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An apparatus for sensing a target characteristic, such as 
relative distance between the apparatus and target, tar- 
get thickness, target material, or lateral position be- 
tween the apparatus and the target, includes a coil for 
directing an electro-magnetic field at the target. A volt- 
age controlled oscillator energizes the coil at a resonant 
frequency which is functionally related to the target 
characteristic. The coil has an effective impedance 
value at resonance functionally related to the target 
characteristic. A frequency monitor measures the reso- 
nant frequency. An impedance monitor determines the 
impedance value when the drive frequency is at the 
resonant value. A PROM or controller determines the 
target characteristic in response to the measured reso- 
nant frequency and the determined impedance value. 
The PROM or controller provides a signal responsive 
to the determined target characteristic. 
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METHOD AND APPARATUS FOR SENSING A 
TARGm CHARACl’ERISTIC BY MEASURING 

BOTH IMPEDANCE AND RESONANT. 
FREQUENCY OF A TANK CIRCUIT 

GOVERNMENT RIGHTS 
This invention was made with Government support 

under NASA SBJR Contract NAS8-39315 award by 
NASA. The Government has certain rights in the in- lo 
vention. 

5 

TECHNICAL, FTELD 
The present invention is directed to an intelligent 

proximity sensor and is particularly directed to a Is 
method and apparatus for sensing a target characteris- 
tic. 

BACKGROUND OF THE INVENTION 

a specific target characteristic are known in the art. 
Such characteristics include distance between the sen- 
sor and the target, thickness of the target, and target 
material. The measurements of distance and thickness in 
an eddv-current inductive tvDe sensor are deDendent 25 

Eddycurrent inductive proximity sensors for sensing 20 

upon the target material. If an eddycurrent Gductive 
type proximity sensor is used as a switch having an 
“ON” or “OFF” condition to indicate distance from a 
target, the actual distance at which the switching oc- 
curs is dependent upon the target material. 
Proximity switch arrangements typically use an in- 

ductor coil to direct an electro-magnetic field toward a 
target. As the target and coil approach each other, the 
coil experiences a change in both its inductance and 
resistance as a function of the distance therebetween. 
The variation is the result of reflection of the induced 
eddycurrents in the target. It is =cult, however, to 
measure the change in coil impedance. 

Certain known proximity switch arrangements use a 
Hartley Oscillator to detect a predetermined distance 
between the target and the coil. The coil impedance is 
used as an active part of the oscillator circuit. As the 
distance between the coil and the target decrease, the 
impedance decreases. At some distance, the impedance 
decreases below a threshold neceSSary to keep the oscil- 
lator oscillating. When the oscillation stops, a switch is 
switched “ON.” Such an arrangement is subject to 
component value variations which result in a variation 
of the threshold value. Variation in the threshold value 
effects a change in the distance between the coil and the 
target at which the switch condition changes. 
U.S. Pat. No. 5,012,206 discloses an inductive prox- 

imity switch arrangement that provides a switching 
function which occurs at a predetermined distance inde- 
pendent of whether the target material is an electrically 
conductive nonmagnetic nonferrous metal (“NE”’) or a 
ferromagnetic metal (“FE”). To accomplish this func- 
tion, the oscillator frequency and the impedance of the 
sensor resonant circuit at the oscillator fiequency are 
respectively set to be equal to a critical frequency and a 
critical impedance value at a critical response point 
defined by a point where impedance-frequency charac- 
teristic curves of the sensor resonant circuit under the 
influence of NF objects and F E  objects at the predeter- 
mined switching distance intersect. 
U.S. Pat. No. 4,727,322 discloses an eddycurrent 

sensor used to measure thickness of a test part. The 
sensor measures two orthogonal components of impe- 
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dance of the sensor coil. The two orthogonal compo- 
nents are a purely resistive component and a reactive 
component. The reactive component is frequency de- 
pendent. To measure the target thickness, a calibration 
procedure develops a family of curves over a range of 
thicknesses under consideration. During actual mea- 
surement, the sensor is brought to a distance which 
results in one of the orthogonal components having a 
predetermined value. The value of the other component 
is measured and compared against the calibrated values 
to determine thickness. 
U.S. Pat. No. 4,230,987 discloses an eddy current 

sensor for monitoring metallurgical contents of an elec- 
trically conductive material. A parallel connected coil 
and variable capacitor are provided. An unknown spec- 
imen is inserted into the coil. An alternating voltage is 
applied to the coilcapacitor combination and the ca- 
pacitor value is changed in steps. As the capacitor value 
changes, so does the phase of the voltage across the coil. 
Phase verses capacitor values of the unknown specimen 
are compared against phase verses capacitor values of 
known specimens. A display provides the generic name 
or grade based upon the matched phase values. 

SUMMARY OF THE INVENTION 
The present invention provides a method and appara- 

tus for determining at least one of several target charac- 
teristics. The apparatus includes a coil driven at a reso- 
nant frequency. While at resonance, impedance of the 
coil is determined. The values of the resonance fre- 
quency and the coil impedance, while the coil is beiig 
driven at the resonance frequency, are both functionally 
related to the target characteristics. A memory device 
or control device determines the target characteristic 
from the resonant frequency and the coil impedance 
and provides a control signal in response thereto. 

