through the 
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circuit. Fig. 2a illustrates a typical voltage-current curve 
that may be effected by the circuit of Fig. 2. 

Fig. 3 is a diagrammatic showing of a non-linear re 
sistance circuit employing a potentiometer instead of 
batteries to energize the parallel and other circuits in 
the non-linear resistance circuit and employing certain 
features of Figs. 1 and 2 collectively to effect an irregu 
lar voltage current curve. Fig. 3a illustrates an irreg 
ular voltage-current curve that may be effected by the 
circuit of Fig. 3. 

Fig. 4 illustrates a typical representation of a simplified 
physical or hydraulic system. I Fig. 4a illustrates a pres 
Sure differential-flow curve representing the characteris 
tics of a particular fluid they may be employed in the 
hydraulic system of Fig. 4. 

Fig. 5 is a diagrammatic showing of an electrical 
analog circuit employing non-linear resistors, as the elec 
trical analog of the hydraulic problem illustrated in 
Fig. 4. Fig. 5a illustrates a voltage-current curve effect 
ed by the non-linear resistors in the diagram of Fig. 5 
to closely approximate the curve of Fig. 4a. 

Fig. 6 is a diagrammatic showing of a versatile and 
adjustable non-linear resistance circuit which is adaptable 
to produce any one of a large variety of curves includ 
ing the curves illustrated in Figs. 1a, 2a, 3a and 5a. 

Referring now to Fig. 1, three branches of the non 
linear resistance device are connected between terminals 
1 and 3. When current flows through the non-linear 
resistance device from terminal 1 to terminal 3, such 
flow is, for convenience in description, considered a posi 
tive direction of flow and the branch through which such 
current flows is considered the positive branch. When 
current flows from terminal 3 to 1, such flow is, for con 
venience in description, considered a negative direc 
tion of flow and the branch through which such current 
flow is considered the negative i branch. The terms 
positive and negative are frequently employed to desig 
nate such distinction. The three branches are identified 
as a linear resistance branch 5, a positive non-linear 
branch 7, and a negative non-linear branch 9. The linear 
resistance branch 5 comprises, in series, a switch 11 which, 
for the purpose of the following description, is considered 
open, and an adjustable substantially linear resistance 13. 
The positive non-linear branch i 7 comprises a crystal 
diode or rectifier 15 in series with a plurality of resist 
ance circuits 17, 19, 21 and 23. 
The resistance circuit 17 comprises a substantially 

linear and adjustable resistor 25. The resistance circuit 
19 comprises, in series, a unidirectional device or rec 
tifier 27, a source of electrical energy, such as a battery 
29, and an adjustable substantially linear resistor 31. 
The battery 29 has its polarity so arranged as to buck 
or oppose a positive flow of current from the terminal 
1 through the parallel resistance circuit 19 to terminal 
3, the positive terminal of the battery 29 being connect 
ed so that terminal 1 is, in effect, made positive with 
respect to terminal 3. However, the rectifier 15 has 
its polarity arranged so as to permit the positive flow of 
current from terminal 1 through the positive non-linear 
branch 7 to terminal 3 but to oppose the flow of current 
in the opposite or negative direction through branch 7. 
In the resistance circuit 19, the polarity of the rectifier 
27 is arranged so as to conduct a positive flow of cur 
Fent between terminals 1 and 3 and to oppose the flow of 
current from the battery 29 through the resistance cir 
cuit 19. The resistance circuits 21 and 23 are similar 
to the resistance circuit 19 except that the batteries or 
hias in each of the resistance circuits 21 and 23 have 
ifferent potentials, and usually progressively higher 
otentials than the potential of the battery 29. 
Although it is to be observed that in Fig. 1 only four 

resistance circuits 17, 19, 21 and 23 are shown in the 
positive non-linear branch 7, a much larger number of 
resistance circuits similar to the resistance circuits 19, 21 
and 23 may be employed to obtain greater accuracy and 
variation in approximating a desired non-linear current 
voltage curve. 
The negative non-linear branch 9 in Fig. 1 comprises 

a crystal diode or rectifier 32 in series with a plurality of 
parallel resistance circuits 33, 35, 37, and 39. The 
Tresistance circuit 33 comprises an adjustable substantially 
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linear resistance 41. The resistance circuit 35 comprises, 
in series, a unidirectional device or rectifier 43, a Source of electrical energy, such as a battery 45, and an adjust 
able substantially linear resistor 47. The rectifier 32 has 
its polarity arranged so as to permit a negative flow of 
current from the terminal 3 through the negative non 
linear branch 9 to the terminal , but to oppose the flow 
of current through branch, 9 in the opposite or positive 
direction. Hin the resistance circuit 35, the battery 45 has 
its polarity arranged so that the battery 45 causes the 
terminal 3 to be positive with respect to the terminal 

1. The rectifier 43 has its polarity arranged so as to 
conduct a negative flow of current from terminal 3 
to terminal 1 and to oppose or buck any flow of current 
supplied by the battery 45. The resistance circuits 37 
and 39 are similar to the resistance circuit 35 except 
that the potentials supplied by the batteries in the resist 
ance circuits 35, 37, and 39 differ from each other. 

