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CONTROL OF INDUCTOR SWITCHING

The field of representative embodiments of this disclosure relates to methods, apparatus
and/or embodiments concerning or relating to control of inductor switching, in particular

for controlling the timing, or rate or speed of switch transitions.

There are various applications in which an electronic circuit may be switched between
different switch states to provide a controlled output, and in some cases the circuit may
include an inductor coupled to a switching node and/or there may be some significant
inductance coupled to a switching output node. One example of a such a circuit may be

an inductive DC-DC converter, such as a boost converter or a buck converter or the like.

Figure 1 illustrates one example of an inductive direct-current to direct-current (DC-DC)
converter 100, in this case a boost converter, for receiving an input voltage VIN and
providing an output voltage VOUT to a load (not illustrated). The boost converter of
figure 1 comprises transistor switches 101 and 102 and an inductor 103. For a boost
converter, the inductor 103 is connected between the input voltage VIN and a switching
node SW, the switch 101, which may be referred to as the high-side switch, is connected
in a switch path between the switching node SW and an output 104 for the output voltage
VOUT and the switch 102, which may be referred to as the low-side switch, is connected
in a switching path between the switching node SW and a defined voltage, in this
example ground. In use, as will be understood by one skilled in the art, the boost
converter alternates between two switch states. In one of these switch states, the high-
side switch 101 is off (or open), i.e. non-conductive, and the low-side switch 102 is on
(or closed), i.e. conductive, so that the inductor is electrically connected between the
input voltage and ground and the inductor current IL increases. In the other state, the
high-side switch 101 is on and the low-side switch 102 is off, so as to electrically connect
the input voltage to the output 104 via the inductor 103, so that the energy stored in the
inductor provides a boosted voltage at the output 104. By alternating between these

states with a controlled duty cycle, a desired output voltage VOUT can be provided.

When switching between the two states, it is important that the high-side and low-side
switches 101 and 102 are not both sufficiently on at the same time to allow a significant

shoot-through current. However, practically it will take a certain amount of time to fully



10

15

20

25

30

WO 2024/028563 PCT/GB2023/051632

2

turn off the relevant transistor switch, i.e. to transition from being fully on to being fully
off. Therefore, there may be a period, often referred to as a dead-time or non-overlap
period, following initiating turn off of one of the switches, which is sufficient to allow the
relevant switch to fully turn off, before initiating turn on of the other switch. The transition
between switch states may occur, however, when a significant current IL is flowing in the
inductor, which will continue to flow during the state transition. As will be understood by
one skilled in the art, the high-side and low-side transistor switches 101 and 102 will
generally have inherent body diodes 101a and 101b. As the relevant switch is turned
off, the inductor current IL may thus increasingly flow via a body diode of one of the

switches, until the other switch turns on.

Generally, it is desirable to turn the relevant switches off and on as quickly as possible,
to minimise switching conduction losses due to current flowing through a switch which is
only partly on and thus has a relatively high resistance. Also, conduction via a body
diode of one of the switches is generally more lossy than conduction through the relevant
switch when fully on. The time taken for the relevant transistor switch to turn off or on
depends on the switch drive signal applied, e.g. the gate drive strength for a MOS
transistor. However, a rapid change in current through the high-side or low-side
switching paths can potentially result in voltage spikes due to parasitic inductances
associated with the switching paths. Such voltage spikes can add to the voltage stress
on components, such as the switches, and therefore generally the rate of turn on or off
of the switches may be set so that the expected voltage transient would not exceed a

safe operating limit for the worst case expected operating conditions.

Similar issues can arise for other switching circuits that include significant inductance,
e.g. other inductor-based DC-DC converters, or a class-D driver or other switching driver

for driving an inductive load.

Embodiments of the present disclosure relate to methods and apparatus that at least

mitigate at least some of these issues.

According to an aspect of the disclosure, there is provided a switch driver for controlling
a switch transition in an inductive switching circuit. The switch driver is configured to

receive an indication of current through a diode associated with a first switch and
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dynamically control a switch transition of a second switch based on said indication of
current, so as to reduce the switch transition time, when possible, whilst maintaining a

voltage transient due to the switch transition within an acceptable range.

The first switch may be a transistor, and the diode associated with the first switch is a

body diode of the first switch.

In some examples, the switch driver may be configured to dynamically control a slew
rate of the switch transition of the second switch based on the indication of current. The
indication of current may be a portion of current through the diode which is tapped from
the diode.

In some implementations, the indication of current may be fed-back in a closed loop to
vary a drive strength of a drive signal applied to the second switch. The second switch
may be a Negative channel Metal-Oxide Semiconductor (NMOS) switch and the
indication of current may be fed-back to a gate terminal of the NMOS switch so as to

dynamically control a slew rate of turn off of the NMOS switch.

In some embodiments, the indication of current may be monitored by a driver controller
to provide open-loop control of the slew-rate. The driver controller may comprise a
comparator configured to compare the indication of current to a threshold. An output of
the comparator may control a drive strength of a drive signal applied to the second
switch. The switch driver may be configured to dynamically control the slew rate of a
turn off switch transition of the second switch, so as to reduce the slew rate if the output

of the comparator indicates that the indication of current exceeds the threshold.

