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SWITCH MODE POWER CONVERTER
CURRENT SENSING APPARATUS AND METHOD
[0001] This relates to power conversion circuitry, and more particularly to apparatus

and methods for sensing switch mode power converter current without series sensing

components.
BACKGROUND
[0002] Power conversion circuitry is employed in many applications, such as in

portable devices using external power from a universal serial bus (USB) connection to operate
the device and/or to charge internal batteries. In many instances, the current drawn from a
source may need to be limited, for example, according to specifications published for devices
drawing power from a USB connection. For instance, portable devices are limited to drawing
at most 100 mA from a USB 2.0 connection, unless a higher limit (e.g., up to 500 mA) is
negotiated. Similarly, USB 3.0 connections are typically limited to drawing 150 mA unless a
higher amount (e.g., up to 900 mA) is negotiated. Accordingly, power management circuitry in
many portable devices provides input power conversion with current limiting, using on-board
input current sensing via a sense resistor or sense FET connected between the power input
terminal and the high-side power FET. High-side current sensing may also be important in
other types of power converters, such as for sensing and regulating output current flow from
a boost converter or a buck/boost converter. However, the conventional current sensing
approach incurs significant power loss in terms of heat generated by conduction of high-side
current flowing through the sensing device. Moreover, the sensing component (e.g., resistor or
FET) must be sized to accommodate the maximum level of input current, and accordingly the
sensing device occupies a significant amount of space in terms of integrated circuit die area
and/or external board area, thereby increasing cost. Accordingly, improved current sensing
apparatus and techniques are desirable by which sensing component power dissipation and/or

sensing component size and cost may be reduced.
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SUMMARY

[0003] Described are integrated circuits as well as sensing apparatus and methods for
sensing power converter currents using sensing circuitry coupled in parallel with power FETs.
Accordingly, embodiments may facilitate reduction in sensing device size and power loss
without use of series-connected sensing components as was done in the past. The disclosed
apparatus and techniques thus find particular utility in portable electronic devices such as
portable computers, laptop computers, notebook computers, PDAs, portable phones, tablets,
MP3 players, etc., as well as in power management integrated circuits (ICs) thereof which
convert power received via USB or other external connections. Moreover, the present
disclosure finds utility in a variety of applications in which currents flowing through power
conversion transistors are to be measured.

[0004] Integrated circuits and sensing apparatus thercof are disclosed, for sensing
current flowing through a power FET of a switch mode converter. The sensing apparatus
includes first and second FETs connected in series, a parallel power FET, along with sensing
circuitry providing an output representing the current flowing in the power FET based at least
in part on a voltage across the first FET. In certain embodiments, the first FET is connected
between a high-side power FET terminal and a first circuit node, where the first FET is driven
by a constant voltage gate signal. Certain embodiments provide a capacitance coupled between
the first circuit node and a circuit ground. The second FET is connected between the first
circuit node and the second high-side power FET terminal in certain implementations, with the
second FET being driven by the same gate signal as is used for the high-side power FET.
[0005] The sensing apparatus in certain embodiments comprises a sense FET
connected between the first high-side power FET terminal and a second circuit node, and
having a gate terminal connected to the gate of the first FET, along with an amplifier circuit
including an op amp with inputs coupled to the first and second circuit nodes, and an output
P-type FET with a gate connected to the op amp output, a source connected to the second
circuit node, and a drain providing a current output indicating the current flowing in the power
transistor. In some embodiments, one or more resistors are coupled between the amplifier

output and a circuit ground to receive the current output from the amplifier circuit. In certain
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embodiments, moreover, filter circuit components (e.g., RC components) can be placed across
the resistor.

[0006] In certain embodiments, the power FET and the all the FETs in the sensing
circuit are constructed using a corresponding integer number of matched transistor units
formed in a semiconductor body of an integrated circuit. These integer numbers are chosen in
such a way that both the sensing ratio and sensing accuracy can be relatively high and the
overall sensing circuitry can be small in die area. Thus, the sensing component loss in
operation can be significantly reduced compared with conventional use of series-connected
sensing devices, and the die and/or circuit board area dedicated to current sensing components
can be reduced.

[0007] Methods are also disclosed for sensing current flowing in a switch mode power
converter high-side power FET, including sensing the voltage across a first FET connected in
a series circuit branch in parallel with the high-side power FET, as well as providing an output
signal based at least in part on the sensed voltage to indicate current flowing in the high-side
power FET. In certain embodiments, the method includes concurrently turning on the power
FET and a second FET connected in the series circuit branch according to a pulse width
modulation (PWM) signal, and sensing the voltage across the first FET. In addition, a gate
terminal of an output FET may be controlled using an op amp at least partially according to the
sensed voltage in order to provide a current output indicating the average current flowing in
the high-side power FET. Certain embodiments also involve controlling a sense FET
connected between the first high-side power FET terminal and the output FET with a constant
voltage provided to the gate of the first FET while sensing the voltage.

