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(57) Abstract: A differential signal current sensor device (100)
may include a conductor (102) for conducting electrical current in
a current direction. The conductor (102) may include a first slot
(120A) extending from a first perimeter edge (122), towards a cen-
tral axis extending along a length of the conductor (102), and a
second slot (120B) extending from a second perimeter edge (124),
towards the central axis. The current sensor device (100) may fur-
ther include a first current sensor (130) positioned within the first
slot (120A) and a second current sensor (132) positioned within
the second slot (120B).
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DIFFERENTIAL SIGNAL CURRENT SENSOR

Field of the Disclosure

[0001] The present disclosure is generally related to the field of integrated current
sensor structures. More particularly, embodiments of the present disclosure relate a

differential signal current sensor.

Background of the Disclosure

[0002] A current sensor is a device that detects electric current (AC or DC) in a wire
and generates a signal proportional to that current. The generated signal can be an analog
voltage or a current or even a digital output. One method for detecting and measuring an
electrical current in an electrically conductive wire uses a Hall sensor based on the Hall
effect. The Hall effect is the production of a voltage difference (the Hall voltage) across
an electrically conductive material (such as a wire), transverse to an electric current in the
material and to an applied magnetic field perpendicular to the current. The voltage
difference can be measured and, if the applied magnetic field is known, the current in the
electrically conductive material can be deduced. Such a current sensor can be called a

magnetic current sensor.

[0003] It is often desirable to exclude or mitigate stray magnetic fields from the
magnetic current sensor. Since the current deduced 1s dependent on the local magnetic
field applied to the magnetic sensor, any unknown or undesirable magnetic field can
cause incorrect measurements. It is also desirable to provide a consistent and accurate
current measurement at the moment of measurement for both direct and alternating

electrical currents for a wide range of frequencies.
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[0004] There is a need, therefore, for current-sensor structures that provide consistent
and accurate current measurements in environments with stray magnetic fields and for

electrical currents having a wide frequency range.

Summary of the Disclosure

[0005] In one approach, a current sensor device may a conductor for conducting
electrical current in a current direction, the conductor including a first slot extending from
a first perimeter edge, towards a central axis extending along a length of the conductor;
and a second slot extending from a second perimeter edge, towards the central axis. The
current sensor device may further include a first current sensor positioned within the first

slot and a second current sensor positioned within the second slot.

[0006] In another approach, a differential signal current sensor device may include a
conductor for conducting electrical current in a current direction, the conductor including
a first slot extending from a first perimeter edge, towards a central axis extending along a
length of the conductor, and a second slot extending from a second perimeter edge,
towards the central axis. The first and second slots may be offset from one another along
the length of the conductor. The differential signal current sensor device may further
include a first current sensor positioned within the first slot and a second current sensor

positioned within the second slot.

[0007] In yet another approach, a differential signal current sensor device may
include a conductor for conducting electrical current in a current direction, the conductor

including a first slot extending from a first perimeter edge, towards a central axis



WO 2021/051400 PCT/CN2019/107032

extending along a length of the conductor, and a second slot extending from a second
perimeter edge, towards the central axis. The first and second slots may be offset from
one another along the length of the conductor. The differential signal current sensor
device may further include a first current sensor positioned within the first slot and a
second current sensor positioned within the second slot, wherein the first and second
current sensors measure a vertical magnetic flux generated by the electrical current
through the conductor, wherein the vertical magnetic flux at the first slot is oriented in a
first direction, and wherein the vertical magnetic flux at the second slot is oriented in a

second direction, opposite the first direction.

Brief Description of the Drawings

[0008] The accompanying drawings illustrate exemplary approaches of the disclosed
embodiments so far devised for the practical application of the principles thereof, and

wherein:

[0009] FIG. 1 depicts a top view of a current sensor device according to

embodiments of the present disclosure;

[0010] FIG. 2 1s a perspective view of a conductor of the current sensor device of

FIG. 1 according to embodiments of the present disclosure;

[0011] FIG. 3 is a side view of the busbar of FIG. 2 showing magnetic flux lines

according to embodiments of the present disclosure;

[0012] FIG. 4 1s a circuit diagram of the current sensor device of FIG. 1 according to

embodiments of the present disclosure; and
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[0013] FIG. 5 is a current sensor device including a housing according to

embodiments of the present disclosure.

[0014] The drawings are not necessarily to scale. The drawings are merely
representations, not intended to portray specific parameters of the disclosure. The
drawings are intended to depict exemplary embodiments of the disclosure, and therefore
are not to be considered as limiting in scope. In the drawings, like numbering represents

like elements.

[0015] Furthermore, certain elements in some of the figures may be omitted, or
illustrated not-to-scale, for illustrative clarity. The cross-sectional views may be in the
form of "slices", or "near-sighted" cross-sectional views, omitting certain background
lines otherwise visible in a "true" cross-sectional view, for illustrative clarity.