It is to be understood that the negative non-linear 
branch 9 may comprise still additional resistance circuits 
similar to the negative resistance circuits 35, 37 and 39 

In considering the operation of the non-linear resistance 
device shown in Fig. 1, let us first consider only the op 
eration of the positive non-linear branch 7. We will also 
assume that the potentials supplied by the batteries in 
the resistance circuits 19, 21, and 23 are successively of 
greater magnitude, and that the greatest potential is sup 
plied by the battery in the resistance circuit 23. When 
a direct current is caused to flow in a positive direction 
from the terminal 1 through the non-linear resistance de 
vice of Fig. 1 to the terminal 3, the polarity of the recti 
fier 5 is arranged so as to permit the current flow to flow 
through the positive non-linear branch 7. The effective 
conductance of the positive non-linear branch 7 is the 
conductance of the resistance circuit 17, namely Go, as 
long as the voltage drop between terminals 1 and 3 
is less than the voltage supplied by any of the batteries 
in the resistance circuits 19, 21 and 23, respectively. It 
will be observed that current can not flow through the re 
sistance circuit 19, for example, because the back volt 
age of the battery 29 exceeds the voltage applied to the 
circuit 19. Since progressively higher voltages are sup 
plied by the batteries in the resistance circuits 21 and 
23, such voltages also effectively block the circuits. If 
the voltage drop between the terminals 1 and 3 exceeds 
the voltage of the battery 29 and is less than the battery 
voltage in the resistance circuit 2, then the current 
flowing in the positive direction from the terminal 1 
through the positive non-linear branch 7 divides and 
fiows through both the resistance circuits 7 and 19, and 
the conductance is Go plus G1, the conductances of the 
resistance circuits 17 and 19. Again, if such voltage drop 
is greater than the voltages supplied by the batteries in 
the resistance circuits 9 and 21 and is less than the volt 
age of the battery in resistance circuit 23, current will 
divide and flow through resistance circuits 17, 19 and 
21 but will not flow through resistance circuit 23 because 
the voltage of the battery in resistance circuit 23 would 
be of such magnitude as to effectively block any flow of 
current therethrough. 
When the current flows through the three resistance 

circuits 17, 19, and 21 the conductance is the sum of the 
conductances of the three circuits namely, Go, G1 and G2, 
respectively. When the current flow is of sufficient mag 
nitude to flow through the four resistance circuits 17, 
19, 21 and 23, the conductance is the sum of the con 
ductances of the four circuits, namely Go, G1, G2 and G3, 
respectively. 

It will be observed that since the voltages of the 
batteries in the resistance circuits 19, 21, and 23 are 
successively higher, such circuits become progressively 
conductive as the voltage drop across the positive non 
linear branch 7 increases. By the circuit arrangement 
shown in Fig. 1, the effective resistance between termi 
nals 1 and 3 decreases as the flow of current between the 
terminals increases. 

Fig. 1a illustrates a typical current-voltage curve or 
non-linear resistance curve obtainable by the device 
shown in Fig. 1. In Fig. 1a, E1, E2, and E3 represent 
the potentials Supplied by the batteries in the resistance 
circuits 19, 21, and 23, respectively, and Go, G1, G2, and 
G3 represent the conductances of the resistance circuits 
17, 19, 21, and 23, respectively. In Fig. 1a, the horizontal 
aXis represents the voltage-drop between the terminalis 
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and 3 and the vertical axis represents the flow of current 
between the terminals 1 and 3. 
As well known in the art, the rectifiers, batteries and 

circuits have certain internal resistances which are neglig 
ible for most purposes; nevertheless, for accurate read 
imgs, it may be necessary to take such resistances into 
consideration along with the adjustable, substantially lin 
ear resistors in the circuits. 

If an alternating current is applied to the non-linear 
device shown in Fig. 1, the positive portion of the current 
wave flows in the positive direction through the positive 
non-linear branch 7 and the negative portion of the 
current wave flows in the negative direction through the 
negative non-linear branch 9. The curve illustrated in 
Fig. 1 a in its entirety represents a typical non-linear re 
sistance curve obtainable when an alternating current 
is applied to the terminals 1 and 3 of the non-linear re 
sistance device shown in Fig. 1. The positive and negative 
portions of the curve are not and need not be sym 
metrical. 

Fig. 2 is similar to Fig. 1 except that the polarities 
of the rectifiers in the resistance circuits are reversed and 
that a source of electrical energy, such as batteries, are 
connected in series in each of the two non-linear branches 
similar to the positive and negative non-linear branches 
7 and 9 of Fig. 1. 