[0008] Integrated circuits are provided, which include a switch mode converter circuit
with at least one power transistor, as well as a sensing apparatus as described above.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 is a schematic diagram illustrating a switch mode buck converter with an
improved low loss current sensing circuit connected in parallel with a high-side power FET;
[0010] FIG. 2 is a diagram showing various voltage and current waveforms in the

converter of FIG. 1;
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[0011] FIG. 3 is a schematic diagram illustrating a buck converter with another current
sensing circuit embodiment;

[0012] FIGS. 4 and 5 are schematic diagrams illustrating a switch mode boost
converter with a sensing circuit to sense an output current flowing through a high-side power
FET of the boost converter;

[0013] FIG. 6 is a partial side elevation view schematically illustrating field effect
transistors of the sensing circuit individually formed in an integrated circuit semiconductor
body using matched unit transistors; and

[0014] FIG. 7 is a schematic diagram illustrating an exemplary switch mode charger
circuit including a buck converter and a power FET (Q6) for reverse blocking and charge
current sensing.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0015] FIG. 1 shows an integrated circuit (IC) 200 including a switch mode buck
converter 2 with an input current sensing apparatus 30 connected in parallel with a high-side
power FET Q1. The converter 2 may be part of a power management IC 200 employed in a
portable electronic device (e.g., laptop computer, portable phone, etc.), and has an input
terminal or node 4 (IN) from which the high-side power FET Q1 draws current Ip. Such buck
converter applications often require input current sensing for telemetry purposes, such as in
laptop PMIC applications. The high-side power FET Q1 in the illustrated embodiment is an
N-channel LDMOS, although other forms and types of power transistor may be used. In the
illustrated example, a drain (D) of Q1 is connected to the input terminal 4, and the source (S)
of Q1 is connected to a switch node (SW) 6, with a low-side N-channel LDMOS QO coupled
between the switch node 6 and a circuit ground. The switch node 6 is connected to an output
or battery terminal 8§ via a buck converter inductor L. The high and low-side devices Q1 and
QO form a buck converter using the inductance L to provide a regulated DC output to the
output terminal 8 under control of a buck converter driver circuit 10 with an output capacitor
C2 connected between the output node 8 and the circuit ground in the illustrated example. The
driver 10 provides a gate drive signal 12 to Q1, and provides a low-side gate drive signal 14 to

QO as shown. Other buck converter topologies may be used, for example, in which the
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low-side transistor QO is replaced with a diode (not shown) having an anode connected to the
circuit ground and a cathode connected to the switch node 6.

[0016] The buck driver 10 in certain embodiments provides alternating gate drive
signals 12 and 14 according to a pulse width modulation (PWM) signals or values 11 from a
converter controller 28. In order to effectively turn on the high-side power transistor Q1, a low
drop-out (LDO) regulator, a diode D2, and capacitor C3 are needed. In operation, the buck
driver 10 provides the signal 14 to turn QO on while Q1 is off to charge a capacitor C3 up to an
LDO output voltage value (e.g., 5V in certain implementations). Once QO is turned off, the
BOOT node 16 is at a voltage approximately 5V higher than the switch node 6 (e.g., 10V after
Q1 is turned on and input is 5V), and the driver circuit 10 provides the high-side gate drive
signal 12 for a positive gate-source voltage level sufficient to turn on the high-side transistor
Ql. As seen in FIG. 1, moreover, the BOOT node 16 is connected via a first diode D1 to a
sensing circuit gate drive signal node 17, and a second diode D2 has a cathode connected to the
BOOT node 16 and an anode connected to a regulated supply voltage node 18 (LDO, e.g., 5
V DC in one example), with a capacitor C4 connected between the supply node 18 and the
circuit ground.

[0017] The converter controller 28 may be provided with one or more feedback signals
or values in order to regulate the output at the output node 8, and in the illustrated example
receives an output signal 26 from the sensing apparatus 30 (ViLiv ave) indicative of the input
current Ip flowing through the high-side power transistor Q1. In operation, the converter
controller 28 provides the PWM signals or values 11 in order to enforce a maximum input
current limit, for instance, by comparing the sensing apparatus output signal 26 with a
predefined threshold, and controlling operation of the buck converter 2 so as to not exceed the
threshold limit. In particular, the predefined threshold may be set, for example, at a level
corresponding to 100 mA, and a second threshold may be used, for example, at around 500 mA
for USB 2.0 operation (e.g., 150 mA / 900 mA for USB 3.0).

