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(57) Abstract: A Voltage Regulator Module (VRM) includes a first volt-
age rail circuit board oriented in a first plane having formed therein a first
plurality of conductors and configured to produce a first rail voltage, a sec-
ond voltage rail circuit board oriented in a second plane that is substantial-
ly parallel to the first plane having formed therein a second plurality of
conductors and configured to produce a second rail voltage. The VRM al-
so includes a first capacitor circuit board oriented in a third plane that is
substantially perpendicular to the first plane and a second capacitor circuit
board oriented in a fourth plane that is substantially parallel to the third
plane. The VRM includes a plurality of conductors intercoupling the first
voltage rail circuit board, the first capacitor circuit board, the second volt-
age rail circuit board, and the second capacitor circuit board.
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HIGH POWER VOLTAGE REGULATOR MODULE
CROSS-REFERENCE TO RELATED APPLICATION

[0001] The present application claims priority pursuant to 35 U.S.C. 119(e) to U.S.
Provisional Patent Application No. 62/584,605, entitled “HIGH POWER VOLTAGE
REGULATOR MODULE”, filed 10 November 2017, which is incorporated herein by

reference in its entirety for all purposes.
BACKGROUND OF THE INVENTION

TECHNICAL FIELD

[0001] The present invention relates generally to power electronics, and more specifically

to voltage regulators.
DESCRIPTION OF RELATED ART

[0002] Power conversion is generally known. One particular application of power
conversion electronics is the powering of Integrated Circuits (ICs) in which voltage at a higher
level is converted to a voltage at a lower level that corresponds to the ICs. Rectifiers convert
AC voltage to DC voltage where required. A Voltage Regulator Module (VRM) may be used
to convert a voltage received from a battery or other DC source, e.g., rectifier, to alower voltage
for use by an IC. The requirement of high power for the ICs, e.g., in excess of 500 watts, at
relatively low voltages, e.g., less than one volt, creates design problems for the VRM. The
VRM must supply the low DC voltage at many hundreds of amperes. Typically, VRMs are
space constrained making the locating of thousands or millions of components in close

proximity difficult.

SUMMARY

[0003] Embodiments of the present disclosure are directed towards a high-power Voltage
Regulator Module (VRM). The high-power VRM includes a first voltage rail circuit board, a
second voltage rail circuit board, a first capacitor circuit board, and a second capacitor circuit
board. The first voltage rail circuit board is oriented in a first plane and has formed therein a
first plurality of conductors, and has mounted thereon a first plurality of VRM elements, a first
plurality of inductors coupled to the first plurality of VRM elements, and a first plurality of

capacitors, and is configured to produce a first rail voltage. The second voltage rail circuit
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board is oriented in a second plane that is substantially parallel to the first plane, the second
voltage rail circuit board having formed therein a second plurality of conductors, and having
mounted thereon a second plurality of VRM elements, a second plurality of inductors coupled
to the second plurality of VRM elements, and a second plurality of capacitors, and is configured
to produce a second rail voltage.

[0004] The first capacitor circuit board is oriented in a third plane that is substantially
perpendicular to the first plane, the first capacitor circuit board having formed therein a third
plurality of conductors, and having mounted thereon a third plurality of capacitors. The second
capacitor circuit board is oriented in a fourth plane that is substantially parallel to the third
plane, the second capacitor circuit board having formed therein a fourth plurality of conductors,
and having mounted thereon a fourth plurality of capacitors. A fifth plurality of conductors
couples the first voltage rail circuit board to the first capacitor circuit board and to the second
capacitor circuit board. A sixth plurality of conductors couples the second voltage rail circuit

board to the first capacitor circuit board and to the second capacitor circuit board.

[0005] The high-power VRM provides important benefits as compared to the prior devices.
The configuration of the circuit boards of the high-power VRM allows the high-power VRM
to have a relatively small footprint for the relatively large number of components it includes.
This allows the high-power VRM to have a footprint similar in area to an Integrated Circuit
(IC) die that it services. Further, by having the first voltage rail circuit board and the second
voltage rail circuit board oriented vertically, with reference to a horizontal orientation of the
capacitor circuit board and the second capacitor circuit board (and the IC die), heat generated

by the components of the high-power VRM is more easily dissipated.