In accordance with one aspect of the present inven- 
tion, an apparatus is provided for sensing a target char- 
acteristic and for providing an electrical signal in re- 
sponse to the sensed target characteristic. The appara- 
tus comprises coil means for directing an electro-mag- 
netic field at the target. The coil means has an effective 
impedance value functionally related to the target char- 
acteristic. Energizing means is drivably coupled to the 
coil means for energizing the coil means at a resonant 
frequency functionally related to the target characteris- 
tic. Means are provided for measuring the resonant 
frequency of the coil means. Means are provided for 
determining the impedance value when the frequency is 
at its resonant value. Means are provided for determin- 
ing the target characteristic in response to the measured 
resonant frequency and the determined impedance 
value at resonance. The apparatus further includes 
means responsive to the determined target characteris- 
tic for providing the signal responsive to the target 
characteristic. 

In accordance with another aspect of the present 
invention, a method is provided for sensing a target 
characteristic and providing an electrical signal in re- 
sponse to the sensed target characteristic. The method 
comprises the step of directing an electro-magnetic field 
at the target with a coil. The coil has an effective impe- 
dance value functionally related to the target character- 
istic. The method further comprises the steps of energiz- 
ing the coil at a resonant frequency functionally related 
to the target characteristic, measuring the resonant 
frequency of the coil, and determining the impedance 

, 
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value when the frequency is at its resonant value. The 
method further includes determining the target charac- 
teristic in response to the measured resonant frequency 
and the determined impedance value at resonance. An 
electric signal is provided in responsive to the deter- 
mined target characteristic. 

A sensor assembly in accordance with the present 
invention provides measurements of target characteris- 
tics including (1) relative distance between the sensor 
and the target, (2) relative distance and relative lateral 
position between the sensor and the target, (3) target 
material, and (4) target thickness. A proximity switch in 
accordance with the present invention permits a switch- 
ing condition (1) at a predetermined relative distance 
between the sensor coil and the target which is func- 
tionally related to the target material, or (2) at a prede- 
termined relative distance between the sensor coil and 
the target independent of the target material. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Other features and advantages of the present inven- 

tion will become apparent to those skilled in the art to 
which the present invention relates from a reading of 
the following detailed description of preferred embodi- 
ments with reference to the accompanying drawings, in 
which: 

FIG. 1 is a schematic block diagram of an apparatus 
for sensing a target characteristic made in accordance 
with the present invention; 

FIG. 2 is a schematic block diagram of the apparatus 
of FIG. 1 with the sensor controller shown in greater 
detail; 

FIGS. 3A-3C are graphical representations of sev- 
eral electrical signals of the apparatus of FIG. 1 while in 
operation; 

FIG. 4 is a schematic block diagram of the logic 
clock shown in FIG. 2; 

FIG. 5 is a graphical representation of target charac- 
teristics as a function of the values of certain electrical , 

4 
arrangement, the coil is mounted to a stationary fixture 
and the target moves toward or passed the coil. 

The coil 24 is electrically connected to a sensor con- 
troller 38 via wires #, 42. When the coil 22 is energized 

5 with an alternating current (“AC”) signal, an electro- 
magnetic field 46 is produced. The coil form 26 is, as 
mentioned, preferably cup shaped with a center post, 
although other forms may be used. The coil wire 24 is 
wound on the center post 28 of the coil form 26 so that 

10 the resultant electro-magnetic field 46 is directed 
toward the target 30. When the field 46 acts upon the 
target 30, eddy-currents are established in the target. 
These eddy-currents are reflected by the target and 
effect a change in inductance and resistance of the coil 

The sensor controller 38 is connected to a programm- 
able-read-only-memory (“PROM”) 44. The PROM 44 
is controllably connected to the mechanical actuator 34 
for control of the relative position between the coil 22 

20 and the target 30 as a function of a target characteristic, 
to a switch 48 for controlling the switch state as a func- 
tion of a target Characteristic, and/or to a display 50 for 
displaying information regarding a target characteristic. 
Such target characteristics include (1) relative distance 

25 between the sensor coil and the target, (2) relative dis- 
tance and relative lateral position between the sensor 
coil and the target, (3) target material, and (4) target 
thickness. If the controller 38 controls a switch, the 
controller controls the switching condition (1) at a pre- 

30 determined relative distance which is functionally re- 
lated to the target material, or (2) at a predetermined 
relative distance independent of the target material. 

Referring to FIG. 2, the coil 22 has a total effective 
inductance L resulting from both the coil and the effect 

35 of the reflected eddy currents from the target. The coil 
also has an effective impedance R. The sensor control- 
ler 38 includes a voltage-controlled-oscillator (“VCO”) 
60 connected to the coil 22 through a resistor 62 having 
a known resistance value Rx. A caDacitor 64. having a 

15 22. 