Furthermore, for clarity, some reference numbers may be omitted in certain drawings.

Detailed Description

[0016] Current sensor devices in accordance with the present disclosure will now be
described more fully hereinafter with reference to the accompanying drawings, where
embodiments of the methods are shown. The devices may be embodied in many
different forms and are not to be construed as being limited to the embodiments set forth
herein. Instead, these embodiments are provided so the disclosure will be thorough and
complete, and will fully convey the scope of the system and method to those skilled in

the art.

[0017] Tuming to FIGs. 1-2, a differential signal current sensor device (hereinafter

“device”) 100 according to embodiments of the present disclosure will be described. As
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shown, the device 100 may include a conductor 102 for conducting electrical current (/)
in a current direction, as demonstrated by a series of broken-line arrows traversing the
conductor 102. As shown, the conductor 102, which may be a busbar, includes a first end
104 opposite a second end 106, a first side 108 opposite a second side 110, and a first
main side 112 opposite a second main side 114. A length of the conductor 102 extending
between the first and second ends 104, 106 (e.g., along the x-direction) may be greater
than a width of the conductor 102 extending between the first and second sides 108, 110
(e.g., along the y-direction). Furthermore, the length and the width of the conductor 102
may be greater than a thickness thereof, wherein the thickness extends between the first
and second main sides 112, 114 (e.g., along the z-direction). Although non-limiting, the
conductor 102 may have a plurality of conductor surfaces and can be a laminated
structure with different electrically isolated layers of materials, for example electrically

conductive materials.

[0018] As further shown, the conductor 102 may include one or more notches or slots.
In some embodiments, the conductor 102 has a first slot 120A extending from a first
perimeter edge 122 and towards a central axis (CA) extending along the length of the
conductor 102. The conductor 102 further includes a second slot 120B extending from a
second perimeter edge 124, towards the central axis. As shown, the first and second
perimeter edges 122 and 124 correspond to the first side 108 and the second side of the
conductor 102, respectively. The first and second slots 120A-120B may extend through
the thickness of the conductor 102, e.g., between the first main side 112 and the second
main side 114. Although non-limiting, the first and second slots 120A-120B may have a

substantially rectangular shape or profile.
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[0019] As shown, the first and second slots 120A-120B may be offset along the
central axis with respect to one another. Said differently, the first and second slots 120A-
120B may extend parallel to one another, separated by a central section 133 of the
conductor 102. The central section 133 may ensure that the conductor 102 does not
overheat in the areas of the first and/or second slots 120A-120B when the current 7 is

applied.

[0020] As further shown, the device 100 may include a first current sensor 130
positioned within the first slot 120A and a second current sensor 132 positioned within
the second slot 120B. The first and second current sensors 130, 132 are generally not in
direct contact with a surface of the conductor 102. In some embodiments, the first and
second current sensors 130, 132 may be integrated circuits that can be molded in a
package and disposed on a printed circuit board 136 or other wiring substrate. The
integrated circuit can be electrically connected to any one or any combination of wires, a
lead frame, solder bumps and other electrical conductors on the printed circuit board 136
using leads or pins 142 (FIG. 2) on the integrated circuit package. As shown, the
conductor 102 may be positioned over and/or coupled to the printed circuit board 136. In
other embodiments, the conductor 102 is free-standing and does not require a separate

support, such the printed circuit board 136.

[0021] The printed circuit board 136 can include only integrated circuits that sense
currents or can include other integrated circuits that provide control or signal processing
capabilities. In some embodiments, a vertical Hall sensor 1s used. In other embodiments
a two-axis or three-axis magnetic field sensor is used (employing the Hall effect, AMR,

GMR, or any other suitable sensing technology). Alternative magnetic sensor
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technologies such as giant magnetoresistive sensors (GMR), tunnelling magnetoresistive
sensors (TMR), anisotropic magnetoresistive sensors (AMR), flux gates or Rogowski
coils, for example that sense in-plane magnetic fields, can also be used instead of a Hall

Sensor.

[0022] In some embodiments, the first and second current sensors 130, 132 can be
integrated into a single chip, a single integrated circuit or a single package. Each of the
first and second current sensors 130, 132 may be offset a distance from the central axis.
For example, the first current sensor 130 is disposed between the first perimeter edge 122
and the central axis, and the second current sensor 132 is disposed between the second
perimeter edgel24 and the central axis. Furthermore, as discussed above, the first and
second current sensors 130, 132 may be offset from one another along the central axis by
the central section 133 of the conductor 102. As a result, the first and second current
sensors 130, 132 are disposed in relation to the conductor 102 to measure a vertical

magnetic flux.