[0006] The high-power VRM of the present disclosure may include various optional
aspects, which may be combined singularly or in any various combination. According to a first
aspect, a seventh plurality of conductors couples the first capacitor circuit board to the second
capacitor circuit board. According to a second aspect, the fifth plurality of conductors couples
to a first outer portion of the first capacitor circuit board and to a first outer portion of the
second capacitor circuit board and the sixth plurality of conductors couples to a first outer
portion of the second capacitor circuit board and to a second outer portion of the second
capacitor circuit board. According to a third aspect, the seventh plurality of conductors couples
between a central portion of the first capacitor circuit board and a central portion of the second

capacitor circuit board.
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[0007] According to a fourth aspect, the third plurality of capacitors are configured to filter
medium to low frequency components of the first rail voltage and the second rail voltage and
the fourth plurality of capacitors are configured to filter high frequency components of the first
rail voltage and the second rail voltage. According to a fifth aspect, the high power VRM is
configured to receive a supply voltage across the first voltage rail circuit board and the second
voltage rail circuit board and produce an output voltage at a voltage less than the supply
voltage. In various configurations, the supply voltage is approximately 40 volts and the output
voltage is approximately 0.8 volts. According to a sixth aspect, the second capacitor circuit
board includes a plurality of solder ball connections to deliver the output voltage to an
Integrated Circuit (IC).

[0008] According to a seventh aspect, the high power VRM further includes a cooling
system sink and piping coupled to the cooling system sink and configured to cool the first
plurality of VRM elements, the first plurality of inductors, the second plurality of VRM
elements, and the second plurality of inductors.

[0009] These and other benefits of the present disclosure will be understood further from

the following descriptions.
BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 is a block diagram illustrating a processing system that includes a plurality
of multiple circuit board high power Voltage Regulator Modules (VRMs) constructed
according to the present disclosure.

[0011] FIG. 2 is a block schematic diagram illustrating a multiple circuit board high power
VRM according to the present disclosure.

[0012] FIG. 3A is a block schematic diagram illustrating a first capacitor circuit board of
the multiple circuit board high power VRM of FIG. 2.

[0013] FIG. 3B is a block schematic diagram illustrating a second capacitor circuit board
of the multiple circuit board high power VRM of FIG. 2.

[0014] FIG. 4 is a block schematic diagram illustrating cooling system components of a

multiple circuit board high power VRM according to the present disclosure.
DETAILED DESCRIPTION

[0015] FIG. 1 is a block diagram illustrating a processing system that includes a plurality
of multiple circuit board high power Voltage Regulator Modules (VRMs) constructed

according to the present disclosure. The processing system 100 of FIG. 1 includes a plurality
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of multiple circuit board high power VRMs 102A, 102B, 102C, and 102D constructed
according to the present disclosure that mounted on a substrate panel 104. The plurality of
multiple circuit board high power VRMs 102A, 102B, 102C, and 102D are fed by a DC supply
voltage 108, at 40 volts in some embodiments and respectively service a plurality of Integrated
Circuits (ICs) 106A, 106B, 106C, and 106D and produce respective output voltages. In some
embodiments, each of the plurality of multiple circuit board high power VRMs 102A, 102B,
102C, and 102D produces an output voltage of approximately 0.8 volts and provides 600 watts
of power or more to the respective plurality of ICs 106A, 106B, 106C, and 106D. Thus, each
of the plurality of multiple circuit board high power VRMs 102A, 102B, 102C, and 102D
produces in excess of 100 amperes of current to the plurality of ICs 106A, 106B, 106C, and
106D.

[0016] Because each of the plurality of multiple circuit board high power VRMs 102A,
102B, 102C, and 102D produces an output of approximately 0.8 volts to the respective plurality
of ICs 106A, 106B, 106C, and 106D and it is desirable for the footprint of the VRMs 102A-
102D to be approximately the same as the footprints of the plurality of ICs 106A-106D. In
some embodiments, the footprint is approximately 3 centimeters by 3 centimeters, 4
centimeters by 4 centimeters, or other relatively small dimensions (that need not be square)
that approximate the surface area of the plurality of ICs 106A, 106B, 106C, and 106D.
However, in order to produce power at low voltage and high power, the plurality of VRMs
102A-102D must include a relatively large number of discrete components.

