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POWER COMBINER AND BALANCER
[0001] This relates to electrical circuits, and more particularly to power processing circuits.
BACKGROUND
[0002] In storage applications, servers have traditionally used hard disk drive (HDDs) for the
storage of data. Recently, however, solid-state drives (SSDs) have been generating interest due
to their low power consumption, fast operation and high reliability. HDD systems and SSD
systems may have different power supply requirements.
SUMMARY
[0003] In described examples, an integrated circuit includes a first input, a second input, and
an output. The integrated circuit further includes a first power converter having a voltage input
coupled to the first input of the integrated circuit, a control input, and an output coupled to the
output of the integrated circuit. The integrated circuit further includes a second power converter
having a voltage input coupled to the second input of the integrated circuit, a control input, and
an output coupled to the output of the first power converter and to the output of the integrated
circuit. The voltage input of the second power converter is free of connection to the voltage
input of the first power converter. The integrated circuit further includes a first power converter
control circuit having a first input coupled to a reference voltage lead, a second input coupled to
the output of the first power converter, and an output coupled to the control input of the first
power converter. The integrated circuit further includes a second power converter control circuit
having a first input, a second input, and an output coupled to the control input of the second
power converter. The integrated circuit further includes a first current sensing circuit having an
input coupled to the output of the first power converter, and an output coupled to the first input
of the second power converter control circuit. The integrated circuit further includes a second
current sensing circuit having an input coupled to the output of the second power converter, and
an output coupled to the second input of the second power converter control circuit. The second
power converter control circuit is free of connection with the reference voltage line.
[0004] In further described examples, a device includes a first power converter having an input
and an output. The device further includes a second power converter having an input and an
output. The input of the second power converter is free of connection to the input of the first
power converter. The device further includes a power management integrated circuit (PMIC)

having an input coupled to the outputs of the first and second power converters. The device
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further includes one or more data storage device components coupled to the power management
PMIC.

[0005] In more described examples, a device includes a first power converter having an input
and an output. The device further includes a second power converter having an input and an
output. The input of the second power converter is free of connection to the input of the first
power converter. The output of the second power converter is coupled to the output of the first
power converter. The device further includes first control circuitry configured to control the first
power converter based on a signal indicative of the voltage at the output of the first power
converter and a reference voltage. The device further includes second control circuitry
configured to control the second power converter based on a signal indicative of a current at the
output of the first power converter and a signal indicative of a current at the output of the second
power converter.

[0006] In other described examples, a method includes receiving a first voltage at a first input
and a second voltage at a second input. A voltage level of the first voltage is different than a
voltage level of the second voltage. The method further includes combining, with a first power
converter and a second power converter, power received from the first and second inputs into a
single power rail. The method further includes controlling the second power converter such that
the second power converter outputs an amount of current to the single power rail that is
proportional to an amount of current output to the single power rail by the first power converter.
BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 is a block diagram of an example powered system according to this disclosure.
[0008] FIG. 2 is a block diagram of an example powered system that may be used to
implement the powered system of FIG. 1.

[0009] FIG. 3 is a block diagram of an example power balancer that may be used in the
powered systems of FIGS. 1 and 2.

[0010] FIG. 4 is a block diagram of another example power balancer according to this
disclosure.

[0011] FIGS. 5 and 6 are schematic diagrams of additional example power balancers according
to this disclosure.

[0012] FIG. 7 is a flow diagram of an example technique for combining and balancing power

according to this disclosure.
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DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0013] This disclosure describes techniques for combining power supplied by at least two
different power supply rails into a single output power rail. The power rail combining
techniques described in this disclosure may use at least two different power converters with their
outputs coupled together and with their inputs coupled to different power supply rails to combine
two voltages into a single, regulated output voltage that may be used to supply power to one or
more devices.

[0014] Combining different power rails into a single output power rail may allow devices that
are configured to receive power via a single power supply rail to be used in legacy systems that
include two different power supply rails, while still allowing such devices to draw power from
each of the legacy power supply rails. In this way, powered devices that use a single power
supply may be retrofitted into legacy systems in a relatively power-efficient manner and without
requiring replacement of the existing power supply infrastructure in such systems.

[0015] This disclosure also describes techniques for balancing the power supplied by at least
two different power supply rails when combining the power from such rails into a single output
power rail. The power balancing techniques may include controlling at least two power
converters that are used to combine at least two different power supply rails such that a first one
of the power converters outputs an amount of current to the single power rail that is proportional
to and/or equal to the amount of current output by another of the power converters.

[0016] Controlling the currents that are output by the power converters in this manner may
allow the amount of power drawn from each of the power supply rails to be controlled. In this
way, the relative amount of power drawn from multiple different supply rails may be
dynamically balanced at a target balancing ratio.

[0017] In storage applications, servers have traditionally used hard disk drives (HDDs) for the
storage of data. Recently, however, solid-state drives (SSDs) have been generating interest due
to their low power consumption, fast operation and high reliability. HDD systems and SSD
systems may have different power supply requirements. For example, spinning hard drives may
use two separate power rails with two separate voltages (e.g., 12 volts (V) and 5V), both of
which may be needed to operate the spinning hard drives. SSD drives, on the other hand, may
include a power management integrated circuit (PMIC) which generates multiple low voltages

from a single input voltage. For HDD and SSD systems, the different number of power supply



WO 2016/141070 PCT/US2016/020469

voltages and rails may pose significant challenges with respect to power processing when
retrofitting HDD type systems with SSDs.

[0018] In some examples, the techniques of this disclosure may use two power converters to
combine two separate power supply rails in an HDD type system into a single, regulated output
voltage rail that is suitable for use by one or more SSD components and/or for a power
management integrated circuit (PMIC) that supplies power to one or more SSD components. For
example, each of the two power converters may have an input that is coupled to a respective
power supply rail (e.g., 12V or 5V), and the outputs of the power converters may be coupled
together to generate a single output power rail for one or more SSD components and/or a PMIC.
[0019] Combining HDD power supply rails in this manner may allow legacy HDD power
distribution systems to be used to power an SSD data storage device, while at the same time
allowing the SSD data storage device to draw power from each of the legacy HDD power supply
rails. In this way, SSDs may be retrofitted into legacy HDD systems in a relatively
power-efficient manner and without requiring replacement of the existing HDD power
distribution infrastructure.

[0020] One technique for retrofitting HDD type systems with SSDs is to use two separate
PMICs (i.e., one for each power rail) and to statically allocate approximately half the load to the
5V rail and approximately half the load to the 12V rail. Doing so may keep the total power
under the power envelope requirements. However, this technique may not be ideal because the
power drawn from each of the rails may not be perfectly balanced between 12V rails and 5V
rails due to non-idealities in the converters and/or due to dynamics in the various loads.

[0021] The techniques in this disclosure may be used to actively balance power between two
HDD power supply inputs that are combined into a single output voltage rail. For example,
when two power converters are used to combine two HDD power supply inputs into a single
output, a first one of the power converters may be configured to regulate the output voltage of
the first power converter at a voltage that is suitable for supplying power to SSD components
and/or to a PMIC that powers SSD components. A second power converter may be configured
to regulate the output current of the second power converter at a level that is proportional to
and/or substantially matches the level of current output by the first power converter.

[0022] Operating two power converters in this manner may allow the power drawn from each

of the power supply rails to be dynamically balanced at a particular balancing ratio and/or
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equalized during operation of the SSD. In this way, the power efficiency of a retrofitted SSD
drive may be improved compared to systems that statically allocate SSD components to
individual HDD power rails based on worst case power consumption estimates. Also, the
techniques of this disclosure may simplify power design across platforms by making a unified
output which may feed, in some cases, all downstream supplies.

