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by the angle corresponding to the sine and cosine stored
in the latch. While the phase adjust switch is on, the
reactive component of the output of the phase rotator
hunts about zero. When the phase adjust switch is off,
the phase rotator rotates the phase of any signal input
into the multiplying circuitry by the angle indicated by
the last sine and cosine values strobed into the latch.

6 Claims, 3 Drawing Figures
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PHASE ROTATION CIRCUIT FOR AN EDDY
CURRENT TESTER

BACKGROUND OF THE INVENTION

1 Field of the Invention

This invention relates generally to a device for testing
for defects in materials and particularly to a device
which uses the complex impedance plane technique of
eddy current testing to detect defects in metal struc-
tures.

2. Description of the Prior Art

It is known in the art that variations in conductivity
and permeability of a material indicate the presence of
structural defects such as cracks and corrosion. In most
testing applications an oscillator applies a sinusoidal
electrical signal across a reference coil and a test coil,
with the test coil adjacent the material being tested so
that the sinusoidal electrical signal in the test coil in-
duces eddy currents in the material under test. The eddy
currents produce a corresponding magnetic field which
is out of phase with the magnetic field of the test coil;
therefore, these fields tend to cancel one another, which
reduces the test coil voltage. The test coil voltage is
therefore a function of the magnitude of eddy current
flow in the test piece.

The magnitude of eddy currents in the test piece, and
thus the test coil voltage, depends upon the permeabil-
ity and conductivity of the material being tested. In
materials such as 300 series stainless steel and aluminum
alloys, the conductivity is usually the only significant
variable. Defects in such materials decrease the conduc-
tivity, which disrupts the eddy currents, causing the
magnitude thereof to decrease. Therefore, the test coil
voltage increases to indicate that the test coil is adjacent
a defect.

In most testing applications, variations in the spacing
between the probe and the material produce an undesir-
able signal component which significantly affects the
accuracy and reliability of the eddy current test results.
The undesired signal is known as probe spacing, probe

motion, probe wobble, or lift-off. Hereinafter, the unde-

sired signal is referred to as “lift-off”.

One prior art device for compensating for lift-off
variations requires an operator to read a meter and to
manually adjust a potentiometer to minimize the lift-off
over a given thickness range for the test material. To
accomplish this manual calibration, the operator may
need to perform several adjustments of the potentiome-
ter to attain the proper setting therefor.

A second prior art device for compensating for lift-
off signal variations in an eddy current tester uses a dual
channel receiver which is responsive to signals from a
test probe. A test probe forms the inductive part of a
tuned oscillator circuit which is connected to the re-
ceiver. The varying magnetic field induced in the test
sample produces eddy currents; and a defect in the test
sample causes a change in the amplitude and frequency
of the oscillator output. While both the amplitude and
the frequency of the oscillator output depend on both
the probe-surface spacing and surface defects, the prior
art teaches that the amplitude variations are primarily
dependent on probe-surface spacing, or lift-off, whereas
the frequency variations are more dependent upon sur-
face defects than upon the lift-off. This second prior art
device includes summing and difference amplifiers
which process the amplitude and frequency information
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2
to produce output signals which are indicative of de-
fects and the lift-off.

Both of the prior art devices require continuous
power inputs which render the prior art unsuitable for
battery-powered operation.

Accordingly, there is a need in the art of nondestruc-
tive material testing for an eddy current tester which
affords ease of calibration and which permits battery-
powered operation so that the utility of the device does
not depend upon the availability of power lines to sup-
ply electricity to the system.

SUMMARY OF THE INVENTION

The present invention overcomes the difficulties and
inconveniences associated with prior art eddy current
testers. An eddy current tester according to the present
invention is a portable, variable frequency device which
employs the complex impedance plane technique of
eddy current testing. The frequency of the test signal is
digitally selected with typical frequencies ranging from
100 Hz to 990 KHz with crystal-controlled accuracy
and stability.