[0017] Thus, according to the present disclosure, the plurality of multiple circuit board high
power VRMs 102A, 102B, 102C, and 102D include circuit boards that are disposed in planes
both parallel to the substrate panel 104 and in planes perpendicular to the substrate panel 104.
One embodiment that will be described with reference to FIGs 2, 3A, 3B, and 4 includes two
circuit boards oriented perpendicular to the substrate panel 104 and two circuit boards oriented
parallel to the substrate panel 104. With this structure, the VRMs 102A, 102B, 102C, and
102D extend above the substrate panel 104 in a direction perpendicular to the substrate panel.
[0018] FIG. 2 is a block schematic diagram illustrating a multiple circuit board high power
VRM according to the present disclosure. The multiple circuit board high power VRM 200
includes a first voltage rail circuit board 202A, a second voltage rail circuit board 202B, a first
capacitor circuit board 216, and a second capacitor circuit board 218. These components are
mounted on rails 212A and 212B and on top brace 213, the rails 212A and 212B coupling to a

substrate panel 210 using screws, for example. The second capacitor board 218 may couple to
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the substrate panel 210 via solder balls, which may have a pitch of 1 mm. The electrical
connection formed by the substrate panel 210 couples a first rail voltage and a second rail
voltage to die 214 mounted on an opposite side of the substrate panel 210.

[0019] The first voltage rail circuit board 202A is oriented in a first plane, has formed
therein a first plurality of conductors (in a plurality of layers), and having mounted thereon a
first plurality of VRM elements 206A, a first plurality of inductors 208 A coupled to the first
plurality of VRM elements 206A, and a first plurality of capacitors 204A. The first voltage
rail circuit board 202A is configured to receive a first voltage and to produce the first rail
voltage. The second voltage rail circuit board 202B is oriented in a second plane that is
substantially parallel to the first plane, includes a second plurality of conductors formed therein
(in a plurality of layers), and has mounted thereon a second plurality of VRM elements 206B,
a second plurality of inductors 208B coupled to the second plurality of VRM elements 206B,
and a second plurality of capacitors 204B. The second voltage rail circuit board 202B is
configured to receive a second voltage and to produce the second rail voltage. The first and
second voltages may be received from a battery pack within an electric vehicle.

[0020] The VRM elements 206A and/or 206B may each include one or more switching
power supplies that are formed in a semiconductor device. The VRM elements 206 A and 206B
may also or otherwise include a plurality of discrete electronic components. Each of the VRM
elements 206A and 206B provides a portion of the total voltage conversion function required,
e.g., provide a portion of the output current required. While three VRM elements 206A and
three VRM elements 206B are shown in the FIGs., greater or fewer VRM elements 206A or
206B may be included in differing embodiments.

[0021] The first capacitor circuit board 216 is oriented in a third plane that is substantially
perpendicular to the first plane and has formed therein a third plurality of conductors. The first
capacitor circuit board has mounted thereon a third plurality of capacitors. The second
capacitor circuit board 218 is oriented in a fourth plane that is substantially parallel to the third
plane and includes, has formed therein, a fourth plurality of conductors, and has mounted
thereon a fourth plurality of capacitors.

[0022] The multiple circuit board high power VRM 200 further includes a fifth plurality of
conductors 216A and 217A coupling the first voltage rail circuit board 202A to the first
capacitor circuit board 216 and to the second capacitor circuit board 218. The multiple circuit
board high power VRM 200 further includes a sixth plurality of conductors 216B and 217B

coupling the second voltage rail circuit board 202B to the first capacitor circuit board 216 and
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to the second capacitor circuit board 216. The high power VRM of claim 1, further comprising
a seventh plurality of conductors 220 and 222 coupling the first capacitor circuit board 216 to
the second capacitor circuit board 218.

