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(57) Abstract: A system (100) includes a first transistor (102) coupled in parallel to a second transistor (108). A pulse width modulation
generator (122) is coupled to the first transistor (102). The pulse width modulation generator (122) generates a first signal (124). A
first switch timing controller (128) is coupled to the pulse width modulation generator (122). The first switch timing controller (128)
compares a first peak current (144) of the first transistor (102) with a second peak current (152), and generates a second signal (164)
based on the comparison. A gate driver is coupled to the first switch timing controller (128). The gate driver controls the first transistor
(102) in response to the second signal (164).

[Continued on next page]



WO 20207123930 A | [0 000000 A0 A

MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

— as to applicant's entitlement to apply for and be granted a
patent (Rule 4.17(ii))

— as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:

—  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



WO 2020/123930 PCT/US2019/066210

METHODS AND APPARATUS TO CONTROL PARALLEL POWER DEVICES
[0001] This relates generally to power devices, and more particularly to methods and apparatus
to control parallel power devices.
BACKGROUND
[0002] In certain applications, a transistor, such as a field-effect transistor (FET) or
metal-oxide-semiconductor field-effect transistor (MOSFET), is connected in parallel with
another transistor. The parallel-coupled transistors may be controlled to provide current to a load
by pulse width modulation (PWM) signals provided to gates of the transistors.
SUMMARY
[0003] An example system includes a first transistor coupled in parallel to a second transistor,
a pulse width modulation generator coupled to the first transistor. The pulse width modulation
generator 18 to generate a first signal. The example system further includes a first switch timing
controller coupled to the pulse width modulation generator. The first switch timing controller is
to compare a first peak current of the first transistor with a second peak current and generate a
second signal based on the comparison of the first peak current and the second peak current. The
example system further includes a gate driver coupled to the first switch timing controller and
the gate driver is to control the first transistor in response to the second signal.
BRIEF DESCRIPTION OF THE DRAWINGS
[0004] FIG. 1 is a schematic of an example circuit including transistors in which the peak
current passed by the transistors is controlled.
[0005] FIG. 2 is a schematic of an example circuit including additional detail of two
parallel-coupled transistors and example switch timing controllers of FIG. 1.
[0006] FIG. 3 is a block diagram illustrating additional detail of an example implementation of
one of the switch timing controllers of FIG. 2.
[0007] FIG. 4 is a block diagram illustrating additional detail of an example implementation of
one of the switch timing controllers of FIG. 2, including temperature sensing capabilities.
[0008] FIG. 5 is a schematic illustrating additional detail of an example implementation of one

of the switch timing controllers of FIG. 2.
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[0009] FIG. 6 is a flowchart representative of example machine readable instructions that may
be executed to implement the example switch timing controller of FIGS. 1-5.

[0010] FIG. 7A is a graphical illustration of example initial peak currents through the parallel-
coupled transistors of FIGS. 1-2, and 5 versus time without the use of a switch timing controller,
as described herein.

[0011] FIG. 7B is a graphical illustration of example initial peak currents through the parallel-
coupled transistors of FIGS. 1-2, and 5 versus time with the use of the example switch timing
controller, as described herein.

[0012] FIG. 8 is a graphical illustration of varying data sets illustrating example initial peak
currents through the parallel-coupled transistors of FIGS. 1-2, and 5, with and without the use of
the example switch timing controller, as described herein.

[0013] FIG. 9 is a block diagram of an example processing platform structured to execute the
machine readable instructions represented in FIG. 6 to implement the switch timing controller of
FIGS. 1-5.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0014] The drawings are not to scale. Generally, the same reference numbers are used
throughout the drawing(s) and accompanying written description to refer to the same or like
parts. Although the drawings show circuits and blocks with clean lines and boundaries, some or
all of these lines and/or boundaries may be idealized. In reality, the boundaries and/or lines may
be unobservable, blended and/or irregular.

[0015] Power stages are used in, for example, power conversion circuits, power factor
correction circuits, discontinuous current mode power switching circuits, continuous current
mode power switching circuits, adapters, or electric vehicle charging units. A technique to
provide power and/or current in a power stage is to parallel-couple transistors. When parallel-
coupled, transistors are connected to a common voltage source and load and are driven by a
PWM gate driver signal (e.g., PWM Signal). Parallel-coupling transistors that receive the same
PWM signal increases the ability of a power stage to source output current because the parallel-
coupled transistors share the current load.

[0016] In some applications, parallel-coupled transistors that receive the same PWM signal
turn on and/or off at precisely the same time. When parallel-coupled transistors turn on at exactly

the same time, the load current is split equally across the parallel-coupled transistors and the
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in-rush current is shared. However, in practice, even though the parallel-coupled transistors may
be driven by the same PWM signal, each transistor may turn on at a slightly different time. When
parallel-coupled transistors are used, the first transistor of the parallel-coupled transistors to turn
on in response to a PWM signal will experience a higher in-rush current than the other
transistors. For example, the transistor that turns on first will, for a short period of time, conduct
the total load current instead of splitting the load current across the other parallel-coupled
transistor. A single parallel-coupled transistor that conducts the total load current encounters
high safe operating area (SOA) stress and, thus, the transistor operates in conditions that stress
the transistor and lead to faster degradation.

[0017] Previous techniques to avoid subjecting one transistor of a parallel arrangement to
increased SOA stress included attempting to synchronize parallel-coupled transistors based on
device temperature. For example, if a first transistor coupled in parallel with a second transistor
were to turn on first, even for a small period of time (e.g., 1 microsecond), the first transistor will
exhibit a higher temperature than the second transistor. Accordingly, in previous techniques, a
delay would be generated in response to the higher transistor temperature, and thus, the signals
used to turn on the first transistor were adjusted so that the turn on time of the first transistor
more closely matched the turn on time of the second transistor.

[0018] Examples described herein include controlling parallel-coupled transistors based on
initial peak current. Examples described herein include transistors produced using Gallium
Nitride (GaN). Also, examples described herein include parallel-coupled GaN transistors and
include methods and apparatus to control parallel-coupled transistors based on initial peak
current conducting through the parallel-coupled transistors (e.g., from the transistor drain to the
transistor source). Examples described herein include sensing the initial peak current of
individual ones of parallel-coupled transistors. The transistors used in examples described herein
may be power transistors. Alternatively, in some examples described herein, the transistors used
may be produced using Silicon (Si) or any suitable semiconductor substrate.

[0019] In examples described herein, the turn-on time of the transistor that experience a higher
initial peak current than the other parallel-coupled transistors (e.g., the transistor that turns on
first in response to a PWM signal) can be adjusted (e.g., by delaying the PWM signal) to match
the turn-on time of the other parallel-coupled transistors. The turn-on time of the transistor that

turns on first can be adjusted to reduce the initial peak current conducting through the transistor.
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Also, the turn-on time of the transistor that turns on first can be adjusted until the initial peak
current conducting through the transistor satisfies a threshold. In some examples, the threshold
may be an average initial peak current (e.g., normal average initial peak current of all parallel-
coupled transistors), a pre-determined initial peak current, or any other initial peak current value.
In other examples described herein, if more than two transistors are parallel-coupled, the turn-on
times of at least two of the parallel-coupled transistors can be adjusted to match the turn-on
time(s) of one or more of the other parallel-coupled transistor(s).