The present invention includes phase rotation cir-
cuitry which rotates the x-y coordinate system until the
undesired signal, usually lift-off, has a vertical compo-
nent of zero volts. The phase rotation circuitry includes
an eraseable programmable read only memory, herein-
after Eprom, which contains sine-cosine values which
are used to rotate the coordinate system according to
well-known trigonometric equations. The Eprom re-
ceives power only during calibration of the phase rota-
tion circuitry and supplies the appropriate sine-cosine
digital signals to latches which store the sine-cosine
signals for input to circuitry which performs the calcu-
lations for rotating the coordinates.

After the phase is properly adjusted, only signals
indicative of defects have a vertical component, which
is detected by a meter or other suitable means.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of the invention; and
FIGS. 2A and 2B comprise a schematic of the coordi-
nate rotation circuitry of FIG. 1.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring to FIG. 1, a 1 MHz crystal 1 supplies a
square wave signal to a counter 2 which divides the
frequency by 100 to provide a 10 KHz signal to a phase
lock voltage controlled oscillator 3. A digital frequency
selector 4 provides an input signal f to a second counter
6 which divides f by an integer N such that f/N=10
KHz. The voltage controlled oscillator 3 outputs a
signal having a frequency f=N-10 KHz to a range mul-
tiplex circuit 7 and to a third counter 8.

The counter 8 divides f by 10 and has outputs con-
nected to the range multiplex circuit 7 and to a fourth
counter 9. The counter 9 similarly divides the input
frequency thereto by 10 and has outputs connected to
the range multiplex circuit 7 and to a fifth counter 11
which divides the frequency input thereto by 10 and
provides an output to the range multiplex circuit 7.
Therefore, the range multiplex circuit permits the selec-
tion of test frequencies of f, 0.1 f, 0.01 f, and 0.001 f.

The square wave output of the range select multiplex
circuit is connected to a square-to-sine conversion cir-
cuit 12 which provides a sine wave output to a power
amplifier 13 which drives a reference probe 14 and a test
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probe 16 through resistances 17 and 18, respectively,
which provide short circuit protection to the power
amplifier 13. The reference probe 14 and the test probe
16 are preferably matched dual coil probes which are
commercially available.

The outputs of the reference probe 14 and the test
probe 16 are connected to a differential amplifier 19
with the output thereof being connected to an amplifier
21 through a gain control potentiometer 22. The output
of the amplifier 21 and an output of the range multiplex
circuit 7 are connected to a balanced demodulator 23.
The balanced demodulator 23 converts the input signal
thereto, which is a sine wave at the test frequency, into
two dc signals V and H which correspond to the reac-
tive and resistive components in the phasor representa-
tion of the sine wave signal from the amplifier 21. Since
the output of the differential amplifier is proportional to
the difference of the outputs of the reference probe 14
and the test probe 16, the signals V and H represent the
differences of the corresponding components of the
reference and test coil phasors.

The V and H signals from the balanced demodulator
23 are connected to a dc balance circuit 24 which com-
prises a balance switch 26 and amplifiers 27-30. The
signals V and H should be balanced to zero in the com-
plex plane under quiescent conditions. Closing the bal-
ance switch 26 to complete the loop comprising the
amplifier 27 and the amplifier 28 for the V signal and the
loop comprising the amplifier 29 and the amplifier 30
for the H signal provides the necessary offset to balance
the signals to the origin in the complex plane.