40 capacitance value C, is connected ih parallel across ;he 
coil 22. The parallel connected capacitor 64 and coil 22 
form a tank circuit. The vco 60 is used to drive the 
tank circuit with an AC si@. 

The sensor controller 38 determines “real” and 
FIG. 7 is a graphical representation of relative dis- 45 ‘‘ha- components of the coil impedance. TO 

accomplish determination, the vco 60 drives the 
tank circuit at a resonant frequency. When the fie- 
quency of the VCO 60 is set to exactly the resonant 
frequency, the total impedance of the parallel C/RL 

and relative distance between the Coil and target as 50 circuit is purely resistive. When the frequency is less 
than the resonant value, the resonant circuit acts like a 
R-L series circuit. When the frequency is greater than 
the resonant value, the resonant circuit acts like a R-C 
series circuit. When the frequency of the drive signal 

55 from the VCO is at the resonance value, current “i” 
through the coil 22 is exactly in phase with the voltage 
“v” developed across the coil 22. 

The resistor 62 in series with the coil 22 forms a resis- 
Referring to FIG. 1, a sensor apparatus 20 includes a tor divider network making the resistance of the coil 22 

coil 22 having wire 24 wound on coil form 26. The coil 60 easier to measure. At the resonance frequency, the com- 
form is a cup or pot core having a center post 28. The bined inductive reactance of the resonant circuit equals 
coil form 26 is made of a femte material. The coil 22 is the capacitive reactance of the circuit but 180 degrees 
movable relative to a metallic target 30 by a mechanical out of phase thereby giving a pure resistance value. 
actuator 34 drivably connected thereto. A mechanical Since the value of the capacitor in the tank circuit is 
actuator is shown for purposes of explanation only to 65 fixed and the inductance varies as a function of the 
provide a means for changing the distance between the distance, material, and thickness of the target, the value 
coil 22 and a target. Such a mechanical actuator may of the resonance frequency is determined by the induc- 
take the form of a robot ann. In another contemplated tance itself. Therefore, the VCO can be adjusted so as to 

signals of the apparatus shown in FIG. 1; 
FIG. 6 is a schematic representation of the coil of 

FIG. 1 spaced from a target which is made of two sepa- 
rate mater ie  

tance and lateral displacement between the Coil and 
target of FIG. 6 as a function of the values of certain 
electrical signals of the apparatus shown in FIG. 1; 

FIG. 8 is a graphical representation of target thick- 

a function of the values of certain electrical signals of 
the apparatus shown in FIG. 1; and 

FIG. 9 is a schematic block showing an 
alternative Circuit for determining the F count inf~rma- 
tion for the apparatus shown in FIG. 1. 

DESCRIF’TION OF PREFERRED 
EMBODIMENTS 
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make the v and i signals in phase. The frequency at Changes in the output of the counter 100 are indica- 
resonance, designated “F” is indicative of the induc- tive of the relative phase between v and i. The output of 
tance which is, in turn, indicative of the distance, mate- the counter 100 is referred to as the F count. The output 
rial, and thickness of the target. Also, once in phase, the of the counter 100 is connected to a multiplying digital- 
resistance of the & circuit, designated ‘‘2’’ is equal to 5 to-analog (“D/A”) converter 110. A reference voltage 
v/i. 112 is connected to the D/A converter for its proper 
An amplifier 68 has its non-hvehg input 70 con- operation as is well known in the art. The output of the 

necM to One side 72 ofthe capacitor 64. The Output 74 D/A converter 110 is connected to the control input of 
ofthe amplifier 68 is connected to the input 76 the VCO 60. The output of the D/A converter is an 
Of the amplifier 68 as to form a Voltage follower 10 analog control signal for the VCO 60. In a preferred 
circuit. The amplifier 68 has a high input impedance embodiment, a~countvalueof-resultsin 
thereby eliminating a coupling d k t  with the resonat- an output voltage of - 10 VDC from the D/A con- 
ing & circuit- The output of *e amplifier 68 is *e verter 110. ~n F count value of 11 11 11 1 1 1 11 1 results in 

an output voltage of +10 VDC from the D/A con- voltage value v developed across the coil 22. 

to the other side 82 of the capacitor 64. The output 84 of stabbed when the vco drives the coil at resonance, 

the amplifier 78 through a resistor 85 having a resistance indicative of the resonant frequency. 

