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SEMICONDUCTOR DEVICE

BACKGROUND OF THE INVENTION
1. Field of the Invention

{00011 The invention relates to a semiconductor device.
2. Description of Related Art

[0002] Conventionally, there is known an art of detecting a current flowing to a
transistor, and a current flowing to a diode that is connected in inverse parallel to the
transistor, through the use of a common sense resistor that is connected to a sense transistor
and a sense diode (e.g., see Japanese Patent Application Publication No. 2012-19550
(JP-2012-19550 A)). A current proportional to the current flowing to the transistor flows
to the sense transistor, and a current proportional to the current flowing to the diode flows
to the sense diode.

[0003] However, the magnitude of the current desired to be detected in the
transistor is different from the magnitude of the current desired to be detected in the diode.
Therefore, there are cases where the ratio of the current flowing to the sense diode to the
current flowing to the diode is desired to be increased. In the case where this ratio is set
large, when an unintended overcurrent flows to the diode, the resistor that is connected to

the sense transistor and the sense diode may deteriorate.

SUMMARY OF THE INVENTION

[0004]  The invention provides a semiconductor device that can suppress a
deterioration in a resistor that is connected to a sense transistor and a sense diode.

[0005] A semiconductor device according to an aspect of the invention includes a
transistor, a diode, a sense transistor, a sense diode, a resistor, and a clamp circuit. The
diode is connected in inverse parallel to the transistor. The sense transistor is configured
to generate a sense current corresponding to a current flowing to the transistor.  The sense
diode is configured to generate a sense diode current corresponding to a current flowing to
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the diode. The resistor is connected at one end of the resister to an emitter of the sense
transistor and an anode of the sense diode, and is connected at the other end of the resister
to an emitter of the transistor and an anode 6f the diode. The clamp circuit is configured
to clamp a voltage that is generated in the resistor when the sense diode current flows. A
ratio of the sense diode current to the current flowing to the diode is larger than a ratio of
the sense current to the current flowing to the transistor.

[0006]  The aspect of the invention makes it possible to suppress a deterioration in

the resistor that is connected to the sense transistor and the sense diode.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] Features, advantages, and ‘technical and industrial significance of
exemplary embodiments of the invention will be described below with reference to the
accompanying drawings, in which like numerals denote like elements, and wherein:

FIG. 1 is a block diagram of a semiconductor device according to the first
embodiment of the invention;

FIG. 2 shows timing charts showing an example of operation waveforms of the
semiconductor device;

FIG. 3 is a block diagram of a semiconductor device according to the second
embodiment of the invention;

FIG. 4 is a block diagram of a semiconductor device according to the third
embodiment of the invention;

FIG. 5 is a block diagram of a semiconductor device according to the fourth
embodiment of the invention; and

FIG. 6 shows timing charts showing an example of operation waveforms of the

semiconductor device.

DETAILED DESCRIPTION OF EMBODIMENTS

[0008] The embodiments of the invention will be described hereinafter with

“reference to the drawings.
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[0009)  FIG. 1 is a view showing a drive unit 1 corresponding to a semiconductor
device according to the first embodiment of the invention. The drive unit 1 may be a
semiconductor device having a configuration formed by an integrated circuit, or a
semiconductor device having a configuration formed by discrete parts.

[0010] The drive unit 1 is a semiconductor circuit that is configured to drive
inductive loads (¢.g., an inductor, a motor and the like) that are connected to a first
conductive portion 61 or a second conductive portion 62, by driving a main transistor 12 of
a transistor portion 11 in an on/off manner. It is possible to mention, for example, a
converter that steps up, steps down, or steps up/down the direct-current voltage, an inverter
that carries out electric power conversion between a direct-current electric power and an
alternating-current electric power, or the like, as a device in which the single drive unit 1 or
a plurality of drive units 1 are employed.

(0011] For example, in the device in which the plurality of the drive units 1 are
employed, there is provided a switching circuit in which switching elements 10 that are
provided on a high side and a low side respectively are connected in series to an
intermediate node to which inductive loads are connected. For example, a three-phase
inverter as an example of the device in which the plurality of the drive units 1 are
employed is equipped with three switching elements as mentioned herein in parallel
therewith.

[0012]  The conductive portion 61 is a current path that is conductively connected
to to a high electric power supply potential portion such as a positive electrode of an
electric power supply or the like, and may be indirectly connected to the high electric
power supply potential portion via another switching element or another load. The
conductive portion 62 is a current path that is conductively connected to to a low electric
power supply potential portion (e.g., a ground potential portion) such as a negative
electrode of an electric power supply or the like, and may be indirectly connected to the
low electric power supply potential portion via another switching element or another load.

[0013]  The drive unit 1 is equipped with the switching element 10. The

switching element 10 is an insulated gate-type voltage control semiconductor element
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endowed with a current sensing function. The switching element 10 has the transistor
portion 11 and a diode portion 14,

[0014] For example, in the case where the transistor portion 11 is an insulated
gate bipolar transistor (an IGBT), the switching element 10 is a diode-integrated IGBT that
has a common semiconductor substrate on which the transistor portion 11 and the diode
portion 14 are provided. The diode-integrated IGBT is structured that an anode electrode
of a diode and an emitter electrode of the IGBT constitute a common electrode, and that a
cathode electrode of the diode and a collector electrode of the IGBT constitute a common
electrode. The diode-integrated IGBT is also referred to as a reverse conducting IGBT
(an RC IGBT).

[0015] A power transistor element such as an IGBT, a metal oxide semiconductor
field effect transistor (a MOSFET) or the like can be mentioned as a concrete example of
the transistor portion 11.  An IGBT as an example of the transistor portion 11 is shown in
FIG. 1. For the convenience of explanation, the following description will be given on the
assumption that the transistor portion 11 is an IGBT. In the case where the transistor
portion 11 is a MOSFET, the following description may be read after replacing "collector"
and "emitter”" with "drain” and "source" respectively.