After the instrument is balanced, a lift-off signal is
deliberately introduced by varying the spacing between
the coil and a standard piece with a nonconductive
shim. Turning on a phase adjust switch 31 causes the
lift-off signal to be processed by the phase rotation
circuitry 32 to rotate the coordinate system until the
vertical component of the lift-off signal is equal to zero.
When the shim is removed and the test probe is placed
in contact with the standard piece, the eddy current
signal returns to the origin of the complex plane. After
the phase has been adjusted, the eddy current tester is
ready for operation. _

The signals V and H from the probes 14 and 16 are
input into multiplying digital-to-analog converters 33
and 34, respectively, which supply outputs to a phase
rotator 36. The phase rotator 36 processes the input
signals to rotate the coordinates according to the equa-
tions

Vour=V cos 6 —H sin 6
Hoyy=H cos 8+ V'sin 0,

which are the equations for rotating the X-Y coordi-
nates system by the angle 6. The phase rotator 36 has a
vertical output 37 and a horizontal output 38 for con-
nection to suitable display means. The vertical output of
the phase rotator 36 is also input into an amplifier U1B
which drives a meter 39. A potentiometer 41 provides
means for adjusting the gain of the amplifier U1B. The
vertical output of the phase rotator 36 is also connected
to a zero detector circuit 42 which has the output
thereof connected to an up/down counter 43. The up/-
down counter 43 also receives the 10 KHz reference
signal from the counter 2 and an input from the phase
adjust switch 31. The up/down counter 43 is connected
to a binary counter 44 to control the counting direction
thereof. The output of the binary counter 44 is con-
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4

nected to an Eprom 46, which is a 1024 X 8 erasable
programmable read only memory. One-half of the
memory locations contain an 8-bit-cosine weighting
value look-up table, and the other half of the memory
locations contain an 8-bit-sine weighting value look-up
table. The Eprom is normally unpowered and is actu-
ated only when the phase adjust switch 31 is on, which
permits an eddy current tester according to the inven-
tion to be battery powered or line powered. The output
of the Eprom 46 is connected to a latch circuit 47 which
also receives an input from the up/down counter 43.
The latch 47 supplies outputs to the multiplying digital-
to-analog converters 33 and 34, which provide differen-
tial current outputs to the phase rotator 36.

If the output of the zero detector 42 is positive when
the phase adjust switch is turned on, then the up/down
counter 43 causes the binary counter 44 to count down
until the vertical output reaches zero or until the phase
adjust switch is turned off, which disconnects power
from the up/down counter 43, the binary counter 44
and the Eprom 46. As the binary counter 44 counts, the
8-bit words which represent the sine and cosine values
are addressed in succession and edge clocked into the
strobe latch 44 at appropriate timing sequences. The’
latch 47 retains the sine and cosine values and supplies
digital signals indicative thereof to the multiplying digi-
tal-to-analog converters 33 and 34. The phase rotator 36
processes the outputs of the multiplying digital-to-
analog converters 33 and 34 to rotate the coordinates
according to the above-stated equation.

If the phase adjust switch 31 is on, and the output of
the zero detector 42 is positive, the binary counter 44
continues to count down; and the Eprom supplies an-
other set of sine-cosine values into  the latch 47. The
coordinates rotate until the output of the zero detector
42 is.negative, which causes the up/down counter 43 to
command the binary counter 44 to count up, which
causes the coordinates to rotate in the direction oppo-
site to the previous direction of rotation until the output
of the zero detector 42 again changes states. The system
hunts back and forth across the horizontal axis until the
phase adjust switch 31 is turned off, at which time the
latch 47 retains the last sine-cosine information supplied
thereto. After the phase adjust switch 31 is turned off,
any phasor signal indicated by the components V and H
from the probes 14 and 16 will be rotated by the phase
rotator 36 through the angle 0 indicated by the sines and
cosines which are stored in the latch 47.

After the phase has been adjusted, any lift-off signal
will have only a horizontal component, and defects,
such as cracks and corrosion, in a test sample will result
in a signal which has a vertical component which may
be easily read on the meter 39 or connected to other
suitable display means.

