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(57) Abstract

A power integrated circuit pre-regulator AC/DC converter circuit which employs a slow tum-off lateral insulated gate bipolar transistor
(LIGBT) device (12) as the switching transistor so as to reduce the decay time of a current generated by the parasitic inductance (20) in
the circuit upon tun-off of the LIGBT device, thereby to substantially reduce the level of a ringing voltage produced at the drain of the
LIGBT device.
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Pre-regulator with protection against voltage ringing on turn-off.

BACKGROUND OF THE INVENTION

The present invention generally relates to power supply circuits and particularly
to a switching pre-regulator power integrated circuit which is protected against harmful
voltage ringing upon turn-off of the switching power transistor. More particularly, the
present invention relates to an AC/DC converter circuit comprising:

a pair of input terminals for connection to a source of AC supply voltage for
the converter circuit,

a pair of DC output terminals for supplying a load adapted to be coupled to said
output terminals,

a rectifier circuit coupled between the input terminals and the output terminals,

a load capacitor coupled to said output terminals,

a switching transistor connected in series circuit with the load capacitor to
output terminals of the rectifier circuit, and

a control circuit having an output coupled to a control electrode of the switching
transistor to supply a control signal that will turn off the switching transistor at a
predetermined level of the output voltage.

Such an AC/DC converter circuit is known from United States Patent No.
5,055,994.

A major problem in switching type pre-regulator circuits is that a large voltage
ring or oscillation occurs at the drain of the switching power field effect transistor (FET)
device upon turn-off of the FET device. This problem is especially acute when there is an
inductance in the circuit, either in the form of a discrete inductor or the ever present parasitic
inductance common to these types of circuit. At the same time, the power FET device
exhibits a parasitic capacitance between its drain and source electrodes. When the power
FET device is turned off, the current through the inductor or parasitic inductance cannot
drop to zero instantly and so it generates a large voltage ring (oscillation) at the drain of the
power FET device. This ringing voltage can often be large enough to destroy the power FET
device.

One common technique for solving this voltage ringing problem is to provide a
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so-called snubber circuit in order to reduce the voltage ring on turn-off of the power field
effect transistor device. In its simplest form, the snubber circuit consists of a resistor and
capacitor connected in series circuit between the drain and source electrodes of the FET
device. However, the additional components, resistor and capacitor, add to the cost of the
circuit and also increase the switching losses in the circuit.

The European Patent Application 0 380 881 describes a protection circuit for a
power MOSFET which drives an inductive load. This snubber circuit, comprising two
stages, regulates the gate current of a MOSFET in relation to the drain-to-source voltage at
turn-off so as to clamp transient inductive voltages to a non-destructive level. At the onset of
the turn-off, a current source is activated to discharge the gate capacitance and the snubber
circuit controls the magnitude of such current in relation to the sensed drain-to-source voltage
so as to stabilize this voltage at a non-destructive level. When the drain-to-source voltage
approaches its limit value, a current injection circuit supplies additional current to the gate so
as to sustain conduction in the MOSFET, again in relation to the sensed drain-to-source
voltage. When the inductive energy stored in the load is substantially dissipated, the drain-to-
source voltage falls, the current injection circuit is disabled and the conduction of the current
source is increased to complete the turn-off of the MOSFET. As can be seen, the complexity
and cost of this solution makes it rather unattractive in a competitive market.

The use of a pre-regulator circuit also provides an attractive alternative to
conventional switch mode power supplies (SMPS) because it avoids the use of inductive
components, although some small parasitic inductance may still be present. Furthermore,
since the pre-regulator circuit does not utilize a high-frequency switching transistor, it
develops a much lower EMI. However, prior art pre-regulator circuits for power supply
applications typically are difficult to integrate because it is hard to achieve accurate low
power sensing at high voltages and because peak switching currents as high as 10 amps can

appear in the circuit.

SUMMARY OF THE INVENTION

An object of the present invention is to provide an integrated circuit (IC) low
cost pre-regulator circuit which provides AC to DC conversion and which uses relatively few
components and produces relatively low levels of EMI noise.

Another object of the invention is to provide a pre-regulator circuit which
effectively suppresses, or at least substantially reduces, the ringing voltage that otherwise

occurs upon turn-off of the switching powcr FET device in the circuit.
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A further object of the invention is to provide a single chip IC AC to DC
converter that is a low cost, compact alternative to conventional switched mode power
supplies.

A still further object of the invention is to provide a pre-regulator power IC that
can supply a wide range of supply voltages to a variety of load circuits, including but not
limited to television receivers, DC motors and halogen lamps.