[0023] FIG. 1 is a block diagram of an example powered system 10 according to this
disclosure. Powered system 10 includes a power supply 12, a power balancer 14, a powered
device 16, voltage rails A, B and a combined voltage rail C.

[0024] Power supply 12 includes outputs 26, 28. Power balancer 14 includes inputs 30, 32,
and an output 34. Powered device 16 includes an input 36.

[0025] Outputs 26, 28 of power supply 12 are coupled, respectively, to inputs 30, 32 of power
balancer 14 via voltage rails A, B. Output 34 of power balancer 14 is coupled to input 36 of
powered device 16 via combined voltage rail C.

[0026] Example operation of powered system 10 will now be described. Power supply 12
regulates each of voltage rails A, B at a respective direct current (DC) voltage level. In some
examples, the DC voltage level of voltage rail B may be different than the DC voltage level of
voltage rail A. Power balancer 14 receives the voltages on voltage rails A, B at inputs 30, 32,
respectively, and combines the voltages to generate the voltage on combined voltage rail C at
output 34. In some examples, power balancer 14 may dynamically balance the power drawn
from voltage rails A, B such that the power drawn from voltage rail A substantially equals and/or
is proportional to the power drawn from voltage rail B. Power balancer 14 may provide power to
powered device 16 via combined voltage rail C. Powered device 16 may perform one or more
device operations and/or power one or more device components based on power received from
combined voltage rail C.

[0027] As discussed above, power supply 12 may regulate each of voltage rails A, B at a direct
current (DC) voltage level. Regulating each of voltage rails A, B at a DC voltage level may refer
to outputting a respective voltage level on each of voltage rails A, B where the respective voltage
level remains substantially constant over a range of load impedances. Accordingly, power
supply 12 may act as a set of independent voltage sources, such as: a first independent voltage
source that produces a substantially constant voltage on voltage rail A; and a second independent

voltage source that produces a substantially constant voltage on voltage rail B.
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[0028] In some examples, power supply 12 may be a hard disk drive (HDD) power supply that
is configured to output regulated voltages suitable for powering HDD components. For example,
voltage rail A may be regulated at 12 volts (V), and voltage rail B may be regulated at SV. Or,
voltage rail A may be regulated at 12V, and voltage rail B may be regulated at 3.3V.

[0029] As discussed above, power balancer 14 receives the voltages on voltage rails A, B and
combines the voltages to generate a single output voltage on combined voltage rail C.
Specifically, power balancer 14 receives a first voltage at input 30 and a second voltage at input
32, and combines the first and second voltages to generate the output voltage on combined
voltage rail C. Combining the first and second voltages may refer to combining power
associated with the first and second voltages to generate a combined voltage. Accordingly,
power balancer 14 may transfer power from input 30 to output 34 and from input 32 to output 34
by combining power received at inputs 30, 32 into a single output power rail (i.e., combined
voltage rail C).

[0030] As further discussed above, power balancer 14 may dynamically balance the power
drawn from voltage rails A, B such that the power drawn from voltage rail A substantially equals
and/or is proportional to the power drawn from voltage rail B. Dynamically balancing the power
drawn from voltage rails A, B may include dynamically balancing the current drawn from each
of voltage rails A, B such that the amount of current drawn from voltage rail B multiplied by the
voltage of voltage rail B is substantially equal to and/or proportional to the amount of current
drawn from voltage rail A multiplied by the voltage of voltage rail A.

[0031] Power balancer 14 may include any circuitry configured to combine inputs 30, 32 into
output 34 and/or to balance power drawn from voltage rails A, B. In some examples, power
balancer 14 may include two separate power converters with outputs coupled together and inputs
coupled to respective ones of inputs 30, 32. In some examples, the power converters may be
DC-to-DC power converters, such as, e.g., buck converters, boost converters, isolated converters,
and low-dropout regulators (LDOs).

[0032] Powered device 16 may be any combination of one or more devices that are powered
by combined voltage rail C. In some examples, powered device 16 may be a solid-state drive
(SSD) that includes a power management integrated circuit (PMIC) and one or more SSD
components. In further examples, powered device 16 may be a PMIC.

[0033] According to this disclosure, power balancer 14 may combine power supplied by at
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least two different power supply rails (e.g., voltage rails A, B) into a single output power rail
(i.e., combined voltage rail C). Combining different power rails into a single output power rail
may allow devices that are configured to receive power via a single power supply rail to be used
in legacy systems that include two different power supply rails, while still allowing such devices
to draw power from each of the legacy power supply rails. In this way, powered devices that use
a single power supply may be retrofitted into legacy systems in a relatively power-efficient
manner and without requiring replacement of the existing power supply infrastructure in such
systems.

[0034] According to this disclosure, power balancer 14 may control the relative amounts of
power supplied by at least two different power supply rails (e.g., voltage rails A, B) when
combining the power into a single power rail. In this way, power balancer 14 may balance the
amount of power drawn from each of the power supply rails to a target balancing ratio, thereby
increasing the power efficiency of the system.

[0035] FIG. 2 is a block diagram of an example powered system 40 that may be used to
implement powered system 10 illustrated in FIG. 1. Powered system 40 includes similar
components to those illustrated in FIG. 1 except that powered device 16 has been replaced by
solid-state drive 42. In some examples, solid-state drive 42 may correspond to (and be used to)
implement powered device 16 illustrated in FIG. 1.

[0036] Solid-state drive 42 includes a power management integrated circuit (PMIC) 44, SSD
components 46A, 46B, 46C (collectively, “SSD components 46”), and an input 48. Input 48 is
coupled to output 34 of power balancer 14 via combined voltage rail C.

[0037] PMIC 44 includes an input 50 that is coupled to output 34 of power balancer 14 via
combined voltage rail C. Input 50 may correspond to input 48 of solid-state drive 42. PMIC 44
also includes outputs 52A, 52B, 52C (collectively, “outputs 52”). Each of outputs 52 is coupled
to a respective one of SSD components 46.

[0038] Solid-state drive 42 may store and retrieve data for a client system. Solid-state drive 42
may be powered completely or at least in part by combined voltage rail C. Because power
balancer 14 transfers power from power supply 12 to combined voltage rail C, solid-state drive
42 may also said to be powered completely or in part by voltage rail A and voltage rail B of
power supply 12.

[0039] PMIC 44 may receive power via input 50, and manage the distribution of received
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power to SSD components 46 via outputs 52. Managing the distribution of received power to
SSD components 46 may involve outputting a regulated voltage on each of outputs 52. The
regulated voltages output on each of outputs 52 may be the same or different. In some examples,
PMIC 44 may perform one or more of the following functions: power management, voltage
regulation, DC-to-DC conversion, voltage scaling, dynamic voltage scaling, dynamic frequency
scaling, and power sequencing.

[0040] In some examples, solid-state drive 42 may store data without using a motor or
mechanically spinning disks. For example, solid-state drive 42 may store data using a memory
array and/or an integrated circuit array that is accessed via an electronic interface.

[0041] Each of SSD components 46 may receive power from PMIC 44 via a respective one of
power lines coupled to outputs 52. SSD components 46 may be any components that assist in
the operation of solid-state drive 42. In some examples, SSD components 46 may include one or
more of controllers, memory arrays, integrated circuit storage arrays, and other components used
by an SSD.

[0042] In some examples, power supply 12 may be an HDD power supply that is configured to
output voltages suitable for powering an HDD. For example, power supply 12 may output a 12V
voltage on voltage rail A and either 5V or 3.3V voltage on voltage rail B. Other combinations
are also possible. In such examples, voltage rails A, B may be referred to as HDD power supply
rails.