[0023] FIG. 3A is a block schematic diagram illustrating a first capacitor circuit board of
the multiple circuit board high power VRM of FIG. 2. The first capacitor circuit board 216
includes the third plurality of capacitors 302A, 304A, 302B, and 304B. Note that the capacitors
302A and 304A are located on a first side of the first capacitor circuit board 216 and that the
capacitors 302B and 304B are located on a second side of the first capacitor circuit board 216.
The fifth plurality of conductors 216A and 217A couple to connectors 308 of the first capacitor
circuit board 216. Further, the sixth plurality of conductors 216B and 217B couple to
connectors 306 of the first capacitor circuit board 216. The seventh plurality of conductors 220
and 222 couple to connectors 310 of the first capacitor circuit board 216.

[0024] FIG. 3B is a block schematic diagram illustrating a second capacitor circuit board
of the multiple circuit board high power VRM of FIG. 2. The second capacitor circuit board
218 includes the fourth plurality of capacitors 352A, 354A, 352B, and 354B. Note that the
capacitors 352A and 354A are located on a first side of the second capacitor circuit board 218
and that the capacitors 352B and 354B are located on a second side of the second capacitor
circuit board 218. The fifth plurality of conductors 216A and 217A couple to connectors 356
of the second capacitor circuit board 218. Further, the sixth plurality of conductors 216B and
217B couple to connectors 354 of the second capacitor circuit board 218. The seventh plurality
of conductors 220 and 222 couple to connectors 358 of the second capacitor circuit board 218.
[0025] Referring to both FIG. 3A and 3B, the fifth plurality of conductors 216A and 217A
couples to a first outer portion 312 of the first capacitor circuit board 216 and to a first outer
portion 362 of the second capacitor circuit board 218. Further the sixth plurality of conductors
216B and 217B couples to a second outer portion 314 of the first capacitor circuit board 216
and to a second outer portion 364 of the second capacitor circuit board 218. Moreover, the
seventh plurality of conductors 220 and 222 couples between a central portion 316 of the first
capacitor circuit board 216 and a central portion 366 of the second capacitor circuit board 218.
[0026] Still referring to both FIG. 3A and 3B, the third plurality of capacitors 302A, 304A,
302B, and 304B are configured to filter medium to low frequency components of the first rail
voltage and the second rail voltage and the fourth plurality of capacitors 352A and 352B are
configured to filter high frequency components of the first rail voltage and the second rail

voltage.
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[0027] With the embodiments of FIGs. 2, 3A and/or 3B, the input voltage received by the
first voltage rail circuit board 202A and the second voltage rail circuit board 202B may be 40
volts with 0.8-volt signals used for communications therewith. In other embodiments, a higher
rail voltage, like 48 volts, may be used.

[0028] FIG. 4 is a block schematic diagram illustrating cooling system components of a
multiple circuit board high power VRM according to the present disclosure. The difference
between the embodiment 200 of FIG. 2 and the embodiment 400 of FIG. 4 is the inclusion of
the cooling system components. The first plurality of VRM elements 206A, the first plurality
of inductors 208A, the second plurality of VRM elements 206B, the second plurality of
inductors 208B produce significant heat in their operation. Thus, the multiple circuit board
high power VRM includes a cooling system to cool these components. A cooling system
source/sink 402 couples to piping 404 to service the flow of coolant to cool the VRM elements
206A/206B and the inductors 208 A/208B. In certain embodiments, piping 404 runs in between
VRM elements 206A/206B. The piping 404 may include many segments. The piping 404
may couple directly to the VRM elements 206A/206B and the inductors 208A/208B or be
thermally coupled thereto by intermediate structures. The cooling system source/sink 402 may
service multiple circuit board high power VRMs as were illustrated in FIG. 1.

[0029] In the foregoing specification, the disclosure has been described with reference to
specific embodiments. However, as one skilled in the art will appreciate, various embodiments
disclosed herein can be modified or otherwise implemented in various other ways without
departing from the spirit and scope of the disclosure. Accordingly, this description is to be
considered as illustrative and is for the purpose of teaching those skilled in the art the manner
of making and using various embodiments of the disclosed system, method, and computer
program product. It is to be understood that the forms of disclosure herein shown and described
are to be taken as representative embodiments. Equivalent elements, materials, processes or
steps may be substituted for those representatively illustrated and described herein. Moreover,
certain features of the disclosure may be utilized independently of the use of other features, all
as would be apparent to one skilled in the art after having the benefit of this description of the
disclosure.