The switch driver may be configured to control the timing of initiation of a turn on switch
transition of one of the first and second switches based on the indication of current
through said diode associated with the first switch. The switch driver may be configured
to detect the onset of the current through the diode associated with the first switch to
trigger said turn on switch transition of the one of the first and second switches. The
switch driver may be further configured to receive an indication of current through the
relevant one of the one of the first and second switches that is triggered to turn on and

may be configured to dynamically control the switch transition of the second switch also
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based on the indication of current through that one of the one of the first and second

switches that is triggered to turn on.

The switch transition of the second switch may be a turn off transition, and the switch
driver may be further configured to control the timing of initiation of a turn on switch
transition of the first switch based on said indication of current through the diode

associated with the first switch.

In some embodiments, the inductive switching circuit comprises a DC-DC converter or a

class-D driver.

In another aspect, there is provided a method of controlling a switch transition in an
inductive switching circuit. The method comprises providing an indication of current
through a diode associated with a first switch, and dynamically controlling a switch
transition of a second switch based on said indication of current so as to reduce the
switch transition time when possible whilst maintaining a voltage transient due to the

switch transition within an acceptable range.

The first switch may be a transistor, and the diode associated with the first switch may
be a body diode of the first switch. The indication of current may be a portion of current

through the diode which is tapped from the diode.

In some examples, the indication of current may be fed-back in a closed loop to vary a
drive strength of a drive signal applied to the second switch. In some examples, the
indication of current may be monitored by a driver controller to provide open-loop control

of the slew-rate.

In a further aspect there is provided a switch driver for controlling a switch transition of a
first switch in an inductive switching circuit, the switch driver being configured to: receive
an indication of current through a replica device, where the replica device is a scaled
replica of the first switch which is driven with a drive signal corresponding to a first driver
signal for the first switch; and dynamically control a slew rate of a switch transition of the

first switch based on said indication of current so as to reduce the switch transition time
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when possible whilst maintaining a voltage transient due to the switch transition within

an acceptable range.

In a yet further aspect, there is provided a switch driver for controlling a switch transition
of a first switch in an inductive switching circuit, the switch driver being configured to:
compare an indication of voltage at a switching node to a first threshold; and dynamically
control a slew rate of a switch transition of the first switch based on said comparison so
as to reduce the switch transition time when possible whilst maintaining a voltage

transient due to the switch transition within an acceptable range.

It should be noted that, unless expressly indicated to the contrary herein or otherwise
clearly incompatible, then any feature described herein may be implemented in

combination with any one or more other described features.
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For a better understanding of examples of the present disclosure, and to show more
clearly how the examples may be carried into effect, reference will now be made, by way

of example only, to the following drawings in which:

Figure 1 illustrates one example of a boost converter,

Figure 2 illustrates an example of a boost converter with a switch driver for dynamically

controlling the rate of a switch transition;

Figure 3 illustrates an example of a switch driver with closed loop control;

Figure 4 illustrates an example of a switch driver with open loop control,

Figure 5 illustrates example waveforms associated with a switch transition in a boost

converter;

Figure 6 illustrates an example of switch drive control circuitry with a replica device; and

Figure 7 illustrates an example of switch control circuitry for monitoring a voltage at the

switching node.

The description below sets forth example embodiments according to this disclosure.
Further example embodiments will be apparent to those having ordinary skill in the art.
Further, those having ordinary skill in the art will recognize that various equivalent
technigues may be applied in lieu of, or in conjunction with, the embodiments discussed
below, and all such equivalents should be deemed as being encompassed by the present

disclosure.

Embodiments of the disclosure relate to methods and apparatus for controlling switching

in inductive switching circuits, and in particular to dynamic control of a switch transition.

As noted above, in inductive switching circuits, such as the boost converter described in

figure 1, the circuit may be alternated between different switch states to provide a
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controlled output. When switching, to transition between states, there may be a dead
time between initiating turn off of one switch before initiating turn on of the other switch,
e.g. to prevent current shoot through, and the rate of turn off and turn on of the switches
may be limited, so as to limit the extent of a voltage spike that can occur due to a change
in current through an inductance connected to one of the switching paths during the

switch transition.

For example, referring back to figure 1, this figure illustrates that there is an inductance
105 coupled to the output 104, for instance due (at least partly) to parasitic inductance
associated with the output signal path, e.g., where the boost converter is implemented
as an integrated circuit connected to a printed circuit board (PCB), there may be parasitic
inductance from conductive traces on a PCB connected to the output 104. The presence
of inductance 105 can result in an induced voltage spike if the current flowing through

the output path, and hence through the inductance 105, changes rapidly.

When the boost converter is in the switch state with the high-side switch 101 off and the
low-side switch 102 on, current will flow from VIN, through the inductor 103 and the low-
side switch 102. When the low-side switch 102 turns off, the voltage at the switching
node SWwill rise until the body diode 101a of the high-side switch 101 becomes forward
biased and then the inductor current IL will increasingly flow via this body diode to the
output 104, and on to the load. The rapid increase in current through the parasitic
inductance 105 can cause a positive voltage spike at the output 105, which in turn can
lead to an increase in the voltage at the node SW. The magnitude of this voltage spike
depends on the rate of change of current dl/dt through the parasitic inductance 105,
which in turn depends on the magnitude of the inductor current IL and how quickly the

low-side switch 102 is turned off.