[0020] Also, examples described herein include methods and apparatus to control parallel-
coupled transistors based on initial peak current conducting through the parallel-coupled
transistors (e.g., from the transistor drain to the transistor source), transistor temperature, or any
other transistor parameter.

[0021] FIG. 1 is a schematic of an example circuit 100 including transistors 102, 105, 108, and
111 in which the peak current passed by the transistors 102, 105, 108, and 111 is controlled. The
transistors 102, 105, 108, and 111 each include two current terminals (103 and 104, 106 and 107,
109 and 110, 112 and 113) respectively. The transistors 102, 105, 108, and 111, may be formed
on respective dies 114, 116, 118 and 120. The dies 114, 116, 118 and 120 can be thermally
coupled to at least one heatsink.

[0022] In the example illustrated in FIG. 1, a pulse width modulation generator 122 (PWM
generator 122) generates PWM signals 124 and 126 (e.g., PWM-HS and PWM-LS) for the
parallel-coupled high-side transistors 102, 108 and the parallel-coupled low-side transistors 105,
111 respectively. The example switch timing controller 128 is coupled to the PWM generator
122 and the high-side transistor 102, and the example switch timing controller 132 is coupled to
the PWM generator 122 and the high-side transistor 108. Likewise, the example switch timing
controller 130 is coupled to the PWM generator 122 and the low-side transistor 105, and the
example switch timing controller 134 is coupled to the PWM generator 122 and the low-side
transistor 111. In the example of FIG. 1, the PWM generator 122 generates PWM signals 124
and 126 (e.g., PWM-HS and PWM-LS); however, the PWM generator 122 is not limited to
generating the two PWM signals 124 and 126 (e.g., PWM-HS and PWM-LS). For example, four
PWM signals can be generated for the four transistors (102, 105, 108, and 111), and therefore, a
delay can be implemented for each transistor individually by the PWM generator 122.

[0023] The transistors 102 and 108 form a pair of high-side transistors that are coupled in
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parallel. The transistors 105 and 111 form a pair of low-side transistors that are also coupled in
parallel. The high-side transistors 102 and 108 are coupled between an example positive voltage
bus PVDD 115 and the example switched circuit node SW 117, and the example low-side
transistors 105 and 111 are coupled between the switched circuit node SW 117 and example
local circuit ground PGND 119. The high-side and low-side transistors (102, 105, 108, and 111)
may include Gallium Nitride (GaN) layers formed epitaxially on a silicon substrate. Electrons in
a GaN channel (e.g., 2DEG channel) move more quickly than electrons in a silicon (Si) channel
(e.g., inversion channel), and thus, a GaN transistor (e.g., high electron mobility transistor
(HEMT)) turns on and/or off faster than a Si transistor in response to a PWM signal. Also,
transistors produced with a GaN layer include a lower capacitance between the drain and source
terminals than transistors produced with Si. As a result, when a GaN transistor (e.g., high
electron mobility transistor (HEMT)) is subjected to hard switching, the time in which the
amplitude of the drain to source voltage is high and the amplitude of the drain current is high
(e.g., the amplitude of the drain to source voltage overlaps with the amplitude of the drain
current) is reduced. The reduction of time in which the amplitude of the drain to source voltage is
high and the amplitude of the drain current is high allows the GaN transistor (e.g., high electron
mobility transistor (HEMT)) to operate safely during hard switching. In some examples
described herein, the transistors 102, 105, 108, and 111 may be produced using a Si substrate, or
any other transistor substrate.

[0024] In examples described herein, the current terminals 103 and 104 (e.g., source and drain
terminals) of the high-side transistor 102 can each be coupled (e.g., connected) to the respective
current terminals 109 and 110 of the high-side transistor 108 without intervening passive
components (e.g., inductors, capacitors) coupled therebetween. The current terminals 103, 104,
109, and 110 of the example high-side transistors 102 and 108, respectively, are coupled in
parallel such that larger amounts of power and/or current are switchable than otherwise possible
when switched by only one example high-side transistor.

[0025] Likewise, in some examples described herein, the current terminals 106 and 107 (e.g.,
source and drain terminals) of the low-side transistor 105 can each be coupled (e.g., connected)
to the respective current terminals 112 and 113 of the low-side transistor 111 without intervening
passive components (e.g., inductors, capacitors) coupled therebetween. The current terminals

106, 107, 112, 113 of the example low-side transistors 105 and 111, respectively, are coupled in
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parallel such that larger amounts of power and/or current are switchable than otherwise possible
when switched by only one example low-side transistor.

[0026] Although the example high-side and low-side transistors (102, 105, 108 and 111) are
respectively coupled as pairs, each of the example high-side and low-side transistors (102, 105,
108 and 111) may be individually controlled in response to a peak current associated with an
individual transistor. For example, if the high-side transistor 102 conducts a greater initial peak
current than the high-side transistor 108, the high-side transistor 102 can be switched in response
to the local initial peak current of the high-side transistor 108. Likewise, if the low-side transistor
105 conducts a greater initial peak current than the low-side transistor 111, the low-side
transistor 105 can be switched in response to the local peak current of the low-side transistor
111,

[0027] An example PWM generator 122 is arranged to generate the example pulse width
modulated high-side signal 124 for controlling the example high-side transistors 102 and 108 in
response to the example circuit node SW 117. The example PWM generator 122 can
alternatively be arranged to control the example high-side transistors 102 and 108 (and/or the
low-side transistors 105 and 111) in response to a system operating parameter, such as an output
voltage of a resistive, inductive, or capacitive load powered by the circuit 100. The example
PWM generator 122 is arranged generate the example pulse width modulated low-side signal
126 for controlling the example low-side transistors 105 and 111 in response to the example
circuit node SW 117. The example PWM generator 122 can be powered by the example power
rails PVDD 115 and PGND 119. In various examples, the PWM generator 122 can be a
processor, such as a microcontroller or a digital signal processor (DSP).

[0028] An example pulse-width modulated high-side signal 124 (e.g., PWM-HS) is coupled to
a first switch timing controller 128 and a second switch timing controller 132. The example
pulse-width modulated low-side signal 126 (e.g., PWM-LS) is coupled to a third switch timing
controller 130 and a fourth switch timing controller 134. In some examples described herein, the
PWM generator 122

[0029] The example switch timing controllers (e.g., one of 128, 130, 132, and 134) each
includes a current sensor (e.g., 136, 138, 140, and 142, respectively), an operational amplifier
(e.g., 156, 158, 160, and 162, respectively), and a power switching delay circuit (e.g., 172, 174,
176, and 178, respectively). The switch timing controllers (e.g., one of 128, 130, 132, and 134)
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can be included on the same die (e.g., 114, 116, 118, and 120, respectively) of the high-side or
low-side transistor being controlled (e.g., 102, 105, 108, and 111, respectively). Alternatively,
the switch timing controllers (e.g., one of 128, 130, 132, and 134) can be included on a separate
die (e.g., 114, 116, 118, and 120, respectively) of the high-side or low-side transistor being
controlled (e.g., 102, 105, 108, and 111, respectively).