[0030] Routines, methods, steps, operations, or portions thereof described herein may be
implemented through electronics, e.g., one or more processors, using software and firmware
instructions. A “processor” or “processing circuitry” includes any hardware system, hardware

mechanism or hardware component that processes data, signals or other information. A
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processor can include a system with a central processing unit, multiple processing units,
dedicated circuitry for achieving functionality, or other systems. Some embodiments may be
implemented by using software programming or code in one or more digital computers or
processors, by using application specific integrated circuits (ASICs), programmable logic
devices, field programmable gate arrays (FPGAs), optical, chemical, biological, quantum or
nano-engineered systems, components and mechanisms. Based on the disclosure and teachings
representatively provided herein, a person skilled in the art will appreciate other ways or

methods to implement the teachings herein.

2 REEN 1 "o

[0031] As used herein, the terms “comprises,” “comprising,” "includes," "including,"
"has," "having" or any contextual variants thereof, are intended to cover a non-exclusive
inclusion. For example, a process, product, article, or apparatus that comprises a list of
elements is not necessarily limited to only those elements but may include other elements not
expressly listed or inherent to such process, product, article, or apparatus. Further, unless
expressly stated to the contrary, "or" refers to an inclusive or and not to an exclusive or. For
example, a condition “A or B” is satisfied by any one of the following: A is true (or present)
and B is false (or not present), A is false (or not present) and B is true (or present), and both A
and B is true (or present).

[0032] Although the steps, operations, or computations may be presented in a specific
order, this order may be changed in different embodiments. In some embodiments, to the extent
multiple steps are shown as sequential in this specification, some combination of such steps in
alternative embodiments may be performed at the same time. The sequence of operations
described herein can be interrupted, suspended, reversed, or otherwise controlled by another
process.

[0033] It will also be appreciated that one or more of the elements depicted in the
drawings/figures can also be implemented in a more separated or integrated manner, or even
removed or rendered as inoperable in certain cases, as is useful in accordance with a particular
application. Additionally, any signal arrows in the drawings/figures should be considered only

as exemplary, and not limiting, unless otherwise specifically noted therewith.
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CLAIMS
What is claimed is:
1. A high-power Voltage Regulator Module (VRM) comprising:

a first voltage rail circuit board oriented in a first plane, having formed therein a first
plurality of conductors, and having mounted thereon a first plurality of VRM elements, a first
plurality of inductors coupled to the first plurality of VRM elements, and a first plurality of

capacitors, and configured to produce a first rail voltage;

a second voltage rail circuit board oriented in a second plane that is substantially
parallel to the first plane, the second voltage rail circuit board having formed therein a second
plurality of conductors, and having mounted thereon a second plurality of VRM elements, a
second plurality of inductors coupled to the second plurality of VRM elements, and a second

plurality of capacitors, and configured to produce a second rail voltage;

a first capacitor circuit board oriented in a third plane that is substantially perpendicular
to the first plane, the first capacitor circuit board having formed therein a third plurality of

conductors, and having mounted thereon a third plurality of capacitors;

a second capacitor circuit board oriented in a fourth plane that is substantially parallel
to the third plane, the second capacitor circuit board having formed therein a fourth plurality

of conductors, and having mounted thereon a fourth plurality of capacitors;

a fifth plurality of conductors coupling the first voltage rail circuit board to the first

capacitor circuit board and to the second capacitor circuit board; and

a sixth plurality of conductors coupling the second voltage rail circuit board to the first

capacitor circuit board and to the second capacitor circuit board.

2. The high power VRM of claim 1, further comprising a seventh plurality of conductors

coupling the first capacitor circuit board to the second capacitor circuit board.

3. The high power VRM of claim 2, wherein:

the fifth plurality of conductors couples to a first outer portion of the first capacitor

circuit board and to a first outer portion of the second capacitor circuit board; and
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the sixth plurality of conductors couples to a first outer portion of the second capacitor

circuit board and to a second outer portion of the second capacitor circuit board.

4. The high power VRM of claim 3, wherein the seventh plurality of conductors couples
between a central portion of the first capacitor circuit board and a central portion of the second

capacitor circuit board.