Referring to Fig. 2, two branches of the non-linear 
resistance device are connected between terminals 51 and 
53, namely a positive non-linear branch 57 and a negative 
non-linear branch 59. The positive non-linear branch 57 
comprises a rectifier 65 and a battery 66 in series with 
a plurality of resistance circuits 67, 69, 7 and 73. The 
resistance circuit ?7 comprises an adjustable resistor 75. 
The resistance circuit 69 comprises, in series, a unidi 
rectional device or rectifier 77, a source of electrical en 
ergy, such as a battery 79, and an adjustable resistor 81. 
The negative non-linear branch 59, when tracing the 

circuit from terminal 51 to terminal 53, comprises in 
Series a rectifier 84, a source of direct current, such as a 
battery 82, and a plurality of resistance circuits 83, 85, 
87 and 89. The resistance circuit 83 comprises an ad 
justable resistor 91. The resistance circuit 85 comprises 
in series, a rectifier 93, a battery 95 and an adjustable re 
sistor 97. The resistance circuits 87 and 89 are similar 
to resistance circuit 85 except that the voltages of the 
batteries in the circuits i 87 and 89 are progressively of 
higher potential. - Similarly in the positive non-linear 
branch 57, the resistance circuits 71 and 73 are similar to 
the resistance circuit 69 except that the batteries in the 
circuits 71 and 73 are of progressively higher potentials. 
By comparing Figs. 1 and 2 it will be observed that 

Fig. 2 differs from Fig. 1 in only two respects, namely, 
the polarities of the rectifiers in the resistance circuits 
69, 71, 73, 85, 87 and 89 of Fig. 2 are reversed from the 
polarities of the rectifiers in the resistance circuits 19, 21, 
23, 35, 37 and 39, respectively, of Fig. 1, and batteries 
are added in series in the non-linear branches 57 and 59, 
the battery 66 being connected in series between the rec 
tifier 65 and the parallel resistance circuits 67, 69, 71 
and 73 and the battery 82 being connected in series be 
tween the rectifier 84 and the parallel resistance circuits 
83, 85, 87 and 89. By way of explanation it may be 
pointed out that the non-linear resistance device of Fig. 2 
does not contain a linear branch such as the linear branch 
5 of Fig. 1. The linear branch 5 may be employed in or 
with any non-linear resistance device such as the device 
shown in Fig. 2. When the linear branch 5 is employed 
with a non-linear branch, the current flowing through 
the linear branch 5 adds to the current flowing through 
the non-linear branch. In other words, the linear branch 
5. adds to the flexibility of the non-linear resistance de 
W1Ce 

In the operation of the non-linear resistance device 
shown in Fig. 2, the rectifiers in each of the resistance 
circuits 69, 71, 73, 85, 87 and 89 have their polarities 
arranged so as to conduct current supplied by the bat 
teries in such circuits, respectively, and to oppose a flow 
of current between the terminals 51 and 53 through such 
resistance circuits in the opposite direction. In the pos 
itive non-linear branch 57, the current supplied by the re 
sistance circuits 69, 71 and 73 flows through the resist 
ance 75, when the voltage across the resistance circuit 67 
is less than the lowest battery voltage, the voltage of the 
battery 79, such flow of current between the terminals 
51 and 53 being effectively blocked by the rectifier 65. 
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Similarly, all the current supplied by the batteries in the 
resistance circuits 85, 87 and 89 of the negative non-linear 
resistance branch 59 flows through the resistance 91 of the 
resistance circuit 83, the rectifier 84 opposing any flow of 
such current between terminals 51 and 53. 
When no current flows from terminal 51 to terminal 

53, and when the voltage across the resistance circuit 
67 is less than the lowest battery voltage, the voltage of 
battery 79, the current supplied by the batteries in the 
resistance circuits 69, 71 and 73 of the positive non-linear 
branch 57, flows through the resistance circuit 67. As 
the flow of current from terminal 51 to terminal 53 in 
creases in magnitude, the voltage between terminals 51 
and 53 also increases in magnitude, and when the volt 
age equals or exceeds the potentials supplied by the bat 
teries in the respective positive resistance circuits. 69, 
71 and 73, Such voltage bucks or opposes the voltage 
supplied by the batteries in the respective resistance cir 
cuits so that no current is supplied one or more of the 
batteries to flow through the resistance circuit 67. Jt 
will be readily observed that as the flow of current be 
tween the terminals 51 and 53 increases, the effective 
resistance between such terminals also increases. 

Fig. 2a illustrates a typical curve in which the resist 
ance increases with increased current flowing between 
terminals 51 and 53. If Go”, G1”, G2” and G3” are the 
conductance of resistance circuits 67, 69, 71 and 73, re 
spectivelv, and E”, E2” and E3” are the voltages, in order 
of magnitude, of the batteries in the resistance circuits 
69, 71 and 73, respectively the resistance is at a mini 
mum when the voltage across the positive non-linear 
branch 57 is less than the voltage E1” the voltage of bat 
tery 79. When the voltage is less than E1” the con 
ductance is the sum of the four conductances namely 
the sum of Go”, G1”, G2” and G3”. When the voltage is 
greater than E1” and less than E2’ the conductance is the 
sum of Go”, G2”, and G3”. The conductances for the vari 
ous voltages are illustrated in Fig, 2a, It may be ob 
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served that the batteries 66 and 82, can be adiusted so 
that with no current flowing between terminals 51 and 53 
the voltage of the battery 66 just balances the back volt 
age of the positive non-linear branch 57 and the volt 
age of the battery 82 just balances the back voltage of 
the negative non-linear branch 59 to cause the curve of 
Fig. 2a to pass through the origin, or with some sum of 
the voltages supplied by the batteries 66 and 82, the ratio 
can be altered to produce a bias so that the curve of Fig. 
2a will not pass through the origin. 