[0030] Example current sensors 136, 138, 140, and 142 are coupled respectively to the
example high-side and low-side transistors (102, 105, 108 and 111). The example current
sensors 136, 138, 140, and 142 can be arranged on a multi-chip module adjacent to a component
(e.g., chip including a high-side or low-side transistor to be monitored) mounted on the multi-
chip module. The example current sensors can be located virtually anywhere on a die or a multi-
chip module where the current sensors are coupled to an example respective metal-oxide-
semiconductor field-effect-transistor.

[0031] In one example, the current sensors 136, 138, 140, and 142 are arranged on the same
die(s) upon which each respective high-side and low-side transistor (102, 105, 108, and 111) is
arranged. In another example, the current sensors 136, 138, 140, and 142 may be arranged on a
multi-chip module upon which each respective high-side and low-side transistors (102, 105, 108,
and 111) are carried. The example current sensors 136, 138, 140, and 142 are coupled to
respective example high-side and low-side transistors (102, 105, 108 and 111). For example, the
current sensors 136, 138, 140, and 142 may be coupled to the respective high-side and low-side
transistors (102, 105, 108, and 111) by being arranged on the same die (e.g., 114, 116, 118, 120).
[0032] The example current sensors 136, 138, 140, and 142 are arranged (e.g., placed) to
generate respective local sensed transistor peak currents 144, 146, 148, and 150, such that each
signal indicates a sensed transistor peak current for a respective example high-side and low-side
transistor (102, 105, 108, 111). Also, each signal which indicates a sensed transistor peak current
144, 146, 148, 150 may also be a voltage signal. The sensed transistor peak current 144, 146,
148, 150 are coupled to inverting input terminals of an example operational amplifier 156, 158,
160, 162. An example global peak current signal 152, 154 is generated for each of the high-side
and low-side circuits respectively, such that a global current signal 152, 154 is generated in
response to current indications of at least two transistors of each of the high and low sides. In
some examples described herein, each respective global current signal 152, 154 is a signal

representative of a respective average peak current (e.g., the global current high-side 152
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represents an average peak current of the sensed transistor peak currents 144 and 148).

[0033] Each respective global current signal 152, 154 is coupled to a non-inverting input
terminal of an example operational amplifier 156, 158, 160, 162. For example, a global current
high-side (GLOBAL CUR HS) signal 152 is coupled to operational amplifiers 156 and 160, and
a global current low-side (GLOBAL CUR LS) signal 154 is coupled to operational amplifiers
158 and 162. Also, each signal which indicates a global current signal (152 or 154) may also be a
voltage signal. Alternatively, the example global current signal (152 or 154) may be coupled to
an inverting input terminal of an operational amplifier 156, 158, 160, 162. Likewise, the example
local current signal (144, 146, 148, and 150) may be coupled to a non-inverting input terminal of
an operational amplifier 156, 158, 160, and 162, respectively. Also, the respective global current
signals 152, 154 may be coupled to a resistor (R120, R125).

[0034] Each of the example operational amplifiers 156, 158, 160, and 162 are arranged to
generate a respective local current delta reference signal 164, 166, 168, and 170 in response to
the respective global current signal 152 and 154 and the local current signal 144, 146, 148, and
150. Each respective local current delta reference signal 164, 166, 168, and 170 is coupled to a
respective input terminal of the power switching delay circuits 172, 174, 176, and 178.

[0035] The example power switching delay circuits 172, 174, 176, and 178 may be analog
circuits in which each example power switching delay circuit is configured to delay a respective
pulse-width modulated signal (124 or 126) in response to a respective local current delta
reference signal 164, 166, 168, and 170.

[0036] The first power switching delay circuit 172 and the second power switching delay
circuit 176 generate respective delayed PWM signals that are coupled to respective gate (e.g.,
control) terminals of the high-side transistors 102 and 108. A pulse-width modulated low-side
(PWM-LS) signal 126 is coupled to a third power switching delay circuit 174 and a fourth power
switching delay circuit 178. The third power switching delay circuit 174 and the fourth power
switching delay circuit 178 generate respective delayed PWM signals that are coupled to
respective gate terminals of the low-side transistors 105 and 111.

[0037] The example high-side transistors 102 and 108 are activated (e.g., by establishing a
conduction channel) in response to the assertion of the example pulse-width modulated high-side
signal 124. At least one of the example transistors 102 and 108 is also activated in response to a

respective example power switching delay circuit 172, 176. The example low-side transistors
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105 and 111 are activated in a similar manner, albeit in response to the low-side pulse-width
modulated low-side signal 126 and arrangements.

[0038] FIG. 2 is a schematic 200 of an example circuit including additional detail of two
parallel-coupled transistors and example switch timing controllers of FIG. 1. Example transistors
202, 204 are coupled in parallel, both receiving the same input voltage on either the drain
terminal or source terminal. The transistor 202 is coupled to a switch timing controller 206.
Likewise, the transistor 204 is coupled to a switch timing controller 208. An averager 210 is
coupled to both switch timing controllers 206 and 208. Likewise, the PWM generator 212 is
coupled to both switch timing controllers 206, 208. The switch timing controllers 206, 208 are
coupled to the gate drivers 214, 216. The gate drivers 214 and 216 receive and/or distribute
equivalent pulse width modulated signals to turn on and/or off transistors 202, 204.

[0039] The transistors 202, 204 may be high electron mobility transistors (HEMT’s) and may
be implemented in a discrete manner, as a semiconductor substrate or may be implemented using
any other method. The HEMT’s are three-terminal devices with a drain terminal, source
terminal, and gate terminal. The transistors 202, 204 may be formed on a substrate, such as a
printed circuit board or an integrated circuit, in which the substrate is formed out of a
semiconductor material (e.g., silicon or gallium nitride). Example implementations include a
gallium nitride (GaN) power stage.

[0040] The example switch timing controllers 206, 208 are coupled to the PWM generator 212.
The switch timing controller 206 receives and/or distributes a PWM signal to the gate driver 214.
Likewise, the switch timing controller 208 receives and/or distributes a separate PWM signal to
the gate driver 216. In this manner, the PWM signals sent by the switch timing controllers 206,
208 are adjusted to synchronize the turn on times of the transistors 202, 204 individually (e.g.,
turn on and/or off at the same time). The switch timing controller 206 is coupled to the transistor
202. The switch timing controller 206 senses the peak current through transistor 202. Likewise,
the switch timing controller 208 is coupled to the transistor 204, and the switch timing controller
208 senses the peak current through the transistor 204. In other examples described herein, the
switch timing controllers 206, 208 may be implemented in a network of devices, in which the
network includes a variable number of switch timing controllers 206, 208 or other electronic
devices.

[0041] The example averager 210 is coupled to the switch timing controller 206 and the switch
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timing controller 208. The averager 210 receives the peak currents through the transistors 202,
204. The averager 210 may receive a metric from at least one current sensor and generate
another metric representative of all metrics from all coupled the current sensors. For example, if
there are two parallel-coupled transistors, the averager 210 receives a current metric (e.g., sensed
peak currents 144, 146, 148, and/or 150 of FIG. 1) representative of each individual parallel-
coupled transistor. The averager 210 generates an additional metric (e.g., an average, global
current high-side and/or low side signal 152, 154 of FIG. 1) representative of all parallel-coupled
transistors. In other examples described herein, the averager 210 produces a metric which may
not be a direct average. For example, the averager 210 may create a metric that is consistent with
a standard average, weighted average, normalized average, mean, median, mode, etc. Other
examples include a metric representative of at least two independent metrics (e.g., peak current
metric from a first switch and peak current metric from a second switch). The example metric
produced by the averager 210 is a representation of all currents flowing through at least one
switch timing controller 206 or 208. The currents flowing through at least one switch timing
controller 206, 208 are currents from at least one transistor 202 or 204. In some examples, the
averager 210 includes several parallel-coupled resistances including at least one resistor
internally or externally. Alternatively, the averager 210 may be implemented as a shunt resistor
network. In doing so, the current flowing through the parallel-coupled resistance is averaged
across the number of resistors in the network.