[0043] In examples where voltage rails A, B are HDD power supply rails, power balancer 14
may use two power converters to combine two separate HDD power supply rails (e.g., voltage
rails A, B) of powered system 40 into a single, regulated output voltage rail (e.g., combined
voltage rail C) that is suitable for use by PMIC 44 and/or SSD components 46. For example,
each of the two power converters may have an input that is coupled to a respective power supply
rail (e.g., voltage rails A, B), and the outputs of the power converters may be coupled together to
generate a single output voltage rail for PMIC 44 and/or SSD components 46.

[0044] Combining HDD power supply rails in this manner may allow legacy HDD power
distribution systems (e.g., voltage rails A, B) to be used to power solid-state drive 42, while at
the same time allowing solid-state drive 42 to draw power from each of the legacy HDD power
supply rails. In this way, solid-state drive 42 may be retrofitted into legacy HDD systems in a

relatively power-efficient manner and without requiring replacement of the existing HDD power
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supply infrastructure.

[0045] The techniques in this disclosure may be used to actively balance power between two
HDD power supply inputs that are combined into a single output voltage rail. Operating two
power converters in this manner may allow the power drawn from each of the HDD power
supply rails to be dynamically balanced at a particular ratio and/or equalized during operation of
solid-state drive 42. In this way, the power efficiency of a retrofitted SSD drive may be
improved compared to systems that statically allocate SSD components to individual HDD
power rails based on worst case power consumption estimates. Also, in some examples, the
techniques of this disclosure may simplify power design across platforms by making a unified
output, which may feed all downstream supplies.

[0046] FIG. 3 is a block diagram of an example power balancer 14 that may be used in the
powered systems of FIGS. 1 and 2. Although usable in either of the systems of FIGS. 1 and 2,
for purposes of explanation, power balancer 14 of FIG. 3 will be illustrated and described as
being used in powered system 40 of FIG. 2.

[0047] Power balancer 14 includes power converters 54, 56. Power converter 54 includes an
input 58 and an output 60. Power converter 56 includes an input 62 and an output 64. Input 58
is coupled to voltage rail A, and input 62 is coupled to voltage rail B. Output 60 is coupled to
output 64, and both of outputs 60, 64 are coupled to input 50 of PMIC 44.

[0048] Power converter 54 may receive power at input 58 and transfer some or all of the
received power to output 60 for use by PMIC 44. Power converter 56 may receive power at
input 62 and transfer some or all of the received power to output 64 for use by PMIC 44.

[0049] In some examples, each of power converters 54, 56 may convert the voltage received at
their respective inputs 58, 62 to other respective voltages, and output the respective voltages at
outputs 60, 64. Similarly, each of power converters 54, 56 may convert the current received at
their respective inputs 58, 62 to other respective currents, and output the respective currents at
outputs 60, 64. Accordingly, power converters 54, 56 may convert the form of power received at
inputs 58, 62 to another form of power at outputs 60, 64.

[0050] In some examples, power converter 54 may regulate the voltage produced at output 60
such that the voltage is substantially equal to and/or proportional to a reference voltage. The
reference voltage may correspond to and/or be proportional to a specified power rail voltage for

PMIC 44. In such examples, power converter 56 may regulate the current produced at output 64



WO 2016/141070 PCT/US2016/020469

such that the amount of current produced by power converter 56 at output 64 is substantially
equal to and/or proportional to the amount of current produced by power converter 54 at output
60.

[0051] In some examples, each of power converters 54, 56 may be a DC-to-DC converter. In
further examples, power converters 54, 56 may be any combination of buck converters (e.g.,
synchronous buck converters), boost converters, isolated converters, low-dropout (LDO)
regulators, linear power converters (e.g., linear voltage regulators), switching power converters
(e.g., switching voltage regulators), or other DC-to-DC converters.

[0052] In some examples, power balancer 14 may be used to combine power rails that are
associated with power supplies in HDD type systems. Using two power converters 54, 56 to
combine HDD power supply rails in the manner shown by FIG. 3 may allow legacy HDD power
distribution systems to be used to power PMIC 44 (and corresponding SSD data storage
devices), while at the same time allowing the SSD data storage devices to draw power from each
of the legacy HDD power supply rails. In this way, SSDs may be retrofitted into legacy HDD
systems in a relatively power-efficient manner and without requiring replacement of the existing
HDD power supply and distribution infrastructure. Also, combining the power rails in this
manner may simplify power design across platforms by making a unified output which may feed,
in some cases, all downstream supplies.

[0053] Another technique for retrofitting HDD type systems with SSDs involves using two
separate power chains with two separate power converters and two separate PMICs (i.e., one
power converter and PMIC for each power rail). A system designer may statically allocate
approximately half the load to the 5V rail and approximately half the load to the 12V rail. Doing
so may keep the total power under the power envelope requirements. However, this technique
may not be ideal because the power drawn from each of the rails may not be perfectly balanced
between 12V rails and 5V rails due to non-idealities in the converters and/or due to dynamics in
the various loads.

[0054] Causing power converter 56 to regulate the current at output 64 such that it is
substantially the same as and/or proportional to the amount of current output by power converter
54 at output 60 may allow power balancer 14 to actively and dynamically balance power
between two HDD power supply inputs that are combined into a single output voltage rail.

Operating two power converters 54, 56 in this manner may allow the power drawn from each of

10
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the power supply rails to be dynamically balanced at a particular ratio and/or equalized during
operation of the SSD. In this way, the power efficiency of a retrofitted SSD drive may be
improved compared to systems that statically allocate SSD components to individual HDD
power rails based on worst case power consumption estimates.

[0055] FIG. 4 is a block diagram of another example power balancer 80 according to this
disclosure. Power balancer 80 may be used to implement any of power balancers 14 illustrated
in FIGS. 1-3.

[0056] Power balancer 80 includes power converters 82, 84, power converter control circuits
86, 88, and current sensing circuits 90, 92. Power converter 82 includes a voltage input 94, a
control input 96, and an output 98. Power converter 84 also includes a voltage input 100, a
control input 102, and an output 104. Power converter control circuit 86 includes a reference
input 106, a feedback input 108, and an output 110. Power converter control circuit 88 also
includes a reference input 112, a feedback input 114, and an output 116. Current sensing circuit
90 includes an input 118, and an output 120. Current sensing circuit 92 also includes an input
122 and an output 124.

[0057] Voltage input 94 of power converter 82 is coupled to input voltage A. Voltage input
100 of power converter 84 is coupled to input voltage B. Output 98 of power converter 82 is
coupled to output 104 of power converter 84. Outputs 98, 104 of power converters 82, 84 may
form an output voltage for power balancer 80. Input voltage A, input voltage B, and the output
voltage may correspond, respectively, to voltage rail A, voltage rail B, and combined voltage rail
C in FIGS. 1 and 2. In some cases, input voltage A may form input 30 for power balancer 14
shown in any of FIGS. 1-3, input voltage B may form input 32 for power balancer 14, and the
output voltage may form output 34 for power balancer 14 shown in any of FIGS. 1-3.

[0058] Reference input 106 of power converter control circuit 86 is coupled to input voltage A.
Feedback input 108 of power converter control circuit 86 is coupled to output 98 of power
converter 82. Output 110 of power converter control circuit 86 is coupled to control input 96 of
power converter 82.