Since a voltage-drop or voltage loss occurs, across the 
positive non-linear branch 57 even when no current flows * 
between the terminals 51 and 53, the battery 66 is usually 
inserted to supply such voltage-drop or voltage loss, and 
to nullify any such voltage loss in the positive non-linear 
branch 57. Furthermore, the battery 66 may be of a 
selected value so as to have the curve cross the zero cur- º 
rent axis at a desired value of voltage E. 

If it is desired to provide a non-linear resistance in an 
alternating current circuit to effect a resistance which 
increases with increased current then both the positive 
non-linear branch 57 and the negative non-linear branch 
59 would be employed, the positive portion of the cur 
rent flowing through the positive branch 57 and the neg 
ative portion of the current flowing through the neg 
ative branch 59. The negative non-linear branch 59 per 
forms in the same manner as the positive non-linear 
branch 57 except that it conducts the negative portion 
of the current flow, the same as the negative non-linear 
branch 9 in Fig. 1. 

In Fig. 3, a non-linear resistance device is shown with 
terminals 101 and 103 and two branches, namely a pos 
itive non-linear branch 107 and a negative non-linear 
branch 109, connected between the terminals. The pos 
itive non-linear branch 107 comprises a rectifier 115 in 
series with a plurality of parallel resistance circuits 117, 
119, 121, 123 and 124 which are connected through a 
potentiometer or voltage divider 111 to the terminal 103. 
Similarly, the non-linear branch 109, when tracing the 
circuit from terminal 101 to terminal 103, comprises a 
rectifier 132 in series with a plurality of parallel resistance 
circuits 133, 135, 137, 139 and 140 which are connected 
through a potentiometer or voltage divider 113 to the 
terminal 103. The resistance circuit í 17 comprises an 
adjustable resistor 125. The resistance circuit 119 com 
prises a rectifier 129 and an adjustable resistance 131 
in series. In the negative non-linear branch 109, the re 
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sistance circuit 133 comprises an adjustable resistor 141, 
and the resistance circuit 135 comprises in series a rec 
tifier 143 and an adjustable resistance 147. Each of the 
remaining resistance circuits, namely circuits 121, 123, 
124, 137, 139 and 140 comprise a rectifier and an ad 
justable resistance in series. 
The voltage divider 111 has its end-terminals connected 

across a source of potential energy such as battery 149. 
Each of the resistance circuits 117, 119, 121, 123 and 
124 of the positive non-linear resistance branch 107 is 
connected to slider-contacts on the voltage divider 111 
so that each of the resistance circuits is energized by a 
progressively higher potential relative to the potential 
applied to the resistance circuit 117. The voltage divider 
111 makes it possible to supply a voltage to the respec 
tive resistance circuits 119, 121, 123 and 124 without 
using batteries in such circuits. The terminal 103 is con 
nected to a slider contact adjustable to an intermedi 
ate position on the voltage divider 111 so that a voltage, 
if desired, can be inserted in series in the positive non 
linear branch 107 of the non-linear resistance device of 
Fig. 3 to serve the same purpose as the battery 66 in the 
positive non-linear branch 57 of the non-linear resist 
ance device of Fig. 2. 

Similarly in the negative non-linear branch 109, the 
resistance circuits 133, 135, 137, 139 and 140 are con 
nected to slider contacts on the voltage divider 113 so 
that the circuits are respectively energized by a progres 
sively higher potential, relative to the potential applied 
to the resistance circuit 133 the voltage divider 113 being 
energized at its end-terminals by a battery 151. In order 
to introduce a voltage in series in the negative non-linear 
branch 109, the terminal 103 is connected to a slider 
contact adjustable to an intermediate position on the volt 
age divider 113 to permit supplying a voltage to nullify 
any undesired voltage-drop across the resistance circuit 
133. Furthermore, such a voltage of a desired value 
may be employed so as to have the resistance curve 
cross the zero current axis at a desired value of volt 
age E 
gi, will be observed that Fig. 3 is a variation of Figs. 

1 and 2, one of the principal differences being the volt 
age dividers 111 and 113 in Fig. 3 which are employed 
to supply the various voltages required by the circuits. 
In the positive non-linear branch 107 the polarities of 
the rectifiers in the resistance circuits 121 and 124 are 
the same as the polarities of the rectifiers in the resistance 
circuits 19, 21 and 23 of the positive non-linear branch 
7 of Fig. 1 and the polarities of the rectifiers in resistance 
circuits 119 and 123 are the same as the polarities of 
the rectifiers in the resistance circuits 69, 71 and 73 of 
the positive non-linear branch 57 of Fig. 2. It will also 
be observed in the negative non-linear branch 109 that 
the polarities of the rectifiers in the resistance circuits 
135, 137, 139 and 140 are not the same. By such an 
arrangement of the rectifiers it is possible to have multi 
ple changes of curvature as illustrated in Fig. 3a. 
To explain the operation of the positive non-linear 