When the high-side switch 101 is subsequently turned on, the current will cease flowing
via the body diode 101a and will flow via the channel of the high-side switch 101, and
there will be no significant variation in current through the parasitic inductance 105, and
thus no voltage spike. Likewise (providing the current through inductor 103 has not
reversed direction) when the high-side switch 101 is then later turned off, the inductor
current IL will then increasingly flow via the body diode 101a of the high-side switch, with

no significant change in current through the parasitic inductance 105.
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However, when the low-side switch 102 is then turned on, the inductor will increasingly
flow via the low-side switch 102, rather than the body diode 101a of the high-side switch
101. This change in current flow can lead to a rapid decrease in the current flowing
through the parasitic inductance 105, which can result in a voltage spike at the output
104. In this case, the voltage spike at the output 104 would be a negative spike, but due
to the interaction of the inductance 105 with some capacitance, which may be a parasitic
capacitance (not illustrated), the voltage spike may result in oscillation or ringing in
voltage at the output. The negative voltage spike results in a voltage difference across
the inductance 105, and when the current through the body diode 101a drops to zero,
this voltage across the inductor may lead to a reverse current through the parasitic
inductor 105, which builds until the voltage across the inductor is zero. At that point,
however, there may still be a current through inductance 105, and this current may cause
the voltage at the output to positively increase, until the current stops flowing, in which
case the positive voltage may then drive a positive current through the inductance 105.
The voltage at the output 104 may thus oscillate or ring for a while until the current
through the inductance 105 decays to zero and remains stable. Again, the magnitude of
the initial voltage spike and subsequent voltage ringing depends on the rate of change
of current through the inductance 105, which depends on how quickly the low-side switch

102 is turned on.

The discussion above assumes that the inductor current IL remains positive throughout
the whole duty cycle, but it will be understood that if a reverse inductor current to flow at
any point during the state transition, the relevant body diode 101a or 101b that carries
the reverse current may differ, but again any rapid change in current through inductance

105 would result in a voltage spike.

Also, it will be appreciated that there may also be some inductance between the second
switch 102 and ground, e.g., a parasitic inductance due to conductive traces on a PCB
ground path. Any rapid changes in current through such an inductance may also lead to

a voltage spike.

These voltage spikes can add to voltage stress across components of the boost

converter, for instance the switches 101 and/or 102. As noted, the magnitude of the
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voltage spike depends on the rate of change of current, which itself depends on the
magnitude of the inductor current IL at the time of switching and also the rate of turn on
or turn off of the relevant switch. Generally, the drive signal that determines the rate of
turn on or off of the relevant switch is fixed and set so that, for the maximum expected
inductor current IL, the resulting voltage spike would not exceed a maximum allowable

voltage tolerance, e.g. a drain-source voltage across the relevant transistor.

In embodiments of the present disclosure, at least one switch transition, turn on and/or
turn off, of at least one of the switches may be dynamically controlled based on an
indication of current flowing in one of the switching paths. In some embodiments, the
dynamic control may dynamically control a switch drive signal, e.g. the gate drive, based
on such an indication of current so as to limit, when required, the rate of change of
current, and hence the magnitude of any voltage spike, to not exceed a defined limit.
This control may allow the relevant switch to be turned on or off as fast as possible,
without exceeding the defined limit, i.e. whilst maintaining the voltage spike within an

acceptable range.

In some embodiments, the indication of current for controlling turn on or turn off of one
of the switches may be an indication of the current flowing in a diode associated with the
other switch, e.g. the turn on or turn off of the low-side switch may be based on an
indication of the current flowing via the diode associated with the high-side switch or vice
versa. The diode may conveniently be the body diode of the relevant transistor switch,
e.g. abody diode of the high-side transistor switch, but in some embodiments, a separate
diode may be implemented in parallel with the relevant switch, as part of the switching
path, to allow for current flow during a state transition, and the indication of diode current
may thus be an indication of current through such a separate diode. As described above,
the voltage spikes of concern occur when the current through the switching paths
changes rapidly, which occurs when one of the switches is being turned on or off, and
this switching results in a change in current flow via the body diode of the switch of the

other switching path.

Figure 2 illustrates generally an example of a switching inductor circuit 200 according to
an embodiment, in this case a boost converter in which similar components as discussed

with reference to figure 1 are identified by the same references. Figure 2 illustrates that



10

15

20

25

30

WO 2024/028563 PCT/GB2023/051632

10

a driver 201 is provided for generating the switch drive signals for the high-side and low-
side switches 101 and 102 respectively, where the driver 201 is configured to
dynamically control at least one of the switch drive signals for turn on or turn off of the

relevant switch.

Thus, for example, consider the state transition from the state with the high-side switch
101 off and the low-side switch 102 on, to the state with the high-side switch 101 on and
the low-side switch 102 off. The state transition may be triggered by a converter
controller (not illustrated). In response to the trigger, the driver 201 will generate a drive
control signal to turn the low-side switch 102 off. During the turn off of the low-side switch
102, the driver controller 201 may receive an indication of the current through diode 101a
associated with the high-side switch and, based on this indication of diode current,
control the drive signal applied to the low-side switch 102 so as to dynamically control
the rate of turn off (i.e. the slew rate of the switch transition) so as to generally provide
as fast a turn off as possible, whilst maintaining any voltage transient within an

acceptable range.