[0042] In other examples described herein, the averager 210 may produce a metric which is a
representation of a temperature and/or current value produced by at least one switch timing
controller 206 or 208. Other implementations include an averager 210 in which the metric
produced by the averager 210 is the initial peak current of a single transistor (e.g., the master
transistor). In this case, the initial peak current of the master transistor will serve as a target peak
current for all other parallel-coupled transistors to model. Another example includes a single
transistor that is a master transistor (e.g., a transistor with an initial peak current as the standard
initial peak current for all other parallel-coupled transistors). Alternatively, other examples may
include a dynamic master transistor (e.g., the transistor that is the master transistor may change).
In other implementations, the averager 210 may be implemented in a network of devices, in
which the network may include a variable number of electronic devices.

[0043] The example PWM generator 212 is coupled to the switch timing controller 206 and the
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switch timing controller 208. A PWM signal is sent from the PWM generator 212 through the
switch timing controller 206 to command the transistor 202 when to turn on and/or turn off.
Likewise, a PWM signal is sent from the PWM generator 212 through the switch timing
controller 208 to command the transistor 204 when to turn on and/or turn off. The signals sent to
the switch timing controllers 206, 208 may vary in amplitude, duty cycle, frequency, etc.

[0044] The example gate drivers 214, 216 accept a low power input from the switch timing
controllers 206, 208. In this example, the gate driver 214 produces a high-current drive input for
the gate terminal of the transistor 202. Likewise, the gate driver 216 produces a high-current
drive input for the gate terminal of transistor 204. Alternatively, the gate driver 214 and/or the
gate driver 216 may produce a low-current drive input for the gate terminal of transistor 202
and/or transistor 204. The gate drivers 214, 216 may be implemented with discrete components,
on a chip, integrated CMOS devices on a chip, or any other method of implementing a gate
driver not directly described herein.

[0045] FIG. 3 is a block diagram 300 illustrating additional detail of an example
implementation of one of the switch timing controllers of FIG. 2. The example block diagram for
the switch timing controller as shown in FIG. 3 may be used for the switch timing controller(s)
206 and/or 208. Also, a separate switch timing controller may be used for all parallel-coupled
transistors present in the circuit, one parallel-coupled transistor present in the circuit, or some
parallel-coupled transistors present in the circuit. The switch timing controller 206 receives at
least three inputs and sends at least two outputs. Alternatively, the number of inputs received by
the switch timing controller 206 and/or the number of outputs sent by the switch timing
controller 206 may vary in other examples. The current sensor 302 is coupled to the averager 210
and the transistor 202. Alternatively, the current sensor 302 may be coupled to the averager 210
and the transistor 204. The delay controller 304 is coupled to the averager 210. The delay
controller 304 receives a metric representative of at least one transistor in the circuit. The delay
controller 304 receives a signal (e.g., PWM signal) from the PWM generator 212. The signal
from the PWM generator interacts with a series of devices (e.g., buffers, amplifiers,
multiplexors, etc.) to create a new signal which is sent to the gate driver 214 and/or the gate
driver 216.

[0046] The example current sensor 302 includes electronic components such as resistors,

capacitors, inductors, transistors (e.g., FET’s, diodes, etc.), amplifiers, buffers, multiplexors, or
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any electrical component. The current sensor 302 may measure, sense, receive, etc., a current
metric from at least one transistor. The current sensor 302 may be implemented with a sensing
FET, a current sensing integrated chip (current sensing IC), shunt resistor, current transducer,
etc. The current metric that the current sensor 302 generates is a current and/or voltage value
representative of the peak input current seen by the transistor 202 and/or the transistor 204.
[0047] The example delay controller 304 includes electronic components such as resistors,
capacitors, inductors, transistors (e.g., FET’s, diodes, etc.), amplifiers, buffers, multiplexors, or
any electrical component not directly described herein. The delay controller 304 is coupled to the
PWM generator 212 such that the incoming switching signal (e.g., PWM signal) to the transistor
202 and/or transistor 204 may be altered and/or adjusted.

[0048] FIG. 4 is a block diagram 400 illustrating additional detail of an example
implementation of one of the switch timing controllers 206 of FIG. 2, including temperature
sensing capabilities. Likewise, the example block diagram for the switch timing controller as
shown in FIG. 4 may be used for the switch timing controller 208. More specifically, the switch
timing controller may be replicated for each parallel-coupled transistor. In this example, the
temperature sensor 404 is coupled to the output of the current sensor 402 to provide peak
temperature information from the individual transistor 202. The switch timing controller 206
receives at least three inputs and sends at least two outputs. Alternatively, the number of inputs
received by the switch timing controller 206 and/or the number of outputs sent by the switch
timing controller 206 may vary in other examples. The current sensor 402 is coupled to the
averager 210 and the transistor 202. Alternatively, a second switch timing controller may include
a second current sensor, with the second current sensor coupled to the averager 210 and the
transistor 204. Also, the temperature sensor 404 is coupled to the delay controller 406. The delay
controller 406 is coupled to the averager 210. The delay controller 406 receives a metric
representative of at least one transistor (e.g., 202 or 204) in the circuit. This metric may be in the
form of a current, voltage, and/or temperature. The delay controller 406 receives a signal (e.g.,
PWM signal) from the PWM generator 212. The signal (e.g., PWM signal) from the PWM
generator interacts with a series of devices (e.g., buffers, amplifiers, multiplexors, etc.) to create
a new signal which is sent to the gate driver 214 and/or the gate driver 216.

[0049] The example current sensor 402 includes electronic components such as resistors,

capacitors, inductors, transistors (e.g., FET’s, diodes, etc.), amplifiers, buffers, multiplexors, or
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any electrical component. The current sensor 402 may measure, sense and/or receive, a current
metric from at least one transistor. The current metric that the current sensor 402 generates is a
current and/or voltage value representative of the peak input current seen by the transistor 202
and/or the transistor 204.

[0050] The example temperature sensor 404 is coupled to an internal and/or external
temperature sensing circuit. The temperature sensor 404 is coupled to a temperature sensing
device, such as a thermistor. The temperature sensor senses the junction temperature of the
transistors 202, 204. A pre-determined percentage of the temperature information is coupled to
the peak current information from the current sensor 402 (e.g., the predetermined percentage is a
temperature value proportional to the actual transistor 202, 204 temperature value). The
information from the temperature sensor 404 and the current sensor 402 may then be sent to the
delay controller 406. The delay controller 406 adjusts the parameters of the PWM signal to delay
the turn on and/or off time of the parallel-coupled transistors (e.g., 202 or 204).