branch 107 we will consider that the voltages applied to 
the resistance circuits 17, 119, 12i, 123 and 124 by the 
voltage divider 11 i are zero, E1", E2", E3”, and E4” 
respectively. We will also consider the conductances of 
the resistance circuits 417, 119, 121, 123, and 124 to be 
Go”, G1”, G2”, and G3”, and G4” respectively. It will 
be observed that as the positive voltage E across the posi 
tive non-linear branch 107 increases certain of the re 
sistance circuits 119, 121, 123 and 124 cut in and other 
cut out producing any desired variation of conductance 
G with the positive voitage E or the current I through 
the positive non-linear branch 107. When current first 
starts to flow across the branch 107, Go", G?” and G3" 
are active or conductive. When the voltage-drop across 
the branch 107 equals E1 then G1 cuts out, when the 
voltage-drop equals E2, G2 cuts in, when the voltage 
drop equals E3, G3 cuts out, and when the voltage-drop 
equals E4, G4 cuts in. This operation is illustrated in 
Fig. 3a. By using various combinations of resistance 
circuits as shown in Figs. 1, 2 and 3 and linear resistances, 
a wide variation of curves representing non-linear re 
sistance curves are obtainable especially when wide varia 
tions are possible in the magnitude of the voltages ap 
plied to the resistance circuits and when wide variations 
in the magnitude of the resistances in the resistance cir 
cuits are possible. 
With this type of circuit the sign of the slope of 
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the generated curve or function cannot change from posi 
tive to negative if it has an initial positive slope or cannot 
change from negative to positive if it has an initial mega 
tive slope. It is not possible to produce a curve having 
the same resistance twice for two different voltages or 
clirrentS. 

In U. S. Patent No. 2,420,891, issued to G. D. Mc 
Cann, Jr., et al. on March 20, 1947 and in U. S. applica 
tion, Serial No. 700, 130 filed September 28, 1946, in the 
name of G. D. McCann, Jr., which are assigned to the 
Westinghouse Electric Corporation, the assignee of this 
invention, certain analyzers were disclosed including the 
mechanical transient analyzer and the analog computer. 
Such an analyzer or computer based upon analogies be 
tween physical systems such as mechanics and hydraulics 
and electrical systems, is able to solve almost all problems 
in the mechanical, hydrauliic or thermal fields by reducing 
such problems to their electrical equivalent and solving 
such problems on the analyzers to engineering accuracy 
as an electrical problem. Such an analyzer makes it 
possible to readily solve numerous problems that pre 
viously could only be estimated by long mathematical 
commutations or solved by tedious and costly experiments. 
The non-electrical problem is set up and solved on the 
basis of the electrical equivalent. For example, to repre 
sent a mechanical system by one form of analogous elec 
trical system, the following relationships may be em 
ployed: 

Table I 
Analogous electrical system 
Inductance (L.) 
Resistance (R.) 
Susceptance (1/C) 
Voltage (V) 

Mechanical system 
Mass or inertia 
Velocity or damping 
Spring constant 
Force or torque 
Displacement Charge ?(I dt) 
Velocity Current (II) 
Acceleration d/dt 

Table II 
Analogous electrical systenn 
Voltage (V) 

Hydraulic system 
Pressure differential (P) 
Rate of flow (F) Current (I) 
Frictional resistance (r) Electrical resistance (R) 
For example, let us assume that we are confronted with an elementary hydraulic problem as illustrated in 

a simplified form in Fig. 4 in which, a pump 201 forces 
a fluid through a pipe or a line 203 in series with parallel 
lines 205 and 207, respectively. To determine the mag 
nitude of flow at different pressure differentials through 
each of the lines would require expensive measuring 
equipment which would be difficult to install. Further more, it might not be convenient or possible to supply 
the variations in pressure differentials necessary to make 
such tests. Y 
By means of the analog, the analysis, could be readily 

performed once the pressure differential-filow relation for 
the particular fluid involved, is ascertained. The elec 
trical analog of Fig. 4 is illustrated in Fig. 5. A poten 
tiometer or voltage-divider 211 has a battery 213 con 
nected across its terminals to supply a potential to the 
circuit of Fig. 5. A non-linear resistance 2i5, to repre 
sent the fluid resistance of the series pipe 2693, is con 
nected in a series circuit 214 between the voltage divider 
2il and paraliel circuits 217 and 219 which embody non 
linear resistors 221, and, 223 respectively, to represent 
the fluid resistance of the lines 205 and 2007, respectively. 
Each of the non-linear resistors 215, 221 and 223 is ad 
justed to produce a voltage current curve as illustrated 
in Fig. 5a which closely approximates the pressure dif 
ferential-flow curve illustrated in Fig. 4a. It will be ob 
served that the voltage-divider 21 may be adjusted to 
represent in the circuit of Fig. 5 the various pressure 
differentials to be supplied by the pump 20 in Fig. 4. 
By taking current readings in circuits 24, 217 and 219, 
one may readily determine the filow of the fluid in the 
lines 203, 205 and 207, respectively and the distribution 
of filow between the lines 25 and 207. By measuring 
the voltage-drop across each of the non-linear resistors 
245, 221 and 223, respectively, it is possible to determine 
the pressure losses in the lines 203, 295 and 2007, respec 
tively. Since pressure differential-flow of relationships 
are invariably non-linear in characteristic, the substan 
tially linear resistors usually available are not suitable 
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8 
for such application, but with a non-linear resistor de 
vice as disclosed by applicant, it is possible to produce 
an electrical resistance having the desired characteristic 
to represent the relationships necessary to work the hy 
draulic problem by the electrical analog. 