[0023] Although offset, the first and second current sensors 130, 132 disposed
opposite each other on opposite sides of the conductor 102. In such an arrangement,
device 100 can be operated in a differential way such that the signals from the first and
second current sensors 130, 132 can be subtracted to cancel out external magnetic fields
and thereby improve the signal-to-noise ratio of the device. Such an embodiment can

reduce the need for a shield.

[0024] As shown in FIG. 3, the first and second current sensors 130, 132 measure a
vertical magnetic flux 140 generated by the electrical current through the conductor 102,

wherein the vertical magnetic flux 140 at the first slot 120A is oriented in a first direction
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(e.g., top to bottom along the z-direction), and wherein the vertical magnetic flux 140 at
the second slot 120B is oriented in a second direction (e.g., bottom to top along the z-
direction), opposite the first direction. Said differently, the vertical magnetic flux 140 at
the first slot 120A travels from the first main side 112 towards the second main side 114
as it passes through the conductor 102, and the vertical magnetic flux 140 at the second
slot 120B travels from the second main side 114 towards the first main side 112 as it
passes through the conductor 102. It will be appreciated that these directions may be

reversed 1n an alternative embodiment.

[0025] FIG. 4 demonstrates the device 100 as a circuit diagram according to
embodiments of the present disclosure. In one non-limiting embodiments, the first
current sensor 130 and the second current sensor 132 output respective voltages (VOUTI
and VOUT?2), which are received by an op amp 144. As shown, the first and second
current sensors 130, 132 may be Hall sensors. The op amp 144 generates an output
signal 145 (VOUT), which is the difference between the signals being applied to its two
individual inputs (+, -). This differential output signal 145 beneficially resists external

stray field.

[0026] Tuming now to FIG. §, a non-limiting example of the device 100 including a
housing 150 partially containing or encasing the conductor 102 is shown. In some
embodiments, the housing 150 may include an opening 152 for receiving the conductor
102. For example, the housing 150 may extend along the first main side 112 and the
second main side 114 of the conductor 102, with the first end 104 and the second end 106
of the conductor 102 extending outside of the housing 150. In some embodiments, the

housing 150, which may be nylon, can be coupled to a printed circuit board (not shown)
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along a bottom surface 155 thereof. As further shown, the device 100 may further
include a thermosetting material 157 to encapsulate the printed circuit board assembly the

first and second current sensors 130, 132 (not shown) contained with the housing 150.

[0027] In sum, embodiments herein provide a novel device having high accuracy,
protection against temperature increases, and anti-external stray field interference.
Furthermore, the device of the present disclosure does not require an integrated magnetic
concentrator (IMC), for example, as a shielding to resist external stray field. Still
furthermore, no additional shielding around the magnetic flux is required in the present

device, which reduces parts and therefore cost.

[0028] As used herein, an element or step recited in the singular and proceeded with
the word “a” or “an” is understood as not excluding plural elements or steps, unless such
exclusion 1s explicitly recited. Furthermore, references to “one embodiment” of the

present disclosure are not intended to be interpreted as excluding the existence of

additional embodiments also incorporating the recited features.

[0029] The use of “including,” “comprising,” or “having” and variations thereof
herein is meant to encompass the items listed thereafter and equivalents thereof as well as

2 <

additional items. Accordingly, the terms “including,” “comprising,” or “having” and

variations thereof are open-ended expressions and can be used interchangeably herein.

[0030] The phrases “at least one”, “one or more”, and “and/or”, as used herein, are
open-ended expressions and are both conjunctive and disjunctive in operation. For
example, expressions “at least one of A, B and C”, “at least one of A, B, or C”, “one or

more of A, B, and C”, “one or more of A, B, or C” and “A, B, and/or C” means A alone,
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B alone, C alone, A and B together, A and C together, B and C together, or A, B and C

together.

[0031] All directional references (e.g., proximal, distal, upper, lower, upward,
downward, left, right, lateral, longitudinal, front, back, top, bottom, above, below,
vertical, horizontal, radial, axial, clockwise, and counterclockwise) are just used for
identification purposes to aid the reader's understanding of the present disclosure. The
directional references do not create limitations, particularly as to the position, orientation,
or use of the disclosure. Connection references (e.g., attached, coupled, connected, and
joined) are to be construed broadly and may include intermediate members between a
collection of elements and relative movement between elements unless otherwise
indicated. As such, connection references do not necessarily infer two elements are

directly connected and in fixed relation to each other.

[0032] Furthermore, identification references (e.g., primary, secondary, first, second,
third, fourth, etc.) are not intended to connote importance or priority, and are used to
distinguish one feature from another. The drawings are for purposes of illustration, and
the dimensions, positions, order and relative sizes reflected in the drawings attached

hereto may vary.