There are various ways in which the switch driver 201 may control the relevant switch
drive signal based on the indication of diode current. In some embodiments, there may
be a closed loop control so as to automatically vary the switch drive signal with the
indication of diode current. In some embodiments, open-loop control may be

implemented.

Figure 3 illustrates one example of how the turn off of the low-side switch 101 (in this
example an NMOS device) may be dynamically controlled with closed loop control.
Figure 3 illustrates that a low-side switch driver 301 generates a drive signal for the gate
of the low-side switch. Figure 3 also illustrates the high-side transistor 101 as having an
associated bipolar pnp (which comprises the diode 101a) and illustrates that the collector
of this bipolar pnp may be tapped to provide a current to the gate of the low-side switch
102. One skilled in the art will be aware that there may be multiple ways in which the
relevant current may be tapped from the high-side transistor 101 to provide an indication

of the current flowing through the associated diode 101a.
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In use, when the low-side switch 102 is on, all the inductor current IL will flow via the low-
side switch 102. Following a trigger for a state transition, the low-side switch driver 301
will generate a drive signal with a defined strength so as to turn the low-side switch 102
off, which for an NMOS will drive the gate voltage low. As the low-side switch 102 turns
off, the voltage at node SW will rise and current will begin to flow in the emitter of the
bipolar pnp. An equal current will flow in the collector, and the tapped current from the
collector will flow into the gate of the low-side switch 102. This tapped current supplied
to the gate of the low-side switch 101 effectively reduces the strength of the discharge
drive signal from the low-side switch driver 301 and provides negative feedback so as to
limit the rate of turn off of the low-side switch. The strength of the drive signal applied to
the gate of the low-side switch 102 may thus be relatively high, so as to turn the second
switch 102 off quickly, unless and until a significant current starts to flow via the collector
of the pnp which automatically results in the drive strength being reduced so as to limit
the rate of turn off. The collector current may be scaled by area so as to tap a desired
portion of the current through the diode 101a of the high-side switch 101 so as to provide

a desired feedback strength.

Figure 4 illustrates one example of how the turn off of the low-side switch 101 (in this
example an NMOS device) may be controlled with open loop control. Figure 4 (like figure
3) illustrates that a low-side switch driver 301 generates a drive signal for the gate of the
low-side switch 102, and that the high-side transistor 101 has an associated bipolar pnp,
with the collector of the bipolar pnp being tapped to provide an indication of current
through the diode 101a. In the example of figure 4, however, this indication of current is
monitored by a drive controller 401 so as to control the turn off of the low-side switch
102. In this example, the collector current is passed through a resistor 402 to generate
a corresponding voltage which is compared to a reference voltage REF by comparator
403. If the collector current causes the monitored voltage to exceed the reference REF,
the comparator 403 output trips to activate some control over the slew rate, for example
by reducing the drive strength of the low-side switch driver 301, so as to reduce the rate

of turn off of the low-side switch 102.

The relevant reference voltage REF may be set with regard to the resistance of resistor

402 so that the comparator trips at a certain desired level of diode current. The relevant
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threshold may be set so as to minimise the effect of static offset and transient delays. In

some embodiments, the value of the reference voltage may be programmable.

Whilst the closed loop control discussed with reference to figure 3 may provide a very
simple feedback control mechanism, the feedback should be implemented so as to avoid
introducing any significant stability issues. The open loop control discussed with
reference to figure 4 may avoid any such stability issues, and the output of comparator
403 provides a digital control signal for controlling the turn off of the low-side switch 102.
Also, as mentioned, the diode current at which the slew rate control is initiated may be
programmable by varying the voltage reference REF and/or the resistance of the resistor
402.

It will be understood that figure 4 illustrates just one example of a suitable drive controller
401, which may be implemented using relatively small and low-cost components, but
that other ways of monitoring the indication of the diode current and/or controlling the

drive of the low-side switch 102 may be implemented.

It should also be understood that whilst figures 3 and 4 illustrates control over the turn
off of the low-side switch, the same principles may be used to control turn on of the low-
side switch, although, in that case, where the low-side switch is an NMOS device,
slowing down the rate of turn on of the low-side switch 102 may involve reducing a
positive drive current to the gate. Thus, for the closed loop control, the tapped collector
current would not be applied directly to the gate of the low-side switch 102, but used to
control transfer charge from the gate, e.g. by utilising a suitable current mirror

arrangement or the like.

It will also be understood that, as noted above, for a boost converter with a positive
current, turn on and turn off of the high-side switch 101 may not lead to any rapid change
in current in the switching paths, but if a reverse current were to flow, the same principles
could be applied to control turn on and turn off of the high-side switch 101 by monitoring
the extent of diode conduction via the diode of the low-side switch. It will also be
understood that the same principles could be applied to other inductive switching circuits,
such as buck converters or class D amplifiers or the like. In general, at least one switch

transition of at least one switch, e.g. a transition of a high-side switch 101 and/or a
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transition of a low-side switch 102, may be controlled based on monitoring current of a
diode associated with another relevant switch, e.g. the low-side switch 102 or the high-

side switch 101 as appropriate.