An amplifier 78 has its input 80 connected 15 v e a r  110. ms c l o d  loop control arrangement is 

i.e., when v and i are in phase. Therefore, the F count is 

Referring to FIGS. 3A-3C, various conditions of the 
78 is connected so 2o relative phase betwen v and i are depicted. When the 

VCO frequency is l a  than the resonant value, the i 

the 78 is connected to the 8o Of 

value Rf. The non-inve*g 

as to form a 

86 Of 78 is 
to The 

Or a current to 
converter circuit. The ampl5er 78 has essentially a zero 
Ohms input thereby no effect On the 

is a value of the current i through the coil. 
FIGS. 3A-3C show the various relative conditions of goes HIGH after the the current i through the coil 22 and the voltage v de- 

when the current i lags behind the voltage v. In FIG. crease the 

voltage across the coil is the output 74 of inverter 113 connected to the output of the zero cross- 

of the voltage v. FIG. 3C shows a resonant condition is the ‘lock Output 98 Of the circuit 96 and is 
when the i and the voltage are in directly connected to the clock input of the counter 100. 
phase. mentioned, it is desirable to have the coil 22 35 The output of the zero crossing switch 90 is also con- 
driven at resonance to k able to determine the true nected to the clock input of a FLIP-FLOP 115. The 
resistance R and the true inductance L of the coil so as output of the inverter 113 is connected to an input of an 
to provide a determination of target characteristics. one shot multivibrator 114. The clock % further in- 

of the amplifiers @,78 are to cludes a one shot multivibrator 116 having its input 
a phase detector circuit 88. Specifically, the output 74 of 4 connected to the Output of the zero switch 92. 
the amplifier 68 is connected to a zero switch The output uO of the one shot 116 is connected to the 
90. The output 84 of the amplifier 78 is connected to a reSet/Set input Of the FLIP-FLOP 115. The Output 120 
zero 92. ne zero crossing switches 90, is a direction request line. The output of the one shot 
92 respectively convert each ofthe output signals 7484 114 iS Connected t0 the reset input Of the One shot 116. 
into binary values 0f‘‘17’ ifthe value of the output signal 45 The Output 97 of the FLIP-l%oP 115 is the direction 
of the amplifier is positive and ‘Y).. if the control signal connected to the direction control input 
output signal of the amplifier is negative. of the counter 100. The FLIP-FLOP 115 functions as a 
 his essentially converts the sine-wave output signals of latch to latch the direction request on line 120 at the 
v and i from the amplifiers 68, 78, respectively, k t0  sample time controlled by the output of the zero cross- 
square waves. =JJ ingswitch90. 

The outputs of the zero crossing switches 90,92 are with this arrangement, the Output 120 Of the one Shot 
connected to a logic clock 96. The logic clock 96 time- 116 (the direction request line) goes HIGH upon the 

compares the phase of the v and i si&. The rising edge of the Output 92 for the signal i and goes 
outputs of the logic clock % are connected to a 12 bit, L o w  upon the f f i g  edge Of the Output 90 for the 
binary up/down counter 100. Specifically, the logic 55 si&@ v. The signal 120 is then sampled at the owur- 
clock circuit % has a direction control output 97 con- r a c e  of the leading edge of the output 90 of the signal 
netted to a direction control input of the counter 100. V. The FLIP-FLOP 115 latches the drection request 
The logic clock circuit % also has a clock output signal value (a HIGH or a LOW) present at its set/reset input 
98 connected to the clock input signal of the counter upon the occurrence of a rising edge of the line 98. The 
100. Upon c o m p h g  the relative phase of the v and the 60 value latched at the sample time is use to provide the 
i signals, the logic clock % outputs an up count com- direction control signal 97 for the up/down counter 
mandonline97andacountpulseonline98ifvoccurs 100. 
before i. If i occurs before v, the clock % outputs a In FIG. 3A in which the i curve lags the v curve, 
down command on line 97 and a count pulse on line 98. meaning that the frequency is too low, the signal 120 
Each time the up command is output and a count pulse 65 from the one shot 116 at the sample time is LOW which 
is output, the counter counts up. Each time the down results in a LOW being latched into the FLIP-FLOP. 
command is output and a count pulse is output, the The output line 97 would then be LOW which com- 
counter counts down. mands the counter 100 to count up. This count up signal 

curve lags the curve, which is the condition shown in 
FIG. 3A. The outputs of the zero crossing switches 90, 

25 same time scale x-axis. Since the i signal from switch 92 
signal goes HIGH from switch 

measuTement v* The Output Of the 78 92 are shown below the analog and i curves with the 

veloped across the coil 22. FIG. 3A shows a condition wy the logic ‘lock % Outputs an command to in- 
Of the vco 60* 

3A, the current i is the output 84 of amplifier 78. The 30 

FIG. 3~ shows a condition when the current i is && 

Referring to FIG‘ 4, the logic % an 

ing Switch 90. The Output Of the Zero Crossing switch 90 

ne 
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8 
results in an increase in the output frequency of the several characteristics of a target in the sensor coil’s 
vco 60. range. These characteristics include (i) relative distance 

Referring to FIG. 3B, the current curve i is ahead of between the coil and the target, (ii) target material, (E) 
the voltage curve v meaning that the frequency is target thickness, and (iv) relative distance and the rela- 
greater than resonance. The outputs 90, 92 of the 5 tive lateral position between the coil 22 and the target. 
switches result in the signal 120 being HIGH at the The output F count and Z count are connected to the 
sample time which results in a HIGH being latched into PROM 44. 
the FLIP-FLOP 115 upon the occurrence of the lead- The PROM 44 includes empirically determined data 
ing edge of the v signal. The output of the FLIP-FLOP that relates values of F count and Z count information 
is then HIGH or a 1, meaning that the frequency is 10 for the target characteristic desired. The PROM com- 
greater than resonance. A HIGH on the command line pares or correlates the stored values against measured 
97 results in a count down command to the up/down values and provides and output signal in response to the 
counter 100 so as to result in a decrease in the frequency comparison. The output signal from the PROM can be 
of the VCO 60. used to control a display, a switch, and/or an actuator. 

