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DESCRIPTION

POWER MOSFET DRIVER CIRCUIT AND
ELEMENT VALUE DETERMINING METHOD THEREFOR

CROSS REFERENCE TO RELATED APPLICATION

This application is based on and incorporates herein by reference
Japanese patent applications No. 2011-123340 filed on June 1, 2011 and No.
2012-21805 filed on February 3, 2012.

TECHNICAL FIELD

The present disclosure relates to a power MOSFET driver circuit for
driving voltage-driven power MOSFETs, which form a bridge circuit for‘driving
inductive loads and to which freewheel diodes are coupled, and an element
value determining method therefor.

BACKGROUND ART
Semiconductor switching devices are each turned on and off in

response to control signals fed to the control terminals thereof. In such cases,
the semiconductor switching device can be turned on erroneously because it
cannot hold its off-state during a period where it should remain off, due to the
presence of parasitic elements in its structure or in its periphéral circuits. This
self turn-on phenomenon may incur switching loss, increased switching noise,
and a circuit deterioration or destruction.

P 2002-290224A (US 2002/0134999A1: patent document 1)
discloses one example of a semiconductor device, which suppresses the self
turn-on phenomenon. According to patent document 1, the gate and the
source of a voltage-driven transistor are short-circuited to suppress the increase
in the gate-source voltage thereof, which attributes to capacitance coupling
generated when a voltage is applied between the drain and the source of the
transistor. .

The gate and the source of the voltage-driven transistor are
short-circuited by turning on another transistor provided interposingly between
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the gate and the source. When this arrangement keeps the gate-source
voltage of the voltage-driven transistor below a threshold voltage thereof, the
self turn-on phenomenon may be suppressed.

However, the self turn-on phenomenon may still occur when there is a
parasitic inductance Ls on the source terminal where the drain and the source of
the voltage-driven transistor are short-circuited. In this case, when a recovery
current flowing through a diode in reverse parallel coupling with the
voltage-driven transistor , the parasitic inductance Ls produces an induced
electromotive force of a voltage v=Lsxdi/dt (where Ls is the parasitic inductance
value). When the voltage v exceeds the threshold value of the voltage-driven
transistor, the self turn-on phenomenon takes place.

In particular, the technology proposed by patent document 1 cannot
deal with cases where power MOSFETs such as SJ (super junction)-MOSFETs, in
which the recovery current changes rapidly, are driven. When the SJ-MOSFET
is driven, a large current change di/dt over time causes the above-described
voltage v generated in the parasitic inductance to rise. The increased voltage v
incurs the self turn-on phenomenon. '

JP 2003-188699A (patent document 2) also discloses a transistor driver
circuit.

SUMMARY

It is therefore an object to provide a driver circuit for driving a power
MOSFET and an element value determining method for the same, the driver
circuit being arranged to prevent occurrence of self turn-on phenomenon caused
by a voltage attributable to changes over time in a current flowing through a
parasitic inductance even when the power MOSFET is driven at high speed.

According to a first aspect, a power MOSFET driver circuit is provided
for driving a voltage-driven first power MOSFET and a voltage-driven second
power MOSFET in half-bridge coupling between a first power wire and a second
power wire. The first and the second power MOSFETs have an inductive load
coupled therebetween. The driver circuit comprises a first conduction
switching circuit, a first charging/discharging circuit, a first impedance switching
part, a second conduction switching circuit, a second charging/discharging



10

15

20

25

30

WO 2012/165649 3 PCT/JP2012/064350

circuit, a second impedance switching part and a control section.

The first conduction switching circuit is configured to turn on and leave
open a supply voltage relative to the potential of a low-potential reference
terminal of the first power MOSFET as a reference potential. The first
conduction switching circuit has a first on-switch and a first off-switch coupled in
series between a supply terminal of the supply voltage and the low-potential
reference terminal.

The first charging/discharging circuit is coupled between the first
conduction switching circuit and a control terminal of the first power MOSFET.
The first charging/discharging circuit adjusts a speed at which the control
terminal of the first power MOSFET is electrically charged and discharged.

The first impedance switching part is coupled between the control
terminal and the low-potential reference terminal of the first power MOSFET.
The first impedance switching part switches the impedance between the control
terminal and the low-potential reference terminal between a first impedance
state and an open state. The first impedance state is a state in which the
impedance is higher than an impedance of the first charging/discharging circuit.
The open state is a state in which the impedance is higher than in the first
impedance state.

The second conduction switching circuit is configured to turn on and
leave open a supply voltage relative to the potential of a low-potential reference
terminal of the second power MOSFET as a reference potential. The second
conduction switching circuit has a second on-switch and a second off-switch
coupled in series between a supply terminal of the supply voltage and the
low-potential reference terminal.

The second charging/discharging circuit is coupled between the second
conduction switching circuit and a control terminal of the second power MOSFET.
The second charging/discharging circuit adjusts a speed at which the control
terminal of the second power MOSFET is electrically charged and discharged.

The second impedance switching part is coupled between the control
terminal and the low-potential reference terminal of the second power MOSFET.
The second impedance switching part switches the impedance between the
control terminal and the low-potential reference terminal between a second
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impedance state to an open state. The second impedance state is a state in
which the impedance is higher than an impedance of the second
charging/discharging circuit. The open state is a state in which the impedance
is higher than in the second impedance state.

The control section is configured to control the switching between
states by the first and the second conduction switching circuits and the switching
between states by the first and the second impedance switching parts. The
control section is configured to perform switching control in such a manner that:
in a first interval, a k-th on-switch is turned on and a k-th off-switch is turned off,
where a reference character “k” denotes one of integers 1 and 2; in a second
interval, the k-th on-switch is turned off and thereafter the k-th off-switch is
turned on; and in a third interval, the k-th off-switch is turned off and, at the
same time, a k-th impedance switching part is switched to a predetermined k-th
impedance state and an m-th on-switch is turned on, where reference character
“m” is the other of the integers 1 and 2.

Further, an element value determining method is provided for
determining element values of the k-th impedance switching part of the
above-described power MOSFET driver circuit having the first power MOSFET
and the second power MOSFET. The element value determining method adds
up an induced electromotive force generated in a parasitic inductance of a
source of the k-th power MOSFET in response to a recovery current generated in
a parasitic diode of the k-th power MOSFET, and a voltage generated by parasitic
capacitance coupling of the k-th power MOSFET. The method then determines
element values by which an added voltage remains below a threshold voltage of
the k-th power MOSFET, as the element values of the k-th impedance switching
part. The method alternatively determines element values by which an added
voltage becomes larger than a threshold voltage of the k-th power MOSFET and
smaller than a voltage which is a sum of a threshold voltage determined based
on a drain current characteristic of the k-th power MOSFET and a +10% margin
of the same, as the element values of the k-th impedance switching part.

According to a second aspect, a power MOSFET driver circuit is provided
for driving a voltage-driven a-th power MOSFET and a voltage-driven b-th power
MOSFET in half-bridge coupling between a first power wire and a second power
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wire, where reference character “a” denotes one of integers 1 and 2 and
reference character “b” denotes the other of the integers 1 and 2. The a-th and
the b-th power MOSFETs have an inductive load coupled therebetween. The
power MOSFET driver circuit comprises an a-th conduction switching circuit, an
a-th charging/discharging circuit, an a-th impedance switching part, a b-th
conduction switching circuit, a b-th charging/discharging circuit, a b-th
impedance switching part and a control section.

The a-th conduction switching circuit is configured to turn on and leave
open a supply voltage relative to the potential of a low-potential reference
terminal of the a-th power MOSFET as a reference potential. The a-th
conduction switching circuit has an a-th on-switch and an a-th off-switch coupled
in series between a supply terminal of the supply voltage and the low-potential
reference terminal.

The a-th charging/discharging circuit is coupled between the a-th
conduction switching circuit and a control terminal of the a-th power MOSFET.
The a-th charging/discharging circuit adjusts a speed at which the control
terminal of the a-th power MOSFET is electrically charged and discharged.

The a-th impedance switching part is coupled between the control
terminal and the low-potential reference terminal of the a-th power MOSFET.
The a-th impedance switching part switches the impedance between the control
terminal and the low-potential reference terminal between a predetermined a-th
impedance state and an open state. The a-th impedance state is a state in
which the impedance is higher than an impedance of the a-th
charging/discharging circuit. The open state is a state in which the impedance
is higher than in the predetermined a-th impedance state.

The b-th conduction switching circuit is configured to power a control
terminal of the b-th power MOSFET through a b-th on-switch to turn on the b-th
power MOSFET.

The control section is configured to control the switching between
states by the a-th and the b-th conduction switching circuits and the switching
between states by the a-th impedance switching part. The control section is
configured to perform switching control in such a manner that: in a first interval,
the a-th on-switch is turned on and the a-th off-switch is turned off; in a second
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interval, the a-th on-switch is turned off and thereafter the a-th off-switch is
turned on; and in a third interval, the a-th off-switch is turned off and, at the
same time, the a-th impedance switching part is switched to the predetermined
a-th impedance state and the b-th on-switch is turned on.