Another object of the invention is to provide a power integrated circuit that
provides a regulated variable DC output voltage operative with a wide range of input line
voltages and with high efficiency and low EMI.

A further object of the invention is to provide a power integrated circuit
AC/DC converter in which the control circuit and the power device are integrated on a single
chip IC and which avoids the use of inductive components.

The invention makes it possible to realize a low cost single chip IC variable
output pre-regulator circuit that switches at only 120 Hz and which does not use an inductor.

The above and other objects and advantages can be achieved by the above
specified AC/DC converter which is characterized in that the switching transistor is a slow

turn-off switching transistor. This power supply circuit substantially reduces any voltage ring
across the switching power device by using a slow turn- -off as the switchable power device.
The invention is based upon the recognition that the slow turn-off characteristic of a slow
turn-off switching transistor provides a simple and inexpensive expedient to the problem of
reducing the amplitude of the ringing voltage that normally occurs on turn-off of the power
device. The current in a slow turn-off switching transistor drops off to zero slowly, thereby
allowing the current through the parasitic inductance to decay slowly to zero, which in turn
reduces the level of any voltage ring. A lateral insulated gate bipolar transistor (LIGBT)
device can be used as the slow turn-off switching transistor.

The novel insight which underlies the present invention can be utilized to good
effect in a low power pre-regulator power supply circuit such as that described in the
published European Patent Application EP 0 622 889, the content of which is hereby
incorporated by reference. One form of LIGBT device having the required characteristics to
accomplish the objects of this invention is described in U.S. Patent No. 4, 989,058, and
which also is hereby incorporated by reference.

The pre-regulator circuit of the aforesaid published European Patent Application
includes a load capacitor in series with a switching power device, in that case a field effect

transistor. The capacitor voltage is differentially sensed by a control circuit which turns off
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the power device when the capacitor voltage reaches a predetermined voltage level. If there
is any parasitic inductance in the drain circuit of the FET power device, a large voltage ring
will appear at the drain of the FET power device when it is turned off. The use of an LIGBT
device, such as that described in U.S. Patent 4,989,058, or other device with a similar slow
turn-off characteristic in place of the FET power device will correct or substantially reduce
the voltage ring which otherwise would occur upon turn-off of the FET power device.

In order to minimize the area of an integrated circuit incorporating the
invention, a high density 500 volt LIGBT device which can deliver a peak current of 10A
with a very low on-resistance of about 0.33 ohms at a low on voltage of 3 volts is available
for use. In the case of an on voltage of only 3 V, the power dissipation in a 150 watt system

requiring 1A of current is only 3W, resulting in an efficiency of 98%.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objects, features and advantages of the present invention
will be better understood from the following detailed description when taken in conjunction
with the accompanying drawings, in which:

Fig 1. illustrates in partial block diagram form a preferred embodiment of the
present invention, and

Fig. 2 illustrates voltage and current waveforms that help to elucidate the

advantages of the invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

Fig. 1 of the drawing shows a diagram of a preferred embodiment of the
invention, incorporated into a power IC pre-regulator circuit of the type described in detail in
the published European Patent Application EP 0 622 889. The pre-regulator circuit receives a
sinusoidal AC input voltage of 115 V, 60 Hz (or a 50 Hz voltage) at a pair of input terminals
1, 2. This AC voltage is applied to a pair of input terminals of a full wave rectifier bridge
circuit 3 at whose output terminals a full wave rectified DC voltage is developed. This DC
voltage is applied to an output filter capacitor 4. An output voltage is available for a load
circuit (not shown) at the DC supply voltage output terminals 5, 6, which are coupled to the
output capacitor. The circuit is readily adaptable for use with a variety of loads, such as a
TV receiver, a DC motor, a halogen lamp, etc.

A differential voltage sensor circuit 7 has a first high voltage input terminal

coupled to DC output terminal 5 via a series connected resistor 8 and has a second high
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voltage input terminal directly coupled to the output terminal 6. The input of the differential
voltage sensor thus is connected in parallel with the filter capacitor 4. The differential
voltage sensor is preferably constructed in the manner described in the published European
Patent Application EP 0 621 638, the content of which is hereby incorporated by reference,
but is not limited to that topology. The differential voltage sensor may alternatively be
constructed with resistive voltage dividers and a comparator for comparing the attenuated
voltage difference between the voltages at output terminal 5 and output terminal 6. The
output 9 of the differential voltage sensor circuit 7 is coupled to a first input of a logic circuit
10.