The counter logic clock 96, the counter 100, the D/A 15 As those skilled in the art appreciate, the PROM may be 
converter 110, and the VCO 60 are arranged so that a replaced by a microcomputer programmed to interpret 
count up signal from the logic clock 96 results in an the F count and the Z count information and control a 
increase in the frequency output from the VCO 60. display, a switch, and/or an actuator in response to the 
Similarly, a count down signal from the logic clock 96 interpreted information. Preferably, the sensor control- 
results in a decrease in the frequency output from the 20 ler 38 is manufactured in a single Application Specific 
vco 60. Integrated Circuit (“ASIC”). 

Referring to FIG. 3C, the current curve i and the Referring to FIG. 5, a graph is shown of stored F 
voltage curve v are shown as in-phase. When this oc- count values on the Y-axis and the Z count values on 
curs, the value of the output 120 from the one shot 116 the X-axis for different target materials at varying dis- 
dithers or oscillates between HIGH and LOW upon the 25 tances between the coil 22 and the target 30. These 
occurrence of alternate latch pulses to the FLIP-FLOP. values are empirically determined. Line 210 represent F 
This results in the output of the FLIP-FLOP to dither count and Z count information for a target made from 
causing the count output F from the binary up/down copper. Point 212 on line 210 represents the F count 
counter 100 to repeatedly dither up one count or down value and the Z count value when the copper target is 
one count when resonant frequency is achieved. When 30 1 millimeter from the coil 22. Point 214 on line 210 
the output of the counter 100 is dithering about the represents the F count value and the Z count value 
resonant frequency, the output of the D/A converter when the copper target is 5 millimeters from the coil 22. 
110 is also dithering. The frequency output from the Line 220 represents F count and Z count information 
VCO 60 is held substantially constant at the resonant for a target made from aluminum. Point 222 on line 220 
frequency. 35 represents the F count value and the Z count value 

The VCO 60 provides internal filter of the D/A out- when the aluminum target is 1 millimeter from the coil 
put signal so as to smooth out the dither variations. 22. Point 224 on line 220 represents the F count value 
When the coil 22 is driven at resonance, the impedance and the Z count value when the aluminum target is 3 
of the coil 22 is determined. The count F, which is millimeters from the coil 22. Line 230 represents F 
indicative of the resonant frequency of the coil 22, is 40 count and Z count information for a target made from 
connected to the PROM 44. brass. Line 240 represents F count and Z count informa- 

The output of the amplifier 68 is connected to a full tion for a target made from stainless steel. Line 250 
wave rectifier circuit 150. The output of the amplifier represents F count and Z count information for a target 
18 is connected to a full wave rectifier circuit 152. The made from steel. 
output of the rectifier 150 is connected to a filter circuit 45 From the F count and Z count information contained 
154. The output of the rectifier 152 is connected to a in the graph of FIG. 5, several control arrangements are 
filter circuit 156. The filter circuits 154,156 are prefera- possible. When arranged to function as a proximity 
bly RC filter circuits that, respectively, full wave rec- switch, the PROM 44 is connected only to the switch 
tify the signals v and i. The output of the rectifier 154 is 48. Several types of proximity switches are possible 
a DC signal having a value V functionally related to the 50 using the apparatus of the present invention. In accor- 
value of v. The output of the rectifier 156 is a DC signal dance with one embodiment of the present invention, a 
having a value I functionally related to the value of i. proximity switch is provided that changes switch condi- 
The outputs of the filters 154 and 156 are connected to tions when the distance between the target and the coil 
an analog divider circuit 160 that determines a value Z reach a predetermined value independent of the target 
equal to VA and outputs an analog signal having a 55 material. This is accomplished by storing the F count 
value functionally related to the value of VA. information and the Z count information into the 

The output of the analog divider 160 is connected to PROM for the predetermined switching distance for all 
an analog-to-digital (“A/D”) converter 170. The output anticipated target materials the sensor may encounter. 
of the A/D converter is a digital value Z having a value This information may be obtained using empirical meth- 
functionally related to the value of the effective impe- 60 ods. For example, the F count information and the Z 
dance of the coil 22 in Ohms. The A/D converter is count information for samples on the 2 millimeter dis- 
preferably a twelve-bit converter that provides a twelve tance line 280 are stored in the PROM 44. Line 280 
bit digital word. In an preferred embodiment, the value represents the F count information and the Z count 
11 11 11 11 11 11 represents 11,260 Ohms and the value information for a target being 2 millimeters away. If the 
000000000000 represents 0 Ohms. 65 F count and Z count information is to the left of or 

The digital word F is referred to as the F count. The above the values defined by line 280, the switch 48 is set 
digital word 2 is referred to as the Z count. The F or commanded by the PROM to one condition. If the F 
count and the Z count include information indicative of count and Z count information is to the right of or 



5,420,507 
9 

below the values defined by line 280, the switch 48 is set 
or commanded by the PROM to another condition. 