Further, an element value determining method is provided for
determining element values of the a-th impedance switching part of the
above-described power MOSFET driver circuit having the a-th MOSFET and the
b-th MOSFET. The element value determining method adds up an induced
electromotive force generated in a parasitic inductance of the source of the a-th
power MOSFET in response to a recovery current generated in a parasitic diode
of the a-th power MOSFET, and a voltage generated by parasitic capacitance
coupling of the a-th power MOSFET. The method then determines element
values by which an added voltage remains below a threshold voltage of the a-th
power MOSFET, as the element values of the a-th impedance switching part.
The method alternatively determines element values by which an added voltage
becomes larger than a threshold voltage of the a-th power MOSFET and smaller
than a voltage which is a sum of a threshold voltage determined based on a
drain current characteristic of the a-th power MOSFET and a +10% margin of
the same, as the element values of the a-th impedance switching part.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objects, features and advantages will become
more apparent from the following detailed description made with reference to
the accompanying drawings, in which:

Fig. 1 is an electric circuit diagram of a high-side driver circuit and a
low-side driver circuit as a first embodiment;

Figs. 2A through 2E are circuit diagrams showing impedance switching
parts;

Figs. 3A and 3B are electric circuit diagrams showing typical control
circuits;

Fig. 4 is a time chart showing on and off intervals of switches;

Fig. 5 is a table listing the on and off states of switches over different
intervals;
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Fig. 6 is a time chart showing relations between the on and off states of
each switch and the voltage/current waveform of each node;

Fig. 7 is an electric circuit diagram showing changes in a current over an
interval T4;

Fig. 8 is a flowchart showing a method for determining an element
value of an impedance switching part;

Fig. 9 is a table listing typical parameter values to be collected in
advance;

Fig. 10 is a circuit diagram showing an equivalent circuit for acquiring a
voltage generated in a parasitic inductance in keeping with a recovery current;

Fig. 11 is a circuit diagram showing relations among the recovery
current flowing through the parasitic inductance, a resistor and a parasitic
capacitance; an induced electromotive force generated in the parasitic
inductance; and a gate-source voltage of a transistor;

Fig. 12 is a time chart showing relations between currents and voltages
at different components before and after a recovery current conducts;

Fig. 13 is a flowchart showing steps for acquiring a voltage that
develops between the gate and the source of an MOSFET in keeping with a
recovery current;

Fig. 14 is a circuit diagram showing an equivalent circuit that takes the
parasitic capacitance in the periphery of an MOSFET into consideration;

Fig. 15 is a time chart showing relations between a recovery current and
a response waveform of a drain-source voltage;

Fig. 16 is a circuit diagram showing a second embodiment;

Fig. 17 is a table corresponding to Fig. 5 with regard to the second
embodiment;

Fig. 18 is a time chart co'rresponding to Fig. 6 with regard to the second
embodiment;

Fig. 19 is a circuit diagram showing a third embodiment and
corresponding to Fig. 7;

Fig. 20 is a time chart corresponding to Fig. 6 with regard to the third
embodiment;

Fig. 21 is a circuit diagram showing changes in the current over the
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interval T2 in Fig. 20;

Fig. 22 is an electric circuit diagram of a high-side driver circuit as a
fourth embodiment;

Fig. 23 is a circuit diagram corresponding to Fig. 3B with regard to the
fourth embodiment;

Fig. 24 is a time chart corresponding to Fig. 6 with regard to the fourth
embodiment;

Fig. 25 is a time chart corresponding to Fig. 6 with regard to a fifth
embodiment;

Figs. 26A and 26B are circuit diagrams each showing a typical switching
speed control circuit as a sixth embodiment;

Fig. 27 is a table view corresponding to Fig. 9 with regard to a seventh
embodiment; |

Fig. 28 is a flowchart corresponding to Fig. 13 with regard to the
seventh embodiment;

Fig. 29 is a graph showing a voltage region;

Figs. 30 is a time chart corresponding to Fig. 6 with regard to the
seventh embodiment; |

Fig. 31 is a waveform chart showing current changes upon application
of an element value such as to make the applied voltage fall within a voltage
region VR2;

Fig. 32 is a waveform chart showing current changes upon application
of an element value such as to make the applied voltage fall within a voltage
region VR1;

Fig. 33 is a waveform chart corresponding to Figs. 31 and 32 with
regard to a comparative example;

Fig. 34 is a circuit diagram of an evaluation circuit for verifying surge
voltage characteristics;

Fig. 35 is a waveform chart showing a transient response waveform of
the drain-source voltage of a power MOSFET (part 1);

Fig. 36 is a waveform chart showing another transient response
waveform of the drain-source voltage of the power MOSFET (part 2);

Fig. 37 is a waveform chart showing another transient response
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waveform of the drain-source voltage of the power MOSFET (part 3);

Fig. 38 is a waveform chart showing another transient response
waveform of the drain-source voltage of the power MOSFET (part 4); and

Fig. 39 is a graphic representation showing typical dependency of
switching loss and surge voltage on impedance.

DESCRIPTION OF EMBODIMENTS
(First Embodiment)

The first embodiment of a power MOSFET driver circuits will now be
described with reference to Figs. 1 through 15. The first embodiment is applied
to a half bridge circuit.

A half bridge circuit 1 shown in Fig. 1 is a basic circuit of a power
converter circuit. The circuit 1 has switching devices of an upper and a lower
arms operating in complementary fashion to convert a DC voltage to an AC
voltage. The half bridge circuit 1 is formed of two N-channel type SJ
(super-junction)-MOSFETs (power MOSFETs) 3H and 3L (i.e.,, a first power
MOSFET and a second power MOSFET) interposed in series coupling between a
supply node (first power line) and a ground (second power line) of a DC power
source 2 (e.g., 100 V). Driver circuits 6H and 6L for the power MOSFETs may be
applied to the power converter circuit (converter or inverter).

One end of a stator coil 4 in an AC motor is coupled to the common
node between the N-channel MOSFETs 3H and 3L as an inductive load, for
example. A parasitic diode 5H is embedded between the drain and source of
the high-side MOSFET 3H. A parasitic diode 5L is embedded between the drain
and source of the low-side MOSFET 3L. These parasitic diodes 5H and 5L
function as freewheel diodes.

The circuit for driving the high-side (upper-arm) MOSFET 3H is
indicated as the driver circuit 6H and the circuit for driving the low-side
(lower-arm) MOSFET 3L is indicated as the driver circuit 6L. Since the driver
circuits 6H and 6L have the same circuit configuration, the description will be
made with respect to only the high-side driver circuit 6H. The components
forming the low-side driver circuit 6L will each be identified by an additional
character L replacing the character H, and the electric circuit of the circuit 6L will
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not be discussed further.

The driver circuit 6H includes a drive voltage generating circuit (first
conduction switching circuit) 7H, a switching speed control circuit (first
charging/discharging circuit) 8H, and an off-holding circuit (first impedance
switching part) 9H. The drive voltage generating circuit 7H is structured to
include a control terminal-equipped switch (first on-switch) S1H and another
control terminal-equipped switch (first off-switch) S2H interposed in series
coupling between the positive and the negative terminals of a DC power source
10H. Thus, the drive voltage generating circuit 7H switchingly outputs a power
source voltage of the DC power source 10H and 0V, or leave the output in an
open state. The switches S1H and S2H may each be formed of an NPN
transistor, for example. |

The switching speed control circuit 8H is formed of two series coupling
circuits in parallel coupling with each other. One series coupling circuit is
formed of a resistor RnH and a diode DnH. The other series connection circuit
is formed of a resistor RfH and a diode DfH. When the switch S2H is turned off
after the switch S1H is turned on, the gate of the MOSFET 3H is electrically
charged through the resistor RnH and diode DnH, whereby the electric charge is
accumulated in a gate input capacitance of the MOSFET 3H. The accumulation
rate of the charges is dependent on the gate input capacitance of the MOSFET
3H and on the resistance value of the resistor RnH. When the switch S2H is
turned on after the switch S1H is turned off, the accumulated charge in the gate
input capacitance of the MOSFET 3H is discharged through the resistor RfH and
the diode DfH. The discharge rate is dependent on the gate input capacitance
of the MOSFET 3H and on the resistance value of the resistor RfH.

The off-holding circuit 9H is formed of a suitable impedance element ZH
and a control terminal-equipped switch S3H interposed in series coupling
between the gate and the source of the MOSFET 3H. Figs. 2A through 2E show
typical configurations of the off-holding circuit 9H. The impedance element ZH
of the off-holding circuit 9H should preferably have resistance or inductance.
The higher the resistance value or the inductance value, the greater the effect of
suppressing the increase in the gate-source voltage of the MOSFET 3H. Thus a
resistor Rgs may be used as the impedance element ZH as shown in Fig. 2A, or
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an on-resistor of a MOSFET M1 may be utilized as shown in Fig. 2B. Where the
configuration of Fig. 2B is adopted, a single transistor can solely assume the
function of the configuration of Fig. 2A in which the resistor Rgs and a switch SW
are in series coupling with each other. In another example, an inductance Lgs
may be used to replace the resistor Rgs as shown in Fig. 2C. In a further
example, both the resistor Rgs and the inductance Lgs maybe series-coupled
with each other as shown in Fig. 2D. In a still further example, the inductance
L gs may be series-coupled to the MOSFET M1 as shown in Fig. 2E. This type of
driver circuit 6H is also implemented on the low side as the driver circuit 6L.