[0059] Output 98 of power converter 82 is coupled to input 118 of current sensing circuit 90.
Output 120 of current sensing circuit 90 is coupled to reference input 112 of power converter
control circuit 88. Output 104 of power converter 84 is coupled to input 122 of current sensing

circuit 92. Output 124 of current sensing circuit 92 is coupled to feedback input 114 of power
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converter control circuit 88. Output 116 of power converter control circuit 88 is coupled to
control input 102 of power converter 84.

[0060] Example operation of power balancer 80 will now be described. Power converter 82
may receive power at voltage input 94 and transfer some or all of the received power to output
98. Power converter 84 may receive power at voltage input 100 and transfer some or all of the
received power to output 104. Collectively, power converters 82, 84 may combine the powered
received at voltage inputs 92, 100 into a single power rail that supplies the output voltage for
power balancer 80.

[0061] Power converter control circuit 86 receives via feedback input 108 a signal indicative of
the voltage at output 98 of power converter 82. Power converter control circuit 86 also receives
a reference voltage signal via reference input 106. Power converter control circuit 86 generates a
control signal based on the signal indicative of the voltage at output 98 of power converter 82
and the reference voltage signal. Power converter control circuit 86 may generate the control
signal such that the control signal causes power converter 82 to regulate output 98 of power
converter 82 at a voltage level that is equal to and/or proportional to the reference voltage
received via reference input 106. Power converter control circuit 86 outputs the control signal at
output 110, which is received by power converter 82 at control input 96.

[0062] Current sensing circuit 90 generates a signal indicative of the amount of current
produced by power converter 82 at output 98, and outputs the signal indicative of the amount of
current via output 120. Similarly, current sensing circuit 92 generates a signal indicative of the
amount of current produced by power converter 84 at output 104, and outputs the signal
indicative of the amount of current via output 124.

[0063] Power converter control circuit 88 receives via reference input 112 the signal indicative
of the amount of current produced by power converter 82. Power converter control circuit 88
receives via feedback input 114 the signal indicative of the amount of current produced by power
converter 84. Power converter control circuit 88 generates a control signal based on the signal
indicative of the current produced by power converter 82 and the signal indicative of the current
produced by power converter 84. Power converter control circuit 88 may generate the control
signal such that the control signal causes power converter 84 to regulate the amount of current
produced at output 104 at a level that is substantially equal to and/or proportional to the amount

of current produced at output 98 of power converter 82. Power converter control circuit 88
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outputs the control signal at output 116, which is received by power converter 84 at control input
102.

[0064] Power converter control circuit 86 and power converter 82 may together regulate the
voltage level of the output voltage of power converter 82 at a voltage level that is equal to or
proportional to the reference voltage. Power converter control circuit 88 and power converter 84
may together balance the currents that are output by each of power converters 82, 84 such that
the amount of current output by power converter 84 substantially equals and/or is proportional to
the amount of current output by power converter 82.

[0065] The reference voltage may be supplied internally by power balancer 80 or may be an
external input to power balancer 80. The reference voltage may be indicative of a voltage at
which output 98 of power converter 82 is to be regulated. In some examples, the voltage at
which output 98 is to be regulated may correspond to and/or be proportional to a power supply
voltage requirement or specification for a PMIC or other powered device that is powered by
power balancer 80.

[0066] In some examples, the signal indicative of the voltage at output 98 of power converter
82 may be the actual voltage at output 98. For example, output 98 may be directly coupled or
electrically coupled to feedback input 108.

[0067] In some examples, inputs 118, 122 of current sensing circuits 90, 92 may be
magnetically coupled, respectively to outputs 98, 104 of power converters 82, 84. In further
examples, inputs 118, 122 of current sensing circuits 90, 92 may be directly coupled,
respectively to outputs 98, 104 of power converters 82, 84.

[0068] In some examples, current sensing circuits 90, 92 may each include one or more
sensing elements (e.g., resistors) that are placed along current paths between outputs 98, 104 of
power converters 82, 84 and the output of power balancer 80. In such examples, when output 98
of power converter 82 is said to be coupled to output 104 of power converter 84, output 98 may
be coupled to output 104 through the one or more sensing elements that are placed in series
along the current paths between outputs 98, 104 and the output of power balancer 80.

[0069] As discussed above, power converter control circuit 86 may generate a control signal
such that the control signal causes power converter 82 to regulate output 98 of power converter
82 at a level that is equal to and/or proportional to the reference voltage received via reference

input 106. In some examples, the control signal may be a function of and/or indicative of a
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difference between the signal received at feedback input 108 and the reference voltage received
at reference input 106. For example, the control signal may be equal to the difference between
the signal received at feedback input 108 and the reference voltage received at reference input
106. In additional examples, the control signal may be a filtered version of the difference
between the signal received at feedback input 108 and the reference voltage received at reference
input 106 (e.g., a proportional-integral (PI) filtered version of the difference between the signal
received at feedback input 108 and the reference voltage received at reference input 106).

[0070] As also discussed above, power converter control circuit 88 may generate a control
signal such that the control signal causes power converter 84 to regulate the amount of current
produced at output 104 at a level that is substantially equal to and/or proportional to the amount
of current produced at output 98 of power converter 82. In some examples, the control signal
may be a function of and/or indicative of a difference between the signals received at reference
input 112 and feedback input 114. For example, the control signal may be equal to the
difference between the signals received at reference input 112 and feedback input 114. In
additional examples, the control signal may be a filtered version of the difference between the
signals received at reference input 112 and feedback input 114 (e.g., a PI filtered version of the
difference between the signals received at reference input 112 and feedback input 114).

[0071] In some examples, each of power converters 54, 56 may be a DC-to-DC converter. In
further examples, power converters 54, 56 may be any combination of buck converters (e.g.,
synchronous buck converters), boost converters, isolated converters, low-dropout (LDO)
regulators, linear power converters (e.g., linear voltage regulators), switching power converters
(e.g., switching voltage regulators), or other DC-to-DC converters. Power converters 54, 56
need not by the same type of power converter.

[0072] In examples where power converters 54, 56 are DC-to-DC converters that include a
pass element (e.g., a pass transistor in a buck converter, boost converter, or LDO), the control
signals output by power converter control circuits 86, 88 may control the amount of power
and/or current passed by the pass element. For example, the control signal may control the gate
of a transistor.

[0073] In examples where power converters 54, 56 are linear voltage power converters (e.g.,
LDOs), the amplitude of the control signal output by power converter control circuit 86 may vary

based on the difference between the voltage at output 98 of power converter 82 and the reference
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voltage. Similarly, in some examples, the amplitude of the control signal output by power
converter control circuit 88 may vary based on the difference between the amount current
produced at output 98 of power converter 82 and the amount of current produced at output 104
of power converter 84. In such examples, the control signals output by power converter control
circuits 86, 88 may be used for regulating the on resistance of respective pass transistors in each
of power converters 82, 84.

[0074] In examples where power converters 54, 56 are switching voltage power converters
(e.g., buck converters, boost converters), the duty cycle of the control signal output by power
converter control circuit 86 may vary based on the difference between the voltage at output 98 of
power converter 82 and the reference voltage. Similarly, in some examples, the duty cycle of the
control signal output by power converter control circuit 88 may vary based on the difference
between the amount current produced at output 98 of power converter 82 and the amount of
current produced at output 104 of power converter 84. In such examples, the control signals
output by power converter control circuits 86, 88 may be used for regulating the duty cycle of
relatively high frequency signals that are coupled to respective pass transistors in each of power
converters 82, 84,

[0075] FIG. 5 is a schematic diagram of an example power balancer 130 that may be used to
implement power balancer 80 illustrated in FIG. 4 according to this disclosure. Same or similar
components between FIGS. 4 and 5 have been numbered with identical reference numerals.
[0076] Power converter 82 includes a high-side transistor 132, a low-side transistor 134, an
inductor 136, gate drivers 138, 140, and an inverter 142. High-side transistor 132 includes: (a) a
drain terminal coupled to voltage input 94, (b) a gate terminal coupled to an output of gate driver
138, and (c) a source terminal coupled to a drain terminal of low-side transistor 134 and a first
terminal of inductor 79. Low-side transistor 134 includes: (a) a drain terminal coupled to the
source terminal of high-side transistor 132 and the first terminal of inductor 136, (b) a gate
terminal coupled to an output of gate driver 140, and (c¢) a source terminal coupled to a ground
reference voltage.