In accordance with another embodiment of the pres- 
ent invention, the PROM 44 is programmed to change 
the switch condition when a particular target material 
comes within a predetermined distance of the coil and 
ignoring all other materials that may be present. To 
accomplish this feature, the PROM is programmed with 
the F count and Z count information for one material 
only such as the line 240 for stainless steel. If the switch- 
ing distance selected is 3 millimeters for stainless steel, 
the switch would be set or commanded by the PROM 
to one condition ifthe F count and the Z count informa- 
tion was on the right side of the 3 millimeter point and 
on the line 240. The switch would be set or commanded 
by the PROM to the other condition if the F count and 
the Z count information was on the left side of the 3 
millimeter point and on the line ZAO. Data not being on 
the line 240 is ignored for switch position control. 

The sensor apparatus 20, in accordance with yet an- 
other embodiment of the present invention, provides an 
indication of both material and distance. In this embodi- 
ment, the PROM 44 is connected to a display 50. The 
PROM 44 is programmed with the F count and Z count 
information contained in graph of FIG. 5. The PROM 
monitors the F count and Z count information and 
compares the information with that it has stored. Based 
on correlation of data between measured and stored F 
count and 2 count information, the PROM 44 outputs 
to the display an electric signal indicative of target 
material and target distance from the coil. 

In accordance with another embodiment of the pres- 
ent invention, the sensor is used to control a mechanical 
actuator 34 such as a robot arm. In this embodiment, the 
PROM 44 is connected to the actuator 34. The PROM 
is programmed with actuator control si+ as a func- 
tion of target distance and/or material. For example, if 
the robot is controlling a tool at the end of its arm, a 
sensor apparatus made in accordance with the present 
invention controls distance between the end of the arm 
and the target. 

Referring to FIGS. 6 and 7, an arrangement is shown 
to determine the lateral position between the sensor coil 
22 and a compound target 300 made of at least two 
different materials 302, 304. The coil 22 i s  located a 
distance X from the target. Lateral movement of the 
coil is indicated as being along the Y axis. Line 310 in 
FIG. 7 represents the F count and the Z count values 
for different distances between the coil and target when 
the coil 22 is laterally aligned with the target material 
302 made from aluminum. Line 312 in FIG. 7 represents 
the F count and the Z count values for different dis- 
tances between the coil and the target when the coil 22 
is laterally aligned with the target material 304 made 
from stainless steel. Line 314, 316,318,320, 322,324, 
etc., are the F count and Z count information when the 
associated distance between the coil and the target is 
held constant at a value associated with one of those 
lines with the coil laterally traversing across the target. 
In accordance with another embodiment of the present 
invention, the PROM 44 includes the information in- 
cluded in the graph of FIG. 7. A switch is controlled as 
a function of the relative lateral position between the 
coil and the target or as a function of both relative 
lateral position and relative distance between the coil 
and the target. Such distance and lateral position infor- 
mation can also be displayed. This arrangement pro- 

10 
vide a sensor that senses proximity in two directions, 
Le., perpendicular and lateral relative to the target. 

In accordance with still yet another embodiment of 
the present invention, the Sensor provides an indication 

5 of target thickness. Referring to FIG. 8, the F count and 
Z count information for targets made of a material of 
interest having different thicknesses is empirically de- 
termined and stored for different relative distances be- 
tween the target and the coil. Line 340 is the F count 

10 and the Z count information for an aluminum target 
having a thickness of 0.01 millimeters and located at 
various distances from the coil. Point 342 on line 340 is 
the 0.01 millimeter thick target located a distance of 1 
millimeter from the coil. Line 344 is the F count and the 

15 z count information for an aluminum target having a 
thickness of 0.13 millimeters and located at various 
distances from the target. Point 346 on l i e  344 is the 
0.13 millimeter thick target located a distance of 1 milli- 
meter from the coil. Line 350 is the F count and the Z 

2o count information for an aluminum target having a 
thickness of 0.50 millimeters and located at various 
distances from the target. Point 352 on line 350 is the 
0.50 millimeter thick target located a distance of 1 milli- 
meter from the coil. 

In accordance with this thickness sensing embodi- 
ment of the present invention, the PROM 44 includes 
the information included in the graph of FIG. 8. A 
switch is controlled as a function of material thickness 

3o or as a function of both target thickness and relative 
distance between the coil and the target. Such informa- 
tion can also be displayed or used to control a mechani- 
cal actuator. 

