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(57) Abstract: A method and apparatus for sensing magnetic field strength with a pair of Hall effect sensors includes sampling a
sensed voltage for the Hall effect sensors during a first phase and combining the sensed voltage. During a second phase, obtaining
sensed voltages for the Hall effect sensors and combining the sensed voltages. The sensed voltages from the first phase and the
second phase are combined to obtain a summed voltage and remove the Hall effect sensor and amplifier offset error value. In one ar-
rangement, the summed voltage corresponds to the sensed Hall voltage of the first Hall effect sensor added to the Hall voltage of the
second Hall effect sensor. In another arrangement, the summed voltage corresponds to the sensed Hall voltage of the first Hall effect
sensor subtracted by the sensed Hall voltage of the second Hall effect sensor. Changes in the summed voltage with respect to a refer -
ence voltage are counted to determine the speed of a rotating shaft having magnets or a similar arrangement.
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HALL EFFECT SENSOR CIRCUIT WITH OFFSET COMPENSATION

BACKGROUND

[0001] The present invention relates to a Hall effect sensor circuit arrangement including

a Hall effect sensor that provides offset compensation.

[0002] Use of a Hall effect sensor to detect a magnetic field is known. A circuit
alternatively samples terminals of the Hall effect sensor at 0 degrees and 90 degrees
orientation. Such a technique is known as current spinning. In order to attempt to reduce an
offset voltage error, which can be caused by factors such as mechanical stress, temperature
change or manufacture misalignment, a cross-shaped Hall effect sensor is utilized. A low
pass filter, however, is required to remove voltage ripples that represent the offset error from

the output of the Hall effect sensor. Thus, response speed is limited by the low pass filter.
SUMMARY

[0003] In one embodiment, the invention provides a method for sensing a magnetic field
with at least one Hall effect sensor connected to a Hall effect sensing circuit, the method
comprising the steps of: applying a drive current to the at least one Hall effect sensor during
a first phase; sampling a sensed phase one voltage for the at least one Hall effect sensor
during the first phase; providing the sensed phase one voltage to an amplifier; outputting
from the amplifier a positive voltage output of the sensed phase one voltage and a negative
voltage output of the sensed phase one voltage to a hold circuit during the first phase, the
positive voltage output and the negative voltage output corresponding to a magnetic field
strength value and a Hall effect sensor and amplifier offset error value; switching terminals of
the at least one Hall effect sensor and applying the drive current to different terminals of the
at least one Hall effect sensor to begin a second phase; sampling a sensed phase two voltage
for the at least one Hall effect sensor during the second phase at the different terminals of the
at least one Hall effect sensor than during the first phase; providing the sensed phase two
voltage to the amplifier; outputting from the amplifier a positive voltage output of the sensed
phase two voltage and a negative voltage output of the sensed phase two voltage to the hold
circuit during the second phase, the positive voltage output and the negative voltage output
corresponding to a magnetic field strength value and a Hall effect sensor and amplifier offset
error value; and summing the positive and negative voltages from the first phase with the

positive and negative voltages from the second phase to remove the Hall effect sensor and
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amplifier offset error value and to obtain a summed voltage corresponding to a summed

magnetic field strength value.

[0004] In one embodiment, the at least one hall effect sensor comprises a first one of at
least one pair of Hall effect sensors, wherein the summed magnetic field strength value
corresponds to the Hall voltage of the first one of the pair of Hall effect sensors added to the

Hall voltage of the second one of the pair of Hall effect sensors.

[0005] One embodiment includes the steps of subsequent to obtaining the summed
magnetic field strength value: holding the summed voltage corresponding to the summed
magnetic field strength value for a next first phase, and switching the terminals of the Hall
effect sensor to correspond to the terminals of the first phase and applying the drive current to
the at least one Hall effect sensor for repeating the first phase, and wherein repeating the first
phase includes repeating the steps of: sampling a sensed phase one voltage for the at least one
Hall effect sensor during the first phase; providing the sensed phase one voltage to an
amplifier; and outputting from the amplifier a positive voltage output of the sensed phase one
voltage and a negative voltage output of the sensed phase one voltage to a hold circuit during
the first phase, the positive voltage output and the negative voltage output corresponding to a

magnetic field strength value and a Hall effect sensor and amplifier offset error value.

[0006] In another embodiment, the step of outputting from the amplifier a positive
voltage output of the sensed phase two voltage and a negative voltage of the sensed phase
two voltage to the hold circuit during the second phase comprises: switching the positive
voltage output and the negative voltage output so the negative voltage output during the
second phase is provided to a first input of the hold circuit that receives the positive voltage
output during the first phase and so that the positive voltage output during the second phase is
provided to a second input of the hold circuit that receives the negative voltage output during
the first phase; and wherein the step of summing the positive output and negative output
voltages from the first phase with the positive output and negative output voltages from the
second phase to remove the Hall effect sensor and amplifier offset error value and to obtain a
summed voltage corresponding to a summed magnetic field strength value comprises:
providing the voltage from the first input of the hold circuit to a negative input of an
operational amplifier; providing the voltage from the second input of the hold circuit to a
positive input of the operational amplifier; and providing the summed voltage corresponding

to the summed magnetic field strength value as an output of the operational amplifier.
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[0007] In one embodiment, the invention provides a method for sensing a magnetic field
with at least one pair of Hall effect sensors connected to a Hall effect sensing circuit, the
method includes the steps of: applying a drive current to at least one pair of Hall effect
sensors during a first phase; sampling a sensed voltage for each of the Hall effect sensors
during the first phase; combining the sensed voltages from the Hall effect sensors during the
first phase to obtain a first combined sensed voltage corresponding to a magnetic field
strength value and Hall effect sensor and amplifier offset error value; switching terminals of
the Hall effect sensors and applying the drive current to different terminals of the at least one
pair of Hall effect sensors to begin a second phase; sampling a sensed voltage for each of the
Hall effect sensors during the second phase at different terminals of the at least one pair of
Hall effect sensors than during the first phase; combining the sensed voltages from the Hall
effect sensors during the second phase to obtain a second combined sensed voltage
corresponding to a magnetic field strength value and a negative Hall effect sensor and
amplifier offset error value, and summing the first combined sensed voltage from the first
phase with the second combined sensed voltage during the second phase to remove the Hall
effect sensor and amplifier offset error value and to obtain a summed voltage corresponding
to a summed magnetic field strength value. Another embodiment includes the additional
steps of, subsequent to obtaining the summed magnetic field strength value, holding the
combined sensed voltage for a next first phase, switching the terminals of the Hall effect
sensors to correspond to the terminals of the first phase and applying the drive current to the
at least one pair of Hall effect sensors for repeating the first phase. Repeating the first phase
includes repeating the steps of sampling the sensed voltage for each of the Hall effect sensors
during the first phase, and combining the sensed voltages from the Hall effect sensors during
the first phase to obtain the first combined voltage corresponding to a magnetic field strength

value and Hall effect sensor and amplifier offset error value.