Referring to FIGS. 2A and 2B, the signal V is input
into a first digital-to-analog converter US5 at pin 15 and
to a second digital-to-analog converter U11 also at pin
15; and the signal H is input to pin 15 of a digital-to-
analog converter U4 and to a second digital-to-analog
converter U10. The digital-to-analog converters U4 and
US receive inputs indicative of the sine of the angle of
coordinate rotation from each of a pair of strobe latches
U6 and U7; and similarly the digital-to-analog convert-
ers U10 and U11 each receive inputs indicative of the
negative of the cosine of the angle from a pair of strobe
latches U12 and U13. The digital-to-analog converter
U4 has outputs 1 and 2 connected to the negative input
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terminals of an operational amplifier UZA and an opera-
tional amplifier U2B, respectively. The positive inputs
of the operational amplifiers U2A and U2B are
grounded and a resistance R7 is connected between the
negative input of the operational amplifier U2A and the
output of U2B. A resistance R8 is connected between
the output and the negative input of U2B. The opera-
tional amplifiers U2A and U2B and the resistances R7
and R8 comprise a multiplying circuit which produces
an output at pin 1 of U2A which is proportional to the
product of the....gnals input to the operational amplifiers
U2A and U2li. The inputs to U2A and U2B are H and
sin @ respectively; and in addition to multiplying the
inputs, the operational amplifiers perform a sign change
so that the output at pin 1 of the operational amplifier
U2A is —H sin 0. Similarly, the operational amplifiers
U2C and U2D with associated resistances R9 and R10;
the operational amplifiers U8A and U8B with associ-
ated resistance R24 and R25; and the operational ampli-
fiers USC and USD with associated resistances R26 and
R27 each comprise additional multiplying circuits simi-
lar to the multiplying circuit hereinabove described.
Since the signal V is supplied to pin 15 of the digital-to-
analog converter US5, the output at pin 14 of U2C equals
—YV sin 0, while the output at pin 1 of U8A is +H cos
8 and the output at pin 14 of USC is +V cos 6.

The output at pin 14 of USC is connected to a sum-
ming inverter which comprises an operational amplifier
U3A and resistances R11, R14, R15 and R30. The out-
put at pin 7 of the operational amplifier U3A is input
into an inverter which comprises an operational ampli-
fier U3B, resistances R17, R18 and R31, and capacitor
C1. The output at pin 14 of the operational amplifier
U3B is Vyur=V cos 6—H sin 8. The output H cos 6
from pin 1 of the operational amplifier U8A is con-
nected to an inverter which comprises an operational
amplifier U3C and resistances R12 and R13; and the
output of the operational amplifier U3C and the output
from pin 14 of the operational amplifier U2C are con-
nected to a summing inverter comprising an operational
amplifier U3D, a capacitor C2 and resistances R16, R19
and R20. The output of U3D is therefore

Hoyy=H cos 8+ V sin 0.

The output of U3A, which is

— Vout=—V cos 8+H sin 6

is input to an inverter which comprises an operational
amplifier U1B, a diode CR2 and resistances R3 and R4.
The diode CR2 prevents the output at pin 8 of the oper-
ational amplifier U1B from going negative, thereby
preventing reverse current through the movement of
the meter 39, shown in FIG. 1, which is driven by the
operational amplifier U1B through a resistance RS.

The output V,y from pin 14 of the operational ampli-
fier U3B is input into a comparator which comprises a
resistance R2 connected to the negative input terminal
off-an operational amplifier and U1A to the anode of a
diode CR1, which has the cathode thereof connected to
the output of the operational amplifier U1A. The diode
CR1 prevents the output of the operational amplifier
U1A from going negative. The logic of the system is
designed such that zero is one logic level and +-5 is the
other logic level; therefore a negative output from the
operational amplifier UTA is undesirable.