Since the non-linear resistors 215, 221 and 223 are 
to effect a curve in which the resistance increases with 
an increase in flow and such resistors are energized by 
a direct current, a circuit may be employed similar to the 
positive non-linear branch 57 of the non-linear resistance 
device shown in Fig. 2. 

In Fig. 6 are shown two non-linear resistance circuits 
25i and 253 connected to terminals 255 and 257. In the 
non-linear circuit 251 a plurality of parallel resistance 
circuits such as circuits 259, 26 i and 263, are connected 
between conductors 265 and 267, conductor 265 being 
connected through a rectifier 269 by means of a reversing 
Switch 271, and through a two pole switch 273, to termi 
nal 257. Tihe conductor 267 is connected through a switch 
275, and the two-pole switch 273 to the terminal 255. 
The resistance circuit 259 comprises, when traced from 

the conductor 265 to the conductor 267, a switch 277, ain 
adjustable resistance element 279, a jack 28 to facilitate 
inserting additional voltage in the resistance circuit 259, 
and a voltage divider 283. A resistance measuring jack 
285 is connected from conductor 2?7 across the adjust 
able resistance element 279 to facilitate measuring the 
resistance in the resistance circuit 259. 
The resistance circuit 26 i comprises when traced from 

the conductor 265 to the conductor 267, a reversing 
switch 287, a crystal diode or rectifier 289, an adjustable 
resistance element 291, a voltage jack 292, a voltage 
divider 293 having its terminals energized by a battery 
295, and a voltage divider 2397. The voltage jack 292 is 
supplied to permit inserting additional voltage in the re 
sistance circuit 26i. A resistance jack 299 is connected 
in parallel with the adjustable resistance element 291, the 
voltage jack 292, and the voltage divider 293 to permit 
measuring the resistance in the resistance circuit 261. It 
s frequently necessary to take into consideration and add 
he resistance of the rectifier 289 when considering the 
esistance of a resistance circuit, such as resistance circuit 
259. A battery 3091 has its positive terminal connected 
through an adjustable resistance 393 and a double-throw 
double-pole switch 335 to the conductor 267, the nega 
tive terminal of the battery being connected to an end 
terminal of the voltage divider 283 the other end-terminal 
of the voitage divider 283 being connected to the con 
ductor 267, and the resistance circuit 259 being connected 
to the slider arm of the voltage divider 283. 
The voltage divider 297 has its end-terminals connected 

to conductors 267 and 3097 and its slider arm connected 
to an end-terminal of the voltage divider 293. A second 
battery 399 has its negative terminal connected to the 
positive terminal of the battery 391, and its positive ter 
minal connected through an adjustable resistance 311, 
and through the double-throw double-pole switch 305 to 
the conductor 267 or 397. When the poles of the switch 
305 are moved to the left, a voltage is supplied across the 
voltage divider 283 by the battery 301 and a voltage is 

plied across the voltage divider 297 by the battery 
When the poles of the double-throw two-pole switch 

395 are moved to the right the potentials of the bat 
teries 301 and 309, in additive series, are applied across 
the voltage divider 283 and no voltage is applied by 
either of the batteries 30 i or 399 between the conductors 
267 andl 307. 

Several additional resistance circuits similar to re 
sistance circuit 26, Such as resistance circuit 263 and 
others, may be connected between the conductor 265 and 
the conductors 267 and 367. It has been found desirable 
to employ as a unit, in parallel, a resistance circuit 259, 
four resistance circuits each similar to resistance circuit 
26 but omitting the voltage jack 292 aind the voltage 
divider 293 with its associated battery SÈ95, and four ad 
ditional resistance circuits, each similar to resistance cir 
cuit 26 i employing either the voltage jack 292 or the 
voltage divider 293 and battery 295, but mot both for 
Supplying voitage to the associated resistance circuit. 
The variations therein, are optional with the designer and 
are governed largely by the requirements of the non 
linear unit. 
The non-linear resistance circuit 253 may be similar to 

the non-linear resistance circuit 251 and by reversing its 
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connections to terminals 255 and 257 it will serve as the 
negative non-linear branch in an alternating current sys 
tem and the non-linear unit 251 will serve as the positive 
non-linear branch. 

In the unit 251, it will be observed that the polarity of 
the rectifier 269 may be reversed by the reversing switch 
271. Similarly the polarity of the rectifier 289 in the 
resistance circuit 261 may be reversed by means of the 
reversing switch 287 so that the rectifier 289 may have 
the polarity of the rectifiers in the resistance circuits of 
the positive non-linear branch 7 of Fig. 1 or the polarity 
of the rectifier in the resistance circuits of the positive 
non-linear branch 57 of Fig. 2, as the particular situation 
may require. It will be observed that the non-linear cir 
cuit 251 of Fig. 6 employs the same principal of opera 
tion as the devices shown in Figs. 1, 2 and 3, but em 
bodies measuring jacks, reversing switches, additional 
voltage supplies and adjustments to permit the non-linear 
circuit 25 to be more adaptable and useful. For in 
stance, a voltage jack 313 is connected between terminals : 
255 and 257 to permit taking voltage measurements, and 
a current jack 345 is inserted in the conductor connected 
to the terminal 257 to permit measuring the flow of cur 
rent between terminals 255 and 257 through the non 
linear circuit. 
Numerous variations in the non-linear resistance de 