[0018] FIG. 1 illustrates one embodiment of a sensing apparatus or sensing circuit 30
for sensing the power transistor current Ip, including an auxiliary series circuit branch 20
connected in parallel with the power transistor Q1, as well as a sensing circuit 22 providing the

output signal 26. The auxiliary circuit 20 is connected across Q1 between the input node 4 and
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the switch node 6, and includes a series combination of a first auxiliary (e.g., high-side sense
auxiliary) transistor FET Q3 and a second transistor FET Q2, where a source terminal of Q3 is
connected to the input node 4, a source terminal of Q2 is connected to the switch node 6, and
a first circuit node 21 joins the drain terminals of the auxiliary circuit transistors Q2 and Q3. In
addition, the gate of Q2 is driven by the high-side gate drive signal 12 from the buck driver 10,
whereas the gate of Q3 is driven by a constant voltage at the node 17. As seen in FIG. 1,
operation of Q2 and Q3 allows selective conduction of an auxiliary current I through the
parallel circuit 20, and the exemplary auxiliary transistors Q2 and Q3 are constructed such that
the auxiliary current I, is significantly smaller than the power current Ip flowing through the
high-side power FET Q1. Thus, compared with conventional input current sensing techniques
that employed a sensing device (e.g., precision sense resistor or sensing FET) in series between
the input node 4 and the high-side power FET Q1, the illustrated auxiliary circuit 20 is used for
current sensing without dissipating a significant amount of power, and using components Q2
and Q3 having integrated circuit die or circuit board areas that can be significantly smaller than
conventional series-connected sense resistors or sense FETs. The auxiliary current I through
the parallel circuit 20 also goes to the output as it provides a parallel path to power transistor
current Ip.

[0019] In addition, conventional power management circuitry typically employed a
mid-point capacitor connected to a node joining the series-connected sensing FET with the
high-side power FET. Such mid-point capacitor is not needed in the configuration of FIG. 1,
wherein a filter capacitor C1 can be connected in certain embodiments between the first circuit
node 21 and circuit ground, where the value, and hence the physical size and cost, of the
capacitor C1 can be significantly lower than that of previously employed mid-point capacitors.
Moreover, the prior reliance on a large mid-point capacitor typically required use of an
external mid-point capacitor component connected to a power management 1C, whereas the IC
200 in the illustrated embodiments can employ an on-chip filter capacitor C1 as shown in FIG.
1, thereby reducing the number of external connections to the integrated circuit 200. In this
regard, the pass filtering may be beneficial in such current sensing applications, particularly

where the op amp U1 as a limited bandwidth and cannot track high-speed signals.
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[0020] As seen in FIG. 1, moreover, the sensing apparatus 30 includes a sensing circuit
22 coupled to sense the voltage between the input node 4 and the first internal node 21 (e.g.,
the voltage across Q3). The sensing circuit 22 provides the output signal 26 which represents
the amount of current Ip flowing in Q1 based at least partially on the sensed voltage across Q3.
In the embodiment of FIG. 1, the sensing circuit 22 includes a sense FET Q4 connected
between the input terminal 4 and a second circuit node 23, where the gate terminal of Q4 is
connected to the gate of Q3 (e.g., constant voltage gate signal provided at node 17). In
operation, a sense current Ig flows from the input node 4 through Q4 to the remainder of the
sensing circuit 22, which includes a Vds matching amplifier circuit 24 with an operational
amplifier (op amp) Ul and an output FET Q35, along with a current sense load resistor R1
connected between an amplifier circuit output node 25 and the circuit ground, as well as an
optional RC filter formed by a resistor R2 and a capacitor C5 as shown. The use of the filter
components R2 and C5 in this example provides the output signal 26 representing a filtered or
average current flowing through the high-side power transistor Q1, although other
embodiments are possible in which no filtering is provided in the sensing circuit 22. As seen in
FIG. 1, the auxiliary circuit current I, does not contribute to power loss, since this current
flows to the switch node 6 and thus to the output of the converter 2.

[0021] Referring also to FIG. 6, in order to provide accurate sensing of the power
transistor current Ip and to facilitate reduction in sensing device power dissipation, transistor
matching may be employed in certain embodiments of the sensing apparatus components 30.
In particular, FIG. 6 illustrates the integrated circuit 200 having a plurality of unit MOS
transistors 201 formed in/on a semiconductor body 202, such as a silicon wafer, SOI structure,
etc. In one possible implementation, some or all of the sensing circuit transistors Q2-Q4 may
be constructed using corresponding numbers N,-Ny of the unit transistors 201, which can be
fabricated as LDMOS N-channel unit devices in certain embodiments. In addition, where the
power transistor Q1 (and QO, if included) are implemented in the same integrated circuit 200,
these can also be built using one or more unit transistors 201.