A drain voltage sensor circuit 11 has its input coupled to the drain electrode of
a power switching transistor 12 via a resistor 13 and has its output coupled to a second input
of the logic circuit 10. The drain voltage sensor circuit 11 may be constructed with a
resistive voltage divider and a comparator for comparing the attenuated voltage with a
reference voltage. Another very suitable circuit for monitoring the drain voltage of a
transistor is described in the published European Patent Application EP 0 626 581, and
hereby incorporated by reference. The published European Patent Application EP 0 622 889
mentioned above also includes a differential voltage sensor circuit and a drain voltage sensor
circuit suitable for use in this invention.

A high voltage surge sensor circuit (not shown) may be provided in order to
sense a voltage surge due to a lightning strike on the supply line. The input of this circuit
would then be coupled via a resistor to the line connecting one output terminal of the
rectifier circuit 3 to the DC output terminal 5. The output of the voltage surge sensor circuit
would be connected to a further input of the logic circuit 10. The voltage surge sensor circuit
would monitor the supply voltage and if it sensed a large voltage surge, it would turn on the
power switch 12 thereby to connect the large filter capacitor 4 across the supply lines. The
filter capacitor would then absorb the energy due to the lightning strike.

In accordance with the invention, the power switch 12 consists of a lateral
insulated gate bipolar transistor (LIGBT) device which is characterized by its slow turn-off
characteristic. This device can be a transistor as described in U.S. Patent 4,989,058. The
LIGBT device 12 is connected in series circuit with the output capacitor 4 across the DC
output terminals of the full-wave rectifier circuit 3. The gate electrode of the LIGBT device
12 is triggered by a drive signal applied to it from the output of the logic circuit 10 via a
drive amplifier 16.

The switchable power device 12 and the control circuits therefor may be
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conveniently integrated on a single power IC chip illustrated diagrammatically by the dashed
box 17 in the drawing. The power supply for the circuit elements of the power IC 17 is
derived from a temperature compensated bandgap reference voltage regulator 18 which
produces, for example, a 7.5V DC voltage supply. The power IC may also include an on-
chip temperature protection circuit 19 having an output coupled to a further input of the logic
circuit.

The apparatus shown in the drawing can operate as a 500V pre-regulator power
IC which converts AC voltages from 30V to 260V at input terminals 1, 2 into DC voltages
in the range of 24V to 150V for operation of a load connected to output terminals 5, 6. The
load can include a TV receiver, a DC motor, etc. The LIGBT device 12 then operates as a
10 amp power switch.

The full wave diode bridge circuit 3 rectifies the AC supply voltage. The output
voltage at terminals 5,6 is continuously monitored by the on-chip differential voltage sensor
circuit 7. The differential voltage sensor circuit senses the differential output voltage at
terminals 5, 6 during the time when the input voltage is rising and produces a control signal
that is applied to the gate of the LIGBT device 12 via logic circuit 10 and driver amplifier
16. This control signal turns the power switch 12 off when a predetermined output voltage is
reached. The power switch remains off until the next input voltage cycle, when the output
capacitor 4 is recharged by turning on the power switch 12. As a result, the capacitor is
recharged about once every eight ms, and the output maintains a constant voltage whose
ripple is determined by the size of the capacitor and the value of the load current. The
capacitor supplies the load current when the power switch 12 is off. The DC output voltage
is limited to the predetermined value of the output voltage for an Ac input voltage variation
of 30V to 260V. Good output voltage regulation is obtained because the control circuit is
regulated by sensing the output voltage.

The drain voltage sensor circuit 11 senses the voltage at the drain of the LIGBT
power switch 12 when the input voltage is falling and supplies a second control signal to the
gate of the power switch via the logic circuit 10 and driver amplifier 16. The latter control
signal turns the power switch on again when the input voltage reaches a safe turn-on level.

In order to replenish the charge on the capacitor that is lost to the load during
the time when the power switch 12 is off, the power switch must be able to draw peak
currents as high as 10A in just a fraction of the AC cycle period. The LIGBT device is ideal
in the case of low frequency operation since it is a high current density device with a low on-

resistance value and has a relatively slow turn-off characteristic.
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The bandgap reference voltage regulator 18 can tap off its input voltage from
output terminal 5 of the apparatus. The voltage regulator 18 supplies, for example, a 7.5 volt
DC supply voltage to the various circuits on the power IC chip 17, such as the differential
voltage sensor, the drain voltage sensor, etc.

Although the output of the diode bridge rectifier circuit 3 is directly connected
to the output capacitor 4 and to the output terminal 5, there is nevertheless a small parasitic
inductance and a small supply line resistance in the circuit, which are represented by the
inductor 20 and the resistor 21 in the drawing. This parasitic inductance is the main cause of
the voltage ringing which occurs on turn-off of the power switch 12.