[0008] In one embodiment, with at least one pair of Hall effect sensors, the summed
magnetic field strength value corresponds to the Hall voltage of a first one of the pair of Hall
effect sensors added to the Hall voltage of the second one of the pair of Hall effect sensors.
In another embodiment, the summed magnetic field strength value corresponds to the Hall
voltage of a first one of the pair of Hall effect sensors subtracted by the Hall voltage of the

second one of the pair of Hall effect sensors.
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[0009] Another embodiment includes two or more pairs of the Hall effect sensors,

wherein the sensed voltages of the pairs of the Hall effect sensors are combined.

[0010] In another embodiment, the invention provides a Hall effect sensing circuit
arrangement comprising: first and second Hall effect sensors having terminals; first and
second amplifiers; a first switching unit configured to selectively connect the terminals of the
first Hall effect sensor to inputs of the first amplifier, and the first switching unit configured
to selectively connect the terminals of the second Hall effect sensor to inputs of the second
amplifier; first and second adders for receiving outputs from the first and second amplifiers; a
second switching unit configured to connect the first adder to a hold circuit and alternately to
connect the second adder to the hold circuit, wherein the hold circuit comprises capacitors; an
output amplifier for receiving a voltage input from the hold circuit and the adders to obtain a
combined sensed voltage, and a controller configured to control the first switching unit and
the second switching unit. In one embodiment, the controller is configured to operate the
sensing circuit arrangement in a first phase and a second phase by periodically changing a
state of the first switching unit and the second switching unit, and changing a state of
switches in the hold circuit essentially simultaneously with the changing of the states of the

first switching unit and the second switching unit.

[0011] In one embodiment, the first adder receives a positive output from the first
amplifier and a negative output from the second amplifier, and the second adder receives a
positive output from the second amplifier and a negative output from the first amplifier. In a
second embodiment, the first adder receives a positive output from the first amplifier and a
positive output from the second amplifier, and the second adder receives a negative output
from the second amplifier and a negative output from the first amplifier. In another
embodiment, the sensing circuit arrangement is free from a low pass filter or uses a low pass

filter with a higher cut off frequency.

[0012] Other aspects of the invention will become apparent by consideration of the

detailed description and accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Fig. 1 shows an embodiment of a Hall sensor circuit arrangement during a first

phase.
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[0014] Fig. 2 shows the Hall sensor circuit arrangement of Fig. 1 during a second phase.

[0015] Fig. 3 is a graph showing voltage versus time during operation of the Hall sensor

circuit arrangement.

[0016] Fig. 4 shows another embodiment of a Hall sensor circuit arrangement during a

first phase.
[0017] Fig. 5 shows the Hall sensor circuit arrangement of Fig. 4 during a second phase.

[0018] Fig. 6 shows yet another embodiment of a Hall sensor circuit arrangement during

a first phase.
[0019] Fig. 7 shows the Hall sensor circuit arrangement of Fig. 6 during a second phase.
DETAILED DESCRIPTION

[0020] Before any embodiments of the invention are explained in detail, it is to be
understood that the invention is not limited in its application to the details of construction and
the arrangement of components set forth in the following description or illustrated in the
following drawings. The invention is capable of other embodiments and of being practiced

or of being carried out in various ways.

[0021] Fig. 1 shows a Hall effect sensor circuit arrangement 10 that provides offset
compensation. In Fig. 1, a pair of cross-shaped Hall effect sensors 12, 14 sense the
presence/absence and strength of a magnetic field. The Hall effect sensors 12, 14 include
terminals A-D connected to four arms thereof. A switch unit 16 includes a first pair of
switches 16-1, 16-2 that connect the terminals A-D of the Hall effect sensor 12 to an
operational amplifier 20. A bias circuit (not shown) connects to terminal C-A to provide bias
current flowing from terminal C to terminal A. Further, the switch unit 16 includes a second
pair of switches 16-3, 16-4 that connect the terminals A-D of the Hall effect sensor 14 to an
operational amplifier 22 as shown in Fig. 1. The operational amplifiers 20, 22 each include a

positive and a negative input terminal, along with a positive and a negative output terminal.

[0022] The Hall effect sensor circuit arrangement 10 includes a pair of adders 24, 26,
each having a pair of inputs and an output. The adder 24 adds the positive output of the
amplifier 20 with the negative output of the operational amplifier 22. The adder 26 adds the
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negative output of the operational amplifier 20 with the positive output of the operational

amplifier 22.

[0023] The output of the adder 24 shown in Fig. 1 is provided with two signal paths,
shown as two adder output electrical connectors or wires 28, 30. Likewise, the output of the
adder 26 branches out to provide two adder output electrical connectors or wires 32, 34. As
shown in the Hall effect sensor circuit of Fig. 1, a switch unit 40 includes a first switch 40-1
that is selectively connectable to either the adder output connector 28 or the adder output
connector 34 of the adder 26. The switch unit 40 includes a second switch 40-2 that is
selectively connectable to either the adder output connector 32 of the adder 26 or the adder

output connector 30 of the adder 24.

[0024] In Fig. 1, the output of the switch 40-1 connects to a hold circuit 44. The hold
circuit 44 includes capacitors 46, 48, 50 and switches 52, 54. As shown in Fig. 1, an output
connector 56 of the hold circuit 44 connects to a negative input terminal of an operational
output amplifier 60 that includes an output connector or signal line 62. Further, electrical

connectors 64, 65 of the hold circuit 44 connect to the signal line 62.