The output of the comparator is connected through a
resistance R1 to the data input of a dual type D flip-flop
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U14. The C and Q terminals of the flip-flop Ul4 are
connected to the inputs of decade binary counters U15,
U16 and U17. The operational amplifier ULA and the
flip-flop U14 cooperate to function as a steering latch to
control the counting direction of the decade binary
counters U15-U17. If the output of UlA indicates that
the input thereto is positive, then the flip-flop U14 will
cause the counters U15-U17 to count down. The num-
bers which the counters U15-U17 count correspond to
sine and cosine values stored in an erasable programma-
ble read only memory U18, hereinafier referred to as
Eprom U18. The Eprom U18 stores 512 sine values and
512 cosine values, so that the angle corresponding to
successive addresses within the Eprom U18 is 27/512.
The 10 KHz reference signal is used as a clock and is
applied to the clock inputs of the flip-flop UZ4 and the
counters U15-U17 through 2 NOR gate USA and 2
resistance R28. As the count ripples through pin 14 of
the counter U15, a strobe pulse is generated by the Q
output of the flip-flop U14 and a plurality of NOR gates
U9B, U9C and U9D between address changes in the
Eprom U18. This strobe pulse transfers the sine table
number from the Eprom U18 into the latches U6 and U7
and strobes the negative of the cosine numbers into the
latches U12 and U13.

The latches U6, U7, Ul2 and U13 supply signals to
the digital-to-analog converters U4, U5, U10 and U11 as
previously described. The counters U1S-U17 count
down and address successive locations in the Eprom
U18 to cause the outputs of the digital-to-analog con-
verters to step through a sequence of values and to
rotate the coordinate system to reduce the signal input
into the operational amplifier UA. If the signal Vou
goes negative, the output of the operational amplifier
U1A will be zero; and the flip-flop U34 will cause the
counters U18-U17 to count up to address sine and co-
sine values in the Eprom U18 to again move the vertical
component toward zero. The output at pin 14 of the
operational amplifier U3B hunts about zero as long as
the phase adjust switch 31 of FIG. Al is on.

When the phase adjust switch 31 is turned off, a diode
CR3 connected between a suitable power supply such
as a five volt power supply (not shown) provides volt-
age to pin 16 of the latches U6, U7, U12 and U13. The
voltage to the Vpp terminals of the latches goes from
regulated -+ 5 volts to approximately 4 volts DC, which
keeps the sine-cosine information in the latches when
the phase adjust switch is turned off. A resistance R21 is
connected between the 5 volt power supply and the
base of a transistor Q1 which has a grounded emitter
and which has the collector connected to pin 1, the
disable input, of the latches. When the instrument
power is turned off, the transistor Q1 shuts off, which
pulls the disable input of the latches up, thereby putting
the latch outputs in high impedance states to prevent
the latch outputs from supplying current to other cir-
cuits. A keep-alive terminal 16 is connected to the
power source to provide power to the latches at all
times.

Although the present invention has been described
with reference to a particular embodiment thereof, it
will be understood by those skilled in the art that nu-
merous modifications may be made without departing
from the scope of the invention. Accordingly, all modi-
fications and equivalents which are properly within the
scope of the appended claims are included in the present
invention.
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What is claimed is:

1. A phase rotation circuit, comprising:

signal means for providing a calibration signal and a
test signal, said calibration signal having a reactive
calibration signal component and a resistive cali-
bration signal component, said test signal having a
reactive test signal component and a resistive test
signal component;

means for determining the sine and cosine of the
phase angle determined by said reactive calibration
signal component and said resistive calibration
signal component;

means for storing the sine and cosine of said phase

- angle; .

first multiplying means connected to said storing
means for forming the product of the sine and co-
sine of said phase angle and said reactive test signal
component; :

second multiplying means connected to said storing
means for forming the product of the sine and co-
sine of said phase angle and said resistive test signal
component; and

phase rotator means for combining said products to
produce a phase rotator output rotated by said
phase angle from said test signal such that said
phase rotator has a reactive phase rotator output
component equal to the difference of said reactive
test signal component and said reactive calibration
signal component, said determining means includ-
ing a zero crossing detector for detecting zero
crossings of said reactive component of said phase
rotator output, said zero crossing detector produc-
ing a logic output indicative of the sign of the signal
input thereto..