[0051] The delay controller 406 includes electronic components such as resistors, capacitors,
inductors, transistors (e.g., FET’s, diodes, etc.), amplifiers, buffers, multiplexors, or any
electrical component. The delay controller 406 uses metrics generated by the current sensor 402
and/or temperature sensor 404 to modify the PWM signal from the PWM generator 212. [The
delay controller 406 is coupled to the PWM generator 212 such that the incoming switching
signal (e.g., PWM signal) to the transistor 202 and/or transistor 204 may be altered or adjusted.
[0052] FIG. 5 is a schematic 500 illustrating additional detail of an example implementation of
one of the switch timing controllers (206 or 208) of FIG. 2. In this example implementation, the
turn on and/or off time for an example low side transistor 506 is adjusted. Accordingly, FIG. 5
depicts the switch timing controller (e.g., the switch timing controller 206 or 208 of FIG. 2)
coupled to an example power conversion circuit 502 and an example averager 526. In this
example, the switch timing controller includes the current sensor 508, the temperature sensor
532, and the delay controller 534. In other examples described herein, the order in which the
current sensor 508, temperature sensor 532, delay controller 534, averager 526, and power
conversion circuit 502 interact may be rearranged. When multiple transistors are coupled in
parallel, there will be an additional replica switch timing controller (e.g., the current sensor 508,
temperature sensor 532, and delay controller 534) for all parallel-coupled transistors. The

averager 526 is coupled to all existing switch timing controllers (e.g., 206 or 208).
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[0053] The example power conversion circuit 502 may be any circuit used for a power stage.
For example, a buck converter uses transistors to convert a high DC input voltage to a low DC
output voltage. In other examples, the power conversion circuit 502 be adopted into power stages
such as automobile applications, personal electronic devices, integrated chips, etc. Also, other
examples described herein include power conversion circuits for GaN power stages (e.g., a
power stage using a GaN transistor).

[0054] The example PWM generator 504 generates a PWM signal (e.g., turn on and/or off
signal) for the low side transistor 506. Example implementations of the PWM generator 504
include using an integrated circuit such as a timing chip, comparators, etc. Regardless of
implementation, the PWM generator 504 is coupled to a switch timing controller (e.g., 206 or
208) for each individual parallel-coupled transistor. The switch timing controllers (e.g., 206 or
208) provide an individual adjusted PWM signal for each parallel-coupled transistor.

[0055] The example low-side transistor 506 is a three terminal switching device (e.g., HEMT).
Examples described herein include a low-side transistor 506 produced from a Gallium Nitride
(GaN) substrate. Examples described herein include a GaN transistor used in power stage
applications. Further example power stage applications include power factor correction circuits,
discontinuous current mode power switching circuits, continuous current mode power switching
circuits, adapters, electric vehicle charging units, etc. Also, examples described herein include
parallel-coupled GaN transistors. Other examples include a low-side transistor 506 and/or
parallel coupled transistors produced using another substrate such as Silicon (Si), Silicon Carbide
(SiC), or any other substrate.

[0056] The example current sensor 508 includes a trimmed resistor 510. The trimmed resistor
510 aids in the measurement of current by creating a voltage drop. The voltage drop created is
proportional to the peak current seen by the low-side transistor 506. For example, when a peak
current from the low-side transistor 506 travels through the trimmed resistor 510, a voltage drop
across the trimmed resistor 510 is created. The peak voltage measured across the voltage drop is
proportional to the peak current through the low-side transistor 506. The example current
measured via the example trimmed resistor 510 represents the current flowing through the low
side transistor 506 in a manner that is proportional in magnitude (e.g., may be degrees of
magnitude greater than or less than the actual peak current flowing through the transistor).

[0057] The example amplifier 512 is a low offset voltage, high bandwidth amplifier which
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amplifies the voltage over the trimmed resistor 510. Alternatively, the amplifier 512 may be any
device which outputs a value proportional to the input. Due to the amplifier 512, the voltage
captured over the trimmed resistor 510 is forced on the resistor 514. The trimmed resistor 510 is
coupled with the positive terminal of the amplifier 512 and the resistor 514 is coupled with the
negative terminal of the amplifier 512. In other examples, the trimmed resistor 510 may be
coupled to the negative terminal of the amplifier 512 and/or the resistor 514 may be coupled to
the positive terminal of the amplifier 512.

[0058] The example resistor 514 is coupled to an amplification resistor 516. The voltage over
the resistor 514 may be increased and/or decreased across a voltage drop over the amplification
resistor 516. The amplification resistor 516 is coupled to the example voltage capturing capacitor
518. For example, the peak current flowing through the trimmed resistor 510 is transferred as a
peak voltage over the resistor 514 due to a voltage drop. The amplification resistor 516 creates a
proportional peak voltage to be captured by the voltage capturing capacitor 518.

[0059] The example voltage capturing capacitor 518 is coupled to a series of example voltage
buffers 520, 522. In other examples, only one voltage buffer 520 or 522 may be coupled to the
voltage capturing capacitor 518, or multiple voltage buffers 520, 522 may be coupled to the
voltage capturing capacitor 518.

[0060] The example voltage buffers 520, 522 ensure the peak voltage value from the voltage
capturing capacitor 518 is transferred across the capturing trimmed resistors 524. Furthermore,
the capturing trimmed resistors 524 are coupled to a parallel feedback pin 528 and an additional
averaging trimmed resistor 530. In some examples described herein, the averaging trimmed
resistor 530 includes a resistance equal to the capturing trimmed resistors 524. Likewise, the
parallel feedback pin 528 includes resistors which are equivalent in resistance to the resistance of
the averaging trimmed resistor 530. The parallel feedback pin 528 is implemented on an external
circuit. Other examples described herein include a parallel feedback pin 528 implemented on the
same circuit and/or die as the switch timing controller (e.g., the switch timing controller 206 or
208 of FIG. 2). The parallel feedback pin 528 is coupled with the averager 526. An equivalent
number of trimmed resistors for the total number of parallel coupled transistors is coupled to the
parallel feedback pin 528. For example, for three transistors coupled in parallel, three resistors
may be coupled to the same external parallel feedback pin 528. Alternatively, a single resistor

may be coupled to the parallel feedback pin 528, the single resistor having a resistance
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equivalent to the parallel resistance value of all existing parallel-coupled transistors.

[0061] The averager 526 may include a set of parallel-coupled resistances in which the
averager 526 generates a metric over the set of parallel-coupled resistances. In this example, the
averager is implemented on an external circuit, coupled to at least one switch timing controller.
Alternatively, the averager 526 may be implemented internally on the same circuit and/or die as
the switch timing controller (e.g., the switch timing controller 206 or 208 of FIG. 2). In other
examples, the averager 526 may receive a single transistor initial peak current, the single
transistor deemed the master transistor. In this scenario, the output of the averager 526 is the
initial peak current of the master transistor. In the master transistor case, the turn on and/or off
times of the parallel-coupled are adjusted until their initial peak currents match the master
transistor peak current.

