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(57) Abstract: An apparatus and
method for determining the output
current in a bridge-connected
switched transistor output circuit
including high-side and low-side
transistor ~ switches,  typically
MOSFETS. The voltage at a
common node between the high
and low side switches is sensed,
and offset in a first circuit by a
fixed amount so that the voltage
is positive for all positive or
negative output currents of
interest. The output current is
actually determined in a second
circuit which receives the offset
voltage signal only predetermined
times in relation to the on-time
of the low side switch. The first
circuit includes a current reference
source/level shifter and a current
mirror circuit formed of a plurality
of transistors in a particular circuit
configuration. The second circuit

& is coupled to an output of the first circuit by a gated NMOS transistor at the desired times to provide the current measurement
& signal. The second circuit includes a second current reference source having substantially the same electrical characteristics as the
first current reference source, and a second plurality of transistors respectively matched to the input side circuit transistors, and
connected in the same circuit configuration. In the second circuit, the offset signal is compared with high and low reference signals
to provide an indication if the output current exceeds an overcurrent limit, either positively or negatively. The sensing circuit is
advantageously integrated with the output circuit gate driver in a single IC.
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BI-DIRECTIONAL CURRENT SENSING BY MONITORING
VS VOLTAGE IN A HALF OR FULL BRIDGE CIRCUIT

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application is based on and claims priority to U.S. Provisional
Application 60/576,829, filed June 2, 2004, the entire disclosure of which is
incorporated herein by reference.

[0002] This application is also related to U.S. Patent Application Ser.
No.10/806,688, filed March 23, 2004, in the name of Dana Wilhelm, entitled HIGH
VOLTAGE OFFSET DETECTION CIRCUIT AND METHOD, the entire disclosure

of which is also incorporated herein by reference.

BACKGROUND OF THE INVENTION
Technical Field of the Invention

[0003] The present invention relates to a method and apparatus for
bidirectional current sensing for high power full and half-bridge transistor circuits, and
more particularly, to such a method and apparatus which no insertion of elements into
the power circuit, and which can be fully integrated into the bridge driver IC.

[0004] The invention will be described in the context of a half-bridge
MOSEFET circuit, but should be understood that the concepts disclosed are also directly
applicable to circuits employing other types or power transistors, ane to circuits in full-

bridge topology.

Related Art
[0005] High voltage half-bridge and full-bridge power circuits are used in

various applications such as motor drives, electronic ballasts for fluorescent lamps and
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power supplies. A simple half-bridge circuit is illustrated at 10 in Fig. 1. The circuit
employs high-side and low-side totem pole connected MOSFETS My and M ; that feed
a load 12 connected to a common point 14 between the MOSFETS, and a second
common point 16 between two capacitors C1 and C2, through a first circuit path
including MOSFET My and capacitor C1, and a second circuit path including MOSFET
M and capacitor C2.

[0006] A gate drive circuit 18, typically an IC, supplies gate drive signals to
turn MOSFETS My and M; on or off in response logic input signals Hyy and Lyy.

[0007] Inpower applications involving a half bridge or full bridge topology,
current sensing is often needed for feedback or to prevent run away situations.
Conventional methods of current sensing require insertion of external elements such as
resistors into the power circuit, e.g. between MOSFET My and M (not illustrated),
which are intrusive, i.e. cause power dissipation, and require extra pins on the driver IC.

[0008] Moreover, in some high power bridge topology applications, e.g.,
Class-D amplifiers, the power transistors are connected between plus and minus voltage
rails, rather than a high voltage rail and ground as illustrated in Fig. 1. In such cases,
both positive and negative currents may be encountered. The measuring circuitry in the
driver IC must be able to accommodate the negative swings if is to be usable in all
power bridge applications.

[0009] Thus, a need exists for a circuit implementation and method which
avoids the need for insertion of a sensing element in the power circuit, can be integrated
with the driver IC, and which is capable of measuring bidirectional currents. The

present invention is intended to meet this need.

SUMMARY OF THE INVENTION
[0010]  According to the presentinvention, the low side switch in the half/full

bridge circuit doubles as the current sensing element. Since the Rpgon of the MOSFET
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switching element is known, and the drain voltage of the switch is the same as the VS
(common node) voltage, the current in the circuit can be ascertained by sensing the VS
voltage while the low side switch is on. This method of current sensing is completely
non-intrusive and can be fully integrated into the driver IC.