[0025] The hold circuit 44 shown in Fig. 1 also includes a pair of capacitors 68, 70 and a
switch 72. A switch 74 shown within the hold circuit 44 remains in the closed position
throughout operation of the sensor circuit arrangement 10, and thus is not considered a
component thereof. An output connector 76 of the hold circuit 44 connects to the positive
input of the operational output amplifier 60. In Fig. 1, “G” is an abbreviation for a ground

terminal.

[0026] The output of the operational amplifier 60 connects to an input of a comparator
80. A voltage reference generator 82 connects to the other input of the comparator 80. The

comparator 80 provides an output signal 84.

[0027] The Hall effect sensor circuit arrangement 10 includes a controller 90 that is
connected to the switch unit 16, the switch unit 40, the switch 52, the switch 54 and the
switch 72. The controller 90 is configured to control the states of the switch units 16, 40 and
the switches 52, 54, 72.

[0028] Fig. 1 shows the Hall effect sensor circuit arrangement 10 in a sensing phase one,

wherein sensing occurs with the switch units 16, 40 and the switches 52, 54, 72 in the states
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as shown. Fig. 2 shows the Hall effect sensor circuit arrangement 10 in sensing phase two,
wherein the states of the switch units and switches are changed or switched by the controller
90 to opposite states as compared to the states shown in Fig. 1. The sensor circuit
arrangement 10 shown in Figs. 1 and 2 obtains a difference signal value that is the difference

in the magnetic field strengths of the Hall effect sensor 12 and the Hall effect sensor 14.
[0029] OPERATION

[0030] The Hall effect sensor circuit arrangement 10 shown in Fig. 1 operates as follows.
The operational amplifier 20 receives voltage signals from terminal A and terminal C of the
Hall effect sensor 12 via respective switches 16-1 and 16-2. The operational amplifier 20
provides a positive output on the positive terminal of amplifier 20 that is defined by the
equation: V1(phase one) = Vhalll + Voffsetl, wherein V1 is the sensed voltage of the
amplifier 20 during phase one, and wherein Vhalll is the Hall voltage value and Voffsetl is a
voltage offset value of the sensed voltage of the Hall effect sensor 12 and amplifier 20 during
sampling phase one. Thus, the measured voltage V1(phase one) corresponds to a magnetic
field strength value and Hall effect sensor and amplifier offset error value for the Hall effect

sensor 12 during phase one.

[0031] At the same time, the operational amplifier 22 receives voltage signals from
terminal A and terminal C of the Hall effect sensor 14 via respective switches 16-3 and 16-4.
The operational amplifier 22 provides a positive output on the positive terminal of amplifier
22 that is defined by the equation: V2(phase one) = Vhall2 + Voffset2, wherein V2 is the
sensed voltage of the amplifier 22 during phase one, and wherein Vhall2 is the Hall voltage
value and Voffset2 is a voltage offset value of the sensed voltage of the Hall effect sensor 14
during sampling phase one. Thus, the measured voltage V2(phase one) corresponds to a
magnetic field strength value and Hall effect sensor and amplifier offset error value for the

Hall effect sensor 14 during phase one.

[0032] Thereafter, adder 24 adds the positive voltage output V1(phase one) from
amplifier 20 with the negative voltage output from amplifier 22 for V2(phase one) as the
adder is connected to the negative output terminal of the amplifier 22. Thus, the adder 24
provides an output signal defined by the equation: Vp(phase one) = (Vhalll - Vhall2) +
(Voffsetl - Voffset2), wherein Vp represents the added voltage output of adder 24. Thus, the
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combined sensed voltage Vp for phase one corresponds to a magnetic field strength value and

Hall sensor and amplifier offset error value.

[0033] At the same time, adder 26 adds the positive voltage output V2(phase one) from
amplifier 22 with the negative voltage output for V1(phase one) as the adder is connected to
the negative output terminal of the amplifier 20. Thus, the adder 26 provides an output signal
defined by the equation: Vn(phase one) = - (Vhalll — Vhall2) - (Voffsetl - Voffset2),
wherein Vn represents the added voltage output from the adder 26. The combined sensed
voltage Vn(phase one) corresponds to a magnetic field strength value and an offset error

value.

[0034] As shown in Fig. 1, the voltage output Vp(phase one) from the adder 24 passes
through switch 40-1 of switch unit 40 to the hold circuit 44 during phase one. With the
switch 54 connected to an electrical ground (GND) during phase one, the voltage Vp is
provided to capacitors 46, 48 provided in series. Between the capacitors 46, 48 the hold
circuit 44 has an output connection 56 to a negative input terminal of the operational
amplifier 60. The capacitor 46 receives and holds the voltage output Vp that is provided to
the amplifier 60 as a generally constant voltage value. The capacitor 48 is connected to GND
via switch 54 and discharges during phase one. At the same time, the switch 72 of the hold
circuit 44 is positioned to connect ground GND to the output connector 76 that connects with
the positive input of the operational amplifier. Thus, the capacitor 70 is discharging during

phase one, along with the capacitor 48.

[0035] Further, as shown in Fig. 1, during the first phase the output of the amplifier 60 is
in a voltage hold condition wherein the voltage across capacitor 50 receives and maintains the
output voltage from a previous completion of phase two. For purposes of discussion,

amplifier gains are ignored in the equations.
[0036] PHASE TWO

[0037] As shown in Fig. 2, the controller 90 switches to the second phase by changing the
switch states of all of the switches in the switch units 16, 40 and the switches 52, 54, 72 of
the hold circuit 44. More specifically, the ninety degree shift in the input terminals in Fig. 2
illustrates phase two of the sample and hold operation wherein switches 16-1, 16-2 of the

switch unit connect to terminals B, D of the first Hall effect sensor 12 and switches 16-3, 16-



WO 2016/036372 PCT/US2014/054037

4 connect to terminals B, D of the second Hall effect sensor 14. The bias circuits (not shown)
provide bias current flowing from terminal D to terminal B by changing corresponding

switch states.