A control circuit (control section) 11 feeds on/off control signals Sgi1,
Sg12 and S1 to the control terminals of the switches S1H, S2H and S3H,
respectively, to turn on and off these switches S1H, S2H and S3H. The control
circuit 11 also supplies on/off signals Sg21, Sg22 and S2 to the control terminals
of switches S1L, S2L. and S3L, respectively, to turn on and off theses switches
S1L, S2L and S3L.

The control circuit 11 is formed as shown in Fig. 3A. The control circuit
11 includes a comparison circuit 12 and a logic circuit 13. The comparison
circuit 12 compares a triangular wave signal Stri with an output voltage
command value (DC signal) Scom, and outputs PWM signals Ssd1 and Ssd2.
The logic circuit 13 inputs the PWM signals Ssd1 and Ssd2 from the comparison
circuit 12, and outputs the control signals Sg11, Sg12, S1, Sg21, Sg22 and S2.

The logic circuit 13 is formed as shown in Fig. 3B. The logic circuit 13
includes a NOR gate 14. The logic circuit 13 is wired to output the PWM signal
Ssd1 as the on/off control signals Sg11 and S2 and to output the PWM signal
Ssd2 as the on/off control signals Sg21 and S1. Also, the NOR gate 14 inputs
the PWM signals Ssd1 and Ssd2, and outputs the on/off control signals Sg12 and
Sg22.

The PWM signals Ssd1 and Ssd2 are output from the comparison circuit
12 in the waveforms shown in Fig. 4. The signals Ssd1 and Ssd2 repeat the
following states at predetermined frequencies and duty ratios during intervals T1
through T4:
T1: Ssdl is “H” (on) and Ssd2 is “L” (off);

T2: Ssd1 is “L” (off) and Ssd2 is “L” (off);
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T3: Ssd1 is “L” (off) and Ssd2 is “H” (on); and
T4: Ssd1 is “L” (off) and Ssd2 is “L" (off).

With the states in each of these intervals T1 through T4 repeated, the
logic circuit 13 outputs the on/off control signals Sg11, Sg12, S1, Sg21, Sg22
and S2 in suitable periodic fashion. Fig. 5 shows those on/off states of the
high-side and low-side power MOSFETs which vary depending on the on/off
control signals. Figs. 6A through 6L show such on/off states in time charts. In
each of the intervals T1 through T4, the output of the logic circuit 13 repeats the
following states:

T1: Sg11 and S2 are "H” (on) and the others are "L” (off);

T2: Sg12 and Sg22 are “H” (on) and the others are “L" (off);
T3: S1 and Sg21 are “H” (on) and the others are “L” (off); and
T4: Sg12 and Sg22 are “H” (on) and the others are “L" (off).

Where the above switching is repeated, the switches S1H and S2H are
turned on and off almost simultaneously between the intervals T1 and T2, and
the switches S1L and S2L are turned on and off almost simultaneously between
the intervals T3 and T4. The circuit may be arranged to provide a suitable dead
time in order to prevent short-circuiting between the DC power supplies 10H and
10L.

Described below with reference to Figs. 1, 6 and 7, among others, are
the basic operations of the circuit in effect when the on/off control signals Sq11,
Sg12, S1, Sg21, Sg22 and S2 are input to the switches S1H through S3H and S1L
through S3L, respectively, in each of the intervals T1 through T4. 1t is assumed
that a load current flows through the stator coil 4 in the direction shown in Fig. 1.
<Basic operation in interval T1>

In the interval T1, on the high side, the switch S1H is turned on while
the other switches S2H and S3H are turned off. This causes the electric charge
to be fed from the DC power source 10H to the gate of the MOSFET 3H, whereby
the gate input capacitance of the MOSFET 3H is electrically charged. In the
interval T1, as shown by (i) of Fig. 6, a gate-source voltage Vgs1 of the MOSFET
3H exceeds a threshold gate-source voltage Vt thereof so that the MOSFET 3H is
turned on. |

In the meantime, on the low side, the switch S3L is turned on and the
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switches S1L and S2L are turned off. This causes the off-holding circuit 9H to
generate a predetermined impedance (e.g., tens of ohms) between the gate and
the source of the MOSFET 3L. Thus as shown by (j), a gate-source voltage
Vgs2 of the MOSFET 3L becomes approximately zero, so that the MOSFET 3L
remains in its off-state.

<Basic operation in interval T2>

In the interval T2, on the high side, the switch S2H is turned on after
the switch S1H is turned off. This causes the electric charge accumulated in the
gate of the MOSFET 3H to be discharged through the resistor RfH of the
switching speed control circuit 8H. Thus as shown by (i), the gate-source
voltage Vgsl1 of the MOSFET 3H drops below the threshold voltage Vt, at which
time the MOSFET 3H is turned off.

Meanwhile, on the low side, the switch S3L is turned off and the switch
S2L is turned on. This causes the impedance of the switching speed control
circuit 8H to be fixed between the gate and the source of the MOSFET 3L. Thus
as shown by (j), the gate-source voltage Vgs2 of the MOSFET 3L is held at
approximately 0 V, so that the MOSFET 3L remains in its off-state. When the
MOSFETs 3H and 3L are both turned off, the load current IL flowing through the
stator coil 4 flows in the forward direction of the diode 5H.
<Basic operation in interval T3> .

In the interval T3, on the high side, the switch S2H is turned off and the
switch S3H is turned on simultaneously. This causes the impedance element
ZH of the off-holding circuit 9H to be coupled between the gate and the source of
the MOSFET 3H, allowing the off-holding circuit 9H to hold a predetermined
impedance of the impedance element ZH between the gate and the source of
the MOSFET 3H. In this manner, the MOSFET 3H is held in the off-state as
shown by (i).

Meanwhile, on the low side, the switch S1L is turned on after the switch
S2L is turned off. This causes the gate input capacitance of the MOSFET 3L to
be charged electrically through the resistor RnL of the switching speed control
circuit 8L. As shown by (j), the gate-source voltage Vgs2 of the MOSFET 3L
rises and exceeds the threshold voltage Vt thereof, at which time the MOSFET 3L
is turned on.
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<Basic operation in interval T4>

In the interval T4, on the high side, the switch S3H is turned off and the
switch S2H is turned on simultaneously. This causes the impedance of the
switching speed control circuit 8H to be coupled between the gate and the
source of the MOSFET 3H. Meanwhile, on the low side, the switch S2L is turned
off after the switch S1L is turned on. This causes the electric charge
accumulated in the gate of the MOSFET 3L to be discharged through the resistor
RfL of the switching speed control circuit 8L. The gate of the MOSFET 3L is
then coupled to the impedance of the switching speed control circuit 8L.

The above-described basic operations are repeated during the intervals
T1 through T4.  While such periodical basic operations are being repeated, the
foad current IL flows in the forward direction of the diode 5H in the interval T2.
When the MOSFET 3L is turned on in the interval T3, a current I2 rises rapidly as
shown by (l). This phenomenon is brought about when, with the MOSFET 3L
turned on, the carrier storage effect causes a reverse recovery current (recovery
current) Ir to flow to the diode 5H thereby incurring sudden changes in currents
I1 and I2.

In particular, the currents I1 and 12 change rapidly when the reverse
recovery current is damped down. The degree of current damping is
particularly pronounced during an interval where the current I1 rises as shown
by (k), i.e., where the current I2 drops to a settling current Ist shown by (l) in the
latter half of the recovery. _

There exists a parasitic inductance LH in the source of the MOSFET 3H,

‘and a parasitic inductance LL in the source of the MOSFET 3L. Thus the

inductances LH and LL each produce an induced electromotive force -Ldi/dt
reflecting the changes over time in the currents I1 and I2.

When the induced electromotive force is generated in the parasitic
inductance LH in the latter half of the recovery, a voltage develops in that node
of the parasitic inductance LH which is located on the side of the stator coil 4
relative to the source of the MOSFET 3H. Consequently, the gate-source
voltage Vgs1 of the MOSFET 3H rises.

In the interval T3, the MOSFET 3H remains in its off state. This makes
it necessary to arrange for the gate-source voltage Vgs1 of the MOSFET 3H to be
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kept below the threshold voltage Vt thereof.

In this embodiment, the off-holding circuit 9H is coupled between the
gate and the source of the MOSFET 3H. Before entering the latter half of the
recovery in which the induced electromotive force of the parasitic inductance LH
rises in particular, the switch S3H is always turned on causing the off-holding
circuit 9H to couple the impedance element ZH between the gate and the source
of the MOSFET 3H.

Thus when the induced electromotive force develops in the parasitic
inductance LH, the impedance element ZH of the off-holding circuit 9H operates
to charge electrically the gate of the MOSFET 3H through the impedance
element ZH in keeping with the induced electromotive force in the parasitic
inductance LH. This suppresses the increase in the gate-source voltage Vgsl1 of
the MOSFET 3H. In this manner, when the SJ-MOSFETs 3H and 3L are driven
even at high speed, the self turn-on phenomenon can be prevented.