[0016] A gate terminal G of the transistor portion 11 is, for example, a control
terminal that is connected to a drive circuit 43 of a control circuit 40 via a gate resistor that
is connected in series to the gate terminal G. A collector terminal C of the transistor
portion 11 is, for example, a first main terminal that is connected to a connection point ¢
and that is connected to the conductive portion 61 via'the connection point ¢c.  An emitter
terminal E of the transistor portion 11 is, for example, a second main terminal that is
connected to a connection point d and that is connected to the conductive portion 62 via the
connection point d. A sense emitter terminal SE of the transistor portion 11 is, for
example, a sense terminal that is connected to a connection point b and that is connected to
one end of a sense resistor 20 via the connection point b.  The sense emitter terminal SE
is connected to the conductive portion 62 via the connection point d to which the other end

of the sense resistor 20 is connected.
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[0017] The transistor portion 11 is configured to include a main transistor 12 and
a sense transistor 13.  The main transistor 12 and the sense transistor 13 are switching
elements such as IGBT's or the like. The sense transistor 13 is connected in parallel to
the main transistor 12. Each of the main transistor 12 and the sense transistor 13 may be
constituted of a plurality of cell transistors.

[0018] Gate electrodes g of ihe main transistor 12 and the sense transistor 13 are
control electrodes that are connected in common to the gate terminal G of the transistor
portion 11.  Collector electrodes c of the main transistor 12 and the sense transistor 13 are
first main electrodes that are connected in common to the collector terminal C of the
transistor portion 11. An emitter electrode e of the main transistor 12 is a second main
electrode that is connected to the emitter terminal E of the transistor portion 11. A sense
emitter electrode se of the sense transistor 13 is a sense electrode that is connected to the
sense emitter terminal SE of the transistor portion 11.

[0019] The sense transistor 13 is an example of a sense transistor that generates a
current corresponding to a current flowing to the main transistor 12, and is a sense element
to which the current that increases as the current flowing to the main transistor 12 increases
flows. The sense transistor 13 outputs, for example, a sense current Ise that is
proportional to a main current le flowing to the main transistor 12.

"~ [0020]  For example, a collector current flowing into the transistor portion 11 from
the collector terminal C is divided into the main current le flowing through the main
transistor 12 and the sense current Ise flowing through the sense transistor 13 at a sense
ratio n, The sense current Ise is a current that flows in accordance with the main current
Je at the sense ratio n, and is a current whose value is made smaller than the main current
Ie at the sense ratio n.

[0021] The sense ratio n indicates that the ratio between the magnitude of the
sense current Ise and the magnitude of the main current Ie is 1:n (n > 1). The sense ratio
n is determined in accordance with, for example, the ratio between the area of the emitter
electrode e of the main transistor 12 and the area of the sense emitter electrode se of the

sense transistor 13.
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[0022]  The main current le flows through the collector electrode ¢ and the emitter
electrode € in the main transistor 12, and is output from the emitter terminal E.  The main
current Ie output from the emitter terminal E flows through the conductive portion 62 via
the connection point d.  The sense current Ise flows through the collector electrode ¢ and
the sense emitter electrode se in the sense transistor 13, and is output from the sense
emitter terminal SE, The sense current ise output from the sense emitter terminal SE
flows through the conductive portion 62 via the sense resistor 20 and the connection point
d.

[0023]  On the other hand, the diode portion 14 is configured to include a main
diode 15 and a sense diode 16.

{0024}  The main diode 15 is an example of a diode that is connected in inverse
parallel to the main transistor 12, and is a reverse conducting element having an anode that
is connected to the emitter terminal E, and a cathode that is connected to the collector
terminal C. The anode electrode of the main diode 15 is a P-type electrode that is
connected to the connection point d, to which the emitter terminal E is connected, and that
is connected to the conductive portion 62 via the connection point d. The cathode
electrode of the main diode 15 is an N-type clectrode that is connected to the connection
point ¢, to which the collector terminal C is connected, and that is connected to the
conductive portion 61 via the connection point c.

[0025] The sense diode 16 is an example of a sense diode that generates a current
corresponding to the current flowing to the main diode 15, and is a sense element to which
the current that increases as the current flowing to the main diode 15 increases flows.
The sense diode 16 outputs, for example, a sense diode current Isd that is proportional to a
diode current Id flowing to the main diode 15.

[0026] The sense diode current Isd is a current that flows in accordance with the
diode current Id at a sense ratio m, and is a current whose value is made smaller than the
diode current Id at the sense ratio m. The sense ratio m indicates that the ratio between
the magnitude of the sense diode current Isd and the magnitude of the diode current Id is

I'm(m>1).
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[0027]  The anode electrode of the sense diode 16 is a P-type electrode that is
connected to the connection point b, to which the sense emitter terminal SE is connected,
and that is connected to the conductive portion 62 via the sense resistor 20 and the
connection point d. The cathode electrode of the sense diode 16 is an N-type electrode
that is connected to the connection point ¢, to which the collector terminal C is connected,
and that is connected to the conductive portion 61 via the connection point c.

[0028] The drive unit 1 has the sense resistor 20 that is provided between the
sense emitter terminal SE and the emitter terminal E.  The sense resistor 20 is an example
of a resistor portion that is connected at one end thereof to the connection point b, which is
connected in common to the sense emitter electrode se of the sense transistor 13 and the
anode electrode of the sense diode 16, and that is connected at the other end thereof to the
connection point d, which is connected in common to the emitter electrode ¢ of the main
transistor 12 and the anode electrode of the main diode 15.

[0029]  The drive unit 1 is equipped with the control circuit 40 having a detection
unit configured to detect the magnitude of the main current Ie based on the magnitude of
the sense current Ise, and to detect the magnitude of the diode current Id based on the
magnitude of the sense diode current Isd.

[0030] The control circuit 40 has, for example, a detection unit configured to
detect the magnitude of the sense current Ise and to detect the magnitude of the main
current Ie by detecting the magnitude of a sense voltage Vse that is generated when the
sense current Ise flows. The sense voltage Vse that is generated when the sense current
Ise flows is a positive voltage whose magnitude changes in accordance with the magnitude
of the sense current Ise.  For example, due to the flow of the sense current Ise to the sense
resistor 20, the sense voltage Vse is generated at both ends of the sense resistor 20.