Fig. 2 shows some typical voltage and current waveforms of the turn-off
operation. These waveforms provide a comparison of the gate voltage of the power device,
the drain current through the power device, and the drain voltage of the power device when
a prior art fast turn-off device (e.g. LDMOS) is used and when a slow turn-off LIGBT
device is used as the power switch in accordance with the present invention. Figs. 2A, 2B
and 2C show the gate voltage, drain current and drain voltage, respectively, as a function of
time (t) for a fast turn-off LDMOS switching power transistor. As shown in Fig 2C, a large
ringing or oscillation voltage appears at the drain of the LDMOS power switch when it turns
off.

Figs. 2D, 2E and 2F show the corresponding waveforms of gate voltage, drain
current and drain voltage, respectively, when a slow turn-off LIGBT device is used as the
power switch. As can be seen in Fig. 2E, the drain current decreases relatively slowly upon
turn-off of the LIGBT device, resulting in a very substantial reduction in the amplitude of the
ringing voltage developed at the drain of the LIGBT device (Fig. 2F). Thus, the current in
the slow turn-off LIGBT device goes to zero relatively slowly, which allows the energy in
the parasitic inductance 20 to gradually decay to zero thereby reducing the voltage ring at the
drain of the LIGBT switching device 12.

The provision of a slow turn-off LIGBT device operating at a low frequency as
the power switching device in a pre-regulator circuit results in a power integrated circuit AC
to DC converter circuit (pre-regulator) having a high efficiency and low EMI, and providing
good regulation for a 1A load current with a variable DC output voltage from 24V to 150V
and with an AC input voltage range of from 30V to 260V. An IC pre-regulator AC/DC
converter circuit in accordance with the invention was tested in a 13 inch TV receiver and
exhibited much lower EMI noise, especially above 6MHz, than a conventional high

frequency switch mode power supply.



WO 96/17424 g PCT/IB95/00830

Although the invention has been particularly shown and described with
reference to a preferred embodiment thereof, it should be understood by those skilled in the
art that various changes in form and detail may be made without departing from the spirit

and scope of the invention.
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CLAIMS:

1. An AC/DC converter circuit comprising:

a pair of input terminals (1, 2) for connection to a source of AC supply voltage
for the converter circuit,

a pair of DC output terminals (S, 6) for supplying 2 load adapted to be coupled
to said output terminals (5, 6),

a rectifier circuit (3) coupled between the input terminals (1, 2) and the output
terminals (5, 6),

a load capacitor (4) coupled to said output terminals (5, 6),

a switching transistor (12) connected in series circuit with the load capacitor (4)
to output terminals of the rectifier circuit (3), and

a control circuit (17) having an output coupled to a control electrode of the
switching transistor (12) to supply a control signal that will turn off the switching transistor
(12) at a predetermined level of the output voltage, characterized in that the switching
transistor (12) is a slow turn-off switching transistor.
2. The AC/DC converter circuit as claimed in Claim 1 wherein said slow turn-off
switching transistor (12) comprises a lateral insulated gate bipolar transistor (LIGBT) device.
3. The AC/DC converter circuit as claimed in Claim 2 wherein said control circuit
(17) comprises:

a differential voltage sensor (7) having an input coupled to said load capacitor
(4) and an output (9) coupled to the control electrode of the LIGBT device (12), and

a drain voltage sensor (11) coupled to the drain electrode of the LIGBT device
(12) and an output coupled to the control electrode thereof.
4, The AC/DC converter circuit as claimed in Claim 1, said circuit having a
parasitic inductance (20) that normally produces a large ringing voltage at the drain electrode
of the switching transistor (12), said slow turn-off transistor being responsive to said control
signal to slow the decay of current therein and thereby slow the decay of current in the
parasitic inductance (20) so as to reduce the level of the ringing voltage on turn-off of the
switching transistor (12).

5. The AC/DC converter circuit as claimed in Claim 4, wherein said slow turn-off



10

WO 96/17424 0 PCT/IB95/00830
1

switching transistor (12) comprises a LIGBT device.
6. The AC/DC converter circuit as claimed in Claim 1, wherein said control
circuit (17) comprises:

a differential voltage sensor (7) having an input coupled to said load capacitor
(4) and an output (9) coupled to the control electrode of the LIGBT device (12), and

a drain voltage sensor (11) coupled to the drain electrode of the LIGBT device
(12) and an output coupled to the control electrode thereof.
7. The AC/DC converter circuit as claimed in Claim 6, wherein said control
circuit (17) further comprises a logic circuit (10) coupled between the respective outputs of
the differential voltage sensor (7) and the drain voltage sensor (11) and the control electrode
of the slow turn-off switching transistor (12).
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