[0038] In phase two, the operation amplifier 20 provides a positive output on the positive

terminal of amplifier 20 that is defined by the equation: V1(phase two) =-Vhalll + Voffsetl,
wherein V1 is the sensed voltage of the amplifier 20 during phase two, and wherein Vhalll is
the Hall voltage value and Voffsetl is a voltage offset value of the sensed voltage of the Hall

effect sensor 12 during phase two. Thus, the measured voltage V1(phase two) corresponds to
a magnetic field strength value and a offset error value for the Hall effect sensor 12 during

phase two.

[0039] At the same time, the operational amplifier 22 receives voltage signals from
terminal B and terminal D of the Hall effect sensor 14 via respective switches 16-3 and 16-4.
The operation amplifier 22 provides a positive output on the positive terminal of amplifier 22
that is defined by the equation: V2(phase two) =-Vhall2 + Voffset2, wherein V2 is the
sensed voltage of the amplifier 22 during phase two, and wherein Vhall2 is the Hall voltage
value and Voffset2 is a voltage offset value of the sensed voltage of the Hall effect sensor 14
during phase two. Thus, the measured voltage V2(phase two) corresponds to a magnetic field

strength value and a offset error value for the Hall effect sensor 14 during phase two.

[0040] Thereafter, adder 24 adds the voltage output V1(phase two) from amplifier 20
with the negative voltage output from amplifier 22 for V2(phase two) as the adder is
connected to the negative output terminal of the amplifier 22. Thus, the adder 24 provides an
output signal defined by the equation: Vp(phase two) = -(Vhalll — Vhall2) + (Voffsetl-
Voffset2). The combined sensed voltage Vp(phase two) corresponds to a magnetic field

strength value and a offset error value.

[0041] At the same time, adder 26 adds the positive voltage output V2(phase two) from
amplifier 22 with the negative voltage output for V1(phase two) as the adder is connected to
the negative output terminal of the amplifier 20. Thus, the adder 26 provides an output signal
defined by the equation: Vn(phase two) = (Vhalll - Vhall2) - (Voffsetl - Voffset2). The
combined sensed voltage Vn(phase two) corresponds to a magnetic field strength value and a

offset error value.
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[0042] During the second phase, the capacitor 50 is charged to correspond to a value of
Voutput = -(Vp(phase one) - Vn(phase one)) - (Vn(phase two) - Vp(phase two)). Thus,
Voutput = -4(Vhalll - Vhall2). This voltage value corresponds to the difference of magnetic
field strength between the locations of the two Hall effect sensors 12, 14. More specifically,
the summed voltage from the first phase and second phase removes the magnetic field offset
error values to obtain a summed voltage corresponding to a magnetic field strength value of

the Hall effect sensor 12 minus the magnetic field strength value of the Hall effect sensor 14.

[0043] The Voutput value is essentially maintained or held for the following phase one
cycle of the Hall effect sensor circuit arrangement 10. Thus, as shown in Fig. 3, the

adjustments over time of the sampling and holding events of the sensor circuit arrangement
10 are smoothed, except for a minimal voltage transition when switching from phase two to

sampling phase one.

[0044] As shown in Fig. 3, a sampling time period corresponding to phase one and a time
period corresponding to phase two are each about, for example, one microsecond. Thus, the
controller 90 switches the Hall effect sensor circuit arrangement 10 at a rate that minimizes
the amount of voltage discharged by the capacitors during operation of the Hall effect sensor

circuit arrangement 10.

[0045] The Hall effect sensor circuit arrangement 10 includes the comparator 80 that
compares the output of the amplifier 60 with a predetermined voltage value from the voltage
reference genecrator 82 that corresponds to a desired magnetic field value for the difference
between the Hall voltages of the Hall effect sensors 12, 14. When the voltage difference that
is output by the output amplifier 60 exceeds the value of, for example, 2.5 volts as shown in
Fig. 3, the comparator 80 provides an output 84 having a value of one volt indicating that the
sensed magnetic field exceeds the predetermined voltage value. The one volt value is
maintained until the output 62 of the amplifier 60 is a value of less than 2.5 volts, which sets

the comparator output 84 to zero volts.

[0046] In one embodiment, changes in the difference between the magnetic field
strengths of the Hall effect sensors 12, 14 are counted by a circuit connected to the
comparator output 84 to determine motion of rotating magnets that are following a path
adjacent or near the Hall effect sensors. Thus, a rotating speed value or a position of a

rotating shaft, or other device having magnets mounted thereon, is determined.

10
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[0047] SECOND EMBODIMENT

[0048] Figs. 4 and 5 show a Hall effect sensor circuit arrangement 10 that is directed to
another embodiment of the invention, which is very similar to the embodiment in Figs. 1 and
2. Thus, the circuit elements are listed with the same reference numerals. The only
difference in the circuitry of the embodiments of Figs. 4 and 5 from Figs. 1 and 2 is the
operational amplifier 22. The operational amplifier 22 has the positive output connected to
the adder 24, instead of a negative output as in Figs. 1 and 2. Likewise, the amplifier 22 has a

negative output connected to the adder 26, instead of the positive output as in Figs. 1 and 2.

[0049] Due to the changing of the output of the amplifier 22 in Figs. 4 and 5, the Hall
effect sensor circuit arrangement 10 adds and subtracts the Hall voltages in an opposite
manner. The calculations to obtain the sum of the Hall voltages of the Hall effect sensors 12,
14 is obtained in essentially the same manner as described in detail with respect to the
embodiment illustrated in Figs. 1 and 2. For instance, Vp(phase one) = (Vhalll + Vhall2) +
(Voffsetl + Voffset2), wherein Vp represents the combined voltage output by the adder 24.
Vn(phase one) = -(Vhalll — Vhall2) + (Voffsetl — Voffset2), wherein Vn(phase one) is
output by the adder 26. The equations for Vp(phase two) and Vn(phase two) follow a similar
pattern. Thus, the end result is that the Hall voltages of the Hall effect sensors Vhalll and
Vhall2 are added. Therefore, the final voltage at the end of the second phase is Voutput = -
4(Vhalll + Vhall2). Accordingly, the value of Voutput corresponds to the addition of the
magnetic field strength of the two Hall effect sensors 12, 14. More specifically, the summed
voltage from the first phase and the second phase removes the magnetic field offset error
values to obtain a summed voltage corresponding to a magnetic field strength value of the
Hall effect sensor 12 added with the magnetic field strength value of the Hall effect sensor
14.