Fig. 7 schematically illustrates current changes in the interval T4 shown
by (a) through (I) of Fig. 6. In the interval T4 by (a) through (1), on the low side,
the switch S2L is turned on after the switch S1L is turned off. This causes the
gate-source voItage Vgs2 of the MOSFET 3L to drop as shown by (j). In the
meantime, on the high side, a current increased by the amount reflecting the
drop in the gate-source voltage Vgs2 flows in the forward direction of the
parasitic diode 5H, as shown by (k).

In such a case, the device may malfunction in response to the
unexpected voltage rise. That is because an induced electromotive force VLL
develops in the parasitic inductance LL in keeping with a current gradient
reflecting the drop in the current 12 caused by the MOSFET 3L getting turned off.
In order to suppress the malfunction attributable to the induced electromotive
force VLL, the current gradient of the current I2 need only be made smaller.
This can be accomplished by adjusting the resistance value of the resistor RfL for
controlling the turn-off speed. When the operations in the intervals T1 through
T4 by (a) through (1) are repeated, the MOSFETSs function normally.

When control is exercised as described above, an appropriate
impedance is kept between the gate and the source of each of the MOSFETs 3H
and 3L when it is turned off. This reduces the switching speed and suppresses
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the rise in the gate-source voltage.

Particularly, in order to prevent the self turn-on phenomenon reliably, it
is preferred to determine the circuit element values of the driver circuits 6H and
6L using a predetermined method. The element values are determined by the
following method.
<Method for determining the impedance of the off-holding circuits>

It is useful especially to regard the impedance values of the impedance
elements ZH and ZL in the off-holding circuits 9H and 9L as an important factor
for preventing the self turn-on phenomenon. In view of circuit symmetry, the
impedance is assumed to be the same for the impedance elements ZH and ZL.
The method for determining the impedance value when the off-holding circuits
9H and 9L are each set to be a series circuit formed of the resistor Rgs and
inductance Lgs will be described below.

The major causes of raising the gate-source voltage Vgs of each of the
MOSFETs 3H and 3L are the induced electromotive force generated in the
parasitic inductances LH and LL in keeping with the recovery current, and the
coupling voltage of the parasitic capacitance. The effects of these causes on
the voltage increases may be calculated individually. The impedénce of the
impedance elements ZH and ZL may then be determined in such a manner that
the added voltages arising from the calculated effects remain below the
predetermined threshold voltage Vt.

Specifically, the impedance of the impedance elements ZH and ZL is
determined as shown in Fig. 8. First, necessary parameter values are collected
in advance of the determination of the circuit impedance (S1). These
parameters are design values determined through simulations and experiments
based on the semiconductor configuration of the power MOSFETs 3H and 3L and
on the manner in which the parasitic elements and the circuits involved are
coupled. The parameters may be defined as shown in Fig. 9.

For example, as shown in Fig. 9, the parameters may be formed of the
values Ls of parasitic inductances LL and LH, the gradient di/dt of the recovery
current, the settling time ranging from the latter half of the recovery to an end, a
gate-source parasitic capacitance value Cgs, a gate-drain parasitic capacitance
value Cgd, and a drain-source voltage Vds.
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Referring to Fig. 8, after the parameters are collected, the impedance
for the off-holding circuits 9H and 9L is set provisionally (S2). As discussed
above, although the induced electromotive force of the parasitic inductances LH
and LL is generated in keeping with the recovery current, the impedance set
provisionally in step S2 is used to calculate a gate-source voltage Vgsa (S3).
<Voltage Vgsa generated in the parasitic inductance>

Fig. 10 shows an equivalent circuit for determining the voltage Vgsa
generated in the parasitic inductances LH and LL in keeping with the recovery
current. '

As shown in Fig 10, a parasitic capacitance Cgs exists between the gate
and the source of the MOSFET 3H. The gate-source voltage Vgs of the MOSFET
3H is equal to the applied voltage of the parasitic capacitance Cgs. For this
reason, as indicated by another equivalent circuit in Fig. 11, an induced
electromotive force -Lsxdi/dt generated in the parasitic inductance Ls in the
reverse direction causes the capacitor Cgs to be charged through the inductance
Lgs and the resistor Rgs accordingly. This in turn raises the gate-source voltage
Vgs of the MOSFET 3H.

Fig. 11 illustrates relations among a recovery current i (Ir) flowing
through the parasitic inductance Ls, the resistor Rgs, and the parasitic
capacitance Cgs; the induced electromotive force -Lsxdi/dt generated in the
parasitic inductance Ls; and the gate-source voltage Vgs of the transistor 3H.
Fig. 12 shows current and voltage changes over time in the components involved
before and after conduction of the recovery current.

In the interval T2 described above, the load current flows back to the
diode 5H and the current i flows in the reverse direction of the diode 5H.
Thereafter, when the MOSFET 3L is turned on in the interval T3, the reverse
recovery current arising from the carrier storage effect flows to the diode 5H and
causes the current i to increase rapidly (in an interval segment T31 of the
interval T3 in Fig. 12). In the former half of the recovery indicated by the
interval segment T31 of the interval T3 develops an induced electromotive force
-Lsxdi/dt corresponding to the gradient of the rising current in the parasitic
inductance Ls. The gradient of the rising current in the former half of the
recovery is less steep, along with a correspondingly smaller induced



10

15

20

25

WO 2012/165649 PCT/JP2012/064350
-18-

electromotive force, than in the latter half of the recovery.

Thereafter, in the latter half of the recovery indicated by an interval
segment T32 in the interval T3 develops an induced electromotive force
corresponding to a steep gradient of the falling current. Thus the induced
electromotive force tends to be large in keeping with the gradient of the falling
current. When the recovery current i is assumed to decrease linearly, then a
step voltage Vs may be assumed to develop in the parasitic inductance Ls only
for a predetermined settling time tf in the latter half of the recovery.

The gate-source voltage Vgsa of the MOSFET 3H rises in keeping with
the step voltage Vs generated in the parasitic inductance Ls. For this reason,
the element values involved are to be determined in such a manner that the
maximum value of the voltage Vgsa in the latter half of the recovery is
minimized.

The voltage Vgs is determined as shown in Fig. 13. Applying the step
response equation of an RLC series circuit provides a secondary transfer function
that is expressed by the following Laplace transform equation (1):

2
)] Vs
Vo=G(s)-V,= " — e (1
)7, s+ s+’ s 1)
where,
R C
o, = 1 , E=-8 |78
\/LgSCgS 2 | Lyg

where, wn denotes an undamped natural angular frequency (natural frequency)
and ¢ represents a damping rate (braking rate).

Performing inverse Laplace transform on the equation (1) above divides
it into three cases, {=1 (equation (2)), {>1 (equation (3)), and 0<{<1(equation
(4)), as follows:

Vgsa = Ve -{l—e_w“t 1+, -t)} . (2)

Vgsa=Vs-{1—e_§mn{cosh €% -1 an-t+—§——sim &2 -1 xmn-t:”
| €°-D

. (3)
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Vesa = Ve -{1 _egton' [cos\/(l —E2) xa, t+ \/_é_z sin+/(1—£2) xo, t:l}
1-&%)
w4

As shown in Fig. 13, one of the cases above may be selected depending
on the value of g, with a predetermined time tf substituted in the corresponding
equation (in steps S11 through S16). It should be noted that the voltage Vgsa
in the equation (4) is a value that vibrates with the passage of time. Thus when
the time tm=0N/wn(v-(1-¢%)) over which the voltage Vgsa is maximized is less
than the predetermined settling time tf (NO in step S15), then tm=M/wn
(V-(1-0%)) is substituted in the equation (4) to acquire the voltage Vgsa. This
makes it possible to determine the voltage Vgsa in step S3 in keeping with the
parameter values collected in step S1 of Fig. 8.

After the voltage Vgsa is determined, a voltage Vgsb generated by the
parasitic capacitance coupling is calculated (step S4).
<voltage Vgsb generated by the parasitic capacitance coupling>

Fig. 14 shows an equivalent circuit that takes the parasitic capacitance
in the periphery of the MOSFETSs into consideration. Fig. 15 illustrates relations
between the recovery current i and a response waveform of the drain-source
voltage Vds. After the MOSFET 3H is turned off, its drain-source voltage Vds
increases. A maximum voltage value Vgsb of the gate-source voltage Vgs at
this time may be obtained using the following equation (5):

Coq
Vs = ——25—V, . (5
gsb Cgs+cgd ds ( )

This is possible because the voltage Vgsb occurs as a divided voltage derived
from the gate-drain parasitic capacitance ng and gate-source capacitance Cgs.

In step S5 of Fig. 8, the added voltage Vgs adding up the effects above
(= voltage Vgsa + voltage Vgsb) is obtained. The values of the resistor Rgs and
the inductance Lgs are determined in such a manner that the added value Vgs
remains below the threshold voltage Vt. When this condition is not met (NO in
step S5), then step S2 is executed again and the subsequent processing is
repeated starting from the provisional setting of the impedance for the
off-holding circuits 9H and 9L. Preferably, an appropriate margin of the
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threshold voltage Vt should be taken into account when the values of the resistor
Rgs and the inductance Lgs are determined. Verification may then be made by
substituting the acquired values of the resistor Rgs and inductance Lgs in the
equation.