[0077] Gate driver 138 includes an input coupled to control input 96, and an output coupled to
the gate of high-side transistor 132. Inverter 142 includes an input coupled to control input 96,
and an output coupled to an input of gate driver 140. Gate driver 140 includes an input coupled

to the output of inverter 142, and an output coupled to the gate of low-side transistor 134.
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[0078] Inductor 136 includes a first terminal coupled to the source of high-side transistor 132
and to the drain of low-side transistor 134. Inductor 136 further includes a second terminal
coupled to output 98.

[0079] Power converter 84 includes transistors 144, 146, an inductor 148, gate drivers 150,
152, and an inverter 154. The components in power converter 84 are the same as those in power
converter 82 and are arranged in a similar configuration. Accordingly, the arrangement of these
components will not be described in further detail.

[0080] Power balancer 130 further includes a capacitor 156. Capacitor 156 includes: (a) a
first terminal coupled to output 98 of power converter 82 and to output 104 of power converter
84, and (b) a second terminal coupled to a ground reference voltage. Although capacitor 156 is
illustrated as being outside of power converters 82, 84, in other examples, capacitor 156 may
form a part of one or both of power converters 82, 84. Each of power converters 82, 84 in power
balancer 130 may be a synchronous buck converter.

[0081] Power converter control circuit 86 includes operational amplifiers 158, 160, capacitors
162, 164, and a resistor 166. Operational amplifier 158 includes: (a) a non-inverting input
coupled to reference input 106, (b) an inverting input coupled to feedback input 108, to a first
terminal of capacitor 162, and to a first terminal of capacitor 164, and (c) an output coupled to a
non-inverting input of operational amplifier 160, a second terminal of capacitor 162, and a first
terminal of resistor 166. Operational amplifier 160 includes: (a) an inverting input coupled to a
sawtooth waveform signal, (b) a non-inverting input coupled to the output of operational
amplifier 158, and (c) an output coupled to output 110. A second terminal of capacitor 164 is
coupled to a second terminal of resistor 166. In some examples, another type of amplifier or
differential amplifier may be substituted for one or both of operational amplifiers 158, 160
and/or for one or more of any of the other operational amplifiers described in this disclosure.
[0082] Operational amplifier 158, capacitors 162, 164, and resistor 166 may form a
proportional-integral (PI) filter that generates a filtered difference between reference input 106
and feedback input 108. Operational amplifier 160 may form a signal generator that generates a
control signal for power converter 82 based on the filtered difference between reference input
106 and feedback input 108.

[0083] Power converter control circuit 88 includes operational amplifiers 168, 170, capacitors

172, 174, and a resistor 176. The components in power converter control circuit 88 are the same
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as those in power converter control circuit 86 and are arranged in a similar configuration.
Accordingly, the arrangement of these components will not be described in further detail.

[0084] The operation of power balancer 130 will now be described. Power converter 82
transfers power from input voltage A to output 98 based on a control signal received at control
input 96. The voltage at output 98 may be determined at least in part based on the duty cycle of
control input 96. The control signal alternatively switches transistors 132, 134 on and off in a
synchronous buck converter-like fashion to transfer power from voltage input 94 to output 98.
[0085] Power converter control circuit 86 generates a control signal to regulate the voltage at
output 98 of power converter 82 at a voltage level determined by the reference voltage. To
generate the control signal, the PI filter formed by operational amplifier 158, capacitors 162, 164,
and resistor 166 compares the output voltage at output 98 of power converter 82 to the reference
voltage, and generates a signal indicative of a filtered difference between the output voltage at
output 98 of power converter 82 and the reference voltage.

[0086] Power converter control circuit 86 generates the control signal based on the signal
indicative of the filtered difference between the output voltage of power converter 82 (i.e., the
output voltage at output 98) and the reference voltage. To generate the control signal,
operational amplifier 160 compares the signal indicative of the filtered difference between the
output voltage of power converter 82 and the reference voltage to a sawtooth waveform, and
generates a signal indicative of whether the signal indicative of the filtered difference between
the output voltage of power converter 82 and the reference voltage is greater than or less than the
sawtooth waveform at any given moment in time. This causes the duty cycle of the resulting
signal to reflect the filtered difference between the output voltage of power converter 82 and the
reference voltage.

[0087] The control loop formed by power converter control circuit 86 causes power converter
82 to regulate output 98 at a constant output voltage that is substantially equal to the reference
voltage. If the output voltage at output 98 were to become greater than the reference voltage,
then the output of the PI filter formed by operational amplifier 158, capacitors 162, 164, and
resistor 166 would increase, thereby causing the duty cycle of the control signal to decrease,
which in turn would cause power converter 82 to decrease the voltage at output 98. Similarly, if
the output voltage at output 98 were to become less than the reference voltage, then the output of

the proportional-integral filter formed by operational amplifier 158, capacitors 162, 164, and
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resistor 166 would decrease, thereby causing the duty cycle of the control signal to increase,
which in turn would cause power converter 82 to increase the voltage at output 98. In this way,
power converter 82 and power converter control circuit 86 operate together to regulate the
voltage level at output 98 such that the voltage level is substantially equal to the reference
voltage.

[0088] Power converter 84 transfers power from input voltage B to output 104 based on a
control signal received at control input 102. The current produced by power converter 84 at
output 104 may be determined at least in part based on the duty cycle of control input 102. The
control signal alternatively switches transistors 144, 146 on and off in a synchronous buck
converter-like fashion to transfer power from voltage input 100 to output 104.

[0089] Current sensing circuit 90 generates a signal indicative of the current produced at
output 98 of power converter 82. Current sensing circuit 92 generates a signal indicative of the
current produced at output 104 of power converter 84.

[0090] Power converter control circuit 88 generates a control signal to regulate the current
produced at output 104 of power converter 84 such that the amount of current produced at output
104 of power converter 84 is substantially equal to the amount of current produced at output 98
of power converter 82. To generate the control signal, the PI filter formed by operational
amplifier 168, capacitors 172, 174, and resistor 176 compares the signal indicative of the current
produced at output 104 of power converter 84 to the signal indicative of the current produced at
output 98 of power converter 82, and generates a signal indicative of a filtered difference
between the currents.