[0050] In some embodiments, the summed values of the Hall effect sensor voltages are
compared with a reference voltage provided by the voltage reference generator 82 to the
comparator 80. The reference voltage has a voltage value to determine proper transitions. As
in the first embodiment, the transitions with respect to a predetermined voltage can provide
speed of rotation of magnets mounted to a shaft relative to the Hall effect sensors 12, 14 or

other conditions.

11



WO 2016/036372 PCT/US2014/054037

[0051] THIRD EMBODIMENT

[0052] Figs. 6 and 7 show a Hall effect sensor circuit arrangement 10 that is directed to
another embodiment of the invention, which is similar to portions of the above embodiments,
except that a single Hall effect sensor is utilized with offset compensation. Since a single
Hall effect sensor is provided, the adders 24, 26 and other elements are not needed. Due to
the similarities of the arrangements, the circuit elements are listed with the same reference
numerals. In Fig. 6, a cross-shaped Hall effect sensor 12 senses the presence/absence and
strength of a magnetic field. The Hall effect sensor 12 includes terminals A-D connected to
four arms thereof. A switch unit 16 includes a pair of switches 16-1, 16-2 that connect the
terminals A-D of the Hall effect sensor 12 to an operational amplifier 20. A bias circuit (not
shown) connects to terminal C-A to provide bias current flowing from terminal C to terminal
A. The operational amplifier 20 includes a positive and a negative voltage input, along with a

positive and a negative voltage output.

[0053] Output connectors 28, 30, 32, 34 connect the respective outputs of the amplifier
20 to a switch unit 40. As shown in the Hall effect sensor circuit arrangement of Fig. 6, the
switch unit 40 includes a first switch 40-1 that is selectively connectable to either the output
connector 28 of the positive output of the operational amplifier 20 or the output connector 34
of the negative output of the operational amplifier 20. The switch unit 40 includes a second
switch 40-2 that is selectively connectable to either the output connector 32 of the negative
output of the operational amplifier 20 or the output connector 30 of the positive output of the

operational amplifier.

[0054] In Fig. 6, the output of the switch 40-1 connects to a hold circuit 44. The hold
circuit 44 includes capacitors 46, 48, 50 and switches 52, 54. As shown in Fig. 6, an output
connector 56 of the hold circuit 44 connects to a negative input terminal of an operational
output amplifier 60 that includes an output connector or signal line 62. Further, electrical

connectors 64, 65 of the hold circuit 44 connect to the signal line 62.

[0055] The hold circuit 44 shown in Fig. 6 also includes a pair of capacitors 68, 70 and a
switch 72. A switch 74 shown within the hold circuit 44 remains in the closed position
throughout operation of the sensor circuit arrangement 10, and thus is not considered a

component thereof. An output connector 76 of the hold circuit 44 connects to the positive

12
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input of the operational output amplifier 60. In Fig. 6, “G” is an abbreviation for a ground

terminal.

[0056] The Hall effect sensor circuit arrangement 10 includes a controller (not shown)
that is connected to the switch unit 16, the switch unit 40, the switch 52, the switch 54 and the
switch 72. The controller is configured to control the states of the switch units 16, 40 and the

switches 52, 54, 72.

[0057] Fig. 6 shows the Hall effect sensor circuit arrangement 10 in a sensing phase one,
wherein sensing occurs with the switch units 16, 40 and the switches 52, 54, 72 in the states
as shown. Fig. 7 shows the Hall effect sensor circuit arrangement 10 in sensing phase two,
wherein the states of the switch units and switches are changed or switched by the controller
to opposite states as compared to the states shown in Fig. 6. The sensor circuit arrangement
10 shown in Figs. 6 and 7 obtains a difference signal value that is the difference in the

magnetic field strength of the Hall effect sensor 12.
[0058] OPERATION

[0059] The Hall effect sensor circuit arrangement 10 shown in Fig. 6 operates as follows.
The operational amplifier 20 receives voltage signals from terminal A and terminal C of the
Hall effect sensor 12 via respective switches 16-1 and 16-2. The operational amplifier 20
provides a positive voltage output on the positive output terminal of amplifier 20 that is
defined by the equation: V1(phase one) = Vhalll + Voffsetl, wherein V1 is the sensed
voltage of the amplifier 20 during phase one, and wherein Vhalll is the Hall voltage value
and Voffsetl is a voltage offset value of the sensed voltage of the Hall effect sensor 12 and
amplifier 20 during sampling phase one. Thus, the measured voltage V1(phase one)
corresponds to a magnetic field strength value and a Hall effect sensor and amplifier offset

error value for the Hall effect sensor 12 during phase one.

[0060] At the same time, the operational amplifier 20 outputs a negative voltage output

on the negative terminal having a value of —V1(phase one) = — (Vhalll + Voffsetl).

[0061] As shown in Fig. 6, the voltage output V1(phase one) passes through switch 40-1
of switch unit 40 to the hold circuit 44 during phase one. With the switch 54 connected to an
electrical ground (GND) during phase one, the voltage V1 is provided to capacitors 46, 48

provided in series. Between the capacitors 46, 48 the hold circuit 44 has an output
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connection 56 to a negative input terminal of the operational amplifier 60. The capacitor 46
receives and holds the voltage output V1 that is provided to the amplifier 60 as a generally
constant voltage value. The capacitor 48 is connected to GND via switch 54 and discharges
during phase one. At the same time, the switch 72 of the hold circuit 44 is positioned to
connect ground GND to the output connector 76 that connects with the positive input of the
operational amplifier. Thus, the capacitor 70 is discharging during phase one, along with the

capacitor 48.