FIG. 9 depicts an alternative arrangement for deter- 
35 mining an F count value that would be substantially 

temperature insensitive. The ratio of the control input 
to the frequency output of a voltage control oscillator is 
not typically temperature stable. If the VCO output 
frequency varies with temperature, the F count from 

40 counter 100 will vary to keep the closed loop ‘‘satis- 
fied,” Le., to keep v and i in phase. To obtain a more 
temperature stable F count, the output of zero crossing 
switch 90 is also connected to a 12 bit, binary counter 
400. An oscillator 410 is connected to a 12 bit binary 

45 counter 420. Two bits 422, 424, from the counter 420 
are respectively connected to an AND gate 430. The 
output of the AND gate 430 is connected to the reset 
input of the counter 420. If the oscillator 410 outputs a 
10 kilohertz frequency and output lines 424 and 422 of 

50 counter 420, representing the 64th and the 256th bit 
count, respectively, are ANDED in the AND gate 430, 
a reset pulse is provided by the AND gate 430 every 32 
milliseconds. This reset pulse is a HIGH true pulse, i.e., 
normally LOW. The output of the AND gate 430 is 

55 connected to a falling edge detector 432. The falling 
edge detector 432 is connected to the counter 400. The 
output of the AND gate 430 is also connected to a rising 
edge detector 440. The output of the rising edge detec- 
tor is connected to the clock input of a latch 450. The 

60 latch 450 is connected to the output of the binary 
counter 400. The output of the latch 450 is used as the 
F count information. With this arrangement, the fre- 
quency of the signal used to drive the coil is measured 
by monitoring the frequency of the voltage v developed 

65 across the coil 22. The frequency count held in the latch 
450 is updated each time the reset pulse from the AND 
gate 430 is provided. With this arrangement, the fre- 
quency monitoring is not part of the closed loop control 

’ 

25 
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thereby eliminating variations that would other wise 
result from temperature effects on the VCO. 
This invention has been described with reference to 

preferred embodiments. Mdications and alterations 
may occur to others upon reading and understanding 
this specification. It is my intention to include all such 
modifications and alterations insofar as they come 
within the scope of the appended claims and the equiva- 
lents thereof. 

Having fully described the invention, the following is 
claimed 
1. An apparatus for sensing a target characteristic and 

for providing an electrical signal in response to said 
sensed target characteristic, said apparatus comprising: 

coil means for directing an electro-magnetic field at 
said target, said coil means having an effective 
impedance value functionally related to said target 
characteristic; 

energizing means drivably coupled to said coil means 
for energizing said coil means at a resonant fre- 
quency functionally related to said target charac- 
teristic; 

means for measuring said resonant frequency of said 
coil means; 

means for determining said impedance value when 
said frequency is at its resonant value; 

means for determining said target characteristic in 
response to said measured frequency and said de- 
termined impedance value; and 

means responsive to said determined target character- 
istic for providing said signal responsive to said 
characteristic. 

2. The apparatus of claim 1 wherein said target char- 
acteristic is target material. 
3. The apparatus of claim 1 wherein said target char- 

acteristic is relative distance between said coil means 
and said target. 
4. The apparatus of claim 1 wherein said target char- 

acteristic is target thickness. 
5. The apparatus of claim 1 wherein said target is 

made from at least two different materials and wherein 
said target characteristic is relative lateral position be- 
tween said coil means and said target. 

6. The apparatus of claim 1 wherein said coil means 
includes a parallel connected coil and capacitor. 

7. The apparatus of claim 6 further including a cup 
core that focuses said electro-magnetic field toward said 
target. 

8. The apparatus of claim 1 further including a switch 
operatively connected to said electrical signal provided 
in response to said target characteristic, a condition 
state of said switch being responsive to said determined 
target Characteristic. 
9. The apparatus of claim 8 wherein said target char- 

acteristic is relative distance between said coil means 
and said target. 
10. The apparatus of claim 8 wherein said target char- 

acteristic is target thickness. 
11. The apparatus of claim 8 wherein said target char- 

acteristic is target material. 
12. The apparatus of claim 8 wherein said target is 

made of at least two different materials and wherein said 
target characteristic is relative lateral orientation of said 
coil means and said target. 
13. The apparatus of claim 1 wherein said coil means 

includes a parallel connected coil and capacitor and 
wherein said means for energizing includes a voltage 
controlled oscillator connected to said coil and means 

12 
for controlling said voltage controlled oscillator at said 
resonant frequency. 
14. The apparatus of claim 13 wherein said means for 

controlling said voltage controlled oscillator includes 
5 means to apply a control voltage to a control input of 

said voltage controlled oscillator so as to maintain cur- 
rent through said coil in phase with voltage developed 
across said coil. 
15. The apparatus of claim 14 wherein said means for 

10 determining said impedance value includes a series con- 
nected resistor connected in series with the parallel 
connected coil and capacitor, means for measuring the 
voltage drop across said coil, means for measuring the 
current through said coil, and means for determining 

15 effective impedance as a function of sensed voltage and 
sensed current. 
16. The apparatus of claim 15 wherein said means for 

determining the impedance from said sensed current 
through said coil and from said voltage developed 