{0031] By the same token, the control circuit 40 has, for example, a detection unit
configured to detect the magnitude of the sense diode current Isd and to detect the
magnitude of the diode current Id by detecting the magnitude of the sense voltage Vse that
is generated when the sense diode current Isd flows. The sense voltage Vse that is

generated when the sense diode current Isd flows is a negative voltage whose magnitude
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changes in accordance with the magnitude of the sense diode current Isd. For example,
due to the flow of the sense diode current Isd to the sense resistor 20, the sense voltage Vse
is generated at both ends of the sense resistor 20.

[0032] The sense voltage Vse is, for example, the voltage between both ends of
the sense resistor 20, and is equal to a potential difference between the connection point b
and the connection point d. The sense voliage Vse has a negative voltage value when the
sense diode current Isd flows to the sense resistor 20 in the same direction as the forward
direction of the sense diode 16. Besides, the sense voltage Vse has a positive voltage
value when the sense current Ise flows to the sense resistor 20 in the direction reverse to
the forward direction of the sense diode 16. Besides, the sense voltage Vse is zero when
the sense diode current Isd or the sense current Ise does not flow to the sense resistor 20.

[0033] The sense ratio m of the diode portion 14 and the sense ratio n of the
transistor portion 11 are set such that a ratio p of the sense diode current Isd to the diode
current Id becomes larger than a ratio q of the sense current Ise to the main current le,

[0034] In the case where the ratio between the magnitude of the sense diode
current Isd and the magnitude of the diode current Id is set to 1:m, the ratio p is equal to
1/m. 1In the case where the ratio between the magnitude of the sense current Ise and the
magnitude of the main current Ie is set to 1:n, the ratio q is equal to 1/n. Each of the
values m and n is larger than 1.

[0035] For example, in the case where the values m and n are 1000 and 2000

respectively, the ratio p (= 1/1000) is set larger than the ratio q (= 1/2000).

{0036] The ratio p is set larger than the ratio q, so even if the diode current 1d and
the main current e are equal in magnitude to each other (even if the absolute values of the
current values are equal to each other), the magnitude of the sense diode current Isd can be
made larger than the magnitude of the sense current Ise. Accordingly, even when the
magnitude of the diode current Id is relatively small, the sense diode current Isd and the
sense voltage Vse whose absolute values are relatively large can be generated. Therefore,
the detection sensitivity of the diode current Id can be made higher than the detection

sensitivity of the main current le.
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[0037]  For example, when the ratio p is larger than the ratio g, the main current le
that is relatively large like an overcurrent can be detected based on the sense voltage Vse,
whereas it can be accurately detected, based on the sense voltage Vse, that the diode
current Id in the vicinity of zero ampere flows to the main diode 15. For example, the
control circuit 40 can detect, based on the sense voltage Vse, that the main current Ie equal
to or larger than a predetermined valuc flows 0 the main transistor 12, and can detect,
based on the sense voltage Vse, that the diode current Id slightly larger than zero flows to
the main diode 15.

[0038] However, when the ratio p is larger than the ratio g, even the relatively
small diode current Id makes it possible to generate the sense diode current Isd whose
absolute value is relatively large. Therefore, when the excessively large diode current Id
unexpectedly flows to the main diode 15, the excessively large sense diode current Isd
flows to the sense resistor 20 and may cause a deterioration in the sense resistor 20.

[0039] Besides, the sense resistor 20 is set to a small value so as to correspond to
the magnitude of the excessively large main current le that is desired to be detected.
Therefore, even when the somewhat large sense diode current Isd flows to the sense
resistor 20, the sense resistor 20 may deteriorate.

[0040] Thus, the drive unit 1 has a clamp circuit 30 that is connected in parallel to
the sense resistor 20. The clamp circuit 30 is connected at one end thereof to the
connection point b and one end of the sense resistor 20, and is connected at the other end
thereof to the connection point d and the other end of the sense resistor 20. The clamp
circuit 30 is a circuit that clamps the negative sense voltage Vse generated at both the ends
of the sense resistor 20 on a predetermined clamp voltage value when the sense diode
current Isd flows to the sense resistor 20.

[0041] Accordingly, the clamp circuit 30 can suppress the excessively large
negative sense voltage Vse, and hence can restrain the sense resistor 20 and an element
(e.g., a comparator 49) that is connected to the sense resistor 20 from deteriorating due to a
negative overvoltage.

[0042] Besides, the clamp circuit 30 is connected in parallel to the sense resistor
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20 such that a current flows to the clamp circuit 30. Therefore, the sense diode current
Isd can be divided into a current 11 flowing to the sense resistor 20 and a current 12 flowing
to the clamp circuit 30. Then, the clamp circuit 30 has a sufficient current capacity, so the
current supplied to the sense resistor 20 can be distributed to the clamp circuit 30,
Therefore, the sense resistor 20 can be restrained from deteriorating due to an overcurrent.

[00431  The clamp voltage value of the clamp circuit 30 is set to a value smaller
than the product (a voltage value) of a peak current value of the sense diode current Isd and
a resistance value of the sense resistor 20 at the time when there is no clamp circuit 30.

[0044]  The clamp circuit 30 has, for example, a diode 31 that clamps the negative
sense voltage Vse on a predetermined clamp voltage value. The diode 31 is an example
of a PN junction whose forward direction is identical to a forward direction of the sense
diode 16, so that the sense diode current Isd flows through the diode 31. Besides, the
diode 31 is arranged in such a manner as to prevent the sense current Ise from flowing to
the clamp circuit 30. Therefore, the sense current Ise flows to the sense resistor 20
instead of flowing to the clamp circuit 30.

[0045] The diode 31 is arranged and connected in parallel to the sense resistor 20,
and has a cathode electrode that is connected to the connection point b and one end of the
sense resistor 20, and an anode electrode that is connected to the connection point d and
the other end of the sense resistor 20.  Either a single diode 31 or a plurality of diodes 31
may be provided. In FIG. 1, two diodes 31 are connected in series to each other.