[0062] The example temperature sensor 532 is coupled to the output of the current sensor 508.
The temperature sensing network 532 includes a sensing resistor (e.g., a thermistor), which
obtains the temperature value of the low side transistor 506. The temperature sensing network
532 receives at least two voltage values, a bandgap temperature voltage 546, and a temperature
voltage 548. The bandgap temperature voltage is a reference voltage independent of temperature.
The bandgap temperature voltage 546 may range from O to 1.25V; however, the bandgap
temperature voltage 546 is not limited to the above range. The temperature voltage 548 is
dependent on the thermistor temperature. The temperature voltage 548 may also range from 0 to
1.2V; however, the temperature voltage is not limited to the above defined range. The thermistor
includes a variable resistor in which the resistance changes in response to changes in
temperature. For example, a constant current will be forced through the thermistor. When the
transistor heats up, the voltage over the resistor changes, therefore allowing for the temperature
value to be measured. This value is then sent through a series of buffers and amplifiers to send a
percentage of the transistor temperature value to the current sensor 508 output and the averager
526. Alternatively, the value sent to the delay controller 534 may be a weighted average of each
individual transistor peak current plus a percentage of the individual transistor temperature
information.

[0063] The example delay controller 534 is coupled to the averager 526, the temperature
sensor 532, and the current sensor 508. The peak current and peak temperature values of the

individual low side transistor 506 are received in the form of a voltage at the delay controller
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534. Alternatively, the peak current and peak temperature vales of the individual low side
transistor 506 may be received in the form of a current, temperature, voltage, etc., at the delay
controller 534. Also, the average peak current and/or junction temperature values obtained from
the averager 526 is sent to the delay controller 534.

[0064] The delay controller 534 includes buffers 536, 538, a difference amplifier 540, and a
delay generator 542. A series of buffers may exist in place of the buffers 536, 538.

[0065] In the example described in FIG. 5, the positive input of the difference amplifier 540 is
coupled to the output of the buffer 536. Also, the negative input of the difference amplifier 540 is
coupled to output of the buffer 538. In other examples described herein, the negative input of the
difference amplifier 540 may be coupled to the output of the buffer 536. Likewise, the positive
input of the difference amplifier 540 may be coupled to the output of the buffer 538. The
difference amplifier 540 generates a signal based on a comparison between the individual
transistor peak current and the average transistor peak current. In other examples described
herein, the difference amplifier 540 may generate a signal based on a comparison between the
individual transistor temperature value and the average transistor temperature value.

[0066] The example delay generator 542 is coupled to the pulse width modulation generator
504 (PWM Generator 504) and the output of the difference amplifier 540. The delay generator
542 may receive a current, voltage and/or temperature value from the difference amplifier 540.
The delay generator 542 applies a delay (e.g., a shift in timing and/or frequency) to the signal
from the PWM generator 504. The delay generator 542 may use the information received from
the difference amplifier 540 and the PWM generator 504 to adjust the turn on and/or off times of
the parallel-coupled transistors using an adjustment loop (e.g., servomechanism loop, etc.). The
delay generator 542 sends information received from the difference amplifier 540 through an
example servomechanism loop. A servomechanism loop, for example, uses error sensing
feedback to control operations of the parallel-coupled transistors. The servomechanism loop
generates a second signal which is an adjusted variant of the pulse width modulated signal. Also,
additional servomechanism loops may exist for each individual transistor. Alternatively, the
delay generator 542 may modify the signal from the PWM generator 504 in any way not directly
described herein. The output of the delay generator 542 is coupled to the gate driver 544.

[0067] While an example manner of implementing the switch timing controller of FIG. 1 is

illustrated in FIGS. 2-5, one or more of the elements, processes and/or devices illustrated in
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FIGS. 2-5 may be combined, divided, re-arranged, omitted, eliminated and/or implemented in
any other way. Further, the example current sensor (136, 138, 140, 142, 302, 402, or 508), the
example temperature sensor (404 or 532), the example delay controller (304, 406, or 534), the
example averager (210 or 526), the example PWM generator (122, 212, or 504), the example
delay generator (542), the example delay circuit (172, 174, 176, 178) and/or, more generally, the
example switch timing controller of FIGS. 1-5 may be implemented by hardware, software,
firmware and/or any combination of hardware, software and/or firmware. Thus, for example,
any of the example current sensor (136, 138, 140, 142, 302, 402, or 508), the example
temperature sensor (404 or 532), the example delay controller (304, 406, or 534), the example
averager (210 or 526), the example PWM generator (122, 212, or 504), the example delay
generator (542), the example delay circuit (172, 174, 176, 178) and/or, more generally, the
example switch timing controller of FIGS. 1-5 could be implemented by one or more analog or
digital circuit(s), logic circuits, programmable processor(s), programmable controller(s), graphics
processing unit(s) (GPU(s)), digital signal processor(s) (DSP(s)), application specific integrated
circuit(s) (ASIC(s)), programmable logic device(s) (PLD(s)) and/or field programmable logic
device(s) (FPLD(s)). When reading any of the apparatus or system claims of this patent to cover
a purely software and/or firmware implementation, at least one of the example current sensor
(136, 138, 140, 142, 302, 402, or 508), the example temperature sensor (404 or 532), the
example delay controller (304, 406, or 534), the example averager (210 or 526), the example
PWM generator (122, 212, or 504), the example delay generator (542), the example delay circuit
(172, 174, 176, 178) and/or, more generally, the example switch timing controller of FIGS. 1-5
is/are hereby expressly defined to include a non-transitory computer readable storage device or
storage disk such as a memory, a digital versatile disk (DVD), a compact disk (CD), a Blu-ray
disk, etc. including the software and/or firmware. Further still, the example switch timing
controller of FIGS. 1-5 may include one or more elements, processes and/or devices in addition
to, or instead of, those illustrated in FIGS. 1-5, and/or may include more than one of any or all of
the illustrated elements, processes and devices. As used herein, the phrase “in communication,”
including variations thereof, encompasses direct communication and/or indirect communication
through one or more intermediary components, and does not require direct physical (e.g., wired)
communication and/or constant communication, but rather also includes selective

communication at periodic intervals, scheduled intervals, aperiodic intervals, and/or one-time
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events.

[0068] A flowchart representative of example hardware logic, machine readable instructions,
hardware implemented state machines, and/or any combination thereof for implementing the
switch timing controller of FIG. 1 is shown in FIGS. 2-5. The machine readable instructions
may be an executable program or portion of an executable program for execution by a computer
processor such as the processor 912 shown in the example processor platform 900 discussed
below in connection with FIG. 9. The program may be embodied in software stored on a non-
transitory computer readable storage medium such as a CD-ROM, a floppy disk, a hard drive, a
DVD, a Blu-ray disk, or a memory associated with the processor 912, but the entire program
and/or parts thereof could alternatively be executed by a device other than the processor 912
and/or embodied in firmware or dedicated hardware. Further, although the example program is
described with reference to the flowchart illustrated in FIG. 6, many other methods of
implementing the example switch timing controller may alternatively be used. For example, the
order of execution of the blocks may be changed, and/or some of the blocks described may be
changed, eliminated, or combined. Additionally or alternatively, any or all of the blocks may be
implemented by one or more hardware circuits (e.g., discrete and/or integrated analog and/or
digital circuitry, an FPGA, an ASIC, a comparator, an operational-amplifier (op-amp), a logic
circuit, etc.) structured to perform the corresponding operation without executing software or
firmware.