20 across said coil includes means for dividing the sensed 
developed voltage by the sensed current through said 
coil. 
17. The apparatus of claim 1 further including display 

means connected to said signal responsive to said target 
25 characteristic for displaying information indicative of 

said target characteristic. 
18. The apparatus of claim 1 further including me- 

chanical actuator means connected to said signal re- 
sponsive to said target characteristic for providing rela- 

30 tive movement between said coil means and said target 
in response to said target characteristic. 
19. An apparatus for sensing a target characteristic 

and for providing an electrical signal in response to said 
sensed target characteristic, said apparatus comprising: 

coil means for directing an electro-magnetic field at 
said target, said coil means having an effective 
impedance value and an inductance value function- 
ally related to said target characteristic; 

energizing means drivably coupled to said coil means 
for energizing said coil means with an alternating 
current signal at a frequency functionally related to 
said target characteristic, said energizing means 
including means for monitoring a voltage devel- 
oped across said coil means and for monitoring 
current through said coil means, and means for 
controlling said alternating current signal fre- 
quency so that substantially no phase difference 
exists between said developed voltage across said 
coil means and said current through said coil 

50 means, said controlled alternating current fre- 
quency being said resonant frequency of said coil 
means; 

means for measuring said resonant frequency of said 
coil means; 

means for determining said impedance value of said 
coil means when said frequency of said alternating 
current signal is at the resonant value; 

means for determining said target characteristic in 
response to said measured frequency and said de- 

means responsive to said determined target character- 
istic for providmg said signal responsive to said 
target characteristic. 

20. An apparatus for sensing a target characteristic 
65 and for providing an electrical signal in response to said 

sensed target characteristic, said apparatus comprising: 
coil means for directing an electro-magnetic field at 
said target, said coil means having an effective 

35 

40 

45 

55 

60 termined impedance value; and 
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impedance value and an inductance value function- 
ally related to said target characteristic; 

a camtor with said coil means; 
a resistor connected in series with said coil; 

the amount of phase difference between said voltage 
signal and said current signal of said coil. 

22. A method for sensing a target characteristic and 
providing an electrical signal in response to said sensed 

means driVably coupled to said coil means 5 target characteristic, said method comprising the steps 
Of: 

directing an electro-magnetic field at said target with 
a coil, said coil having an effective impedance 
value functionally related to said target character- 
istic; 

ally related to said target characteristic; 

in 

through said resistor for energizing said coil means 
with an alternating current signal at a frequency 
functionally related to said target characteristic, 
said energizing means including a voltage con- 
trolled Oscillator, XneanS for mOnitOMg a Voltage 
developed across said coil means, means for moni- 
t o h g  current through said coil means, and means 
for controlling said voltage controlled oscillator SO 
that substantially no phase difference exists be- 15 
tween said developed voltage across said coil 
means and said current through said coil means, the 
output of said voltage controlled oscillator being a 
resonant frquenCy ofsaid coil when said no 
substantial phase difference e h t q  

means for measuring said resonant frequency of said 
coil means; 

means for determining said impedance value when 

energizing said coil at a r m n m t  frequency function- 

measuring said resonant frequency of said coil; 
determining said impedance value of said coil when 

said frequency is at its resonant value; 
determining said target characteristic in response to 

said measured frequency and said determined im- 
pedance value; and 

providing a target characteristic signal responsive to 

23. The method of claim 22 wherein said step of de- 
termining a target characteristic includes determining 
target material. 

24. The method of claim 22 wherein said step of de- 

20 said determined target characteristic. 

said frequency of said alternating Current Si@ is 25 termining a target characteristic includes determining 
at the resonant valuq 

means for determining said target Characteristic in 
response to said measured resonant frequency and 
said determined impedance value; and 

means responsive to said determined target character- 30 
istic for providing said signal responsive to said 
target characteristic. 

21. m e  apparatus of claim 20 wherein said means for 
controlling said voltage controlled oscillator includes 
means for monitoring fie 

relative distance between said coil and said target. 
25. The method of claim 22 wherein said step of de- 

termining a target characteristic includes determining 
target thickness. 

26. The method of claim 22 wherein said target is 
made from at least two different materials and wherein 
said step of determining a target characteristic includes 
determining relative lateral position between said coil 
and said target. 
27. The method of claim 22 further including the step between a 35 

signal indicative of said voltage developed 

though said coil means, means for Providing a first 

said Of Controlling 8 Switch reSpOnSe to said target CharaC- 

28. The method of claim 22 further including the step 
teristic signal. means and a indicative Of said current 
of displaying information indicative of said target char- 

phase indicative signal when said voltage signal leads 
said current signal in time and for providing a second 
phase indicative si@ When said Current signal leads 
said voltage signal in time, and further including means 
for controlling the control input of said voltage con- 
trolled oscillator in response to said first or second 45 target in response to said target characteristic. 

acteristic. 
29. The method of claim 22 further including the step 

of controlling a mechanical actuator in r e p o m  to said 
signal indicative of said target characteristic SO as to 
control relative movement between said coil and said 

phase indicative signals SO as to substantially eliminate * * * * *  

50 

55 

60 
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