The appropriate element value can thus be determined because the
element value for the off-holding circuits 9H and 9L is determined in accordance
with the added voltage of the voltage Vgsa plus the voltage Vgsb. Given the
symmetry of circuitry, the same method for determining the element value may
be applied as described above to both the high-side MOSFET 3H and the
low-side MOSFET 3L.

As described above, the first embodiment operates as follows.

In the interval T1, on the high side, the switch S1H is turned on with the
switch S2H turned off. Also, with the switch S3H turned off, the off-holding
circuit 9H is left open. This causes the drive voltage generating circuit 7H to
feed the DC power source 10H between the gate and the source of the MOSFET
3H to turn it on.

On the low side also in the interval T1, the switches S1L and S2L are
both turned off and the switch S3L is turned on to set the off-holding circuit 9L to
the predetermined impedance. This establishes a predetermined fixed
impedance between the gate and the source of the MOSFET 3L.

In the interval T2, on the high side, the switch S2H is turned on after
the switch S1H is turned off and the switch S3H is held off so as to leave the
off-holding circuit 9H open. In this manner, the output voltage of the drive
voltage generating circuit 7H is controlled to coincide with the source-side
voltage of the MOSFET 3H (i.e., voltage at its low-potential reference terminal).
This causes the gate input capacitance of the MOSFET 3H to be discharged
through the switching speed control circuit 8H.

On the low side also in the interval T2, the switch S2L is turned on with
the switch S1L held off and the switch S3L is turned off to leave the off-holding
circuit OL left open. In this manner, the output voltage of the drive voltage
generating circuit 7L is controlled to coincide with the source-side voltage of the
MOSFET 3L (voltage at its low-potential reference terminal).

In the interval T3, on the high side, the switch S2H is turned off with the



10

15

20

25

30

WO 2012/165649 PCT/JP2012/064350
-21-

switch S1H held off while the switch S3H is turned on simultaneously to switch
the off-holding circuit 9H from its open state to the predetermined impedance.
This establishes the predetermined fixed impedance between the gate and the
source of the MOSFET 3H.

On the low side also in the interval T3, the switch S1L is turned on after
the switch S2L is turned off, and the off-holding circuit 9L is held open with the
switch S3L kept off. This allows the output voltage of the drive voltage
generating circuit 7L to become the output voltage of the DC power source 10L,
to be applied between the gate and the source of the MOSFET 3L.

In the interval T4, on the high side, the switch S2H is turned on with the
switch S1H held off and the switch S3H is turned off to leave the off-holding
circuit 9H open. In this manner, the output voltage of the drive voltage
generating circuit 7H is controlled to coincide with the source-side voltage of the
MOSFET 3H (voltage at its low-potential reference terminal).

" On the low side also in the interval T4, the switch S2L is turned on after
the switch S1L is turned off and the switch S3L is held off to keep the off-holding
circuit 9L open. In this manner, the output voltage of the drive voltage
generating circuit 7L is controlled to coincide with the source-side voltage of the
MOSFET 3L (voltage at its low-potential reference terminal). This causes the
gate input capacitance of the MOSFET 3L to be discharged through the switching
speed control circuit 8L.

When the control circuit 11 places the switches under driving control of
the driver circuits 6H and 6L, the switches S2H and S2L are turned on and the
other switches are turned off in the interval T2, and the switches S1L and S3H
are turned on and the other switches are turned off in the interval T3. With
these settings, the gate-source impedance of the MOSFET on the high side can
be switched to a predetermined impedance in the intervals T2 and T3. Even in
the latter half of the recovery, the gate-source voltage Vgsl of the MOSFET on
the high side can be held below the threshold voltage Vt thereof.

In particular, before the beginning of the interval T3 and prior to the
elapse of a predetermined time over which the current I2 exceeds a
predetermined settling time for the first time (before the latter half of the
recovery is finished), the gate-source impedance of the high-side MOSFET 3H is
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fixed to a predetermined impedance.

This makes it possible to hold the gate-source voltage Vgs of the
high-side MOSFET 3H and low-side MOSFET 3L below the threshold voltage Vt
thereof. Thus the self turn-on phenomenon is prevented from taking place
even when the power MOSFETs are driven at high speed.

Further, the induced electromotive force Vgsa generated in the parasitic
impedance Ls by the flow of the recovery current and the voltage Vgsb
generated by the parasitic capacitance coupling are added up. The element
value of the impedance element ZH for the off-holding circuits 9H and 9L is then
determined in such a manner that the added voltage above remains below the
threshold voltage of the MOSFETs 3H and 3L. This makes it possible to
determine an appropriate element value of the off-holding circuits 9H and 9L in
accordance with the parasitic capacitance and other factors.

(Second Th Embodiment)

The second embodiment of the driver circuit for MOSFET is shown in
Figs. 16 to 18. The second embodiment primarily differs from the first
embodiment in that the switches of the off-holding circuits operate at different
switching timing. In the second embodiment, the same components as those
of the first embodiment are given the same reference characters, and the
description is simplified.

A logic circuit 15 replacing the logic circuit 13 in Fig. 3B is configured as
shown in Fig. 16. The logic circuit 15 is formed of a NOR gate 16 and NOT
gates 17 and 18. The PWM signals Ssdl and Ssd2 are input from the
comparison circuit 12 to the logic circuit 15. In turn, the logic circuit 15 outputs
the control signals Sgi1, Sg12, S1, Sg21, Sg22, and S2. -

The logic circuit 15 outputs the PWM signal Ssd1 as the on/off control
signal Sg11 and the PWM signal Ssd2 as the on/off control signal Sg21. The
NOR gate 16 inputs these PWM signals Ssd1 and Ssd2 and outputs the on/off
control signals Sg12 and Sg22. The NOT gate 17 inputs the PWM signal Ssd1
and outputs the on/off control signal S1. The NOT gate 18 inputs the PWM
signal Ssd2 and outputs the on/off control signal S2.

The switches in the logic circuit 15 are turned on and off as indicated in
Fig. 17. The switches S2L and S3L are both turned on in the interval T2 as
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indicated by reference character X1. Also, the switches S2H and S3H are both
turned on in the interval T4 as indicated by reference character X2. The switch
settings indicated by reference characters X1 and X2 may be either on or off.
That is, both settings may be either on or off altogether. In such cases, the
logic circuit 15 may be reconfigured as needed.

As shown in Fig. 18, the on/off control signal Sg12 from the switch S2H
and the on/off control signal S1 from the switch S3H are both output as
on-control signals in the interval T2. Thus in the interval T2, the off-holding
circuit 9H is set to a predetermined impedance, and the output voitage of the
drive voltage generating circuit 7H is controlled to coincide with the voltage at
the source-side reference terminal of the MOSFET 3H. |

In this case, the on/off control signals can be output at the timings
shown in Figs. 18C through 18H. In the interval T2, turning on the switches
S2H and S3H fixes the gate-source impedance of the MOSFET 3H to a low
impedance. In the interval T3, turning off the switch S2H and turning on the
switch S3H fixes the gate-source impedance of the MOSFET 3H to an impedance
higher than that in the interval T2. That is, because the gate-source impedance
of the MOSFET 3H occurs as a synthetic impedance of the resistor RfH and the
impedance element ZH in the interval T2 but as the impedance of the impedance
element ZH alone in the interval T3. Also, when the resistance value of the
resistor RhH is set to be lower than that of the impedance element ZH, the
gate-source impedance of the MOSFET 3H becomes lower than the synthetic
impedance.

In such a case, the threshold voltage Vt will not be exceeded when the
gate-source voltage Vgsl1 rises in the interval T3 in the latter half of the recovery.
In this manner, as in the first embodiment, the second embodiment can hold the
gate-source voltage Vgsl of the MOSFET 3H below the threshold voltage Vt
thereof.

(Third Embodiment)

The third embodiment of the driver circuit for MOSFET is shown in Figs.
19 through 21. The third embodiment is different from the first embodiment in
that the load current IL is assumed to flow in reverse to the direction indicated in
the first embodiment. In the third embodiment, the same components as those
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of the first embodiment are given the same reference characters, and the
description is simplified.

In the third embodiment, it is assumed that the load current IL of the
stator coil 4 flows rightward as illustrated in Fig. 19. Also, the source current I1
of the high-side MOSFET 3H and the drain current I2 of the MOSFET 3L are
defined to flow in reverse to the directions indicated in the first embodiment.

The gate-source voltages Vgsl and Vgs2 of the MOSFETs 3H and 3L
change as shown in the time charts of Fig. 20. The source current I1 of the
MOSFET 3H and the drain current I2 of the MOSFET 3L also change accordingly.

The changes in voltages and currents taking place this time in the third
embodiment differ only in terms of the intervals in which they occur in the first
embodiment and thus will not be described further. In a manner substantially
similar to the first embodiment, the recovery current develops in the MOSFET 3L
in the interval T1. In the latter half of the recovery, the gate-source voltage
Vgs2 of the MOSFET 3L increases. However, since the switch S2L is turned on
beforehand in the interval T4 and then the switch S3L is turned on in the interval
T1, it is possible to control the gate-source impedance of the MOSFET 3L to
coincide with the predetermined impedance and thereby to suppress the
gate-source voltage Vgs2. Consequently, the gate-source voltage Vgs2 of the
MOSFET 3L can be held below the threshold voltage Vit thereof.