5. The high power VRM of claim 1, wherein:

the third plurality of capacitors are configured to filter medium to low frequency

components of the first rail voltage and the second rail voltage; and

the fourth plurality of capacitors are configured to filter high frequency components of

the first rail voltage and the second rail voltage.

6. The high power VRM of claim 1, wherein the high power VRM is configured to:

receive a supply voltage across the first voltage rail circuit board and the second voltage

rail circuit board; and

produce an output voltage at a voltage less than the supply voltage.

7. The high power VRM of claim 6, wherein:

the supply voltage is approximately 40 volts; and

the output voltage is approximately 0.8 volts.

8. The high power VRM of claim 6, wherein the second capacitor circuit board includes

a plurality of solder ball connections to deliver the output voltage to an Integrated Circuit (IC).

0. The high power VRM of claim 1, further comprising:

a cooling system sink; and

10
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piping coupled to the cooling system sink and configured to cool the first plurality of
VRM elements, the first plurality of inductors, the second plurality of VRM elements, and the

second plurality of inductors.

10. A high-power Voltage Regulator Module (VRM) comprising:

a first voltage rail circuit board oriented in a first plane, having formed therein a first

plurality of conductors and configured to produce a first rail voltage;

a second voltage rail circuit board oriented in a second plane that is substantially
parallel to the first plane, the second voltage rail circuit board having formed therein a second

plurality of conductors and configured to produce a second rail voltage;

a first capacitor circuit board oriented in a third plane that is substantially perpendicular
to the first plane, the first capacitor circuit board having formed therein a third plurality of

conductors, and having a third plurality of capacitors;

a second capacitor circuit board oriented in a fourth plane that is substantially parallel
to the third plane, the second capacitor circuit board having formed therein a fourth plurality

of conductors, and having a fourth plurality of capacitors;

a fifth plurality of conductors coupling the first voltage rail circuit board to the first

capacitor circuit board and to the second capacitor circuit board; and

a sixth plurality of conductors coupling the second voltage rail circuit board to the first

capacitor circuit board and to the second capacitor circuit board.

11. The high power VRM of claim 10, further comprising a seventh plurality of conductors

coupling the first capacitor circuit board to the second capacitor circuit board.

12. The high power VRM of claim 11, wherein:

the fifth plurality of conductors couples to a first outer portion of the first capacitor

circuit board and to a first outer portion of the second capacitor circuit board; and

the sixth plurality of conductors couples to a first outer portion of the second capacitor

circuit board and to a second outer portion of the second capacitor circuit board.

11
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13. The high power VRM of claim 12, wherein the seventh plurality of conductors couples
between a central portion of the first capacitor circuit board and a central portion of the second

capacitor circuit board.

14. The high power VRM of claim 10, wherein:

the first capacitor circuit board includes a plurality of capacitors configured to filter

medium to low frequency components of the first rail voltage and the second rail voltage; and

the second capacitor circuit board includes a fourth plurality of capacitors configured

to filter high frequency components of the first rail voltage and the second rail voltage.

15. The high power VRM of claim 10, wherein the high power VRM is configured to:

receive a supply voltage across the first voltage rail circuit board and the second voltage

rail circuit board; and

produce an output voltage at a voltage less than the supply voltage.

16. The high power VRM of claim 15, wherein:
the supply voltage is approximately 40 volts; and

the output voltage is approximately 0.8 volts.

17.  The high power VRM of claim 15, wherein the second capacitor circuit board includes

a plurality of solder ball connections to deliver the output voltage to an Integrated Circuit (IC).

18. The high power VRM of claim 10, further comprising:
a cooling system sink; and

piping coupled to the cooling system sink and configured to cool components of the

first voltage rail circuit board and to cool components of the second voltage rail circuit board.

12
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1 May 2013 (2013-05-01)
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Y US 2009/160259 Al (NAIKNAWARE RAVINDRANATH 1-9,
[US] ET AL) 25 June 2009 (2009-06-25) 11-18
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Further documents are listed in the continuation of Box C.

See patent family annex.
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to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date
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cited to establish the publication date of another citation or other
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means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family
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