In some embodiments, the indication of the diode current may additionally or alternatively
be used, during a state transition, to determine when to turn on one of the switches after
initiating the switch transition to turn the other switch off (e.g. to determine when the high-

side switch should be turned on after initiating turn off of the low side switch).

As noted above, generally a defined dead time is implemented between initiating turn off
of one of the switches and subsequent turn on of the other switch, to avoid the risk of
both switches being in a low resistance state at the same time. In embodiments of the
present disclosure, however, as the relevant switch is turned off, the onset of diode

conduction may be used to control timing of turn on of the other switch.

For instance, for a boost converter such as illustrated in figure 2, the indication of diode
current may be used by driver 201 to not only control the rate of turn off of the low-side
switch 201 but also to control when subsequently to initiate turn on the high-side switch
101.

Figure 5 illustrates some example waveforms for the boost converter for a transitioning
the low-side switch 102 from on to off, whilst the high-side switch 101 remains off, as
would be conventional. Figure 5 illustrates the gate voltage of the low-side switch Vg,
the drain current of the low-side switch Ip.s, the drain voltage for the low-side switch Vp.s,
and the diode current Ipiooens through the diode 101a of the high-side switch 101. It will
be understood that the waveforms illustrated in figure 5 are for illustrative purposes only

and are simplified or idealised for clarity.

Before the start of the state transition at t1, the gate voltage of the low-side switch VaLs
is high and the low-side switch 102 is fully on. The inductor current IL flows via the low-
side switch 102. In this state, with the low-side switch 102 on and the high-side switch
101 off, the inductor current IL will be increasing, but over the timescale of the switch
transition illustrated, this change in the inductor current IL may be relatively low (and thus

will be ignored for clarity).
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At time t1, the state transition is initiated, and the low-side 102 switch starts to turn off.
The driver for the low-side switch 102, e.g. driver 201, may thus start to drive the gate
voltage of the low-side switch Vars low. Initially, the low-side switch 102 will still be able
to pass all the inductor current IL, albeit with an increased resistance. Attime t2 however,
the low-side switch 102 may not be able to pass all the inductor current without an
increase in drain voltage. Thus, the drain voltage starts to rise. At this point in the
transition, coupling of the drain gate capacitance means that the rate of change of the
gate voltage slows down and the gate voltage may become substantially constant
(sometimes referred to as the Miller plateau). Figure 5 illustrates that the drain current
IoLs of the low-side switch 102 may remain substantially at the level of the inductor current
— in practice however for the drain voltage to rise, the drain current of the low-side switch
102 may be slightly less than the inductor current IL. The drain voltage rises until time
t3 when the drain voltage is a diode voltage above the output voltage Vout and the diode
101a of the high-side switch 101 becomes forward biased and starts conducting. As the
gate voltage Veais is still being driven low, the gate voltage then continues to drop and
the drain current of the low-side switch 102 drops, with the inductor current IL
increasingly flowing via the diode 101a of the high-side switch 101, until a time t4 when

all the inductor current is flowing via the diode 101a.

Conventionally, the high-side switch would only be turned on at some later time, t5, at
which point the inductor current IL would increasingly flow via the channel of the high-

side switch 101 and the diode conduction will cease.

In embodiments of the disclosure, the high-side switch 101 may, instead, be turned on
after diode conduction is detected, i.e., any time from t3 in the illustrated waveforms.
Once the diode 101a starts conducting, the low-side switch 102 will pass less than the
full inductor current IL. If the high-side switch 101 is then turned on at this point, there
will be no shoot through current, the low-side switch 102 will continue to pass a reducing
amount of current as the gate voltage drops, with the difference between the inductor
current and the drain current of the low-side switch flowing via a combination of the diode

101a and the high-side switch 101 as it turns on.
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The onset of diode conduction may be detected in a variety of ways, for instance using
the drive controller 401 illustrated in figure 4, with the reference voltage REF being set
to an appropriate level such that the comparator 403 triggers once a defined collector
current flows so as to reliably indicate diode conduction. In some embodiments, the
drive controller 401 may thus monitor the collector current against multiple thresholds,
where a first threshold indicative of diode conduction is used to trigger the turn on of the
high-side switch 101 and at least a second threshold may be used to determine when to

apply drive strength control for the turn off of the low-side switch 102.

The onset of conduction of the diode 101a may thus be used as a trigger to turn the high-
side switch 101 on, without a risk of current shoot through. Turning the high-side switch
101 on at this point may, however, reduce the amount of conduction via the diode which
may be beneficial in terms of reducing power loss due to conduction via the more
resistive diode, but also reducing the amount of substrate current which may interact with
other circuitry and/or reducing the requirements for guard rings, with associated circuit

area requirements.

In this case, the high-side switch 101 may thus start to turn on and start passing some
of the current whilst the low-side switch 102 is still turning off. Thus, as the low-side
switch 102 progressively turns off, the required current may start to be passed by both
the high-side switch 101 and its body diode 101a in parallel until the high-side switch 101
is sufficiently on so that all the current passes via the high-side switch 101. In this case,
the rate of turn-off of the low-side switch 102 still determines the rate of change of current
through the switching paths, and hence through the inductance 105, but monitoring the
current through the body diode 101a during the turn off of the low-side switch 102 may

provide an indication of part of the overall current.