The current changes in the interval T2 is shown in Fig. 21. In the
interval T2 on the high side, the switch S2H is turned on after the switch S1iH is
turned off, so that the gate-source voltage Vgs1 of the MOSFET 3H decreases as
shown by (i) in Fig. 20. In the meantime, on the low side, a current increased
by the amount reflecting the drop in the voltage flows increasingly in the forward
direction of the parasitic diode 5L.

In such a case, the element may malfunction due to an unintended
voltage rise. This can happen because the current I1 drops due to the MOSFET
3H getting turned off, causing an induced electromotive force VLH reflecting the
current gradient to develop in the parasitic inductance LH. To suppress the
malfunction triggered by the induced electromotive force VLH, the gradient of
the current I1 need only be made smaller. This is accomplished by suitably
adjusting the resistance value of the resistor RfH, which controls the turn-off
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speed. Normal operations are then sustained when the operations in the
intervals T1 through T4 in Fig. 20 are repeated.

In the third embodiment, the load current IL is assumed to flow in
reverse to the direction in the first embodiment. The gate-source voltage Vgs2
of the MOSFET 3L generated in keeping with the recovery current can be held
below the threshold voltage Vt of the MOSFET 3L.

(Fourth Embodiment) _

The fourth embodiment of the driver circuit for MOSFET is shown in Figs.
22 to 24. The fourth embodiment primarily differs from the first embodiment in
that, in the intervals where the switches S2H and S2L are turned on in the first
embodiment, these switches are replaced with the switches S3H and S3L being
turned on to hold the gate-source voltages Vgs1 and Vgs2 of the MOSFETs 3H
and 3L below the threshold voltage Vt thereof. The load current is assumed to
flow in the same direction as in the first or the second embodiment. In the
fourth embodiment, the same components as those of the first embodiment are
given the same reference characters, and the description is simplified.

A driver circuit on the high side includes, as shown in Fig. 22, a
switching speed control circuit formed of a switch SWH and a resistor Rg in place
of the switching speed control circuit 8H. The switch SWH and resistor Rg are
serially coupled between the DC power source 2 and the gate of the MOSFET 3H.
Although not shown in Fig. 22, there is also provided on the low side a similar
switching speed control circuit formed of a switch SWL and a resistor Rg in place
of the switching speed control circuit 8L. The switch SWL and resistor Rg are
serially coupled between the DC power source 2 and the gate of the MOSFET 3L.

A logic circuit 19 replacing the logic circuit 13 is configured as shown in
Fig. 23. The logic circuit 19 is formed of NOT gates 20 and 21. The PWM

_signals Ssd1 and Ssd2 are input from the comparison circuit 12 to the logic

circuit 19. In turn, the logic circuit 19 outputs the control signals Sgi11, S1,
Sg21, and S2.

The logic circuit 19 outputs the PWM signal Ssd1 as the on/off control
signal Sg11 and the PWM signal Ssd2 as the on/off control signal Sg21. The
NOT gate 20 inputs the PWM signal Ssd1 and outputs the on/off control signal S1.
The NOT gate 21 inputs the PWM signal Ssd2 and outputs the on/off control
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signal S2.

The logic circuit 19 is configured as shown in Fig. 23. The switches
involved are turned on and off as shown in Fig. 24. The switch S3H is turned on
in the interval T2 as indicated by (e) in Fig. 24 before the switch SWL is turned
on in the interval T3 as indicated by (f), whereby the predetermined impedance
can be maintained between the gate and the source of the MOSFET 3H. Thus
when the DC power source 2 on the low side feeds a voltage between the gate
and the source of the MOSFET 3H to turn it on in the interval T3, the increase in
the gate-source voltage Vgs1 of the MOSFET 3L is suppressed. This keeps the
gate-source voltage Vgsl of the MOSFET 3L below the threshold voltage Vt
thereof. The fourth embodiment thus provides the same effects as those of the
first embodiment, using a simpler circuit configuration.

(Fifth Embodiment)

The fifth embodiment of the driver circuit for MOSFET is shown in Fig.
25. The fifth embodiment primarily differs from the first embodiment in that, in
the intervals where the switches S2H and S2L are turned on in the first
embodiment, these switches are replaced with the switches S3H and S3L being
turned on. Although the load current flows in the same direction as in the third
embodiment, the fifth embodiment holds the gate-source voltage Vgs2 of the
MOSFET 3L below the threshold voltage Vt thereof, thereby preventing the self
turn-on phenomenon. |
(Sixth Embodiment)

The sixth embodiment of the driver circuit for MOSFET is shown in Figs.
26A and 26B. The switching speed control circuits 8H and 8L shown in Fig. 1
are modified to a switching speed control circuit shown in Fig. 26A or 26B.

In the case of the circuit configuration shown in Fig. 26A, when the
circuit is turned on, the gate of the MOSFET 3H is electrically charged through
the resistor RnH. When the circuit is turned off, that gate is discharged through
resistors RfH and RnH. Thus this circuit configuration may be advantageously
adopted when the switching speed at turn-on time is to be higher than at
turn-off time.

In the case of the circuit configuration shown in Fig. 26B, when the
circuit is turned on, the gate of the MOSFET 3H is electrically charged through
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the resistors RnH and RnH. When the circuit is turned off, that gate is
discharged through the resistor RfH. This circuit configuration may thus be
adopted advantageously when the switching speed at turn-off time is to be
higher than at turn-on time.

(Seventh Embodiment)

The seventh embodiment of the driver circuit for MOSFET is shown in
Figs. 27 through 39. The seventh embodiment primarily differs from the first
embodiment in that, a different method is adopted to determine the element
value of the circuit. Although the calculating method shown in Fig. 8 remains
the same, step S3 of the procedure is changed so that the voltages Vgsa and
Vgsb are calculated differently. In the seventh embodiment, the same
components as those of the first embodiment are given the same reference
characters, and the description is simplified.

Fig. 27 corresponds to Fig. 9 described above in conjunction with the
first embodiment. The predetermined time (settling time) tf in Fig. 9 is
replaced with a time tsr in Fig. 27. This time tsr refers to the time period from
the time the latter half of the recovery is started until the injection (increase) of
a channel current is started due to the formation of an inversion layer in the
power MOSFET.

As described above in connection with the first embodiment, the
parameter values are collected in step S1 of Fig. 8. In step S2, the impedance
for the constant impedance holding circuit is provisionally set. In step S3, the
voltage Vgsa generated in the parasitic inductance in keeping with the recovery
current is calculated.

Where the secondary transfer function derived from the step response
equation of the RLC series circuit is applied, the voltage Vgsa is determined as
expressed by (=1 (equation (2)), {>1 (equation (3)), and 0<{<1(equation (4)).

As shown in Fig. 28, different cases are assumed depending on the
value of ¢, and the value of the time tsr is substituted in the equations (2)

through (6). As described above in connection with the first embodiment, the

voltage Vgsa of the equation (4) is a voltage that vibrates over the passage of
time. The time tm over which the voltage Vgsa is maximized is expressed as
N/wn(V(1-¢)). When the time tm falls within the time tsr (NO in step S15),
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then tm=N/wn(V(1-7%) is substituted in the equation (4) to acquire the voltage
Vgsa. In this manner, the maximized voltage Vgsa can be obtained in step S3 in
accordance with the parameter values collected in step S1 of Fig. 8.

Next, in step S4, the voltage Vgsb arising from the parasitic capacitance
coupling is calculated. The equivalent circuit shown in Fig. 14 is utilized here.
On the assumption that Cgd stands for the gate-drain parasitic capacitance of
the MOSFET 3H and Cgs for the gate-source parasitic capacitance thereof, the
step response of the divided voltage is obtained. In this case, the voltage Vgs is
acquired as expressed by the following equation (6):

1

C . I S
gd Vds e Rgs(cgs+cgd) . (6)

The voltage Vgsb in the equation (6) is a time-dependent function that
decreases over time t and is maximized when the time tis 0. For this reason,
when the maximum value of the function is determined as the voltage Vgsb, that
value coincides with the value of the equation (5) discussed above in conjunction
with the first embodiment. Thus in step S5 of Fig. 8, it may be appropriate to
acquire the added voltage Vgs as a composite of the effects of the voltage Vgsa
obtained using the processing of Fig. 28 and those of the above-described
maximized voltage Vgsb.

On the other hand, when it is desired to accurately determine the
voltage Vgsb that is dependent on the time t, the time tsr of the latter half of the
recovery may be substituted in the equation (6). This allows the voltage Vgsb
to be acquired as expressed by the following equation (7):

S S

Vesb =Egscf——“cg—d-Vds - ResCas¥Caa)  (7)

Then in step S5 of Fig. 8, the added voltage Vgs is determined as the composite
of the voltage Vgsb dependent on the time t and the voltage Vgsa calculated in
keeping with the processing of Fig. 28.