[0069] As described above, the example processes of FIG. 6 may be implemented using
executable instructions (e.g., computer and/or machine readable instructions) stored on a
non-transitory computer and/or machine readable medium such as a hard disk drive, a flash
memory, a read-only memory, a compact disk, a digital versatile disk, a cache, a random-access
memory and/or any other storage device or storage disk in which information is stored for any
duration (e.g., for extended time periods, permanently, for brief instances, for temporarily
buffering, and/or for caching of the information). As used herein, the term non-transitory
computer readable medium is expressly defined to include any type of computer readable storage
device and/or storage disk and to exclude propagating signals and to exclude transmission media.
[0070] In this description, the term “and/or” (when used in a form such as A, B and/or C)
refers to any combination or subset of A, B, C, such as: (a) A alone; (b) B alone; (c) C alone; (d)

A with B; (e) A with C; (f) B with C; and (g) A with B and with C. Also, as used herein, the
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phrase "at least one of A or B" (or "at least one of A and B") refers to implementations including
any of: (a) at least one A; (b) at least one B; and (c) at least one A and at least one B..

[0071] FIG. 6 is a flowchart 600 representative of example machine readable instructions that
may be executed to implement the example switch timing controller (206 or 208) of FIGS. 1-5.
Examples described herein include the gate driver 544 receiving a PWM signal from the delay
generator 542 (Block 602). Once the PWM signal is received, the gate driver 544 sends the turn
on and/or off signal to the low side transistor 506 (Block 604). The low side transistor 506 may
experience a peak current as it is initially switched on (e.g., conducting). The peak current value
generated through the low side transistor 506 is then sent to the switch timing controller (Block
606). Encompassed within the switch timing controller (FIG. 2 206) is the current sensor 508.
The current sensor senses the peak current through the low side transistor 506 and replicate it
(Block 606). The peak current is replicated at least twice, a first time to be sent to the delay
controller 534 (Block 608) and second time to be sent to the averager 526 (Block 610).

[0072] The averager 526 computes a metric representative of at least two transistors (Block
612). The two transistors are parallel-coupled transistors. The metric generated may be a direct
average, an estimated average, or any other metric describing the peak current through a
transistor not directly described herein. Once the metric is created, the averager 526 sends the
newly created and/or generated metric to the delay controller 534 via a conducting path such as
copper bus (Block 612).

[0073] The delay controller 534 receives a metric representative of the low side transistor 506
and a metric representative of all parallel-coupled transistors. The delay controller 534 compares,
via a series of buffers 536, 538 and the differential amplifier 540, the metric representative
individual low side transistor 506 peak current value with the metric representative of all parallel
transistors (Block 614). The output of the differential amplifier 540 is a metric proportional to
the difference between the individual low side transistor 506 peak current with the peak current
metric representative of at least two transistors coupled in parallel. In other examples, the
difference amplifier 540 may be replaced with any network capable of creating a metric which is
proportional to at least two input signals (e.g., summing amplifier).

[0074] The differential amplifier 540 generates an indication to be sent to the delay generator
542 if a difference exists between the metric representative individual low side transistor 506

peak current value with the metric representative of all parallel transistors (Block 616). For
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example, the delay generator 542 will delay the PWM signal (e.g., signal from the PWM
generator 504) in response to an indication from the differential amplifier 540 (Block 618).
Another example includes the delay generator 542 creating a delay in the rising edge of the
PWM signal. Accordingly, the delay created by the delay generator 542 may be performed using
a processor, microcontroller, discrete components, using an adjustment loop (e.g., a
servomechanism loop) etc.

[0075] If the process is to cease operating (Block 620), the process will stop (Block 622).
Examples when the process is to cease operating include loss of power, user shutoff, automatic
shutoff, etc.

[0076] FIG. 7A is a graphical illustration 702 of example initial peak currents through the
parallel-coupled transistors of FIGS. 1-2, and 5 versus time without the use of a switch timing
controller, as described herein. The example figure FIG. 7A, illustration 702, includes two
waveforms 704, 706 corresponding to the current through two parallel-coupled transistors (e.g.,
202 and 204). The current through the example transistor 202 corresponds to the waveform 704
and the current through the example transistor 204 corresponds to the waveform 706. It is known
that because of device characteristic differences, one of the transistors may turn on slightly faster
than the other parallel-coupled transistor. In this example 702, the transistor 202 turns on faster
than the transistor 204. Clearly depicted in FIG. 7A, transistor 202 with current waveform 704
experiences a much higher initial peak current than transistor 204 with current waveform 706
without any delay compensation.

[0077] FIG. 7B is a graphical illustration 708 of example initial peak currents through the
parallel-coupled transistors of FIGS. 1-2, and 5 versus time with the use of the example switch
timing controller, as described herein. The example figure FIG. 7B, illustration 708, includes two
waveforms 710, 712 corresponding to the current through two parallel-coupled transistors (e.g.,
202 and 204). The current through the example transistor 202 corresponds to the waveform 710
and the current through the example transistor 204 corresponds to the waveform 712. It is known
that because of device characteristic differences, one of the transistors may turn on slightly faster
than the other parallel-coupled transistor. As described herein, by adjusting the turn on and/or off
time of each transistor (e.g., 202 or 204) dependent on the individual transistor peak current, a
delay can be applied to the transistor PWM signal, effectively synchronizing each transistor. In

this example 702, the transistor 202 turns on at relatively the same time as transistor 204. Clearly
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depicted in FIG. 7B, transistor 202 with current waveform 710 experiences similar initial peak
current as transistor 204 with current waveform 712 with the addition of delay compensation.
[0078] FIG. 8 is a graphical illustration 800 of varying data sets illustrating example initial
peak currents through the parallel-coupled transistors of FIGS. 1-2 and 5 with and without the
use of the example switch timing controller of FIGS. 1-5. The vertical axis is representational of
difference (e.g., maximum difference) in peak current after delay compensation has been applied
in amperes. The horizonal axis is representational of difference (e.g., maximum difference) in
peak currents before delay compensation has been applied. Each data point includes an
associated data point, one corresponding to the absence (before) of delay compensation and the
other corresponding to the inclusion (after) of delay compensation. Each data point corresponds
to statistically varying process conditions used to build the devices. For example, the example
data point 804 hovering around 15 amperes (802), has a difference (e.g., maximum difference) in
peak current before delay compensation value of around 15 amperes (with respect to the
horizontal axis) and a difference (e.g., maximum difference) in peak current after delay
compensation of around 2.5 amperes (with respect to the vertical axis). The example data set in
which data point 806 is a part of depicts the difference (e.g.,, maximum difference) in peak
current when no delay compensation is applied (e.g., the after-compensation values are equal to
the before compensation values). FIG. 8 depicts the significance of improvement in the
difference in peak current before and after delay compensation.

[0079] FIG. 9 is a block diagram of an example processing platform 900 structured to execute
the machine readable instructions represented in FIG. 6 to implement the switch timing
controller of FIGS. 1-5. The processor platform 900 can be, for example, an automobile
electronic system, an industrial manufacturing device, a server, a personal computer, a
workstation, a self-learning machine (e.g., a neural network), a mobile device (e.g., a cell phone,
a smart phone, a tablet), a personal digital assistant (PDA), an Internet appliance, or a controller.
[0080] The processor platform 900 of the illustrated example includes a processor 912. The
processor 912 of the illustrated example is hardware. For example, the processor 912 can be
implemented by one or more integrated circuits, logic circuits, microprocessors, GPUs, DSPs, or
controllers from any desired family or manufacturer. The hardware processor may be a
semiconductor based (e.g., silicon based) device. In this example, the processor implements the

example current sensor, the example temperature sensor, the example delay controller, the
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example averager, the example PWM generator, the example delay generator.