In such a case, therefore the current through the high-side switch 101 may additionally
be monitored, with the rate of turn off of the low-side switch 102 being controlled based
on the combined current through the high-side switch 101 and the associated diode
101a. There are various ways that the current through the high-side switch 101 could
be monitored, for instance by providing a sense device in parallel with the high-side

switch 101 to monitor the current. The rate of turn-off of the low-side device 102 may
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then be controlled in the similar manner as discussed above based on the combined

current through the high-side switch 101 and associated diode 101a.

Similar principles may be applied for other state transitions, e.g. for the other state
transition for a boost converter where the high-side switch 101 turns off and the low-side
switch 102 turns on, or for different state transitions for other inductive switching circuits.
Where one switch is turned off before another switch is turned off, an indication of current
through the relevant diode that carries the current as the relevant switch turns off may
be monitored, and the onset of diode conduction used to trigger turn on of the other

switch.

The embodiments discussed with reference to figures 2 to 4 monitor an indication of
current through at least one of the switching paths by tapping a current from a diode of
one of the switching paths. This current monitoring provides a convenient indication of
the extent of any slew-rate control required and also inherently indicates the time at
which the slew-rate control is needed, which may allow the slew-rate to be varied
throughout the duration of the switch transition and indicates that the slew-rate need only
be limited for part of the switch transition. The diode current may additionally or
alternatively be used to control timing of the switch transitions to minimise the dead time
between initiating turn off of one switch and subsequent turn on of the other switch. In
this case, as the one switch may still be turning off whilst the other switch starts to turn
on, the relevant diode current may be combined with a measure of the current through
the associated switch. Embodiments of the present disclosure involve the controlling of

switching using a diode current.

However, in some embodiments, the slew-rate may be dynamically controlled in other
ways. In some embodiments, the slew-rate of the switch transition may be controlled
based on an indication of current in the switching paths which is obtained by monitoring
the current through a replica device, where the replica device provides an indication of
the current through one of the switches. The current through the replica device may be

monitored and used to dynamically control switching of the relevant switch.

Figure 6 illustrates one example of switch driver circuitry 600 for dynamically controlling

one of the switches, in this example the low side switch 102, but similar principles may
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be applied to controlling the high-side switch 101 if desired. Figure 6 illustrates that the
gate of the low-side switch 102 may be selectively driven with a gate charge current from
current source 601a or with a gate discharge current from current source 601b. The
term current source shall be taken to refer to an element that provides a defined current,
whether positive or negative, and thus the term current source as used herein will cover
elements that provide current sink functionality. The current sources 601a and 601b may
be configured to provide a defined current strength when active so as to provide a first
rate of change of turn on or turn off for the low-side switch 102. The relevant current
source 601a or 601b may be selected by respective control signals LS_ON and LS_OFF,
which may be generated by a non-overlap controller in response to a control input (not
illustrated) so as to have a short non-overlap period so that both current sources are not

connected to the gate at the same time.

In addition, the switch driver circuitry 600 comprises a current monitoring block 603. The
current monitoring block 603 comprises a replica device 604, which is a scaled replica
of the low side switch 102, e.g. with a channel width of W/N where W is the width of the
channel of the low-side switch 102 and N is the scaling ratio. The gate of the replica
device 604 is driven with the gate drive signal for the low-side switch 102. In use, the
current of the replica device 604 may thus provide an indication of the current through
the low-side switch 102 which may be used to selectively vary the drive strength applied

to the gate of the low-side switch.

In the example of figure 6, the current through the replica device 604 is effectively
compared to a reference current, which corresponds to the inductor current IL at the time
of the switch transition, scaled by the scaling ratio N, i.e. the reference current equals
IL/N. As illustrated in figure 6, a current source 605, such as current DAC, may be
controlled to provide the reference current. The value of the inductor current IL may be
determined by sensing the actual inductor current IL, or by monitoring the input and

output voltage together with an indication of average inductor current.

In the example of figure 6, the replica device 604 is connected in series between the
reference current source 605 and ground, and the voltage at a node between the
reference current source 605 and replica device 604 is monitored. If the replica device

604 is able to pass all the reference current, the voltage at the monitored node will be
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low, but when the reference current is greater than the current passed by the replica

device 604, the voltage at the monitored node will go high.

This voltage at the monitored node thus indicates whether the reference current, is
greater or lower than the current of the replica device 604, which may be used to
controllably vary the drive strength for the low side switch 102. In the example of figure
6, this comparison is used to selectively control connection of current source 606a
together with current source 601a to increase the gate charge current to provide a faster
rate of turn on or the selective connection of current source 606b together with current

source 601b to increase the gate discharge current to provide a faster rate of turn off.

For turn on of the low-side switch 102, only the current source 601a may be initially
connected, so as to provide an initially relatively slow rate of turn on. However, once all
the refence current is being passed by the replica device 604, this reference current level
indicates that all the inductor current IL will be being passed by the low-side switch 102,
and at this point the turn on strength of the low side switch 102 may be increased, by
connecting current source 606a, to turn the low-side switch 102 on faster and reduce
switch conduction losses, without, at this point, any rapid change in current in the
switching paths and associated voltage spike. Figure 6 thus illustrates that the monitored
voltage may be input to a NOR gate together with an inverted version of the turn on
control signal LS_ON to control switching of the current source 606a, although it will be
understood that this embodiment is just one example and other control embodiments

may be used.