[0011] - The VS sensing portion of the new circuit is based on a technique
disclosed in the above-identified Dana Wilhelm patent application. The device of the
Wilhelm application is intended to be used for offset detection, i.e., to determine when
a common node has transitioned from a high state to a low state or from a low state to
a high state. This might be needed, for example, in an electronic ballast driving a
resonant load, in which case, premature turn on of the low-side MOSFET will pull the
voltage at.the common node to the voltage of the low side rail. This so-called
"hard-switching" is a source of switching losses and causes heating of MOSFETS My
and M; 5, which may eventually lead to failure of the MOSFETS.

[0012] Now, it has been recognized that the concepts of the Wilhelm device
can also be adapted to current sensing. Moreover, by shifting the voltage at MOSFET
node 14 the VS voltage up by a fixed amount before it is transferred to the low side of
the sense circuit, sensing of a negative and negative current becomes possible, making
the current sensing bi-directional.

[0013]  Accordingly, it is an object of the present invention to provide an
improved apparatus and method for sensing current in high power MOSFET switched
output circuits.

[0014] Itisafurther object to provide such an apparatus and method in which
the voltage at a common node between two switching transistors connected in a totem
pole configuration is used to determine current on the basis of the Rpgoy Of the low side

transistor.
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[0015] Itis an additional object to provide such an apparatus and method in
which the voltage at the common node is shifted up by a predetermined amount to
permit sensing of negative currents.

[0016] Another object of the invention is to provide a current sensing
arrangement which does not require insertion of a sensing element in the output current
path.

[0017] It is also an object of the invention to provide a current sensing
arrangement which can be combined with the other components of the driver for the
switching transistors in a single integrated circuit.

[0018] It is yet another object of the invention to provide a current sensing
arrangement as described above which can be used with devices having both half-bridge
and full-bridge topology.

[0019] According to one aspect of the invention, there is provided an
arrangement for sensing current in a high power MOSFET switched output circuit
including two switching transistors connected in a totem pole configuration, in which
the voltage at a common node between the transistors is sensed by circuitry connected
to the common node, and the voltage is used to calculate current on the basis of the
Rpson Of the low side transistor.

[0020] According to another aspect of the invention, the above-described
arrangement is integrated with the other components of the driver for the output
transistors.

[0021] According to a further aspect of the invention, the voltage at the
common node between the transistors is shifted up by a fixed amount so that both
positive and negative currents through the Rpgoy of the low side transistor can be
measured.

[0022] The exact nature of the invention, as well as other objects, features,

and advantages thereof, will become apparent from the following from the following
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description of the invention which refers to the accompanying drawings, in which like

parts are designated by the same reference number.

BRIEF DESCRIPTION OF THE DRAWING(S)
[0023] Fig. 1 is a diagram of a simplified half-bridge circuit to which the

present invention is applicable.

[0024] Fig. 2 is a schematic diagram of the new current sensing circuit
according to the invention.

[0025] Fig. 3 is a block diagram showing the signal processing for a
bidirectional overcurrent sensor.

[0026] Fig. 4 is a waveform diagram for the circuit of Fig. 3.

[0027]  Fig. 5 shows the relationship between certain voltages in the circuit
of Fig. 2.

DETATLED DESCRIPTION OF THE INVENTION

[0028] Referring again to Fig. 1, application of the principles of this invention
to the illustrated circuit arrangement requires inclusion of a sensing circuit within IC 18,
and connection of common node 14 to the proper pin of the IC, as indicated by broken
line 20.