[0022] FIG. 6 illustrates the use of unit MOS transistors 201 in constructing two or
more of the transistors Q1-Q4. In one example, with Q1-Q4 constructed using the transistor

units 201, each of these transistors has a corresponding integer number N;-Ny representing the
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number of units or “gate fingers” connected together to form the transistor. In order to
facilitate matching characteristics of the sensing apparatus transistors, these can be built in a
uniform array in the semiconductor body 202 of the integrated circuit 200. For example, Q1
may have 100 fingers (N; = 100), and these may be constructed all in parallel, or in subgroups
of parallel-placed transistor units 201, Q2 may have just one finger (N, = 1) and Q3 may have
just 10 fingers (N3 = 10). Such ratios may be extended, for example, with N; = 1000, and N,
= 10, etc., where the fingers for Q2 (and also or alternatively Q3) may be interleaved with
those of Q1, for example, by including a Q2 finger between every group of 100 Q1 fingers in
order to maximize matching accuracy with respect to dimensions as well as thermal
characteristics. Moreover, as seen in FIG. 6, adjacent unit transistors 201 may, in certain
instances, share source/drain regions of the semiconductor body 202.

[0023] All the individual unit FETs 201 ideally have identical channel length and
width dimensions, and the number of FET cells 201 forming each of the FETs Q1-Q4 can be
set according to the different current carrying capability requirements of a given design. For
example, the power converter design will typically dictate the number N; of unit transistors
201 required for the conduction of the high-side current Ip. In particular, the channel width and
other design parameters (e.g., current density limits) of the unit transistors 201 may determine
the number of fingers N, required for the high-side power FET Q1. Once N; is determined, the
number of fingers used for the other transistors Q2-Q4 can be set in order to reduce the size of
those transistors and also to reduce the level of current flowing in the sensing circuit 22 while
maintaining good accuracy. In order to set the sense current levels Is to be relatively small
compared to the power current Ip flowing through Q1 (and hence to increase efficiency and
reduce component size and cost of the power converter 2), the ratio of N;/N; is set in certain
embodiments to be greater than 50, such as about 100 or more in one implementation. The ratio
of N3/N; is also set to be relatively high, such as about 5-10 or more in certain embodiments.
Likewise, Na/Ny is set to be about 5-10 as well.

[0024] In one possible example, the transistors Q1-Q4 are constructed with N; = 100,
Nz =1, N3 = 10 and N4y = 2. When Q1 is on (conducting), the auxiliary circuit I and the
high-side power current Ip flowing through Q1 are related by the following equation (1):

(1 [P/[A:NI(N2+N3)/(N2N3)'
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[0025] Since Q3 and Q4 are turned on by the same gate drive voltages node 17 and are

matched by the use of the unit transistors 201, the current I through the sense FET Q4 and I

can be expressed according to following equation when their drains are kept the same by Vds

matching amplifier circuit 24 (2):

(2) 1,/]I,=N,/N,.

[0026] Based on the above equations (1) and (2), the sensing ratio can be described by

the following equation (3):

©  wele Moy )
I, N,-N, N,

which is the ratio between the high-side average current Ip and sense current Is. Since Ip is

much greater than 14 or Ig, the total input current is approximately equal to Ip, according to the

following equation (4):

@ f_mzf_P:Nl-Ng[H&].
I, I, N,-N,{ N,

In the above described example with N; = 100, N, = 1, N3 = 10 and N4 = 2, the sensing ratio
“N” of the above equation (3) is 550, and the ratio of 14/Is of equation (2) is 5.

[0027] FIG. 2 diagram 28 illustrates various waveforms showing operation of the
exemplary sensing apparatus 30 in the buck converter 2 of FIG. 1. In the upper curve, the
shared high-side gate drive signal 12 applies to the gates of QI and Q2 and turns these
transistors on periodically with a voltage of approximately 10 V DC (Vggi and Viq2) in one
example, where the buck converter driver circuit 10 and the converter controller 28 selectively
vary the width of the high-going pulses applied via signal 12, while the gate voltage signal 17
applied to Q3 and Q4 is a constant voltage (Vgos and Vgoa), such that the corresponding
auxiliary current I and the sense current Ig should be related based on the above equation (2)
according to the number of unit transistors 201 used in constructing Q3 and Q4 (N3 and Ny).
[0028] As seen in FIG. 1, with Q4 on, the sense current Ig flows to the output FET Q5
of the amplifier circuit 24, whose gate is driven by the output of the op amp Ul. The op amp
Ul, in turn, senses the voltage across Q3 by connection of the non-inverting input (+) to the
first internal node 21 (V; in FIG. 2), and connection of the inverting input (-) to the circuit node
23 connected to the drain of Q4 and to the source of Q5 (V). FIG. 2 illustrates the voltages V;