[0091] Power converter control circuit 88 generates the control signal based on the signal
indicative of the filtered difference between the currents. To generate the control signal,
operational amplifier 170 compares the signal indicative of the filtered difference between the
currents to a sawtooth waveform, and generates a signal indicative of whether the signal
indicative of the filtered difference between the currents is greater than or less than the sawtooth
waveform at any given moment in time. This causes the duty cycle of the resulting signal to
reflect the filtered difference between the output currents produced by power converters 82, 84.
[0092] The control loop formed by power converter control circuit 88 causes power converter
control circuit 88 to regulate the amount current produced at output 104 at an amount of current

that is approximately equal to the amount of current produced at output 98 of power converter
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82. If the output current produced at output 104 were to become greater than the output current
produced at output 98, then the output of the PI filter formed by operational amplifier 168,
capacitors 172, 174, and resistor 176 would increase, thereby causing the duty cycle of the
control signal to decrease, which in turn would cause power converter 84 to decrease the amount
of current produced at output 104. Similarly, if the output current produced at output 104 were
to become less than the output current produced at output 98, then the output of the
proportional-integral filter formed by operational amplifier 168, capacitors 172, 174, and resistor
176 would decrease, thereby causing the duty cycle of the control signal to increase, which in
turn would cause power converter 84 to increase the amount of current produced at output 104.
In this way, power converter 84 and power converter control circuit 88 operate together to
regulate the amount of current produced by power converter 82 at output 104 to substantially
match the amount of current produced by power converter 84 at output 98.

[0093] Accordingly, power balancer 130 may combine two input voltages provided by two
power supply rails into a single, regulated output voltage supply rail. Power balancer 130 may
regulate the output voltage supply rail at the reference voltage, and may control power converters
82, 84 such that the amount of current drawn from each of power converters 82, 84 is
approximately equal. In this way, power converter control circuit 86 may balance the power
drawn from each of the two power supply rails.

[0094] FIG. 6 is a schematic diagram of an example power balancer 180 according to this
disclosure. In some examples, power balancer 180 may be used to implement the power
balancers illustrated in FIGS. 1 or 2. Power balancer 180 in FIG. 6 is similar to power balancer
130 shown in FIG. 5 except that an additional power converter 182, power converter control
circuit 184, and current sensing circuit 186 have been added. Same or similar components
between FIGS. 5 and 6 have been numbered with identical reference numerals.

[0095] Power converter 182 includes a high-side transistor 188, a low-side transistor 190, an
inductor 192, gate drivers 194, 196, and an inverter 198. Power converter control circuit 184
includes operational amplifiers 200, 202, capacitors 204, 206, and a resistor 208. Power
converter 182 further includes a voltage input 210, a control input 212, and an output 214.
Power converter control circuit 184 further includes a reference input 216, a feedback input 218,
and an output 220.

[0096] Voltage input 210 of power converter 182 is coupled to input voltage C. Control input
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212 of power converter 182 is coupled to output 220 of power converter control circuit 184.
Output 214 of power converter 182 is coupled to output 98 of power converter 82 and output 104
of power converter 84. Output 214, output 98, and output 104 may form the output voltage
supply rail for power balancer 180.

[0097] Current sensing circuit 186 includes an input coupled to output 214 of power converter
182, and an output coupled to feedback input 218 of power converter control circuit 184,
Current sensing circuit 186 generates a signal indicative of the current produced at output 214 of
power converter 182. Reference input 216 is coupled to the output of current sensing circuit 92,
and feedback input 218 is coupled to the output of current sensing circuit 186.

[0098] During operation, power converter control circuit 86 and power converter 82 regulate
the voltage at output 98 such that the voltage is substantially equal to the reference voltage.
Power converter control circuit 88 and power converter 84 regulate the amount of current
produced at output 104 such that the amount of the amount of current produced at output 104 of
power converter 84 is substantially equal to the amount of current produced at output 98 of
power converter 82. Power converter control circuit 184 and power converter 182 regulate the
amount of current produced at output 214 such that the amount of the amount of current
produced at output 214 of power converter 182 is substantially equal to the amount of current
produced at output 104 of power converter 84. In this way, power balancer 180 may combine
three different input power rails while balancing the power drawn from each of the power rails.
[0099] FIG. 7 is a flow diagram of an example technique for combining and balancing power
according to this disclosure. The technique illustrated in FIG. 7 may be used in any of the
systems or power converters described in this disclosure.

[0100] Power balancer 14 receives a first voltage at a first input (240). Power balancer 14
receives a second voltage at a second input (242). In some examples, the voltage level of the
first voltage is different than a voltage level of the second voltage. Power balancer 14 combines,
with power converters 82, 84, power received from the first and second inputs (i.e., received
from the first and second input voltages) into a single power rail (244). Power balancer 18
controls power converter 84 such that power converter 84 outputs an amount of current to the
single power rail that is proportional to an amount of current output to the single power rail by
power converter 82 (246). In some examples, power balancer 14 may control power converters

82, 84 such that each of power converters 82, 84 outputs a same amount of current to the single
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power rail

[0101] In some examples, as shown in FIGS. 1-4, this disclosure describes an integrated circuit
(e.g., power balancers 14, 80) that includes a first input 30, a second input 32, and an output 34.
The integrated circuit includes a power converter 82 having: (a) a voltage input 94 coupled to
input 30 of the integrated circuit, (b) a control input 96, and (c) an output 98 coupled to output 34
of the integrated circuit. The integrated circuit further includes a power converter 84 having:
(a) a voltage input 100 coupled to input 32 of the integrated circuit, (b) a control input 102, and
(c) an output 104 coupled to output 98 of power converter 82 and to output 34 of the integrated
circuit.

[0102] The integrated circuit further includes a power converter control circuit 86 having:
(a) a reference input 106 coupled to a reference voltage lead, (b) a feedback input 108 coupled to
output 98 of power converter 82, and (¢) an output 110 coupled to control input 96 of power
converter 82. The integrated circuit further includes a power converter control circuit 88 having:
(a) a reference input 112, (b) a feedback input 114, and (¢) an output 116 coupled to control input
102 of power converter 84.

[0103] The integrated circuit further includes a current sensing circuit 90 having: (a) an input
118 coupled to output 98 of power converter 82, and (b) an output 120 coupled to reference input
112 of power converter control circuit 88. The integrated circuit further includes a current
sensing circuit 92 having: (a) an input 122 coupled to output 104 of power converter 84, and
(b) an output 124 coupled to the feedback input 114 of power converter control circuit 88. In
some examples, voltage input 94 of power converter 82 is free of connection to voltage input 100
of power converter 84. In further examples, power converter control circuit 88 is free of
connection to the reference voltage lead and/or the reference voltage.

[0104] In some examples, power converters 82, 84 are buck converters. In further examples,
power converters 82, 84 are low-dropout regulators (LDOs).

[0105] In additional examples, power converter 82 is a first type of power converter, and
power converter 84 is a second type of power converter. For example, power converter 82 may
be a buck converter, and power converter 84 may be an LDO. As another example, power
converter 82 may be an LDO, and power converter 84 may be a buck converter. Other types of
power converters include buck converters (e.g., synchronous buck converters, non-synchronous

buck converters), boost converters, isolated converters, low-dropout (LDO) regulators, linear
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power converters (e.g., linear voltage regulators), switching power converters (e.g., switching
voltage regulators), or other DC-to-DC converters.

[0106] In some examples, input 118 of current sensing circuit 90 is magnetically coupled to
output 98 of power converter 82, and input 122 of current sensing circuit 92 is magnetically
coupled to output 104 of power converter 84. In additional examples, input 118 of current
sensing circuit 90 is electrically coupled to output 98 of power converter 82, and input 122 of
current sensing circuit 92 is electrically coupled to output 104 of power converter 84

[0107] In some examples, power converter 82 and power converter control circuit 86 regulate
a voltage produced at output 98 of power converter 82 such that a magnitude of the voltage is
proportional to a magnitude of the reference voltage. In such examples, power converter 84 and
power converter control circuit 88 regulate a current produced at output 104 of power converter
84 such that a magnitude of the current is proportional to a magnitude of a current produced at
output 98 of power converter 82.