For turn off of the low-side switch 102, both the current sources 601b and 606b may be
initially connected together to the gate, so as to provide an initially relatively fast rate of
turn off. However, once all the refence current is no longer being passed by the replica
device 604, this lack of reference current level indicates that all the inductor current IL
will be no longer be being passed by the low-side switch 102, and at this point the turn
off rate of the low side switch 102 may be decreased, by disconnecting current source
606b, to reduce the rate of turn off and limit any associated voltage spike. Figure 6 thus
illustrates that the monitored voltage may be inverted, and input to a NAND gate together

with an inverted version of the turn on control signal LS_OFF to control switching of the
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current source 606b, although it will be understood that this embodiment is just one

example and other control embodiments may be used.

Figure 6 illustrates that the control signals LS_ON and LS_OFF may be used directly to
control switching of the current sources 601a and 601b, but in practice, there may be
some elements such as inverters used to equalise propagation delays with the control

paths for current sources 606a and 606b.

The drive strength of the current sources 606a and 606b may be programmable and
may, in some embodiments, be variable based on one or more operating parameters of
the circuit, such as temperature, input voltage, output voltage or inductor current IL so
as to set the rate of change of voltage of the switch node SW with regard to

electromagnetic interference (EMI) performance.

In some embodiments the slew-rate of the switch transition may be dynamically

controlled based on an indication of the voltage at the switching node SW.

Figure 7 illustrates one example of a monitoring circuit 700 that effectively implements
a common-gate comparator for comparing the voltage at the switching node SW with a
reference VREF. Transistors 701 and 702 in respective first and second circuit branches
with respective current sources 703 and 704 have a common gate tied to the first circuit
branch. The fixed reference VREF is applied to the first circuit branch, and the voltage
at node SW is applied to the second circuit branch. Depending on the applied voltages,
there may be additional transistors in the first and second circuit branches to manage
the voltage stress. If the voltage SW is greater than the reference VREF, the resulting
current in the second circuit branch may be greater than the defined current of the current
source 704, causing the voltage at node 705 to increase. This voltage increase causes
the output transistor 706 to, in this example, pull the output low to generate a slew control
signal SLEW. The slew control signal SLEW thus goes low when the voltage at the
switching node SW exceeds the reference VREF. The reference VREF may be set with
regard to the expected voltage at the switching node SW at the point that the relevant
diode conduction begins, and may, for instance, be set with regard to the output voltage.
As discussed above, for instance with respect to figure 5, as the low-side switch 102

turns off, the voltage at the switching node may rise until such point that the diode 101a
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of the high-side switch 101 becomes forward biased and starts conducting. The
reference VREF may thus be set at the level which indicates diode conduction via the
high-side diode 101a so as to just enable slew control to reduce a switch transition speed

when required.

Embodiments of the present disclosure thus provide for dynamic control of switch
transitions in an inductive switching circuit. By dynamically controlling the rate of at least
some switch transitions, the relevant switches may be turned off or on more quickly when
possible, so as to reduce power losses, whilst maintaining any induced voltage transient
or stress due to the switch transition within acceptable limits. In some embodiments, the
dynamic control may be based on an indication of current through a diode in one of the
switching paths, which may be an inherent body diode of one of the transistor switches.
In some embodiments, the onset of diode conduction when one switch is being turned
on may be used to control the timing of turn on of the other switch. In some
embodiments, the indication of current in a switching path may be provided by monitoring
the current through a device which is a scaled replica of the relevant switch. In some
embodiments, the voltage at a switching node may instead by monitored to dynamically

control the switching.

The methods and apparatus of this disclosure may be applied to any inductive switching
circuit, where an inductor is connected to a switching node that connects to at least two
different switching paths, with the switching paths being controllably switched on and off.
In particular, the methods and apparatus may be applied for switching of inductor based

DC-DC converters or switching drivers such as class D amplifiers or the like.

Embodiments may be implemented as an integrated circuit, although in some
embodiments the relevant inductor may or may not be integrated as part of the circuit
and in some cases may be an off-chip component . Embodiments may be implemented
in a host device, especially a portable and/or battery powered host device such as a
mobile computing device for example a laptop, notebook or tablet computer, or a mobile
communication device such as a mobile telephone, for example a smartphone. The
device may be a wearable device such as a smartwatch. The host device may be a
games console, a remote-control device, a home automation controller or a domestic

appliance, a toy, a machine such as a robot, an audio player, a video player. It will be
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understood that embodiments may be implemented as part of a system provided in a
home appliance or in a vehicle or interactive display. There is further provided a host

device incorporating the above-described embodiments.

The skilled person will recognise that some aspects of the above-described apparatus
and methods, for instance aspects of controlling the switching control signals, may be
embodied as processor control code, for example on a non-volatile carrier medium such
as a disk, CD- or DVD-ROM, programmed memory such as read only memory
(Firmware), or on a data carrier such as an optical or electrical signal carrier. For some
applications, embodiments may be implemented on a DSP (Digital Signal Processor),
ASIC (Application Specific Integrated Circuit) or FPGA (Field Programmable Gate
Array). Thus, the code may comprise conventional program code or microcode or, for
example code for setting up or controlling an ASIC or FPGA. The code may also
comprise code for dynamically configuring re-configurable apparatus such as re-
programmable logic gate arrays. Similarly, the code may comprise code for a hardware
description language such as Verilog ™ or VHDL (Very high-speed integrated circuit
Hardware Description Language). As the skilled person will appreciate, the code may
be distributed between a plurality of coupled components in communication with one
another. Where appropriate, the embodiments may also be implemented using code
running on a field-(re)programmable analogue array or similar device in order to

configure analogue hardware.