9
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and V, at internal nodes 21 and 23, respectively of the sensing apparatus 30, where the
activation of Q1 and Q2 does not change the level of V,, but causes V; to steadily decrease
from a first voltage level (e.g., about 5 V in one example) until Q1 and Q2 are again turned off,
and this pattern repeats with the pulse width of the Q1 and Q2 gate signal 12 determining the
ramp-down time and thus the lower value of the V| waveform. The op amp U1 reacts to the
difference in the voltages at the nodes 21 and 23, and the op amp output drives the gate of Q5
s0 as to attempt to equalize the voltage difference. As a result, the sense current Ig is essentially
proportional to the current Ip flowing in the high-side driver Q1. Moreover, the actuation of Q1
and Q2 via signal 12 allows conduction of the power and auxiliary currents Ip and I, where the
power current Ip in this example rises to about 1 amp and the auxiliary current I rises to about
10 mA in this example. As further seen in FIG. 2, the switch node voltage (Vsw at node 6 in
FIG. 1) is pulsed from approximately the circuit ground (0 V) to approximately the input
voltage (e.g., about 5 V in one example) when the high-side power FET Q1 is turned on.

[0029] As previously noted, the described parallel current sensing technique is much
different than the conventional current sensing approach, in which a sense FET is inserted
between the input and the high-side power FET, and the disclosed apparatus and techniques
provide significant advantages and improvements over the conventional implementations. In
particular, for the same total Rdson, the die arca of Q1 and the series transistors Q2 and Q3 in
the present disclosure can be up to 75% smaller than the combined area of the high-side power
FET and associated sense FET of the conventional method. In addition, the switching loss
from Q1 in the present disclosure will be lower than that of the conventional approach, because
the sense FETs Q2-Q4 occupy a smaller total area than the much larger sense FET of the
conventional circuit. Moreover, if QI is designed to have the same Rdson as used in the
conventional circuit, the embodiments of the present disclosure will be more efficient due to
the absence of a sensing device (sense resistor or sense FET) in the power path. Also, because
Rdson of Q3 in the illustrated apparatus 30 is much higher than the Rdson of the sensing FET
in the conventional method, the capacitance of the filtering capacitor C; in the circuit 30 can
be much less than the midpoint capacitance (Cpyip) in the conventional approach for the same
filtering requirement, which makes it possible to integrate C1 on chip in an integrated circuit

200. This, in turn, allows reduction in the number of integrated circuit package connections,

10
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for example, the PMID ball in conventional wafer chip scale package (WCSP)
implementations can be eliminated.

[0030] FIG. 3 illustrates another embodiment of the buck converter 2 in which the
sensing apparatus 30a includes filter circuit components for low pass filtering the signals
provided to the op amp inputs. In this example, a first filter resistance R3 is connected between
node 21 and the non-inverting input (+) of the op amp U1, with a first filter capacitance C6
connected between the non-inverting input and the input node 4. In addition, this
implementation includes a second filter resistance R4 connected between the second circuit
node 23 and the inverting input (-) of U1, along with a second filter capacitance C7 connected
between the non-inverting op amp input (+) of Ul and the input node 4. In this case, the
low-pass filter formed by R3 and C6 provides switching ripple attenuation and removes the
AC components of the sensed signal and the filter formed by R4 and C7 is to match R3 and C6
and thus better matching results. The buck converter 2 in FIGS. 1 or 3 may be employed in
general power conversion systems, or may be used in a switching charger with an additional
high-side FET (e.g., Q6 in FIG. 7 below).

[0031] Referring to FIGS. 4 and 5, the above-described parallel current sensing
concepts can be employed in power converter systems including a boost converter 102. In the
example of FIG. 4, the boost converter 102 provides a current sense circuit 30b for sensing
output current Igyr flowing through a high-side power FET Qla, where the boost converter
102 may be fabricated as a single integrated circuit 200 in certain embodiments. This system
includes a converter inductance L connected between a DC input IN and a node 34, with the
boost converter stage 102 providing output current Ioyr to an output terminal 36. In this
example, the boost converter 102 includes a current sensing circuit 30b, for sensing the output
current Ioyr flowing through a boost converter high-side power FET Q1la, where the details of
the circuit 30b are further illustrated in FIG. 5.