With the seventh embodiment, the determination in step S5 of Fig. 8 is
replaced with the determination of whether the added voltage Vgs falls within a
voltage region VR1 in which the added voltage is approximately equal to the
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threshold voltage (Vtd<Vt<Vm) or within a voltage region VR2 in which the
added voltage is lower than the voltage Vtd (Vgs<Vtd). The definitions of the
voltage regions VR1 and VR2 are illustrated in Fig. 29. The voltage region VR2
is a voltage region in which the gate-source voltage Vgs is regarded as
approximately equal to the drain current Id=~0 of the power MOSFET. Fig. 29
shows static characteristics of the drain current Id and the gate-source voltage
Vgs in a saturated region of a common MOSFET. In the circuit configuration of
the seventh embodiment, a current with a characteristic different from the drain
current characteristic shown in Fig. 29 may flow.

When the gate-source voltage Vgs is within the voltage region VR2, the
drain current is difficult to flow due to a PN junction reverse bias generated
between the drain and source of the power MOSFET. According to the
characteristics show in Fig. 29, the drain current Id changes exponentially
relative to the gate-source voltage Vgs in a sub-threshold region below the
threshold voltage Vt.

In the seventh embodiment, it is determined whether the added voltage
Vgs falls within a voltage region (VR2+VR1) topped by a voltage value Vm
obtained from adding up the threshold voltage Vt and a predetermined margin
voltage. The threshold value is determined in such a manner that the
determination condition above is met. The predetermined margin voltage may
be about 10% of the threshold voltage Vt.

The voltage value Vm acquired by adding up the threshold voltage Vt
and the margin voltage may be adjusted as needed because the voltage value
varies depending on device characteristics and operating conditions (e.g., load
current). Also, the threshold voltage Vt can vary significantly from one element
manufacturer to another given their diverse technological levels. With the
effects of the varying technological levels taken into consideration, the highest of
the diverse threshold values may be adopted as the threshold voitage Vt. This
threshold value Vt may then be supplemented with a margin voltage to provide
the voltage value Vm that may be adopted as the uppermost voltage value.

When the element value is determined in such a manner that the added
voltage Vgs falls within the voltage region VR1, time-dependent w‘aveforms are
obtained as shown in Fig. 30. The particularly noticeable waveforms here are
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those indicated by (i), (k) and () in Fig. 30. The gate-source voltage Vgsl of
the power MOSFET 3H is topped (see the part indicated by reference character Y
in (i) of Fig. 30) by a voltage approximately equal to the threshold voltage Vt
(within the voltage region VR1 according to the above-discussed definitions).

When the gate-source voltage Vgsl of the MOSFET 3H becomes
approximately equal to the threshold voltage Vt and falls within the voltage
region VR1, the channel current flowing through the MOSFET 3H increases so
that a transient current change in the MOSFETs 3H and 3L in the latter half of the
recovery becomes less pronounced (see the part ranging from a broken line to a
solid line as indicated by reference character Z in (k) and (l) in Fig. 30).

Simulations and experiments are carried out as described below to
verify what is discussed above. Fig. 31 shows a current change in effect when
the element value for which the condition of the added voltage Vgs falling within
the voltage region VR2 is met is adopted. Fig. 32 shows a current change in
effect when the element value for which the condition of the added voltage Vgs
falling within the voltage region VR1 is met is adopted. Fig. 33 shows a current
change in effect when the circuit configuration of the prior art (patent document
1) is adopted.

Where the circuit configuration of patent document 1 is used as a
comparative example, the self turn-on phenomenon occurs as shown in Fig. 33.
As a result of this, the drain current gradient di/dt in the latter half of the
recovery becomes steeper and the ringing of the drain current becomes greater
correspondingly. However, adoption of the element value for which the
condition of the added voltage Vgs falling within the voltage region VR2 is met
suppresses the self turn-on phenomenon. This reduces the ringing of the drain
current waveform as shown in Fig. 31.

Even when the element value for which the condition of the added
voltage Vgs falling within the voltage region VR1 is met is adopted, the self
turn-on phenomenon is suppressed. Thus as shown in Fig. 32, the ringing is
shown to be held smaller than in the current waveform of Fig. 33. Also, the
current change gradient (dId/dt) in the latter half of the recovery is shown to be
less steep (i.e., with a smaller absolute value) than in the current waveform of
Fig. 31.



10

15

20

25

30

WO 2012/165649 PCT/JP2012/064350
-31-

Further, valuation experiments are conducted to verify the surge
voltage characteristic of the drain-source voltage Vds of the MOSFET 3H, using a
circuit in which an inductive load (corresponding to the stator coil 4) is coupled
to the supply node of the DC power source 2 as shown in Fig. 34. As the test
conditions, it is determined that the supply voltage of the DC power source 2 is
200V, the load current is 10A, and the inductive load 4 in Fig. 34 is 300pH, and
that the value of the resistor Rd is varied from 09 to 209 to 50Q to 100Q.

While the impedance element ZL (resistor Rd) coupled between the
gate and the source of the power MOSFET 3H is being varied under the
above-described conditions, the drain-source voltage Vds of the power MOSFET
3H is observed. The resulting transient response waveforms are shown in Fig.
35 (Rd=0Q), in Fig. 36 (Rd=20Q), in Fig. 37 (Rd=50Q), and in Fig. 38
(Rd=100Q). The measurements of the switching loss W and of the surge
voltage Vsrg are summarized in Fig. 39 using relative levels.

As shown in Fig. 39 plotting the surge voltage measurements, the
higher the value of the resistor Rd, the smaller the maximum value of the
drain-source voltage Vds becomes and so does the surge voltage Vsrg [V]. It
can be seen that the switching loss W [p]] is the smallest when the adopted
resistance value Rd of the impedance element ZL is 20 [Q] or thereabout.

It is shown in Fig. 39 that the lower the resistance value Rd, the smaller
the switching loss W becomes but that an excessively low resistance value can
raise the switching loss due to increased ringing. Under these circumstances,
the element value may be determined by a trade-off of the necessary voltage
characteristic against the switching loss involved.

The above-described evaluation results provide an example of
resistance value dependency. For example, the value of the voltage Vgsb varies
depending on the capacitance values Cds and Cgs. It is noted based on this
results that the resistance value Rd, to be determined by a trade-off of the
various sizes (gate width and gate length) of the power MOSFETs 3H and 3L,
varies in diverse fashion.

According to the seventh embodiment, the element value is adopted for
which the added voltage Vgs falls within the voltage region VR1, which is larger
than the threshold voltage Vtd of the MOSFET and smaller than a voltage Vm,
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This voltage Vm is determined as a sum of a threshold voltage Vt determined
based on the drain current characteristic of Fig. 29 and a margin of 10% of the
threshold voltage Vt. Thus the seventh embodiment makes ringing smaller
than the comparable setup of the related art. The switching loss W can also be
reduced.

Ringing is also reduced when the element value is adopted for which
the added voltage Vgs falls within the voltage region VR1 in which the added
voltage is approximately equal to the threshold voltage Vt. The surge voltage
can also be lowered as well.

(Other embodiments)

It should be understood that the driver circuit for MOSFET is not limited
to the above-described embodiments and that various modifications, variations
and alternatives to be outlined below may be made so far as they are within the
scope of the appended claims or the equivalents thereof.

For example, as discussed in conjunction with the first embodiment, it is
possible to configure, in separate entities, the resistor RnH conducting when the
switching speed control circuit 8H is turned on, the resistor RfH conducting when
the switching speed control circuit 8H is turned off, the resistor RnL conducting
when the switching speed control circuit 8L is turned on, and the resistor RfL
conducting when the switching speed control circuit 8L is turned off. This
configuration allows the turn-on and turn-off speeds to be controlled individually.

Where the current change in the latter half of the recovery at turn-on
time is considerably larger than at turn-off time, the resistors RhH and RfH may
be required to have a different resistance value each, and so may be the
resistors RnL and RfL. In such a case, the resistance values of the resistors RnH,
RnL, RfH and RfL may be controlled individually to facilitate adjusting to the
required turn-on time and turn-off time. Consequently, it becomes easier to
complete the switching within the required switching time and to reduce the
switching loss at the same time.

It is possible to adopt the circuit configuration of the above-described
embodiments only for the driver circuit 6H of the power MOSFET 3H on the high
side while utilizing the circuit configuration of the prior art for the driver circuit 6L
of the power MOSFET 3L on the low side. In such a case, as the prior art circuit
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in place of the driver circuit 6L, a suitable configuration may be adopted to have
the power MOSFET 6L turned on through an on-switch. This circuit
configuration provides the same effects as those of the above-described
embodiments.