[0046)  The drive unit 1 is equipped with the control circuit 40. The control
circuit 40 is an example of a control unit that controls the driving of the main transistor 12
and the sense transistor 13 based on a detection result of the sense voltage Vse.

[0047] The control circuit 40 turns off the main transistor 12 and the sense
transistor 13 when the negative sense voltage Vse that is generated due to the flow of the
sense diode current Isd through the sense resistor 20 and the clamp circuit 30 is detected.
Thus, the main transistor 12 and the sense transistor 13 can be prevented from being turned
on when the diode current Id flows. Besides, when the diode current Id flows, the main

transistor 12 and the sense transistor 13 are turned on, so the loss in the diode portion 14
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can be prevented from increasing.

[0048]  For example, the control circuit 40 turns off the main transistor 12 and the
sense transistor 13 when it is detected that the sense voltage Vse is equal to or lower than a
predetermined threshold (e.g., zero or a predetermined negative voltage value).

[0049] The control circuit 40 has a resistor 41, a resistor 54, the comparator 49,
an AND circuit 42, and the drive circuit 43.

[0050] Each of the resistor 41 and the resistor 54 is an example of a conversion
unit that equivalently converts the sense voltage Vse into a detected voltage Va. The
resistor 54 is connected at one end thereof to the connection point b and one end of the
sense resistor 20, and is connected at the other end thereof to one end of the resistor 41,
The resistor 41 is connected at one end thereof to the other end of the resistor 54, and is
connected at the other end thereof to a reference voltage portion 44 that outputs a certain
reference voltage VR1. A connection point a between one end of the resistor 41 and the
other end of the resistor 54 is connected to a non-inversion input portion of the comparator
49. The detected voltage Va that is output from the connection point a is input to the
non-inversion input portion of the comparator 49.

[0051] The resistor 41 and the resistor 54 can equivalently convert the negative
sense voltage Vse that is generated when the sense diode current Isd flows to the sense
resistor 20, into the positive detected voltage Va. Thus, no negative voltage is input to the
non-inversion input portion of the comparator 49, so the configuration of the non-inversion
input portion of the comparator 49 can be simplified.

[0052] The comparator 49 is an example of a determination circuit that
determines whether the sense current Ise flows to the sense resistor 20 or the sense diode
current Isd flows to the sense resistor 20. The comparator 49 can detect that the sense
diode current Isd stops flowing or that the sense current Ise starts flowing, and can detect
that the sense current Ise stops flowing or that the sense diode current Isd starts flowing.

[0053]  The comparator 49 inverts the voltage level of an output signal S6 at a
timing when it is detected that the sense voltage Vse changes across a predetermined

threshold Vth. For example, the comparator 49 has a non-inversion input portion that is
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connected to the connection point a, and an inversion input portion that is connected to the
reference voltage portion 50.  The reference voltage portion 50 outputs a certain reference
voltage VR3 to the inversion input portion of the comparator 49. That is, in this case, the
comparator 49 inverts the voltage level of the output signal S6 at a timing when it is
detected that the detected voltage Va corresponding to the sense voltage Vse changes
across the reference voltage VR3,

[0054] When the diode current Id flows, the sense diode current Isd flows as well,
so the sense voltage Vse is a negative voltage. When it is detected that the sense voltage
Vse changes from a negative value to a value equal to or larger than zero (i.e., zero or a
positive value), the comparator 49 changes over the output signal S6 from low level to high
level. The comparator 49 detects that the sense voltage Vse changes from a negative
value to a vélue equal to or larger than zero (i.e., zero or a positive value), for example, by
monitoring that the detected voltage Va exceeds the reference voltage VR3.

[0055] On the other hand, when the main current Ie flows, the sense current Ise
flows as well, so the sense voltage Vse is a positive voltage. When it is detected that the
sense voltage Vse changes from a positive value to a value equal to or smaller than zero
(i.e., zero or a negative value), the comparator 49 changes over the output signal S6 from
high level to low level. The comparator 49 detects that the sense voltage Vse changes
from a positive value to a value equal to or smaller than zero (i.e., zero or a negative value),
for example, by monitoring that the detected voltage Va becomes lower than the reference
voltage VR3.

[0056]  The output signal S6 of the comparator 49 is input to the AND circuit 42.

[0057] The AND circuit 42 is an example of a determination unit that determines,
based on the voltage level of a command signal S1 and the voltage level of the output
signal S6, whether the main transistor 12 and the sense transistor 13 should be turned on or
off. The AND circuit 42 calculates a logical product of the command signal S1 and the
output signal S6, and outputs a pre-drive signal S2.  The command signal S1 is a signal
for commanding the main transistor 12 and the sense transistor 13 to be turned on/off, and

is a signal (e.g., a pulse width modulation signal) that is supplied from an external device
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such as a microcomputer or the like.

[0058]  In the case where at least one of the command signal S1 and the output
signal S6 is a low-level signal that commands the main transistor 12 and the sense
transistor 13 to be turned off, the AND circuit 42 outputs the low-level pre-drive signal S2.
The low-level pre-drive signal S2 is a signal for turning off the main transistor 12 and the
sense transistor 13. That is, even upon receiving the high-level command signal S1 for
commanding the main transistor 12 and the sense transistor 13 to be turned on, the AND
circuit 42 outputs the low-level pre-drive signal S2 when the output signal S6 is at low
level.

[0059] On the other hand, in the case where both the command signal S1 and the
output signal S6 are high-level signals for commanding the main transistor 12 and the
sense transistor 13 to be turned on, the AND circuit 42 outputs the high-level pre-drive
signal S2. The high-level pre-drive signal S2 is a signal for turning on the main transistor
12 and the sense transistor 13.

[0060]  The drive circuit 43 outputs a gate drive signal S3 that is identical in phase
to the pre-drive signal S2 that is output from the AND circuit 42.  The drive circuit 43
shifts the voltage level of the pre-drive signal S2 to a higher level, and outputs the gate
drive signal S3 that is higher in voltage level than the pre-drive signal S2, such that the
main transistor 12 and the sense transistor 13 can be driven.