[0032] As seen in FIG. 5, the current sensing circuit apparatus 30b is coupled across a
boost converter high-side power FET Qla, which can be an N-channel LDMOS similar to the
buck converter high-side power FET QI described above. The boost converter 102 also
includes a low-side transistor Q0a, which can be similar to the transistor QO described above.

The boost converter inductor L connects between input node 6 and switch node 34. The

11
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low-side power FET QOa is connected between the boost converter switch node 34 and the
circuit ground, and the high-side power FET Qla has a source terminal connected to switch
node 34, a drain terminal connected to the boost converter output node 36, and the power FETs
Qlaand QOa receive gate drive signals 42, 44, respectively, from a boost driver circuit 40. The
boost driver 40, in turn, operates according to a PWM signal or signals 41 from the converter
controller 28, where the converter controller 28 in certain embodiments operates according to
an output current feedback signal 56 (Vipur). In this regard, the converter controller 28 can
implement any suitable closed-loop feedback control of the output current loyr based on the
feedback signal 56. In operation, the boost driver 40 provides the switching control signals 44
and 42 for pulse width modulated switching of Q0a and Qla and the output current sense
circuit 30b is used to sense the output current Igyr. Alternatively, the sense current output Ig
can be fed into an external precision resistor for output current telemetry use.

[0033] The sensing apparatus 30b in the example of FIG. 5 operates generally as
discussed above in connection with the sensing apparatus 30 of FIG. 1, with transistor Q3
connected in series with Q2 in an auxiliary series circuit branch 20 in parallel with the
high-side driver Q1la, where Q2 receives the gate drive signal 42 from the boost driver 40, and
Q3 operates according to a constant voltage gate drive signal on internal node 17 based on the
BOOT node 16 via diode D1. Accordingly, auxiliary current I, flows through the circuit 20
when Qla and Q2 are turned on via signal 42, and the sensing circuit 22 senses the voltage
across Q3 with the sense FET Q4 conducting a sense current Ig and the amplifier circuit 24
using the op amp Ul to adjust the output FET Q5 based on the voltages at input nodes 36 and
23. The amplifier circuit 24 provides the sense current Ig to resistor R1 connected at node 25,
with the output signal 56 being provided from the output node 25 through an optional RC low
pass filter including resistor R2 and capacitor C5 as described above. Other implementations
are possible using a sensor apparatus 30a as seen in FIG. 3 above in conjunction with a boost
converter 102, where the sensing circuit 30a can be connected to the nodes 34 and 36 across
the high-side power FET Qla for sensing the output current Ioyr without use of any
series-connected sensing resistor or sense FET. Moreover, the boost converter 102 may
include transistors (e.g., Qla and Q2-Q4) fabricated using unit transistors 201 as described

above in connection with FIG. 6.
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[0034] As described above, the parallel current sensing techniques provide significant
advantages over conventional techniques in which a sense resistor or sense FET was connected
in series with the high-side power FET Q1 or Qla. The present disclosure therefore presents
methods for sensing input current Ip flowing through a buck converter high-side power FET
QI of a switch mode converter 2 or output Ipyr flowing through a boost converter high-side
power FET Qla of a switch mode converter 102 in which a voltage is sensed across a first FET
Q3 connected in a series circuit branch 20 in parallel with the power FET QI or Qla, and an
output signal 26, 56 is provided at least partially according to the sensed voltage so as to
indicate the current Ip, Iout flowing in the power transistor Q1, Qla. The method may further
include turning on the power transistor Q1 and the other series-connected FET (e.g., Q2) of the
circuit branch 20 according to a shared PWM gate control signal 12 or 42 from a driver 10 or
40 of the switch mode converter 2 or 102, as well as sensing the voltage across Q3. In certain
embodiments, moreover the method includes controlling the gate terminal of the output FET
Q5 using an op amp (U1) at least partially according to the sensed voltage in order to provide
a current output (e.g., Is in FIG. 1) indicative of the current Ip flowing through the power FET
Q1 or Igyt flowing through power FET Qla. In addition, the method may include controlling
the gate of a sense FET Q4 connected between the node 4 for a buck converter in FIGS. 1 and
3 or node 21 for a boost converter in FIG. 5) and the source of the output FET Q5 at a constant
voltage which is also provided to the gate of Q3 while sensing the voltage across Q3.