vices shown in Figs. 1, 2, 3 and 6 are possible such as the 
use of vacuum tube diodes, barrier-layer rectifiers or other 
unidirectional devices for the diode crystals or rectifiers 
employed in the devices described above. It has been 
found, however, that it is more difficult to provide power 
supplies for vacuum tube types of non-linear, resistance 
devices. For low impedances the barrier layer type of 
rectifier is preferable and for high impedances the vacuum 
tube type of rectifier is preferable. It is to be observed 
that the voltage-current curves produced by the non-linear 
resistance devices described above are a combination of 
straight line segments to approximate the desired curves. 
In actual practice it has been found that the segments do 
not intersect at an angle but that such intersections are 
rounded so that the Segments more nearly approximate 
the desired curve. In the alternating current devices the 
positive and negative portions of the voltage-current 
curve can be symmetrical or unsymmetrical as the 
occasion may require. It is also possible to add or sub 
tract voltages and make adjustments so that the curve 
need not pass through the zero point or origin of the 
voltage-current axes. 
The above non-linear resistance devices have been de 

scribed as employing substantially linear resistors in the 
resistance circuits, because the common resistor which 
is readily available has substantially linear characteristics. 
However, it should be pointed out that the above devices 
may perform equally satisfactorily in certain cases with 
non-linear resistors in the resistor circuits. The use of 
such non-linear resistors would facilitate obtaining cer 
tain extreme non-linear resistance curves, and the seg 
ments of the curves would not necessarily be straight 
lines. 
The foregoing disclosure and drawings are merely illus 

trative of the principles of this invention and are not to 
be interpreted in a limiting sense. The only limitations 
are to be determined from the scope of the appended 
claims. 

i claim as my invention: 
1. In an adjustable impedance unit, a first circuit com 

prising, in series, a rectifier and an adjustable resistor, 
and at least one additional circuit shunting said resistor, 
said additional circuit comprising in series a rectifier, a 
source of voltage and an adjustable resistor. 

2. In an adjustable impedance unit, a first circuit com 
prising in series a rectifier and an adjustable resistor, a 
resistor shunting said first circuit, and at least one addi 
tional circuit shunting said adjustable resistor, said addi 
tional circuit comprising in series a rectifier, a source of 
voltage and a resistor. 

3. In an adjustable impedance unit, a first circuit con 
nected between a pair of terminals, comprising in series a 
rectifier and a resistor, and at least one additional circuit 
shunting said resistor, said additional circuit comprising 
in series a rectifier, a source of voltage and a resistor, 
said rectifiers being oppositely poled relative to the ter 
minals. 

4. In an adjustable impedance unit for effecting a non 
linear reisstance between a pair of terminals when ener 
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gized by a unidirectional current from an external source, 
comprising a voltage divider having first, second and 
third connection points and a plurality of adjustable con 
tacts thereon, the first confection point being connected 
to one of the terminals, a plurality of parallel resistance 
circuits connected between the adjustable contacts on the 
voltage divider and the other one of the terminals, and 
a first voltage source connected across the voltage divider 
between the second and the third connection points 
thereon, at least one of said parallel resistance circuits 
comprising in series a unidirectional element and an ad 
justable resistor and being connected to one of said ad 
justable contacts on the voltage divider to permit apply 
ing to Such circuit a potential which will tend to oppose 
a flow of current from the external source in the circuit. 

5. In an alternating-current adjustable resistance de 
vice for effecting a non-linear resistance between a pair 
of terminals comprising two branches connected in 
parallel between the terminals, each branch comprising 
a first resistor and at least one additional circuit shunt 
ing said first resistor, said additional circuit comprising 
in Series a unidirectional element, a voltage supply andi 
an adjustable, resistor, the polarity of the voltage supply 
in pne branch with respect to the terminals being op 
posite to the polarity of the voltage supply in the other 
branch. 

6. ln an alternating-current adjustable resistance de 
yice as ciaimed in cla?m 5 wherein at least one branch 
has a unidirectional element connected in series with 
the first resistor between said terminais, said unidirec tional element having its polarity arranged so as to op 
pose a flow of current between said terminals from said 
Voltage supply in the last-named branch. 

7. In an alternating-current adjustable resistance de 
Vice as claimed in claim 5 wherein at least one branch 
has a voltage source in series with said first resistor, 
the polarity of Said voltage source with respect to said 
terminals being opposite to the polarity of said voltage 
Supply in said branch. 

8. An impedance device for simulating in an analog 
Computer, a non-linear impedance curve with sinuous 
like portions in the slope thereof between a pair of 
terminals when a unidirectional current is supplied to 
such terminals from an external source comprising a 
first impedance circuit connected between the terminals 
and at least two parallel circuits connected in shunt 
With said first. impedance circuit, each of said parallel 
circuits. comprising a rectifier and an adjustable resistor 
and being biased by a voltage supply with its polarity 
so arranged as to tend to oppose the flow of current 
through such parallel circuit from the external source, 
the polarity of the rectifier in one parallel circuit with 
respect to the terminals being opposite to the polarilty of 
the rectifier in another of such parallel circuits. 