[0062] Further, as shown in Fig. 6, during the first phase the output of the amplifier 60 is
in a voltage hold condition wherein the voltage across capacitor 50 receives and maintains the
output voltage from a previous completion of phase two. For purposes of discussion,

amplifier gains are ignored in the equations.
[0063] PHASE TWO

[0064] As shown in Fig. 7, a controller (not shown) switches to the second phase by
changing the switch states of the switches in the switch units 16, 40 and the switches 52, 54,
72 of the hold circuit 44. More specifically, the ninety degree shift in the input terminals in
Fig. 7 illustrates phase two of the sample and hold operation wherein switches 16-1, 16-2 of
the switch unit 16 connect to terminals B, D of the first Hall effect sensor 12. The bias circuit
(not shown) provides bias current flowing from terminal D to terminal B by changing

corresponding switch states.

[0065] In phase two, the operation amplifier 20 provides a positive output on the positive
output terminal of amplifier 20 that is defined by the equation: V1(phase two) = -Vhalll +
Voffsetl, wherein V1 is the sensed voltage of the amplifier 20 during phase two, and wherein
Vhalll is the Hall voltage value and Voffsetl is a voltage offset value of the sensed voltage
of the Hall effect sensor 12 and the amplifier 20 during phase two. Thus, the measured
voltage V1(phase two) corresponds to a magnetic field strength value and a Hall effect sensor

and amplifier offset error value for the Hall effect sensor 12 during phase two.

[0066] During the second phase, the capacitor 50 is charged to correspond to a value of
Voutput = -(Vp(phase one) - Vn(phase one)) - (Vn(phase two) - Vp(phase two)). Thus,
Voutput = -4(Vhalll). This voltage value corresponds to the difference of magnetic field

strength between the switch positions of the Hall effect sensor 12. More specifically, the
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summed voltage from the first phase and second phase removes the Hall effect sensor and
amplifier offset error value to obtain a summed voltage corresponding to a magnetic field

strength value of the Hall effect sensor 12.

[0067] The Voutput value is essentially maintained or held for the following phase one
cycle of the Hall effect sensor circuit arrangement 10. Thus, the adjustments over time of the
sampling and holding events of the sensor circuit arrangement 10 are smoothed, except for a
minimal voltage transition when switching from phase two to sampling phase one. The
sampling time period corresponding to phase one and a time period corresponding to phase
two are cach about one microsecond. Thus, the controller switches the Hall effect sensor 12
at a rate that minimizes the amount of voltage discharged by the capacitors during operation
of the Hall effect sensor circuit arrangement 10. The single Hall effect sensor circuit

arrangement may be utilized for various purposes as set forth above.

[0068] While the above three embodiments are disclosed, variations to the embodiments
are contemplated. While a time period of 1 microsecond is shown for the sampling and

holding periods of the Hall effect sensor circuit arrangement 10, different frequencies can be
utilized. In some embodiments the frequencies of the sample and hold operation are greater

than about 200 KHz, and in one embodiment the frequency is about 250 KHz.

[0069] While two Hall effect sensors 12, 14 are shown in the first and second
embodiments, additional pairs of Hall effect sensors provided with a Hall effect sensor circuit
arrangement are contemplated. The drive current for each Hall effect sensor 12, 14 switches
along with the switch connections to the terminals A-D to provide the drive current so that
the drive current is provided across the terminals each Hall effect sensor that is not sensing

the Hall voltage.

[0070] While an application specific integrated circuit (ASIC) Hall effect sensor circuit
arrangement 10 is disclosed, in some embodiments a digital processor can be programmed to
perform the functions of the sensor circuit arrangement. A processor would replace the entire
hold circuit 44, along with other components in some embodiments. While sampling occurs
for essentially the entirety of the first phase in one analog circuit arrangement embodiment, in
an embodiment with a digital processor or other processor, sampling may occur for a shorter
time period and more frequently. Further, in other analog circuit arrangement embodiments,

the sampling may occur for only a portion of the first phase.
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[0071] In some embodiments, the output 84 of the comparator 80 is provided to an analog
or digital processor (not shown). The processor calculates or counts the number of times the
comparator 80 outputs/transitions to the one volt signal over time. Thus, speed of rotation for
a shaft sensed by the Hall effect sensors 12, 14 is determined. The processor displays the
speed and/or controls the speed of the shaft in response to the sensed rotation speed. Buses
provide communication between the processor and other devices. In other embodiments, the
comparator 80 itself, is replaced with an analog amplifier for further amplification, or an

analog to digital converter or a digital processor.

[0072] In some embodiments, the amplifier 60 can have differential output by adding a

capacitor between its negative output and switch 72

[0073] In some embodiments, output 64 of amplifier 60 is provided to an analog
amplifier for further signal amplification. In some other embodiments, the output 64 of
amplifier 60 is provided to an Analog to Digital converter to provide digital output. The

digital output is provided to a processor for further processing.

[0074] In the third disclosed embodiment, a single Hall effect sensor is shown. In other

embodiments three or another odd number of Hall effect sensors are provided.

[0075] Thus, the invention provides, among other things, a method and apparatus for
sensing the Hall voltage of at least a pair of Hall effect sensors while removing offset voltage
from the measured voltage. Thus, more accurate Hall voltage values are obtained. Further, a
low pass filter is not required to account for the Hall effect sensor offset voltages. Various

features and advantages of the invention are set forth in the following claims.
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CLAIMS

What is claimed is:

1. A method for sensing a magnetic field with at least one Hall effect sensor
connected to a Hall effect sensing circuit, the method comprising the steps of:

applying a drive current to the at least one Hall effect sensor during a first phase;

sampling a sensed phase one voltage for the at least one Hall effect sensor during the
first phase;

providing the sensed phase one voltage to an amplifier;

outputting from the amplifier a positive voltage output of the sensed phase one
voltage and a negative voltage output of the sensed phase one voltage to a hold circuit during
the first phase, the positive voltage output and the negative voltage output corresponding to a
magnetic field strength value and a Hall effect sensor and amplifier offset error value;

switching terminals of the at least one Hall effect sensor and applying the drive
current to different terminals of the at least one Hall effect sensor to begin a second phase;

sampling a sensed phase two voltage for the at least one Hall effect sensor during the
second phase at the different terminals of the at least one Hall effect sensor than during the
first phase;

providing the sensed phase two voltage to the amplifier;

outputting from the amplifier a positive voltage output of the sensed phase two
voltage and a negative voltage output of the sensed phase two voltage to the hold circuit
during the second phase, the positive voltage output and the negative voltage output
corresponding to a magnetic field strength value and a Hall effect sensor and amplifier offset
error value; and

summing the positive output and negative output voltages from the first phase with
the positive output and negative output voltages from the second phase to remove the Hall
effect sensor and amplifier offset error value and to obtain a summed voltage corresponding

to a summed magnetic field strength value.