[0108] In some examples, power converter 82 and power converter control circuit 86 regulate
a voltage produced at output 98 of power converter 82 such that a magnitude of the voltage is
equal to a magnitude of the reference voltage. In additional examples, power converter 84 and
power converter control circuit 88 regulate a current produced at output 104 of power converter
84 such that a magnitude of the current is equal to a magnitude of a current produced at output
98 of power converter 82.

[0109] In some examples, the integrated circuit may be part of a powered system that further
includes a powered device 16 (e.g., FIGS. 1 and 2) having input 36 coupled to each of the
outputs 98, 104 of power converters 82, 84. In some examples, powered device 16 is a PMIC
44. In such examples, the powered device may be a solid-state drive, and PMIC 44 is coupled to
one or more of SSD components 46.

[0110] In some examples, the powered system may include a power supply 12 (e.g., FIGS. 1
and 2) having an output 26 coupled to voltage input 94 of power converter 82, and an output 28
coupled to output 98 of power converter 84. In some examples, power supply 12 may be
configured to output a first voltage at output 26 of power supply 12 and a second voltage at
output 28 of power supply 12, and the magnitude of the first voltage may be different than the
magnitude of the second voltage.

[0111] In some examples, this disclosure describes, as shown for example in FIGS. 2 and 3, a
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device that includes a power converter 54 having an input 58 and an output 60. The device
further includes a power converter 56 having an input 62 and an output 64. The device further
includes a PMIC 44 having an input 50 coupled to outputs 60, 64 of power converters 54, 56.
The device further includes one or more data storage device components (e.g., SSD components
46) coupled to PMIC 44. In some examples, input 62 of power converter 56 is free of
connection to input 58 of power converter 54.

[0112] In some examples, power converters 54, 56 are buck converters. In further examples,
power converters 54, 56 are low-dropout regulators (LDOs). In additional examples, power
converter 54 is a first type of power converter, and power converter 56 is a second type of power
converter.

[0113] In some examples, power converter 54 is configured to regulate a voltage produced at
output 60 of power converter 54 such that a magnitude of the voltage is proportional to a
magnitude of the reference voltage. In such examples, power converter 56 is configured to
regulate a current produced at output 64 of power converter 56 such that a magnitude of the
current corresponds to a magnitude of a current produced at output 60 of power converter 54. In
some examples, power converter 56 is configured to regulate the current produced at output 64
of power converter 56 without using a signal indicative of the voltage at output 64 of power
converter 56.

[0114] In some examples, this disclosure describes a device that includes a power converter 82
having a voltage input 94 and an output 98. The device further includes a power converter 84
having a voltage input 100 and an output 104. Output 104 of power converter 84 is coupled to
output 98 of power converter 82. The device further includes first control circuitry (e.g., power
converter control circuit 86) configured to control power converter 82 based on a signal
indicative of the voltage at the output of the first power converter and a reference voltage. The
device further includes second control circuitry (e.g., power converter control circuit 88)
configured to control the second power converter based on a signal indicative of a current at
output 98 of power converter 82 and a signal indicative of a current at output 104 of power
converter 84. In some examples, voltage input 100 of power converter 84 is free of connection
to voltage input 94 of power converter 82.

[0115] In some examples, the second control circuitry controls the output 104 without using a

signal indicative of a voltage at output 104 of power converter 84. In further examples, the
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second control circuitry controls power converter 84 without using a signal indicative of the
reference voltage.

[0116] In some examples, each of the power balancer circuits described in this disclosure (e.g.,
power balancers 14, 80, 130, 180) may be implemented on a single integrated circuit where the
inputs of the respective power balancer circuit are coupled to respective input pins of the
integrated circuit and the output of the respective power balancer circuit is coupled to output pins
of the integrated circuit.

[0117] This disclosure describes control techniques to combine two voltage inputs into one
voltage output with control of the amount of current that is supplied from each voltage input. In
some examples, the techniques may include combining two independent input voltages into a
single regulated output voltage.

[0118] In storage applications, spinning hard drives generally use two separate voltages, 12V
and 5V. These two voltages may be necessary to operate the spinning hard drives. Recently,
solid-state drives (SSDs) have been generating interest due to their low power consumption, fast
operation and high reliability. SSDs may include a power management integrated circuit (PMIC)
which generates multiple low voltages from a single input voltage. This makes retrofitting older,
hard disk drive (HDD) type systems with SSDs more difficult as the HDD may have two
separate input voltages.

[0119] One technique for dealing with retrofitting HDD type systems with SSDs is to roughly
allocate half the load to the 5V rail and half the load to the 12V rail. Doing so may maximize the
usable power consumption by keeping total power under the necessary power envelope.
However this technique may not be ideal as the power is not perfectly balanced between 12V
rails and 5V rails due to non-idealities in the converters and due to dynamics in the various loads.
[0120] This disclosure describes techniques for actively balancing power between the two
inputs and for combining the inputs into a single output suitable for SSD PMICs. In some
examples, the techniques of this disclosure may use two power converters, one for the 12V rail
and one for the 5V rail, the output of each converter may be combined into a single, regulated
output. The 12V rail converter regulates it output voltage to a reference. The 5V rail converter
regulates its output current to match, or be a percentage of, the 12V converters output current. In
this way, the two input voltages can be combined onto a single regulated output with power

drawn from each rail controlled by the 5V power converter.
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[0121] The techniques described in this disclosure may be capable of actively balancing
current between two separate inputs and combining them to a single rail. Other techniques may
include using both rails as separate with only very rough (not active) current balancing.

[0122] One technique for retrofitting HDD type systems with SSDs is to use two separate
PMICs (i.e., one for each power rail) and to statically allocate approximately half the load to the
5V rail and approximately half the load to the 12V rail. Accordingly, rather than combining the
two inputs onto a single rail, the technique may maintain two separate rails, which are
individually regulated. Such a technique may have one or more drawbacks. First, the amount of
power may need to be equally distributed from the two inputs. To do so, an engineer may need
to roughly partition the worst case loads such that one half are on one rail, the other half are on
the second rail. Such partitioning may be a significant design challenge, and may lead to
inaccuracies. Second, performing a static allocations based on worst case power estimates may
reduce the ability flexibility to port this design to other products or product families. Because
the loads may need to be roughly equally balanced among the two input voltages, the system
needs to be redesigned with every next generation.

[0123] The techniques described in this disclosure may allow a user to increase their power
envelope. Rather than being limited by the ability to balance powers (as with some other
techniques), the techniques of this disclosure may make sure power delivered from each source
is the same so that the total power envelope can be closer approached. Also, the techniques of
this disclosure may simplify power design across platforms by making a unified output which
may feed, in some cases, all downstream supplies.

[0124] As shown in FIG. 3, power balancer 14 may use two power converters 54, 56 to
combine two separate inputs into a single, voltage regulated output. For example, in cases where
power converters 54, 56 are buck converters, power balancer 14 may control one buck converter
to regulate its output voltage. Power balancer 14 may regulate the other buck converter such that
the output current matches the output current of the other buck converter. Power converters 54,
56 in FIG. 3 may be any type converters, including boost converters, LDOs, isolated converters,
and other converters.

[0125] In some examples, the techniques of this disclosure may combine two input voltage
sources into one, regulated output voltage source, while maintaining the output current of a first

power converter equal to the output current of a second power converter.