[0061] Thus, when it is detected that the diode current Id flows to the main diode
15, the control circuit 40 can turn off the main transistor 12 and the sense transistor 13.
On the other hand, when it is detected that the normal main current Ie flows to the main
transistor 12, the main transistor 12 and the sense transistor 13 can be turned on.

[0062])  FIG 2 shows timing charts showing an example of operation waveforms
of the drive unit 1. The command signal S1 is a signal for commanding the main
transistor 12 and the sense transistor 13 to be turned on/off. A current Isw is a current
flowing through the conductive portion 62, and is approximately equal to the sum of the
main current le and the diode current Id. Incidentally, the sense current Ise is sufficiently

smaller than the main current le, and the sense diode current Isd is sufficiently smaller than
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the diode current Id. Therefore, the magnitudes of the sense current Ise and the sense
diode current Isd are negligible with respect to the current Isw.

[0063] The period in which the current Isw has negative values indicates that the
current Isw flows in the same direction as the forward direction of the main diode 15 and
the sense diode 16. The forward direction of the main diode 15 and the sense diode 16 is
a direction from the anode electrode toward the cathode electrode. On the other hand, the
period in which the current Isw has positive values indicates that the current Isw flows in
the direction reverse to the forward direction of the main diode 15 and the sense diode 16.
The direction reverse to the forward direction of the main diode 15 and the sense diode 16
is a direction from the collector terminal C toward the emitter terminal E or the sense
emitter terminal SE.

[0064] When the diode current Id flows, the sense diode current Isd flows, so the
sense voltage Vse is a low-level negative voltage. When the sense voltage Vse is a
low-level negative voltage, the output signal S6 is at low level. In consequence, when the
command signal S1 is at high level and the output signal S6 is at low level, the gate drive
signal S3 is at low level, so both the main transistor 12 and the sense transistor 13 are
turned off. Since both the main transistor 12 and the sense transistor 13 are turned off, the
main current le and the sense current Ise are kept from flowing. Accordingly, when the
main current Je and the sense current Ise are kept from flowing, the current Isw is
approximately equal to the sum of the diode current Id, the current I1 flowing to the sense
resistor 20, and the current 12 flowing to the clamp circuit 30.

[0065] As the diode current Id decreases, the sense diode current Isd decreases as
well. The sense diode current Isd is approximately equal to the sum of the current I1 and
the current 12.  When the diode current Id decreases to zero ampere, the current Isw also
becomes approximately equal to zero ampere. In the vicinity of zero ampere where the
current Isw changes over from a negative value to a positive value, the output signal S6
changes over from low level to high level (see timings t1 and t4). Thus, the gate drive
signal S3 is at high level.

[0066] In consequence, when the command signal S1 is at high level and the
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output signal S6 is at high level, the gate drive signal S3 is at high level, so both the main
transistor 12 and the sense transistor 13 are turned on. Since both the main transistor 12
and the sense transistor 13 are turned on, the main current Ie and the sense current Ise
gradually increase, so the current Isw gradually increases as well (see a period t1-12 and a
period t4-t5).

[00671 In FIG. 2, a waveform bi indicates a case where there is no clamp circuit
30, and a waveform b2 indicates a case where the clamp circuit 30 exists. In either case,
the ratio p of the sense diode current Isd to the diode current Id is set lager than the ratio g
of the sense current Ise to the main current Ie.

{0068] In the case of the waveform b1l when there is no clamp circuit 30, the ratio
p is larger than the ratio q, so the absolute value of a negative peak of the sense voltage
Vse is larger than the absolute value of a positive peak of the sense voltage Vse. In the
case of FIG. 2, a negative peak voltage of about ~4.8 V and a positive peak voltage of
about 1.8 V are generated.

[0069] In contrast, in the case of the waveform b2 when the clamp circuit 30
exists, while the detection sensitivity of the current Isw in the vicinity of zero ampere is
maintained, the negative peak voltage of the sense voltage Vse is held equal to about -2.3
V. Accordingly, the sense resistor 20 itself or the element that is connected to the sense
resistor 20 can be restrained from deteriorating due to a negative overvoltage.

[0070 When the command signal S1 changes over from high level to low level,
the gate drive signal S3 changes over from high level to low level (see timings t2 and t5),
so both the main transistor 12 and the sense transistor 13 are turned off. Since both the
main transistor 12 and the sense transistor 13 are turned off, the main current le and the
sense current Ise are kept from flowing (see a period t2-t3 and a period t5-t6).

[0071] As the main current Ie decreases, the sense current Ise decreases as well.
The sense current Ise is approximately equal to the current 11.  Due to the diode 31, the
sense current Ise does not flow to the clamp circuit 30. When the main current le
decreases to zero ampere, the current Isw becomes approximately equal to zero ampere as

well. In the vicinity of zero ampere where the current Isw changes over from a positive
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value to a negative value, the output signal S6 changes over from high level to low level
(see the timings t2 and t5).  Thus, the gate drive signal S3 is at low level.

[0072}  FIG. 3 is a view showing a drive unit 2 corresponding to a semiconductor
device according to the second embodiment of the invention. The same configuration and
effect as those of the aforementioned drive unit 1 will not be described. The drive unit 2
is equipped with a contro! circuit 45 having an overcurrent detection circuit that turns off
the main transistor 12 and the sense transistor 13 based on the positive sense voltage Vse
that is generated due to the flow of the current I1 to the sense resistor 20.

[0073] A comparator 46 is an example of the overcurrent detection circuit. The
comparator 46 has an inversion input portion that is connected to the connection point b
and one end of the sense resistor 20, and a non-inversion input portion that is connected to
a reference voltage portion 47 that outputs a certain reference voltage VR2. The
reference voltage VR2 is a threshold voltage for determining whether or not the main
current Ie is an overcurrent.

[0074]  When the diode current 1d flows, the sense voltage Vse is lower than the
reference voltage VR2, so the comparator 46 outputs a high-level output signal S4.
Besides, when the normal main current Ie that is smaller than an overcurrent flows to the
main transistor 12, the sense voltage Vse is lower than the reference voltage VR2, so the
comparator 46 outputs the high-level output signal S4. Besides, when the excessively
large main current Ie that is equal to or larger than a predetermined value flows to the main
transistor 12, the sense voltage Vse becomes higher than the reference voltage VR2, so the
comparator 46 outputs the low-level output signal S4.