2. The method according to claim 1, with the at least one hall effect sensor
comprising a first one of at least one pair of Hall effect sensors, wherein the summed

magnetic field strength value corresponds to the Hall voltage of the first one of the pair of
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Hall effect sensors added to the Hall voltage of the second one of the pair of Hall effect

SCNSOors.

3. The method according to claim 1, wherein the summed magnetic field strength

value is about four times the actual magnetic field strength value.

4. The method according to claim 1, wherein the at least one Hall effect sensor
comprises a first one of at least one pair of Hall effect sensors, wherein the summed magnetic
field strength value corresponds to the Hall voltage of the first one of the pair of Hall effect

sensors subtracted by the Hall voltage of the second one of the pair of Hall effect sensors.

5. The method according to claim 1, including the steps of subsequent to
obtaining the summed magnetic field strength value:

holding the summed voltage corresponding to the summed magnetic field strength
value for a next first phase, and

switching the terminals of the Hall effect sensor to correspond to the terminals of the
first phase and applying the drive current to the at least one Hall effect sensor for repeating
the first phase, and

wherein repeating the first phase includes repeating the steps of:

sampling a sensed phase one voltage for the at least one Hall effect sensor during the
first phase;

providing the sensed phase one voltage to an amplifier; and

outputting from the amplifier a positive voltage output of the sensed phase one
voltage and a negative voltage output of the sensed phase one voltage to the hold circuit
during the first phase, the positive voltage output and the negative voltage output
corresponding to a magnetic field strength value and a Hall effect sensor and amplifier offset

error value.

6. The method of claim 1, wherein switching the terminals of the Hall effect

sensors comprises switching the terminals at a switching frequency of about 200,000 Hz.

7. The method of claim 2, wherein the at least one pair of Hall effect sensors
comprises one of between two or more pairs of the Hall effect sensors, and wherein the

summed voltages of the pairs of the Hall effect sensors are combined.
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8. The method of claim 1, wherein the step of outputting from the amplifier a
positive voltage output of the sensed phase two voltage and a negative voltage output of the
sensed phase two voltage to the hold circuit during the second phase comprises:

switching the positive voltage output and the negative voltage output so the negative
voltage output during the second phase is provided to a first input of the hold circuit that
receives the positive voltage output during the first phase and so that the positive voltage
output during the second phase is provided to a second input of the hold circuit that receives
the negative voltage output during the first phase; and

wherein the step of summing the positive output and negative output voltages from
the first phase with the positive output and negative output voltages from the second phase to
remove the Hall effect sensor and amplifier offset error value and to obtain a summed voltage
corresponding to a summed magnetic field strength value comprises:

providing the voltage from the first input of the hold circuit to a negative input of an
operational amplifier;

providing the voltage from the second input of the hold circuit to a positive input of
the operational amplifier; and

providing the summed voltage corresponding to the summed magnetic field strength

value as an output of the operational amplifier.

9. A method for sensing a magnetic field with at least one pair of Hall effect sensors
connected to a Hall effect sensing circuit, the method comprising the steps of:

applying a drive current to the at least one pair of Hall effect sensors during a first
phase;

sampling a sensed voltage for each of the Hall effect sensors during the first phase;

combining the sensed voltage from the Hall effect sensors during the first phase to
obtain a first combined sensed voltage corresponding to a magnetic ficld strength value and a
Hall effect sensor and amplifier offset error value;

switching terminals of the Hall effect sensors and applying the drive current to
different terminals of the at least one pair of Hall effect sensors to begin a second phase;

sampling a sensed voltage for each of the Hall effect sensors during the second phase
at different terminals of the at least one pair of Hall effect sensors than during the first phase;

combining the sensed voltage from the Hall effect sensors during the second phase to
obtain a second combined sensed voltage corresponding to a magnetic field strength value

and Hall effect sensor and amplifier offset error value, and
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summing the first combined sensed voltage from the first phase with the second
combined sensed voltage during the second phase to remove the Hall effect sensor and
amplifier offset error value and to obtain a summed voltage corresponding to a summed

magnetic field strength value.

10. The method according to claim 9, wherein the summed magnetic field strength value
corresponds to the Hall voltage of a first one of the pair of Hall effect sensors added to the

Hall voltage of the second one of the pair of Hall effect sensors.

11. The method according to claim 10, wherein the summed magnetic field strength value

is about four times the actual magnetic field strength value.

12. The method according to claim 9, wherein the summed magnetic field strength value
corresponds to the Hall voltage of a first one of the pair of Hall effect sensors subtracted by

the Hall voltage of the second one of the pair of Hall effect sensors.

13. The method according to claim 9, including the steps of subsequent to obtaining the
summed magnetic field strength value:
holding the combined sensed voltage for a next first phase, and
switching the terminals of the Hall effect sensors to correspond to the terminals of the
first phase and applying the drive current to the at least one pair of Hall effect sensors for
repeating the first phase, and wherein repeating the first phase includes repeating the steps of:
sampling the sensed voltage for each of the Hall effect sensors during the first
phase, and
combining the sensed voltages from the Hall effect sensors during the first
phase to obtain the first combined voltage corresponding to a magnetic field strength

value and a Hall effect sensor and amplifier offset error value.

14. The method of claim 9, wherein switching the terminals of the Hall effect sensors

comprises switching the terminals at a switching frequency of about 200,000 Hz.

15. The method of claim 10, wherein the at least one pair of Hall effect sensors comprises
one of between two or more pairs of the Hall effect sensors, and wherein the sensed voltages

of the pairs of the Hall effect sensors are combined.