It should be noted that the above-mentioned embodiments illustrate rather than limit the
invention, and that those skilled in the art will be able to design many alternative
embodiments without departing from the scope of the appended claims. The word
“comprising” does not exclude the presence of elements or steps other than those listed
in a claim, “@” or “an” does not exclude a plurality, and a single feature or other unit may
fulfil the functions of several units recited in the claims. Any reference numerals or labels

in the claims shall not be construed so as to limit their scope.
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CLAIMS

1.

A switch driver for controlling a switch transition in an inductive switching circuit,
the switch driver being configured to:
receive an indication of current through a diode associated with a first
switch; and
dynamically control a switch transition of a second switch based on said
indication of current so as to reduce the switch transition time when
possible whilst maintaining a voltage transient due to the switch

transition within an acceptable range.

The switch driver of claim 1 wherein said first switch is a transistor and said diode

associated with the first switch is a body diode of the first switch.

The switch driver of claim 1 or claim 2 wherein the switch driver is configured to
dynamically control a slew rate of the switch transition of the second switch

based on said indication of current.

The switch driver of claim 3 wherein said indication of current is a portion of

current through the diode which is tapped from the diode.

The switch driver of claim 3 or claim 4 wherein said indication of current is fed-
back in a closed loop to vary a drive strength of a drive signal applied to the

second switch.

The switch driver of claim 5 wherein the second switch is an NMOS switch and
wherein said indication of current is fed-back to a gate terminal of the NMOS

switch so as to dynamically control a slew rate of turn off of the NMOS switch.

The switch driver of claim 3 or claim 4 wherein said indication of current is

monitored by a driver controller to provide open-loop control of the slew-rate.

The switch driver of claim 7 wherein said driver controller comprises a

comparator configured to compare said indication of current to a threshold and
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an output of the comparator controls a drive strength of a drive signal applied to

the second switch.

The switch driver of claim 8 wherein the switch driver is configured to dynamically
control the slew rate of a turn off switch transition of the second switch so as to
reduce the slew rate if the output of the comparator indicates that said indication

of current exceeds said threshold.

The switch driver of any of claims 1 to 9 wherein the switch driver is configured to
control the timing of initiation of a turn on switch transition of one of the first and
second switches based on said indication of current through said diode

associated with the first switch.

The switch driver of claim 10 wherein the switch driver is configured to detect the
onset of the current through the diode associated with the first switch to trigger

said turn on switch transition of the one of the first and second switches.

The switch driver of claim 11 wherein the switch driver is further configured to
receive an indication of current through the one of the one of the first and second
switches that is triggered to turn on and wherein the switch driver is configured to
dynamically control the switch transition of the second switch also based on said
indication of current through the one of the one of the first and second switches

that is triggered to turn on.

The switch driver of any of claims 1 to 12 wherein said switch transition of the
second switch is a turn off transition and the switch driver is further configured to
control the timing of initiation of a turn on switch transition of the first switch
based on said indication of current through the diode associated with the first

switch.

The switch driver of any of claims 1 to 13 wherein the inductive switching circuit

comprises a DC-DC converter or a class-D driver.
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A method of controlling a switch transition in an inductive switching circuit,
comprising:
providing an indication of current through a diode associated with a first
switch; and
dynamically controlling a switch transition of a second switch based on said
indication of current so as to reduce the switch transition time when
possible whilst maintaining a voltage transient due to the switch

transition within an acceptable range.

The method of claim 15 wherein said first switch is a transistor and said diode

associated with the first switch is a body diode of the first switch.

The method of claim 15 or claim 16 wherein said indication of current is a portion

of current through the diode which is tapped from the diode.

The method of any of claims 15 to 17 wherein said indication of current is fed-
back in a closed loop to vary a drive strength of a drive signal applied to the

second switch.

The method of any of claims 15 to 17 wherein the indication of current is

monitored by a driver controller to provide open-loop control of the slew-rate.

A switch driver for controlling a switch transition of a first switch in an inductive
switching circuit, the switch driver being configured to:
receive an indication of current through a replica device, where the replica
device is a scaled replica of the first switch which is driven with a
drive signal corresponding to a first driver signal for the first switch;
and
dynamically control a slew rate of a switch transition of the first switch
based on said indication of current so as to reduce the switch
transition time when possible whilst maintaining a voltage transient

due to the switch transition within an acceptable range.
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21. A switch driver for controlling a switch transition of a first switch in an inductive
switching circuit, the switch driver being configured to:
compare an indication of voltage at a switching node to a first threshold,;
and
5 dynamically control a slew rate of a switch transition of the first switch
based on said comparison so as to reduce the switch transition time
when possible whilst maintaining a voltage transient due to the switch

transition within an acceptable range.

10
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