[0075}) The control circuit 45 has an AND circuit 48 to which the output signal S6
of the comparator 49 and the output signal S4 of the comparator 46 are input. The AND
circuit 48 is an example of a determination unit that determines, based on the voltage level
of the output signal S4 and the voltage level of the output signal S6, whether the main
transistor 12 and the sense transistor 13 should be turned on or off. The AND circuit 48
calculates a logical product of the output signal S4 and the output signal S6, and outputs an

output signal S5.
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[0076]  The AND circuit 42 is an example of a determination unit that determines,
based on the voltage level of the command signal S1 and the voltage level of the output
signal S5, whether the main transistor 12 and the sense transistor 13 should be turned on or
off. The AND circuit 42 calculates a logical product of the command signal S1 and the
output signal S5, and outputs the pre-drive signal S2.

[0077] Thus, when it is detected at ieast either that the diode current Id flows to
the main diode 15 or that the excessively large main current le flows to the main transistor
12, the control circuit 45 can turn off the main transistor 12 and the sense transistor 13.
On the other hand, when it is detected that the normal main current Ie flows to the main
transistor 12, the main transistor 12 and the sense transistor 13 can be turned on.

[0078]  FIG. 4 is a view showing a drive unit 3 corresponding to a semiconductor
device according to the third embodiment of the invention. The same configuration and
effect as those of the aforementioned drive unit 1 or 2 will not be described. The drive
unit 3 is equipped with a clamp circuit 34 that clamps the negative sense voltage Vse on a
predetermined clamp voltage value.

[0079] The clamp circuit 34 has a diode 32 and a Zener diode 33 that clamp the
negative sense voltage Vse on the predetermined clamp voltage value. By adjusting the
Zener voltage of the Zener diode 33, the clamp voltage value on which the negative sense
voltage Vse is clamped can be easily set to any value.

[0080] The diode 32 is an example of a PN junction that is identical in forward
direction to the sense diode 16, so that the sense diode current Isd flows through the diode
32. Besides, the diode 32 is arranged in such a manner as to prevent the sense current Ise
from flowing to the clamp circuit 34, so the sense current Ise flows to the sense resistor 20
instead of flowing to the clamp circuit 34.

[0081] The diode 32 is arranéed and connected in parallel to the sense resistor 20,
and has a cathode electrode that is connected to the connection point b and one end of the
sense resistor 20, and an anode electrode that is connected to the connection point d and
the other end of the sense resistor 20 via the Zener diode 33.  Either a single diode 32 or a

plurality of diodes 32 may be provided. The plurality of the diodes 32 may be connected
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in series to one another.

[0082]  The Zener diode 33 is a diode whose forward direction is reverse to the
forward direction of the sense diode 16, such that the sense diode current Isd flows through
the Zener diode 33 only when the sense voltage Vse is equal to or higher than the Zener
voltage of the Zener diode 33.

[0083] The sense diode current isd flows to the clamp circuit 34 and the sense
resistor 20 when the sense voltage Vse is equal to or higher than the Zener voltage of the
Zener diode 33. The sense diode current Isd flows to the sense resistor 20 instead of
flowing to the clamp circuit 34 when the sense voltage Vse is lower than the Zener voltage
of the Zener diode 33.

[0084] The Zener diode 33 is connected in series to the diode 32, and has a
cathode electrode that is connected to the connection point d, and an anode electrode that is
connected to the anode electrode of the diode 32. Incidentally, the position where the
Zener diode 33 is arranged and the position where the diode 32 is arranged may be
replaced with each other.

[0085]  FIG. 5 is a view showing a drive unit 4 corresponding to a semiconductor
device according to the fourth embodiment 6f the invention. The same configuration and
effect as those of the aforementioned drive unit 1, 2 or 3 will not be described. The drive
unit 4 is equipped with a clamp circuit 37 that clamps the negative sense voltage Vse on a
predetermined clamp voltage value.

[0086]  The clamp circuit 37 is equipped with a transistor 35 having a parasitic
diode 36 that is identical in forward direction to the sense diode 16 such that the sense
diode current Isd flows through the clamp circuit 37.  The transistor 35 is an example of a
switching element that has a PN junction in parallel therewith.

[0087)  Due to the turning on of the transistor 35, an on-resistor of the transistor
35 is synthesized with the sense resistor 20, so the clamp voltage value on which the
negative sense voltage Vse is clamped can be raised in such a manner as to approach zero.
That is, the occurrence of an excessively large negative voltage can be suppressed by

holding the absolute value of the negative peak voltage of the sense voltage Vse small.
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The resistance value of the on-resistor of the transistor 35 is lower than the resistance value
of the sense resistor 20.

[0088] FIG. 5 exemplifies a case where the transistor 35 is an N channel-type
MOSFET. In this case, the transistor 35 has a gate electrode to which an output signal S7
is input, a drain electrode that is connected to the connection point b and one end of the
sense resistor 20, and a source electrode that is connected to the connection point d and the
other end of the sense resistor 20. The transistor 35 may be another switching element
such as a bipolar transistor or the like that has a PN junction in parallel therewith.

[0089] The drive unit 4 has a clamp control circuit 53 that outputs the high-level
output signal S7 for turning on the transistor 35 when the sense diode current Isd flows.
The high-level output signal S7 is input to the gate electrode of the transistor 35, so the
transistor 35 is turned on when the sense diode current Isd flows.

[0090] The clamp control circuit 53 has a monitor circuit 55 that monitors a
current 14 that flows between the source and drain of the transistor 35. The clamp control
circuit 53 outputs the output signal S7 for controlling the driving of the transistor 35, based
on a result of detection of the current 14 by the monitor circuit 55.

[0091] The monitor circuit 55 is, for example, a series circuit that has a monitor

resistor 56 and a transistor 57 that is connected in series to the monitor resistor 56, and is a

circuit that is connected in parallel to the transistor 35 of the clamp circuit 37.