20



WO 2016/036372 PCT/US2014/054037

16. A Hall effect sensing circuit arrangement comprising:

first and second Hall effect sensors having terminals;

first and second amplifiers;

a first switching unit configured to selectively connect the terminals of the first Hall
effect sensor to inputs of the first amplifier, and the first switching unit configured to
selectively connect the terminals of the second Hall effect sensor to inputs of the second
amplifier;

first and second adders for receiving outputs from the first and second amplifiers;

a second switching unit configured to connect an output of the first adder to a hold
circuit and alternately to connect an output of the second adder to the hold circuit, wherein
the hold circuit comprises capacitors and switches;

an output amplifier for receiving a voltage input from the hold circuit and the adders
to obtain a combined sensed voltage, and

a controller configured to control the first switching unit and the second switching

unit.

17. The sensing circuit arrangement of claim 16, wherein the controller operates the
sensing circuit arrangement in a first phase and a second phase by periodically changing a

state of the first switching unit and the second switching unit.

18. The sensing circuit arrangement of claim 17, wherein the controller is configured to
change a state of switches in the hold circuit when switching between the first phase and the
second phase, the changing of the state of switches in the hold circuit occurring essentially
simultaneously with the changing of the states of the first switching unit and the second

switching unit.

19. The sensing circuit arrangement of claim 18, wherein the sensing circuit arrangement
determines the combined sensed voltage from the first phase and the second phase and
removes a Hall effect sensor and amplifier offset error value, the combined sensed voltage
comprising a summed voltage corresponding to a summed magnetic field strength value for

the pair of Hall effect sensors.

20. The sensing circuit of claim 19, wherein the summed magnetic field strength value
corresponds to a Hall voltage of the first Hall effect sensor added to a Hall voltage of the

second Hall effect sensor.

21



WO 2016/036372 PCT/US2014/054037

21. The sensing circuit of claim 19, wherein the summed magnetic field strength value
corresponds to a Hall voltage of the first Hall effect sensor subtracted from a Hall voltage of

the second Hall effect sensor.

22. The sensing circuit arrangement of claim 16, wherein the first adder receives a
positive output from the first amplifier and a negative output from the second amplifier, and
wherein the second adder receives a positive output from the second amplifier and a negative

output from the first amplifier.

23. The sensing circuit arrangement of claim 16, wherein the first adder receives a
positive output from the first amplifier and a positive output from the second amplifier, and
wherein the second adder receives a negative output from the second amplifier and a negative

output from the first amplifier.

24, The sensing circuit arrangement of claim 16, wherein the sensing circuit arrangement

is free from a low pass filter or uses a low pass filter with higher cut off frequency.

25. The sensing circuit arrangement of claim 16, wherein the first and second Hall effect
sensors comprise one pair of between two or more pairs of the Hall effect sensors, and

wherein the sensed voltages of the pairs of the Hall effect sensors are combined.

26. The sensing circuit arrangement of claim 16, further comprising a comparator having
a first input for receiving a reference voltage and a second input for receiving the output of

the output amplifier.

27. The sensing circuit arrangement of claim 17, wherein the first adder provides a first
adder voltage output during the first phase of Vp(phase one) = (Vhalll - Vhall2) + (Voffset] -
Voffset2), wherein Vp(phase one) represents the added voltage output of the first adder,
Vhalll is the Hall voltage value and Voffsetl is a voltage offset value of the sensed voltage
of the first Hall effect sensor during the first phase, and wherein Vhall2 is the Hall voltage
value and Voffset2 is a voltage offset value of the sensed voltage of the second Hall effect

sensor during the first phase.

28.  The sensing circuit arrangement of claim 27, wherein the second adder provides a
second adder voltage output during the first phase of Vn(phase one) = - (Vhalll - Vhall2) -
(Voffsetl - Voffset2), wherein Vn represents the added voltage output of the second adder,
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and Vhalll is the Hall voltage value and Voffsetl is a voltage offset value of the sensed
voltage of the first Hall effect sensor during the first phase, and wherein Vhall2 is the Hall
voltage value and Voffset2 is a voltage offset value of the sensed voltage of the second Hall

effect sensor during the first phase.

29. The sensing circuit arrangement of claim 28, wherein the first adder provides a first
adder voltage output during the second phase of Vp(phase two) = -(Vhalll — Vhall2) +
(Voffsetl - Voffset2), wherein Vp(phase two) represents the added voltage output of the first
adder during the second phase, Vhalll is the Hall voltage value and Voffsetl is a voltage
offset value of the sensed voltage of the first Hall effect sensor during the second phase, and
wherein Vhall2 is the Hall voltage value and Voffset2 is a voltage offset value of the sensed

voltage of the second Hall effect sensor during the second phase.

30. The sensing circuit arrangement of claim 29, wherein the second adder provides a
second adder voltage output during the second phase of Vn(phase two) = (Vhalll - Vhall2) -
(Voffsetl - Voffset2), wherein Vn(phases two) represents the added voltage output of the
second adder during the second phase, and Vhalll is the Hall voltage value and Voffsetl is a
voltage offset value of the sensed voltage of the first Hall effect sensor during the second
phase, and wherein Vhall2 is the Hall voltage value and Voffset2 is a voltage offset value of

the sensed voltage of the second Hall effect sensor during the second phase.

31. The sensing circuit arrangement of claim 30, wherein during the second phase, the
hold circuit is charged to correspond to a value of Voutput = - (Vp(phase one) - Vn(phase
one)) — (Vn(phase two) - Vp(phase two)).

32. The sensing circuit arrangement of claim 17, wherein the first adder provides an adder
voltage output during the first phase of Vp(phase one) = (Vhalll + Vhall2) + (Voffsetl +
Voffset2), wherein Vp(phase one) represents the added voltage output of the first adder,
Vhalll is the Hall voltage value and Voffsetl is a voltage offset value of the sensed voltage
of the first Hall effect sensor during the first phase, and wherein Vhall2 is the Hall voltage
value and Voffset2 is a voltage offset value of the sensed voltage of the second Hall effect

sensor during the first phase.
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