2. A phase rotation circuit, comprising:

signal means for providing a calibration signal and a
test signal, said calibration signal having a reactive
calibration signal component and a resistive cali-
bration signal component, said test signal having a
reactive test signal component and a resistive test
signal component;

means for determining the sine and cosine of the
phase angle determined by said reactive calibration
signal component and said resistive calibration
signal component;

means for storing the sine and cosine of said phase
angle;

first' multiplying means connected to said storing
means for forming the product of the sine and co-
sine of said phase angle and said reactive test signal
component;

second multiplying means connected to said storing
means for forming the product of the sine and co-
sine of said phase angle and said resistive test signal
component; and

phase rotator means for combining said products to
produce a phase rotator output rotated by said
phase angle from said test signal such that said
phase rotator has a reactive phase rotator output
component equal to the difference of said reactive
test signal component and said reactive calibration
signal component, said determining means includ-
ing a zero crossing detector for detecting zero
crossings of said reactive component of said phase
rotator output, said zero crossing detector produc-
ing a logic output indicative of the sign of the signal
input thereto and means responsive to the output of

8

said zero crossing detector for selectively causing
said reactive phase rotator ouifput to reach zero.
3. A phase rotation circuit according to claim 2 in-

cluding counting means having the counting direction

5 thereof responsive to the output of said zero crossing
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detector;

a read only memory connected to said counting

. means, said read only memory having a table of
sines of angles and a table of cosines of angles
stored therein with the sine and cosine of an angle
being selectively addressable by said counting
means;

a latch connected to said read only memory, said
latch comprising means for storing signals indica-
tive of the sine and cosine of an angle therein; and

means for sequentially transferring signals indicative
of the sines and cosines of angles from said read
only memory to said latch, whereby said latch
outputs signals indicative of the sine and cosine of
a selected angle to said first and second multiplying
means.

4. A phase rotation circuit according to claim 3, fur-

ther including:

means for supplying electrical power to said read
only memory and said counting means; and

means for selectively disconnecting said means for
supplying power from said read only memory and
said counting means to supply electrical energy
thereto only during calibration of said phase rota-
tion circuit.

5. A phase rotation circuit, comprising:

signal means for providing a calibration signal and a
test signal, said calibration signal having a reactive
calibration signal component and a resistive cali-
bration signal component, said test signal having a
reactive test signal component and a resistive test
signal component;

means for determining the sine and cosine of the
phase angle determined by said reactive calibration
signal component and said resistive calibration
signal component, said determining means includ-
ing normally unpowered memory means for stor-
ing a table of sine and cosine values;

means for selectively supplying power to said mem-
ory means;

means for storing the sine and cosine of said phase
angle;

first multiplying means connected to said storing
means for forming the product of the sine and co-
sine of said phase angle and said reactive test signal
component;

second multiplying means connected to said storing
means for forming the product of the sine and co-
sine of said phase angle and said resistive test signal
component; and

phase rotator means for combining said products to
produce a phase rotator output rotated by said
phase angle from said test signal such that said
phase rotator has a reactive phase rotator output
component equal to the difference of said reactive
test signal component and said reactive calibration
signal component.

6. A phase rotation circuit comprising:

- means for providing a calibration signal and a test

signal;

means for determining the sine and cosine of the
phase angle of said calibration signal including
normally unpowered memory means for storing a
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table of sine and cosine values, and means for selec- phase angle from said test signdl such that said
tively supplying power to said memory means;

multiplying means for forming the products of said - . . .
sing gndgcosine and the resis%ive arlle reactive com- component equal to the difference of said reactive

ponents of said test signal; and " - 5 test signal component and said reactive.calibration
2 R N . .
phase rotator means for combining said products to signal component.
produce a phase rotator output rotated by the . * ok ok ox %

phase rotator has a reactive phase rotator output
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