[0035] FIG. 7 illustrates an exemplary switching charger circuit 2 including a buck converter
2 and a high-side FET Q6 for reverse blocking and sensing the charging current Icyg provided
to a battery circuit (not shown). The charger circuit 2 includes a buck converter formed by Q1,
QO and inductor L as described above in connection with FIGS. 1 and 3, and additionally FET
Q6, coupled between the node 8§ (identified as LX in FIG. 7) and a battery charger output
terminal BAT, provides charge current sensing/reverse blocking. Q6 performs reverse
blocking in this embodiment to isolate the battery from the input node 4 when a charging
source is removed. When a charging source is available and valid, Q6 turns on fully and the
rest of circuit operates as a buck switch mode charger. When the charging source is removed
or invalid, Q6 turns off and switch mode charger stops charging. Some conventional current

sensing circuit 60 can be used to sense the charging current Icpg flowing through Q6 since Q6
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is fully on (not switching). A signal (e.g., a voltage signal in this case) Vicng representing the
charging current Icpg flowing through Q6 is provided by the sensing circuit 60, which
charging current feedback signal may be employed by the converter controller 28 in one
embodiment. In addition, an input current sensing circuit 30, 30a may be provided across the
buck converter high-side FET QI as described above to provide input average current
feedback and regulation. Other implementations of the described parallel current sensing may
be employed in general switch mode converters and/or switch mode charging circuits.

[0036] Those skilled in the art will appreciate that modifications may be made to the
described embodiments, and also that many other embodiments are possible, within the scope

of the claimed invention.
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CLAIMS

What is claimed is:

1. A sensing apparatus for sensing current flowing in a power transistor of a
switch mode converter, comprising:

a first field effect transistor connected between a first terminal of the power transistor
and a first circuit node, and comprising a first gate terminal driven by a constant voltage;

a second field effect transistor connected between the first circuit node and a second
terminal of the power transistor, the second field effect transistor comprising a second gate
terminal connected to a gate terminal of the power transistor, the first and second field effect
transistors forming a series circuit branch in parallel with the power transistor; and

a sensing circuit coupled with the first field effect transistor, the sensing circuit
providing an output signal indicative of the current flowing in the power transistor based at

least partially on a voltage across the first field effect transistor.

2. The sensing apparatus of claim 1, wherein the sensing circuit comprises:

a sense field effect transistor connected between the first terminal of the power
transistor and a second circuit node, the sense field effect transistor having a gate terminal
connected to the first gate terminal of the first field effect transistor;

an amplifier circuit, comprising:

an op amp with a first input coupled with the second circuit node and a second input
coupled with the first circuit node, and

an output field effect transistor with a gate terminal connected to an output of the op
amp, a source terminal connected to the second circuit node, and a drain terminal providing a
current output at an amplifier output indicative of the current flowing in the power transistor;
and

at least one resistance coupled between the amplifier output and a circuit ground to

receive the current output from the amplifier circuit.
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3. The sensing apparatus of claim 2, comprising a capacitance coupled between

the first circuit node and the circuit ground.

4. The sensing apparatus of claim 2, comprising:

a first filter resistance connected between the first circuit node and the second input of
the op amp;

a first filter capacitance connected between the second input of the op amp and the first
terminal of the power transistor;

a second filter resistance connected between the second circuit node and the first input
of the op amp; and

a second filter capacitance connected between the first input of the op amp and the first

terminal of the power transistor.

5. The sensing apparatus of claim 2, wherein the power transistor, the first field
effect transistor, the second field effect transistor, and the sense field effect transistor are
individually formed using a corresponding integer number of matched transistor units formed

in a semiconductor body of an integrated circuit.

6. The sensing apparatus of claim 5, wherein a ratio of a number of matched
transistor units forming the power transistor to a number of matched transistor units forming

the first field effect transistor is greater than 5.

7. The sensing apparatus of claim 2, wherein the power transistor and the first
field effect transistor are individually formed using a corresponding integer number of
matched transistor units formed in a semiconductor body of an integrated circuit, and wherein
a ratio of a number of matched transistor units forming the power transistor to a number of

matched transistor units forming the first field effect transistor is greater than 5.

8. The sensing apparatus of claim 2, wherein the power transistor, the first field

effect transistor, and the second field effect transistor are individually formed using a
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corresponding integer number of matched transistor units formed in a semiconductor body of

an integrated circuit.

9. The sensing apparatus of claim 8, wherein a ratio of a number of matched
transistor units forming the power transistor to a number of matched transistor units forming

the first field effect transistor is greater than 5.

10.  The sensing apparatus of claim 8, wherein the switch mode converter includes
a buck converter, wherein the power transistor is a high-side power FET with the first terminal
coupled with a converter input and the second terminal coupled with a switch node of the
switch mode converter, the integrated circuit further comprising a low-side power FET or
rectifier with a first power terminal coupled with the switch node and a second power terminal

coupled with the circuit ground.