25



WO 2016/141070 PCT/US2016/020469

[0126] As shown in FIG. 5, power converter 82 may be supplied by a first input voltage,
VINI. The output voltage of power converter 82 may be regulated by first measuring the output
voltage and comparing it to a reference, VREF. Power converter control circuit 86 may use a
compensation network (e.g., a proportional-integral (PI) compensation network as formed by
operational amplifier 158, capacitors 162, 164 and resistor 166 as shown in FIG. 5) to generate a
compensated error signal (e.g., output of operational amplifier 158), which is fed to a comparator
(e.g., operational amplifier 162). The comparator compares the compensated error to a sawtooth
to generate a square wave with a duty cycle. The duty cycle controls the output voltage to
regulate VOUT to VREF by adjustment of the compensated error signal.

[0127] Power converter control circuit 88 may measure the current produced by power
converter 82 and the current produced by power converter 84. The output current of power
converter 82 becomes the reference for controlling power converter 84. In a similar manner, the
control loop (e.g., formed by power converter control circuit 88) adjusts the duty cycle of the
control signal power converter 84 so that its output current equals the output current of power
converter 82.

[0128] In some examples, the current sensing performed by current sensing circuits 90, 92 and
current sensing circuit 186 may be performed using any of variety of techniques, both internal to
the chip and external to the chip. Although power converters 82, 84 are depicted as buck
converters in FIG. 5, other power converters for processing power may be used, including, e.g.,
switching regulators or LDOs. The power switches may be internal to the chip or external to the
chip

[0129] Although FIGS. 3-5 illustrate the techniques of this disclosure as being implemented
with two power converters, the techniques of this disclosure may also be implemented with more
than two power converters, as shown, e.g., in FIG. 6. In FIG. 6, the third power converter (e.g.,
power converter 182) current reference becomes the output current of the second power
converter. In this way, the power combination and balancing techniques of this disclosure may
be scalable to a higher and/or lower number of power converters.

[0130] In some examples, the techniques and circuitry described in this disclosure may be
implemented on any combination of one or more integrated circuits.

[0131] Modifications are possible in the described embodiments, and other embodiments are

possible, within the scope of the claims.
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CLAIMS
What is claimed is:
1. An integrated circuit comprising:

a first input;

a second input;

an output;

a first power converter having: a voltage input coupled to the first input of the integrated
circuit, a control input, and an output coupled to the output of the integrated circuit;

a second power converter having: a voltage input coupled to the second input of the
integrated circuit, the voltage input of the second power converter being free of connection to the
voltage input of the first power converter, a control input, and an output coupled to the output of
the first power converter and to the output of the integrated circuit;

a first power converter control circuit having: a first input coupled to a reference voltage
lead, a second input coupled to the output of the first power converter, and an output coupled to
the control input of the first power converter;

a second power converter control circuit having: a first input, a second input, and an
output coupled to the control input of the second power converter;

a first current sensing circuit having: an input coupled to the output of the first power
converter, and an output coupled to the first input of the second power converter control circuit;
and

a second current sensing circuit having: an input coupled to the output of the second
power converter, and an output coupled to the second input of the second power converter
control circuit, the second power converter control circuit being free of connection with the

reference voltage lead.

2. The integrated circuit of claim 1, wherein first and second power converters are buck
converters.
3. The integrated circuit of claim 1, wherein the first and second power converters are

low-dropout regulators.
4. The integrated circuit of claim 1, wherein the first power converter is a first type of
power converter, and the second power converter is a second type of power converter.

5. The integrated circuit of claim 1, wherein the input of the first current sensing circuit is
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magnetically coupled to the output of the first power converter, and wherein the input of the
second current sensing circuit is magnetically coupled to the output of the second power
converter.
6. The integrated circuit of claim 1, wherein the input of the first current sensing circuit is
electrically coupled to the output of the first power converter, and wherein the input of the
second current sensing circuit is electrically coupled to the output of the second power converter.
7. The integrated circuit of claim 1, wherein the first power converter and the first power
converter control circuit regulate a voltage produced at the output of the first power converter
such that a magnitude of the voltage is proportional to a magnitude of a reference voltage, and
wherein the second power converter and the second power converter control circuit regulate a
current produced at the output of the second power converter such that a magnitude of the
current is proportional to a magnitude of a current produced at the output of the first power
converter.
8. The integrated circuit of claim 7, wherein the second power converter and the second
power converter control circuit regulate the current produced at the output of the second power
converter such that the magnitude of the current produced at the output of the second power
converter is equal to the magnitude of the current produced at the output of the first power
converter.
9. A device comprising:

a first power converter having an input and an output;

a second power converter having an input and an output, the input of the second power
converter being free of connection to the input of the first power converter;

a power management integrated circuit (PMIC) having an input coupled to the outputs of
the first and second power converters; and

one or more data storage device components coupled to the PMIC.

10. The device of claim 9, wherein first and second power converters are buck converters.

11. The device of claim 9, wherein the first and second power converters are low-dropout
regulators.

12. The device of claim 9, wherein the first power converter is a first type of power

converter, and the second power converter is a second type of power converter.

13. The device of claim 9, wherein the data storage device components are solid-state drive
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components.

14. The device of claim 9, wherein the first power converter is configured to regulate a
voltage produced at the output of the first power converter such that a magnitude of the voltage
is proportional to a magnitude of a reference voltage, and wherein the second power converter is
configured to regulate a current produced at the output of the second power converter such that a
magnitude of the current is proportional to a magnitude of a current produced at the output of the
first power converter.

15. The device of claim 14, wherein the second power converter and the second power
converter control circuit regulate the current produced at the output of the second power
converter such that the magnitude of the current produced at the output of the second power
converter is equal to the magnitude of the current produced at the output of the first power
converter.

16. The device of claim 14, wherein the second power converter is configured to regulate the
current produced at the output of the second power converter without using a signal indicative of
the voltage at the output of the second power converter.

17. A device comprising:

a first power converter having an input and an output;

a second power converter having an input and an output, the input of the second power
converter being free of connection to the input of the first power converter, the output of the
second power converter being coupled to the output of the first power converter;

first control circuitry configured to control the first power converter based on a signal
indicative of the voltage at the output of the first power converter and a reference voltage; and

second control circuitry configured to control the second power converter based on a
signal indicative of a current at the output of the first power converter and a signal indicative of a
current at the output of the second power converter.

18. The device of claim 17, further comprising a powered device having an input coupled to

each of the outputs of the first and second power converters.

19. The device of claim 18, wherein the powered device is a power management integrated
circuit (PMIC).
20. The device of claim 19, wherein the powered device is a solid-state drive, and wherein

the PMIC is coupled to one or more solid-state drive components.

29



WO 2016/141070 PCT/US2016/020469

21. The device of claim 17, further comprising a power source having: a first output coupled
to the input of the first power converter, and a second output coupled to the input of the second
power converter.
22. The device of claim 21, wherein the power source is configured to output a first voltage
at the first output of the power source and a second voltage at the second output of the power
source, and wherein a magnitude of the first voltage is different than a magnitude of the second
voltage.
23. The device of claim 17, wherein the second control circuitry controls the second power
converter without using a signal indicative of a voltage at the output of the second power
converter.
24, The device of claim 17, wherein the second control circuitry controls the second power
converter without using a signal indicative of the reference voltage.
25. A method comprising:

receiving a first voltage at a first input and a second voltage at a second input, a voltage
level of the first voltage being different than a voltage level of the second voltage;

combining, with a first power converter and a second power converter, power received
from the first and second inputs into a single power rail; and

controlling the second power converter such that the second power converter outputs an
amount of current to the single power rail that is proportional to an amount of current output to
the single power rail by the first power converter.
26. The method of claim 25, wherein controlling the second power converter includes:

controlling the second power converter such that the second power converter outputs an
amount of current to the single power rail that is substantially equal to an amount of current

output to the single power rail by the first power converter.
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