[0092] A current 15 corresponding to the current 14 flowing to the transistor 35
flows through the monitor resistor 56. The monitor resistor 56 is connected at one end
thereof to one end of the sense resistor 20 and the connection point b, and is connected at
the other end thereof to the other end of the sense resistor 20 and the connection point d via
the transistor 57.

[0093] The transistor 57 is an example of a control element that controls the
current 14 flowing to the monitor resistor 56 in synchronization with the turning on/off of
the transistor 35. The transistor 57 is turned on when the transistor 35 is on, and is turned
off when the transistor 35 is off. The current I5 flows as soon as the transistor 57 is

turned on. The current IS stops flowing as soon as the transistor 57 is turned off. A
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sense voltage Vse2 is generated due to the flow of the current I5.

[0094]  FIG 5 exemplifies a case where the transistor 57 is an N channel-type
MOSFET. In this caSe, the transistor 57 has a gate electrode to which the output signal
S7 is input, a drain electrode that is connected to the other end of the monitor resistor 56,
and a source electrode that is connected to the connection point d and the other end of the
sense resistor 20.  The transistor 57 may be another switching element such as a bipolar
transistor or the like.

[0095]  The monitor circuit 55 outputs the sense voltage Vse2 corresponding to
the magnitude of the current 14 from a connection point e when the transistor 57 is on.
The absolute value of the sense voltage Vse2 is smaller than the absolute value of a sense
voltage Vsel by a drop in the voltage of the monitor resistor 56. The sense voltage Vsel
is a voltage that is generated at both ends of the sense resistor 20. The connection point e
is a node at which the monitor resistor 56 and the transistor 57 are connected to each other.

[0096])  The clamp control circuit 53 has an RS flip-flop 58. The RS flip-flop 58
changes over the output signal S7 from low level to high level at a rising edge of the
command signal S1 (see timings t3 and t6 in FIG. 6). By changing over the output signal
S7 to ‘high level, the RS flip-flop 58 changes over the transistor 35 and the transistor 57
from off to on. Due to the turning on of the transistor 35 and the transistor 57, the sense
diode current Isd can flow through the sense resistor 20, the clamp circuit 37, and the
monitor circuit 55.

[0097] On the other hand, the RS flip-flop 58 changes over the output signal S7
from high level to low level (see the timings t1 and t4 in FIG. 6) at a timing when the sense
voltage Vse2 rises above a threshold (zero in this case) (i.e., at a timing when the output
signal S6 changes over from low level to high level). By changing over the output signal
S7 to low level, the RS flip-flop 58 changes over the transistor 35 and the transistor 57
from on to off. Due to the turning off of the transistor 35 and the transistor 57, the sense
current Ise is allowed to flow to the sense resistor 20, and is prohibited from flowing
through the clamp circuit 37 and the monitor circuit 55.

[0098})  The drive unit 4 is equipped with a control circuit 51. The control circuit
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51 is an example of a control unit that controls the driving of the main transistor 12 and the
sense transistor 13 based on a detection result of the sense voltage Vsel.

[0099] The control circuit 51 has a comparator 59, the comparator 46, the AND
circuit 48, the AND circuit 42, and the drive circuit 43.

[0100] The comparator 59 is an example of a determination circuit that
determines whether the sense current Ise tlows to the sense resistor 20 or the sense diode
current Isd flows to the sense resistor 20. The comparator 59 can detect that the sense
diode current Isd stops flowing or that the sense current Ise starts flowing, and can detect
that the sense current Ise stops flowing or that the sense diode current Isd starts flowing.

[0101}] The comparator 59 inverts the voltage level of the output signal S6 at a
timing when it is detected that the sense voltage Vse2 changes across the predetermined
threshold Vth. For example, the comparator 59 has a non-inversion input portion that is
connected to the connection point e, and an inversion input portion that is connected to the
connection point d. In this case, the threshold Vth is set to zero.

[0102] When the diode current Id flows, the sense diode current Isd flows as well,
so the sense voltage Vsel is a negative voltage. When it is detected that the sense voltage
Vsel changes from a negative value to a value equal to or larger than zero (i.e., zero or a
positive value), the comparator 59 changes over the output signal S6 from low level to high
level. The comparator 59 detects that the sense voltage Vsel changes from a negative
value to a value equal to or larger than zero (i.e., zero or a positive value), for example, by
monitoring that the sense voltage Vse2 exceeds a reference voltage (zero in this case).

[0103]  When the output signal S6 changes over from low level to high level, the
transistor 35 and the transistor 57 are turned off. When the transistor 35 and the transistor
57 are off, the sense current Ise flows to the sense resistor 20 while no current flows to the
clamp circuit 37 and the monitor circuit 55.

(0104] On the other hand, when the main current Ie flows, the sense current Ise

flows as well, so the sense voltage Vsel is a positive voltage. In this case, the sense

" voltage Vse2 is approximately equal to the sense voltage Vse2. When it is detected that

the sense voltage Vsel changes from a positive value to a value equal to or smaller than
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zero (i.e., zero or a negative value), the comparator 59 changes over the output signal S6
from high level to low level. The comparator 59 detects that the sense voltage Vsel
changes from a positive value to a value equal to or smaller than zero (i.e., zero or a
negative value), for example, by monitoring that the sense voltage Vse2 drops below a
reference voltage (zero in this case).

[0105]  FIG. 6 shows timing charts showing an example of operation waveforms
of the drive unit 4. In FIG. 6, the waveform b2 indicates the sense voltage Vse in the case
where it is clamped by the diode 31 of FIG. 1. In contrast, a waveform b3 indicates the
sense voltage Vsel in the case where it is clamped by the transistor 35 of FIG. 5, and a
waveform el indicates the sense voltage Vse2 in the case where it is clamped by the
transistor 35. In either case, the ratio p of the sense diode current Isd to the diode current
Id is set larger than the ratio q of the sense current Ise to the main current Ie.

[0106]  As shown in the drawing, while the detection sensitivity of the current Isw
in the vicinity of zero ampere is maintained, the negative peak voltage of the sense voltage
Vsel is held equal to about -1.5 V. Accordingly, the element can be restrained from
deteriorating due'to a negative overvoltage.