[0029] Circuitry for implementing the arrangement according to the invention
is illustrated in Fig. 3. The circuit, generally denoted at 30, is comprised of two
portions: a current reference/mirror circuit including MOSFETS M2-MS5 plus a level
shifting resistor R1 in a high side well 32, and matched circuits (except for the level shift
resistor) on the low side including MOSFETS M6-M9. The two sides are linked by high
voltage NMOS M1, which is turned on to pass along the VS voltage when the high side

well is near ground as described in connection with Fig. 3.
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[0030] The operation of circuit 30 is as follows: VS is shifted up by a constant
amount Iref1*M3/M2*R1 so that the shifted voltage V1=VS+Iref1*M3/M2*R1 is
always positive. If the current reference and current mirrors on the high side are
matched to their counterparts on the low side, i.e. Iref1=Iref2, M3/M2=M7/M6, and
M5/M4=M9/M8, then V3=V 1 and V4 differs from V3 by Vgox, of NMOS M1, which
is very small. It should be appreciated, however, that the foregoing relationships apply
only whine V1 is positive V1. When V1 is negative, V3 does not follow V1. Instead
V2 is lowered and M5 is pinched off, preventing the body diode of M1 from turning on
and M1 from latching up destructively.

[0031] The end result is

V4(Vsense)=VS+Irefl *M3/M2*R1-V oy, M1
~VS+Iref1*M3/M2*R 1.

[0032] Since VS is equal to the product of the R4y Of the low side switch and
the low side switch current, the latter can easily be derived with the illustrated circuit.

[0033] Fig. 3 illustrates a practical use of the concepts described above. Here,
the low side logic input Ly is connected through a low side delay circuit 52, a pre-driver
circuit 54 and an output driver 56 (all three of any suitable or desired type) to provide
the gate drive signal L, for the low-side MOSFET switch M (see Fig. 1). The low-
side delay is employed to provide a suitable dead time between turn off of the high-side
switch M, and turn on of the low-side switch M.

[0034] To guard against external noise and prevent unwanted shoot through in
M1, as indicated by the waveform of V4 shown in Fig. 4, it is preferred that current
sensing be enabled only after the low side switch M;  has been on for some time. For
this purpose, the output of pre-driver 54 is connected through a leading edge chop filter
58, a NAND gate 60, and an inverter 62 to provide a delayed version of the low side
gate drive signal L, as an enable signal for NMOS M1 (see Fig. 2). A second input to
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NAND gate 60 is provided by the un-delayed version of the low side logic input signal
Ly

[0035] The V4 sense signal is also used to provide an over current sensing
function. For this purpose, the V4 signal is coupled respectively to the direct and
inverting inputs of comparators 66 and 72. Second inputs for comparators 66 and 72 are
provided by plus and minus reference signals +Vy; and -V, respectively, which
represent the positive and negative over current thresholds. The output of inverter 60
is connected through a leading edge chop filter 68 as one input to a NOR gate 70, the
second input of which is provided directly from inverter 72.

[0036] The output of gate 70 is fed as an input, along with the output of NAND
gate 60 as an input to NOR gate 64.

[0037] The output of NOR gate 64 provides the over current indication signal.

[0038] For accurate current (VS) sensing, the current I1 in M1 needs to be small
enough so that Vg0 of M1 and M35 are negligible (see Fig. 5). This is balanced by the
requirement that the current be large enough to limit the transients at V4. These
transients are caused by capacitive coupling from the gate of M1, and can be seen as
false peaks in V4 when M1 is turned on (Fig. 4). The transients can be suppressed by
either using a low pass filter after V4 or by placing a leading edge chop filter after V4
has been compared to the over current threshold voltage. Larger I1 will charge up the
parasitic capacitance at V4 more quickly, allowing faster filters to be used and
improving response time.

[0039] As will be appreciated, to sense large negative current, Iref1 and R1 must
be chosen properly to ensure that VS+Iref1*M3/M2*R1 is always positive. Also, for
reliable current sensing under all conditions, Irefl and R1 should be selected to be
substantially unaffected by variations in the power supply and temperature. Further, the
robustness of the circuit is improved by using zener diodes ZD1 and ZD2 to limit high

voltage transients at the source and drain of M1 (Fig. 2).
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[0040] Although the present invention has been described in relation to
particular embodiments thereof, many other variations and modifications and other uses
will become apparent to those skilled in the art. It is intended, therefore, that the
invention not be limited not by the specific disclosure herein, but that it be given the full

scope permitted according to the appended claims.
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WHAT IS CLAIMED IS:

1. A gate driver for a bridge-connected switched transistor output circuit
including a high-side and a low-side transistor switch, the gate driver comprising:
a first input for receiving a high-side switch enable signal;
a second input for receiving a low-side switch enable signal;
a third input for connection to a common node between the high and low side switches;
a first output for providing a gate drive signal for the high-side switch;
a second output for providing a gate drive signal for the low-side switch;
a third output for providing a measurement signal representative of the output current
through the high and low side switches;
an offset circuit electrically coupled to the third input which includes a reference current
source, a level shifter, and a current mirror circuit formed of a plurality of
transistors in a particular circuit configuration;
a measuring circuit electrically coupled to the offset circuit including a second current
reference source having substantially the same electrical characteristics as the
first current reference source, and a second plurality of transistors respectively
matched to the input side circuit transistors, and connected in the same circuit
configuration;
a coupling element which connects the offset circuit to the measuring circuit inresponse
to a gating signal, wherein:
the offset circuit is operative to offset the voltage of a signal at the first input
terminal in a predetermined manner and to pass the offset signal to the
coupling circuit;

the coupling element is responsive to the gating signal to pass the offset signal
to the measuring circuit; and

the measuring circuit is operative to generate the measurement signal.
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2. A gate driver according to claim 1, wherein the offset circuit, the coupling

circuit and the measuring circuit are embodied in an integrated circuit.

3. A gate driver according to claim 1, wherein the output current is not

affected by connection of the common node to the offset circuit.

4, - A gate driver according to claim 1, wherein the transistors in the offset
circuit and the measuring circuit are MOSFETS, and the coupling element is an NMOS

high voltage transistor.

5. A gate driver according to claim 1, wherein the gating signal is generated

from a delayed version of the signal at the first input.

6. A gate driver according to claim 5, wherein the gating signal is generated

by passing the signal at the first input through a leading edge chop filter.

7. A gate driver according to claim 1, wherein the measuring circuit includes:

a comparator arrangement which compares the offset signal passed to the output side
circuit by the coupling element with a reference representing an overcurrent
limit; and

a circuit which couples the comparator arrangement circuit to the third output.

8. A gate driver according to claim 7, further including a filter circuit

connected between the comparator arrangement and the coupling circuit.

9. A driver circuit according to claim 8, wherein the filter circuit comprises

a leading edge chop filter.
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10. A driver circuit according to claim 7, wherein the comparator arrangement
includes:
a first comparator circuit which compares the offset signal with a positive overcurrent
limit signal;
a second comparator circuit which compares the offset signal with a negative
overcurrent limit signal; and wherein:
the first comparator is coupled through a filter circuit to the output circuit; and

the second comparator is coupled directly to the output circuit.

11. A gate driver according to claim 1, wherein the offset signal is generated

by adding a fixed voltage to the voltage at the third input.

12. A method for determining the output current in a bridge-connected switched
transistor output circuit including high-side and low-side transistor switches, the method
comprising:
determining the voltage at a common node between the high and low side switches

without use of any element which alters the output current as a consequence of

the determination;

electrically coupling a signal representing the voltage at the common node through a
first circuit which increases the signal in a positive sense according to a fixed
relationship to produce an offset voltage signal; and

electrically coupling the offset voltage signal through a second circuit to obtain a

measurement signal representing output current.

13. A method according to claim 13, wherein a fixed voltage is added to the

signal representing the voltage at the common node to produce the offset signal.
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14. A method according to claim 12, wherein the voltage of the signal at the
common node is offset by a sufficient amount that the resulting offset signal is positive

for bidirectional currents of all desired magnitudes.

15. A method according to claim 12, wherein the high and low side switches
are turned on and off by separate gating signals and the offset signal is coupled to the

second circuit only during a portion of an on-time for the low-side switch.

16. A method according to claim 15, further including the step of preventing

the offset signal from being coupled to the second circuit if its value is negative.

17. A method according to claim 12, further including the step of comparing
the offset signal with a reference signal and providing an output signal when the offset

signal represents an overcurrent threshold for the output circuit.

18. A method according to claim 12, further including the step of comparing
the offset circuit with positive and negative reference signals; and providing an
indication when the offset signal represents a positive or negative overcurrent threshold

for the output circuit.
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