11.  The sensing apparatus of claim 8, wherein the switch mode converter includes
a boost converter, wherein the power transistor is a high-side power FET with the first terminal
coupled with a boost converter inductor and the second terminal coupled with a boost

converter output.

12. A method for sensing current flowing in a power transistor of a switch mode
converter, the method comprising:

sensing a voltage across a first field effect transistor connected in a series circuit branch
in parallel with the power transistor; and

providing an output signal at least partially according to the sensed voltage across the

first field effect transistor to indicate the current flowing in the power transistor.

13. The method of claim 12, comprising:
concurrently turning on the power transistor and a second field effect transistor
connected in the series circuit branch according to a pulse width modulation signal from a

driver circuit of the switch mode converter; and
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sensing the voltage across the first field effect transistor.

14.  The method of claim 13, comprising controlling a gate terminal of an output
field effect transistor using an op amp at least partially according to the sensed voltage across
the first field effect transistor to provide a current output indicative of the current flowing in

the power transistor.

15.  The method of claim 14, comprising controlling a gate terminal of a sense field
effect transistor connected between the first terminal of the power transistor and the output
field effect transistor at a constant voltage provided to the gate terminal of the first field effect

transistor while sensing the voltage across the first field effect transistor.

16.  The method of claim 12, comprising controlling a gate terminal of an output
field effect transistor using an op amp at least partially according to the sensed voltage across
the first field effect transistor to provide a current output indicative of the current flowing in

the power transistor.

17.  The method of claim 16, comprising controlling a gate terminal of a sense field
effect transistor connected between the first terminal of the power transistor and the output
field effect transistor at a constant voltage provided to the gate terminal of the first field effect

transistor while sensing the voltage across the first field effect transistor.

18. An integrated circuit, comprising:

a switch mode converter circuit including a power transistor having first and second
power terminals and a gate terminal;

a first field effect transistor connected between the first power terminal of the power
transistor and a first circuit node, and comprising a first gate terminal driven by a constant
voltage;

a second field effect transistor connected between the first circuit node and the second

power terminal of the power transistor, the second field effect transistor comprising a second
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gate terminal connected to the gate terminal of the power transistor, the first and second field
effect transistors forming a series circuit branch in parallel with the power transistor; and

a sensing circuit coupled with the first field effect transistor, the sensing circuit
providing an output signal indicative of the current flowing in the power transistor based at

least partially on a voltage across the first field effect transistor.

19. The integrated circuit of claim 18, comprising:

a sense field effect transistor connected between the first power terminal of the power
transistor and a second circuit node, the sense field effect transistor having a gate terminal
connected to the first gate terminal of the first field effect transistor;

an amplifier circuit, comprising:

an op amp with a first input coupled with the second circuit node and a second input
coupled with the first circuit node, and

an output field effect transistor with a gate terminal connected to an output of the op
amp, a source terminal connected to the second circuit node, and a drain terminal providing a
current output at an amplifier output indicative of the current flowing in the power transistor;
and

at least one resistance coupled between the amplifier output and a circuit ground to

receive the current output from the amplifier circuit.

20. An integrated circuit, comprising:

a semiconductor body;

a switch mode converter circuit including a power transistor having first and second
power terminals and a gate terminal;

a first field effect transistor connected between the first power terminal of the power
transistor and a first circuit node, and comprising a first gate terminal driven by a constant
voltage;

a second field effect transistor connected between the first circuit node and the second

power terminal of the power transistor, the second field effect transistor comprising a second
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gate terminal connected to the gate terminal of the power transistor, the first and second field
effect transistors forming a series circuit branch in parallel with the power transistor; and

a sensing circuit providing an output signal indicative of the current flowing in the
power transistor, the sensing circuit comprising:

a sense field effect transistor connected between the first power terminal of the power
transistor and a second circuit node, the sense field effect transistor having a gate terminal
connected to the first gate terminal of the first field effect transistor;

an op amp with a first input coupled with the second circuit node and a second input
coupled with the first circuit node; and

an output field effect transistor with a gate terminal connected to an output of the op
amp, a source terminal connected to the second circuit node, and a drain terminal providing a
current output at an amplifier output indicative of the current flowing in the power transistor;
and

at least one resistance coupled between the amplifier output and a circuit ground to
receive the current output;

the power transistor, the first field effect transistor, the second field effect transistor,
and the sense field effect transistor individually comprising a corresponding integer number of

matched transistor units formed in the semiconductor body.
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