9. In an impedance unit, a pair of terminals, first 
and second circuits connected in paraillel across such 
terminals, the first, and second circuits comprising re 
Spectively, first and second resistors and first and sec 
ond rectifiers, said rectifiers being poled to permit flow 
of currents in opposite directionsb?tween the terminals, a plurality of first auxiliary circuits connected in parallei 
With the first resistor for energization only through the 
first rectifier, each of the first auxiliary circuits compris 
ing a resistor, a source of direct voltage and a rectifier 
in Series, said sources establishing different voltages be 
tWeem the terminals for the first auxiliary circuits, and 
a plurality of second auxiliary circuits connected in 
parallel With the second resistor for energization only 
through the Second rectifier, each of the second auxiliary 
circuits comprising a resistor, a source of direct voltage 
anda rectifier in series, the number of the second auxiliary circuits that are conductive being determined 
by the magnitude of the current flowing through the 
second rectifier. 

10. In an impedance unit, a pair of terminals, first 
and second circuits connected in parallel across such 
terminals, the first and second circuits comprising, re 
Spectively, first and second resistors and first and second 
rectifiers, said rectifiers being poled to permit flow of 
currents in opposite directions between the terminals, a plurality of first auxiliary circuits connected in parallel 
with the first resistor for energization only through the 
first rectifier, each of the first auxiliary circuits compris 
ing a resistor, a source of direct voltage and a rectifier 
in series, the rectifiers in the first auxiliary circuits being 
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poled oppositely to the first rectifier, and a plurality of 
second auxiliary circuits connected in parallel with the 
second resistor for energization only through the second 
rectifier, each of the second auxiliary circuits compris 
ing a resistor, a source of direct voltage and a rectifier 
in series, the number of the second auxiliary circuits 
that are conductive being determined by the magnitude 
of the current filowing through the second rectifier. 

11. In an impedance unit, a pair of terminals, first 
and second circuits connected in parallel across such 
terminals, the first and second circuits comprising, re 
spectively, first and second resistors and first and sec 
ond rectifiers, said rectifiers being poled to permit flow 
of currents in opposite directions between the terminals, 
a plurality of first auxiliary circuits connected in parallel 
with the first resistor for energization only through the 
first rectifier, each of the first auxiliary circuits com 
prising a resistor, a source of direct voltage and a 
rectifier in series, the rectifiers in the first auxiliary cir 
cuits being poled similarly to the first rectifier, and a 
plurality of second auxiliary circuits connected in 
parallel with the second resistor for energization only 
through the second rectifier, each of the second auxiliary 
circuits comprising a resistor, a source of direct voltage 
and a rectifier in series, the number of the second 
auxiliary circuits that are conductive being determined 
by the magnitude of the current flowing through the 
second rectifier. 

12. In an impedance unit, a pair of terminals, first 
and second circuits connected in parallel across such 
terminals, the first and second circuits comprising, 
respectively, first and second resistors and first and sec 
ond rectifiers, said rectifiers being poled to permit flow 
of currents in opposite directions between the terminals, 
a plurality of first auxiliary circuits connected in paral 
le with the first resistor for energization only through 
the first rectifier, each of the first auxiliary circuits com 
prising, a resistor, a source of direct voltage and a 
rectifier in series, the rectifiers in a portion of the first 
auxiliary circuits being poled similarly to the first 
rectifier and the rectifiers in the remaining portion of 
the first auxiliary circuits being poled oppositely to the 
first rectifier, and a plurality of second auxiliary circuits 
connected in parallel with the second resistor for en 
ergization only through the second rectifier, each of 
the second auxiliary circuits comprising, a resistor, a 
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source of direct voltage and a rectifier in series, the 
number of the second auxiliary circuits that are con 
ductive being determined by the magnitude of the cur 
rent flowing through the second rectifier. 

13. In an impedance unit, a pair of terminals, a first 
rectifier, a first source of direct voltage and a first resistor 
in series between such terminals, said first rectifier 
being poled with respect to the source of direct voltage 
to conduct current supplied thereby, a plurality of 
auxtiliary circuits connected in parallel with said first 
resistor, each of the auxiliary circuits comprising a 
resistor, a second source of direct voltage and a rectifier 
in series, the rectifier and the second source of direct 
voltage, respectively, in at least one of the auxiliary cir 
cuits being poled oppositely to the first rectifier and the 
first source of direct voltage. 

14. In an adjustable impedance unit comprising a 
pair of terminals between which a non-linear impedance 
is simulated when current from an external source flows 
in a predetermined direction between the terminals, a 
first impedance circuit connected between the terminals, 
and at least one additional impedance circuit shunting 
said first impedance circuit, such additional impedance 
circuit comprisiling in series a voltage supply, a rectifier 
and an adjustable substantially linear i resistor, the 
polarities of said voltage supply and said rectifier being 
arranged so as to oppose a flow of current from the ex 
ternal source through the additional impedance circuit, 
a unidirectional element connected in series with the 
impedance circuits between the terminals, the polarity 
of the unidirectional element being arranged so as to 
permit current from the external source to flow between 
the terminals and to oppose a filow of current from said 
voltage supply between the terminals. 
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