Conversely, it is also possible to adopt the circuit configuration of the
above-described embodiments only for the driver circuit 6L of the power
MOSFET 3L on the low side while utilizing the circuit configuration of the prior art
for the driver circuit 6H of the power MOSFET 3H on the high side. In this case,
as the prior art circuit in place of the driver circuit 6H, an appropriate
configuration may be adopted to have the power MOSFET 6H turned on through
an on-switch. This circuit configuration also provides the same effects as those
of the above-described embodiments. ‘
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CLAIMS

1. A power MOSFET driver circuit for driving a voltage-driven first
power MOSFET (3H) and a voltage-driven second power MOSFET (3L) in
half-bridge coupling between a first power wire and a second power wire, the
first and the second power'MOSFETs having an inductive load (4) coupled
therebetween, the driver circuit comprising:

a first conduction switching circuit (7H) configured to turn on and leave
open a supply voltage relative to the potential of a low-potential reference
terminal of the first power MOSFET as a reference potential, the first conduction
switching circuit (7H) having a first on-switch (S1H) and a first off-switch (S2H)
coupled in series between a supply terminal of the supply voltage and the
low-potential reference terminal;

a first charging/discharging circuit (8H) coupled between the first
conduction switching circuit and a control terminal of the first power MOSFET,
the first charging/discharging circuit (8H) adjusting a speed at which the control
terminal of the first power MOSFET is electrically charged and discharged;

a first impedance switching part (9H) coupled between the control
terminal and the low-potential reference terminal of the first power MOSFET, the
first impedance switching part (9H) switching the impedance between the
control terminal and the low-potential reference terminal between a first
impedance state and an open state, the first impedance state being a state in
which the impedance is higher than an impedance of the first
charging/discharging circuit, the open state being a state in which the

. impedance is higher than in the first impedance state;

a second conduction switching circuit (7L) configured to turn on and
leave open a supply voltage relative to the potential of a low-potential reference
terminal of the second power MOSFET as a reference potential, the second
conduction switching circuit (7L) having a second on-switch (S1L) and a second
off-switch (S2L) coupled in series between a supply terminal of the supply
voltage and the low-potential reference terminal;

a second charging/discharging circuit (8L) coupled between the second
conduction switching circuit and a control terminal of the second power MOSFET,
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the second charging/discharging circuit (8L) adjusting a speed at which the
control terminal of the second power MOSFET is electrically charged and
discharged; . | ‘

a second impedance switching part (9L) coupled between the control
terminal and the low-potential reference terminal of the second power MOSFET,
the second impedance switching part (9L) switching the impedance between the
control terminal and the low-potential reference terminal between a second
impedance state to an open state, the second impedance state being a state in
which the impedance is higher than an impedance of the second
charging/discharging circuit, the open state being a state in which the
impedance is higher than in the second impedance state, and

a control section (11) configured to control the switching between
states by the first and the second conduction switching circuits and the switching
between states by the first and the second impedance switching parts;

wherein the control section (11) is configured to perform switching
control in such a manner that:

in a first interval (T1), a k-th on-switch (S1H or S1L) is turned on and a
k-th off-switch (S2H or S2L) is turned off, where a reference character “k”
denotes one of integers 1 and 2;

in a second interval (T2), the k-th on-switch is turned off and thereafter
the k-th off-switch is turned on, and '

in a third interval (T3), the k-th off-switch is turned off and, at the same
time, a k-th impedance switching part (9H or 9L) is switched to a predetermined
k-th impedance state and an m-th on-switch is turned on, where reference
character *m” is the other of the integers 1 and 2.

2. The power MOSFET driver circuit according to claim 1, wherein:

the control section (11) is configured to further control,

in the second interval (T2), the k-th impedance switching part to be
held in the open state and the m-th off-switch is turned on after the k-th
on-switch is turned off, and

in the third interval (T3), the k-th impedance switching part to be
switched to the predetermined k-th impedance state from the open state.
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3. The power MOSFET driver circuit according to claim 1, wherein:

the control section (11) is configured to control the k-th on-switch, the
k-th off-switch, the m-th on-switch and the m-th off-switch, in such a manner
that:

in the second interval (T2), the k-th impedance switching part is
switched from the open state to the predetermined k-th impedance state at the
same time as the k-th off-switch is turned on.

4. The power MOSFET driver circuit according to any one of claims 1
through 3, wherein: ’

the control section (11) is configured to perform the switching control in
such a manner that, before a current of the m-th power MOSFET is made to
exceed a predetermined settling current for the first time with the m-th
on-switch turned on to electrically charge the control terminal of the m-th power
MOSFET through the m-th charging/discharging circuit, the impedance of the
k-th impedance switching patrt is switched to the predetermined k-th impedance
state at the same time as the k-th off-switch is turned off,

5. An element value determining method for determining element
values of the k-th impedance switching part of the power MOSFET driver circuit
according to any one of claims 1 through 4, the element value determining
method comprising steps of:

adding up an induced electromotive force generated in a parasitic
inductance of a source of the k-th power MOSFET in response to a recovery
current generated in a parasitic diode of the k-th power MOSFET, and a voltage
generated by parasitic capacitance coupling of the k-th power MOSFET; and

determining element values by which an added voltage remains below a
threshold voltage of the k-th power MOSFET, as the element values of the k-th
impedance switching part.

6. An element value determining method for determining element
values of the k-th impedance switching part of the power MOSFET driver circuit
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according to any one of claims 1 through 4, the element value determining
method comprising steps of:

adding up an induced electromotive force generated in a parasitic
inductance of the source of the k-th power MOSFET in response to a recovery
current generated in a parasitic diode of the k-th power MOSFET, and a voltage
generated by parasitic capacitance coupling of the k-th power MOSFET; and

determining element values by which an added voltage becomes larger
than a threshold voltage of the k-th power MOSFET and smaller than a voltage
which is a sum of a threshold voltage determined based on a drain current
characteristic of the k-th power MOSFET and a +10% margin of the same, as the
element values of the k-th impedance switching part.

7. A power MOSFET driver éircuit for driving a voltage-driven a-th
power MOSFET (3H or 3L) and a voltage-driven b-th power MOSFET (3L or 3H)
in half-bridge coupling between a first power wire and a second power wire,
where reference character “a” denotes one of integers 1 and 2 and reference
character "b"” denotes the other of the integers 1 and 2, the a-th and the b-th
power MOSFETs having an inductive load (4) coupled therebetween, the driver
circuit comprising:

an a-th conduction switching circuit (7H or 7L) configured to turn on
and leave open a supply voltage relative to the potential of a low-potential
reference terminal of the a-th power MOSFET as a reference potential, the a-th
conduction switching circuit (7H or 7L) having an a-th on-switch (S1H or S1L)
and an a-th off-switch (S2H or S2L) coupled in series between a supply terminal
of the supply voltage and the low-potential reference terminal;

an a-th charging/discharging circuit (8H or 8L) coupled between the
a-th conduction switching circuit and a control terminal of the a-th power
MOSFET, the a-th charging/discharging circuit (8H or 8L) adjusting a speed at
which the control terminal of the a-th power MOSFET is electrically charged and
discharged;

an a-th impedance switching part (9H or 9L) coupled between the
control terminal and the low-potential reference terminal of the a-th power
MOSFET, the a-th impedance switching part (9H or 9L) switching the impedance
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between the control terminal and the low-potential reference terminal between a
predetermined a-th impedance state and an open state, the a-th impedance
state being a state in which the impedance is higher than an impedance of the
a-th charging/discharging circuit, the open state being a state in which the
impedance is higher than in the predetermined a-th impedance state;

a b-th conduction switching circuit (7L or 7H) configured to power a
control terminal of the b-th power MOSFET through a b-th on-switch (S1L or
S1H) to turn on the b-th power MOSFET; and

a control section (11) configured to control the switching between
states by the a-th and the b-th conduction switching circuits and the switching
between states by the a-th impedance switching part,

wherein the control section (11) is configured to perform switching
control in such a manner that:

in a first interval (T1), the a-th on-switch is turned on and the a-th
off-switch is turned off;

in a second interval (T2), the a-th on-switch is turned off and thereafter
the a-th off-switch is turned on, and

in a third interval (T3), the a-th off-switch is turned off and, at the same
time, the a-th impedance switching part is switched to the predetermined a-th
impedance state and the b-th on-switch is turned on.

8. The power MOSFET driver circuit according to claim 7, wherein:

the control section (11) is configured to further control, in the interval
(T2), the a-th impedance switching part to be switched from the open state to
the predetermined a-th impedance state.

9. An element value determining method for determining element
values of the a-th impedance switching part of the power MOSFET driver circuit
according to claim 7 or 8, the element value determining method comprising
steps of; .
adding up an induced electromotive force generated in .a parasitic
inductance of the source of the a-th power MOSFET in response to a recovery
current generated in a parasitic diode of the a-th power MOSFET, and a voltage
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generated by parasitic capacitance coupling of the a-th power MOSFET; and

determining element values by which an added voltage remains below a
threshold voltage of the a-th power MOSFET, as the element values of the a-th
impedance switching part.

10. An element value determining method for determining element
values of the a-th impedance switching part of the power MOSFET driver circuit
according to claim 7 or 8, the element value determining method comprising
steps of:

adding up an induced electromotive force generated in a parasitic
inductance of the source of the a-th power MOSFET in résponse to a recovery
current generated in a parasitic diode of the a-th power MOSFET, and a voltage |
generated by parasitic capacitance coupling of the a-th power MOSFET; and

determining element values by which an added voltage becomes larger
than a threshold voltage of the a-th power MOSFET and smaller than a voltage
which is a sum of a threshold voltage determined based on a drain current
characteristic of the a-th power MOSFET and a +10% margin of the same, as the
element values of the a-th impedance switching part.
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