[0107]  Incidentally, the RS flip-flop 58 of the control circuit 51 may change over

.the output signal S7 from low level to high level and turn on the transistor 35 and the

transistor 57 at a falling edge of the command signal S1 (at the timings t2 and t5 of FIG. 6).
That is, the transistor 35 and the transistor 57 may be turned on in synchronization with a
timing for detecting a rising edge or a falling edge of the command signal S1.

[0108] For example, the control circuit 51 may turn on the transistor 35 and the
transistor 57 at any timing within a period from the detection of the timing t2 when the
sense current Ise stops flowing to the detection of the timing t3 when the sense diode
current Isd starts flowing. The same holds true for the period from the timing t5 to the
timing t6.

[0109] - In this manner, the transistor 35 is turned on at a timing when the main
transistor 12 is turned on, so the absolute values of the negative peak voltages of the sense

voltages Vsel and Vse2 can be held small at a timing when the absolute value of the sense
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diode current Isd is maximized.

[0110]  Besides, the current 14 flowing to the clamp circuit 37 is monitored by the
transistor 57, and the transistor 35 and the transistor 57 are turned off at a timing when the
current 14 stops flowing. Thus, the sense current Ise can be caused to flow to the sense
resistor 20 instead of being caused to flow to the clamp circuit 37 and the monitor circuit
55. Therefore, the sense resistor 20 can be prevented from operating to erroneously
detect an overcurrent of the main transistor 12,

[0111] Besides, the detection sensitivity of the diode current Id can be adjusted by
adjusting the sense ratio of the transistor 57 to the transistor 35, the resistance value of the
on-resistor of the transistor 35 or the transistor 57, the resistance value of the monitor
resistor 56 and the like. That is, the degree of freedom in adjusting the detection
sensitivity of the diode current Id can be enhanced.

[0112] Although the semiconductor device has been described above with
reference to the embodiments of the invention, the invention is not limited to the
aforementjoned embodiments thereof. Various modifications and improvements such as
combinations, replacements and the like with one, some or all of other embodiments of the
invention are possible within the scope of the invention.

[0113] For example, the switching element such as the transistor or the like is not
limited to an IGBT, but may be an N channel-type MOSFET or a P channel-type MOSFET.

[0114] Besides, it is not absolutely required that only the single sense resistor be
provided. A plurality of sense resistors may be provided. The same holds true for the

diode or the Zener diode.




CLAIMS

1. A semiconductor device (1; 2; 3; 4) characterized by comprising:

a transistor (12);

a diode (15) that is conncected in inversce parallel to the fransistor;

a sensc transistor (13) that is configured to generate a sense current corresponding to
a current flowing to the transistor;

a sense diode (16) that is configured to generate a sense diode current corresponding
to a current flowing to the diode;

a resistor (20) that is connected at one end of the resister to an emitter of the sense
transistor and an anode of the sense diode, and that is connected at the other end of the
resister to an emitter of the transistor and an anode of the diode; and

a clamp circuit (30; 34; 37) that is configured to clamp a voltage that is generated in
the resistor when the sense diode current flows, wherein

a ratio of the sense diode current to the current flowing to the diode is larger than a

ratio of the sense current to the current flowing to the transistor.

2. The semiconductor device (1; 2; 3; 4) according to claim 1, characterized in that the
clamp circuit has a PN junction (31; 32; 36) whose forward direction is identical to a forward

direction of the sense diode.

3. The semiconductor device (1; 2; 3; 4) according to claim 2, characterized in that the

PN junction is arranged in parallel with the resistor.

4. The semiconductor device (4) according to claim 2 or 3, characterized in that the
clamp circuit (37) is equipped with a switching element (35) that has the PN junction (36) in

parallel with the switching element.
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5. The semiconductor device (4) according to claim 4, characterized by further
comprising a clamp control circuit (53) that is configured to turn on the switching element

when the sense diode current flows.

6. The semiconductor device (4) according to claim 5, characterized in that the clamp
control circuit is configured to turn on the switching element when it is detected that the

sense diode current starts flowing, or when it is detected that the sense currcent stops flowing.

7. The semiconductor device (4) according to claim 5 or 6. characterized in that
the clamp control circuit 1s configured to turn off the switching clement when the sense

current flows.

8. The semiconductor device (4) according to claim 7, characterized in that
the clamp control circuit is configured to turn off the switching clement when it is detected
that the sense diode current stops flowing, or when it is detected that the sense

current starts flowing,

9. The semiconductor device (4) according to any one of claims 5 to 8, characterized
in that the clamp control circuit has a monitor circuit (55) that is configured to monitor a
current flowing to the switching element, and

the clamp control circuit is configured to control driving of the switching element based on a

result monitored by the monitor circuit.

10. The semiconductor device (4) according to claim 9, characterized in that the
monitor circuit has a monitor resistor (56) to which a current corresponding to the current

flowing to the switching element flows.
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11. The semiconductor device (4) according to claim 10, characterized in that
the monitor circuit has a control clement (57) that is configured to control the current
flowing to the monitor resistor in synchronization with turning on/off of the switching

element.

12. The semiconductor device (3) according to claim 2 or 3, characterized in that
the clamp circuit (34) has a Zener diodc (33) in seriecs with the PN junction, a forward

direction of the Zener diode is reverse to the forward dircction of the sense diode.

13. The semiconductor device (1; 2; 3; 4) according to any one of claims 1 (o 12,
characterized by further comprising:
a control unit that controls driving of the transistor based on a detection result of a sense

voltage generated by the resistor.

14. The semiconductor device (1; 2; 3; 4) according to claim 13, characterized in that

the control umnit is configured to turn off the transistor when a current flows to the diode.

15. The semiconductor device (1; 2; 3; 4) according to claim 14, characterized in that
the control unit is configured to turn off the transistor even upon receiving a command to turn

on the transistor, when a current flows to the diode.

16. The semiconductor device (1; 2; 3; 4) according to any one of claims 13 to 15,
characterized in that the control unit is configured to turn off the transistor when it is detected
at least either that a current flows to the diode or that a current cqual to or larger than a

predetermined value flows to the transistor.