[0033] Furthermore, the terms “substantial” or “approximately,” as well as the terms
“approximate” or “approximately,” can be used interchangeably in some embodiments,
and can be described using any relative measures acceptable by one of ordinary skill in
the art. For example, these terms can serve as a comparison to a reference parameter, to

indicate a deviation capable of providing the intended function. Although non-limiting,

10
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the deviation from the reference parameter can be, for example, in an amount of less than

1%, less than 3%, less than 5%, less than 10%, less than 15%, less than 20%, and so on.

[0034] While certain embodiments of the disclosure have been described herein, the
disclosure is not limited thereto, as the disclosure is as broad in scope as the art will allow
and the specification may be read likewise. Therefore, the above description is not to be
construed as limiting. Instead, the above description is merely as exemplifications of
particular embodiments. Those skilled in the art will envision other modifications within

the scope and spirit of the claims appended hereto.

11
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Claims

What is claimed is:

1. A current sensor device, comprising:
a conductor for conducting electrical current in a current direction, the conductor
comprising:
a first slot extending from a first perimeter edge, towards a central axis
extending along a length of the conductor; and
a second slot extending from a second perimeter edge, towards the central
axis; and
a first current sensor positioned within the first slot and a second current sensor

positioned within the second slot.

2. The current sensor device of claim 1, wherein the first slot and the second slot are

offset with respect to one another along the length of the conductor.

3. The current sensor device of claim 1, wherein the conductor is a busbar.

4, The current sensor device of claim 1, wherein the length of the conductor is

greater than a width and a thickness of the conductor.

5. The current sensor device of claim 1, wherein the first and second current sensors

are integrated circuits.

12
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6. The current sensor device of claim 1, further comprising a printed circuit board,

wherein the conductor is positioned over the printed circuit board.

7. The current sensor device of claim 1, wherein the first and second current sensors
are disposed in relation to the conductor to measure a vertical magnetic flux, wherein a
the vertical magnetic flux at the first slot is oriented in a first direction, and wherein the
vertical magnetic flux at the second slot is oriented in a second direction, opposite the

first direction.

8. The current sensor device of claim 1, wherein the first and second current sensors

are not in direct contact with the conductor.

9. A differential signal current sensor device, comprising:
a conductor for conducting electrical current in a current direction, the conductor
comprising:
a first slot extending from a first perimeter edge, towards a central axis
extending along a length of the conductor; and
a second slot extending from a second perimeter edge, towards the central
axis, wherein the first and second slots are offset from one another along the
length of the conductor; and
a first current sensor positioned within the first slot and a second current sensor

positioned within the second slot.

13
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10. The differential signal current sensor device of claim 9, wherein the first slot and

the second slot extend perpendicular to one another.

11. The differential signal current sensor device of claim 9, wherein the conductor is a
busbar.
12. The differential signal current sensor device of claim 9, wherein the length of the

conductor is greater than a width and a thickness.

13. The differential signal current sensor device of claim 9, wherein the first and

second current sensors are integrated circuits.

14. The differential signal current sensor device of claim 9, further comprising a

printed circuit board, wherein the conductor is positioned over the printed circuit board.

15. The differential signal current sensor device of claim 9, wherein the first and
second current sensors are disposed in relation to the conductor to measure a vertical
magnetic flux, wherein a the vertical magnetic flux at the first slot is oriented in a first
direction, and wherein the vertical magnetic flux at the second slot is oriented in a second

direction, opposite the first direction.

16. A differential signal current sensor device, comprising:

14
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a conductor for conducting an electrical current in a current direction, the
conductor comprising;
a first slot extending from a first perimeter edge, towards a central axis
extending along a length of the conductor; and
a second slot extending from a second perimeter edge, towards the central
axis, wherein the first and second slots are offset from one another along the
length of the conductor; and
a first current sensor positioned within the first slot and a second current sensor
positioned within the second slot, wherein the first and second current sensors measure a
vertical magnetic flux generated by the electrical current through the conductor, wherein
the vertical magnetic flux at the first slot is oriented in a first direction, and wherein the
vertical magnetic flux at the second slot is oriented in a second direction, opposite the

first direction.

17. The differential signal current sensor device of claim 16, wherein the first slot and
the second slot extend parallel to one another, wherein the first current sensor is disposed
between the first perimeter edge and the central axis, and wherein the second current

sensor 1s disposed between the second perimeter edge and the central axis.

18. The differential signal current sensor device of claim 16, wherein the conductor is

a busbar, and wherein the length of the busbar is greater than a width and a thickness of

the busbar.

15
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19. The differential signal current sensor device of claim 16, wherein the first and

second current sensors are Hall-effect sensors.

20. The differential signal current sensor device of claim 16, further comprising a

printed circuit board, wherein the conductor is positioned over the printed circuit board.

16
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