[0081] The processor 912 of the illustrated example includes a local memory 913 (e.g., a
cache). The processor 912 of the illustrated example is in communication with a main memory
including a volatile memory 914 and a non-volatile memory 916 via a bus 918. The volatile
memory 914 may be implemented by Synchronous Dynamic Random Access Memory
(SDRAM), Dynamic Random Access Memory (DRAM), and/or any other type of random access
memory device. The non-volatile memory 916 may be implemented by flash memory and/or
any other desired type of memory device. Access to the main memory 914, 916 is controlled by a
memory controller.

[0082] The processor platform 900 of the illustrated example also includes an interface circuit
920. The interface circuit 920 may be implemented by any type of interface standard, such as an
Ethernet interface, a universal serial bus (USB), a near field communication (NFC) interface,
and/or a PCI express interface.

[0083] In the illustrated example, one or more input devices 922 are connected to the interface
circuit 920. The input device(s) 922 permit(s) a user to enter data and/or commands into the
processor 912. The input device(s) can be implemented by, for example, an audio sensor, a
microphone, a camera (still or video), a keyboard, a button, a mouse, a touchscreen, a track-pad,
a trackball, isopoint and/or a voice recognition system.

[0084] One or more output devices 924 are also connected to the interface circuit 920 of the
illustrated example. The output devices 924 can be implemented, for example, by display
devices (e.g., a light emitting diode (LED), an organic light emitting diode (OLED), a liquid
crystal display (LCD), a cathode ray tube display (CRT), an in-place switching (IPS) display, a
touchscreen, etc.), a tactile output device, a printer and/or speaker. The interface circuit 920 of
the illustrated example, thus, typically includes a graphics driver card, a graphics driver chip
and/or a graphics driver processor.

[0085] The interface circuit 920 of the illustrated example also includes a communication
device such as a transmitter, a receiver, a transceiver, a modem, a residential gateway, a wireless
access point, and/or a network interface to facilitate exchange of data with external machines
(e.g., computing devices of any kind) via a network 926. The communication can be via, for
example, an Ethernet connection, a digital subscriber line (DSL) connection, a telephone line

connection, a coaxial cable system, a satellite system, a line-of-site wireless system, a cellular
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telephone system, etc.

[0086] The processor platform 900 of the illustrated example also includes one or more mass
storage devices 928 for storing software and/or data. Examples of such mass storage devices 928
include floppy disk drives, hard drive disks, compact disk drives, Blu-ray disk drives, redundant
array of independent disks (RAID) systems, and digital versatile disk (DVD) drives.

[0087] The machine executable instructions 932 of FIG. 6 may be stored in the mass storage
device 928, in the volatile memory 914, in the non-volatile memory 916, and/or on a removable
non-transitory computer readable storage medium such as a CD or DVD.

[0088] From the foregoing, example methods, apparatus and articles of manufacture are
described that overcome the limitations encountered when paralleling transistors based on peak
current only or peak current and a percentage of junction temperature values. The described
methods, apparatus and articles of manufacture improve the efficiency of using a computing
device by syncing two parallel-coupled devices to turn on at the same time. Also, limitations
included in previous solutions, such as temperature sensing, are no longer apparent in the
described methods, apparatus and articles of manufacture. Accordingly, the described methods,
apparatus, and articles of manufacture overcome the limitations caused by thermal resistance
differences in transistors. The described methods, apparatus and articles of manufacture are
accordingly directed to one or more improvement(s) in the functioning of a computer.

[0089] Modifications are possible in the described arrangements, and other alternative

arrangements are possible within the scope of the claims.
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CLAIMS
What is claimed is:
1. An apparatus, comprising:
a current sensor including:
a first input, a second input, a first output, and a second output;
the first input is configured to be coupled to a first current terminal of a transistor,
and wherein the transistor includes the first current terminal, a second
current terminal, and a gate; and
the second input is configured to be coupled to the second current terminal of the
transistor;
an amplifier coupled to the first output and the second output of the current sensor; and
a delay controller coupled to the amplifier, wherein the delay controller is configured to
be coupled to the gate.
2. The apparatus of claim 1, wherein the apparatus further includes a temperature sensor.
3. The apparatus of claim 2, wherein the temperature sensor includes a third output, wherein
the third output is coupled to the first output.
4. The apparatus of claim 1, wherein the second output of the current sensor is configured to
be coupled to an averager.
5. The apparatus of claim 4, wherein the averager includes a parallel feedback pin.
6. The apparatus of claim 1, wherein the delay controller is configured to be coupled to a
pulse width modulation generator to receive an input.
7. A system, comprising:
a first transistor coupled in parallel to a second transistor;
a pulse width modulation generator coupled to the first transistor, wherein the pulse width
modulation generator is to generate a first signal;
a first switch timing controller coupled to the pulse width modulation generator, wherein
the first switch timing controller is to:
compare a first peak current of the first transistor with a second peak current; and
generate a second signal based on the comparison of the first peak current and the

second peak current; and



WO 2020/123930 PCT/US2019/066210
26

a gate driver coupled to the first switch timing controller, wherein the gate driver is to
control the first transistor in response to the second signal.
8. The system of claim 7, wherein a first output of the first switch timing controller is
coupled to the gate driver.
0. The system of claim 7, wherein the first switch timing controller further includes a
current sensor to sense the first peak current.
10.  The system of claim 7, wherein the first switch timing controller further includes a
temperature sensor.
11.  The system of claim 10, wherein temperature sensor is to generate a third signal in
response to a second comparison between a first temperature of the first transistor with a second
temperature, wherein the gate driver is to control the first transistor in response to the second
signal and the third signal.
12. The system of claim 7, wherein the first switch timing controller is to generate the second
signal until the first peak current is equal to the second peak current.
13. The system of claim 12, wherein the second peak current is an average peak current of at

least the first transistor and the second transistor.

14. The system of claim 7, wherein the second peak current conducts through a master
transistor.
15. A method to control parallel-coupled transistors, comprising:

sensing a first transistor peak current and a second transistor peak current;

generating a metric, in response to sensing the first transistor peak current and the second
transistor peak current, representative of both the first transistor peak current and the second
transistor peak current;

comparing the first transistor peak current with the metric; and

adjusting, in response to the comparison, a first turn on time of a first transistor.
16. The method of claim 15, wherein the first turn on time of the first transistor is adjusted to
match a second turn on time of a second transistor.
17. The method of claim 15, further including generating, using a delay controller, a first
signal to be sent through an adjustment loop.
18. The method of claim 17, wherein the adjustment loop adjusts the first turn on time until

the first transistor peak current is equivalent to the second transistor peak current.
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19. The method of claim 15, further including sensing, using a temperature sensor, a first

transistor temperature and a second transistor temperature.

20. The method of claim 19, further including adjusting, using an adjustment loop, the first

turn based on the first transistor temperature and the second transistor temperature.
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