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(57) ABSTRACT

An adjustable compensation offset voltage is applied to a
comparator to vary turn-oft timing of a synchronous rectifier.
A comparator output indicates when current through an
inductor coupled to the synchronous rectifier should be
approaching zero. If the synchronous rectifier is turned off
before the current through the inductor reaches zero, the
compensation offset voltage is adjusted to delay the synchro-
nous rectifier turn-off for the next switching cycle. If the
synchronous rectifier is turned off after the current through
the inductor reaches zero, the compensation offset voltage is
adjusted to advance the synchronous rectifier turn-off for the
next switching cycle. An up/down counter, in conjunction
with a digital to analog converter, may be used to provide the
adjustment to the compensation offset voltage. The adjust-
able compensation offset voltage improves the accuracy of
synchronous rectifier turn-oft in relation to a zero inductor
current, thereby improving power converter efficiency.
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ADAPTIVE RECTIFIER ARCHITECTURE
AND METHOD FOR SWITCHING
REGULATORS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based on and claims benefit of
Provisional Application No. 60/940,736, filed May 30, 2007.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] N/A

BACKGROUND OF THE INVENTION

[0003] The present disclosure relates generally to power
supply compensation, and more particularly to power supply
parameter adjustment to improve light load efficiency.
[0004] Light load efficiency of inductor-based power con-
verters is improved through operation in a discontinuous or a
transition conduction mode through use of a diode emulation
circuit. Referring to FIG. 1, a power stage 100 of a switching
power supply is illustrated. Power stage 100 can be operated
in discontinuous or transition conduction mode, in which
current through an inductor 104 is prevented from becoming
negative. A control MOSFET 101 charges inductor 104 when
on. When a rectifying MOSFET 102 is turned on, inductor
104 discharges, and current flowing through inductor 104
decreases toward zero. When the current through inductor
104 reaches zero, MOSFET 102 is turned off, thereby pre-
venting current in inductor 104 from becoming negative.
[0005] The efficiency obtained by operating power stage
100 in discontinuous or transition conduction mode during
light-load operation can be diminished if MOSFET 102 is not
turned off when inductor 104 has zero current flowing. For
example, if MOSFET 102 is turned off before the current in
inductor 104 reaches zero, a body diode of MOSFET 102
conducts, leading to conduction losses that can negatively
impact efficiency. If MOSFET 102 is turned off after the
current in inductor 104 has passed zero to become negative,
the voltage at switching node SW increases sharply to the
input voltage level and MOSFET 102 experiences switching
losses that negatively impact efficiency.

[0006] Accordingly, switching MOSFET 102 off with
appropriate timing to permit the current in inductor 104 to
reach zero and avoid becoming negative is an important
aspect for control of power stage 100. One technique for
detecting zero current in inductor 104 involves measuring a
voltage across sense resistor Rs. When the voltage across
sense resistor Rs becomes zero, as measured by comparator
106 in control 108, an output of comparator 106 changes
state. When the voltage of sense resistor Rs becomes zero, the
change in state of the output of comparator 106 permits con-
trol circuit 108 to supply a signal to turn off MOSFET 102.
Ideally, MOSFET 102 is turned off when the current through
inductor 104 becomes zero, to limit conduction and switching
losses in power stage 100. Zero current in inductor 104 cor-
responds to zero measured voltage across sense resistor Rs.
[0007] However, in practice, comparator 106 has some oft-
set voltage that can deviate during circuit operation. The
offset voltage may cause comparator 106 to change state
before or after the voltage on sense resistor Rs reaches zero.
Thus, the offset voltage and deviations in the value of the
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offset voltage can degrade circuit performance due to
increased conduction and switching losses, as mentioned
above.

[0008] In addition, control circuit 108, including compara-
tor 106 and a MOSFET driver (not shown), includes some
delay in propagating a signal to turn off MOSFET 102. The
delay can cause inaccurate timing for turning off MOSFET
102.

[0009] Furthermore, sense resistor Rs is specified to have a
small resistance to improve heavy load efficiency. During
light-load operation, the resistance value of sense resistor Rs
has a greater impact on the operation of power stage 100.
[0010] One solution to overcome the above challenges is to
provide a compensation voltage to comparator 106 to cancel
the effects of the offset voltage. Such a compensation voltage
can also compensate for a delay in control circuit 108 to
improve timing. However, the compensation voltage is typi-
cally set once in practice, on a case-by-case basis for each
power stage 100, such as may be provided during manufac-
ture. It is difficult to set the compensation voltage accurately
with respect to the value of sense resistor Rs to avoid nega-
tively impacting light-load efficiency. In addition, an optimal
value for the compensation voltage is dynamic, and varies as
a function of external conditions, such as an output voltage
and/or inductor characteristics related to temperature or oper-
ating parameters, for example. A static compensation voltage
is unable to adequately compensate for the dynamic condi-
tions present in power stage 100 under normal operating
conditions. Accordingly, during normal operation, power
stage 100 experiences a loss in efficiency due to variations in
the offset voltage inherent to comparator 106 and variable
signaling delays in control circuit 108, which prevent MOS-
FET 102 from being turned off when inductor 104 has zero
current.

BRIEF SUMMARY OF THE INVENTION

[0011] The disclosed system and method provide a
dynamic adjustment to a comparator controlling switching in
an inductor based power supply. The comparator operation is
dynamically adjusted to improve the accuracy ofa zero cross-
ing detection for inductor current in a switching power supply
operating in discontinuous or transition mode to boost the
efficiency of the power supply in light load conditions.
[0012] According to one exemplary embodiment, a vari-
able compensation voltage is applied to a comparator for
detecting a zero crossing for inductor current in a power
supply with a synchronous rectifier. The synchronous rectifier
may be implemented as a rectifying MOSFET. The compen-
sation voltage applied to the comparator is adjustable in
accordance with switch timing, as measured when the recti-
fying MOSFET turns off, for example. A measure of inductor
current can be taken through a sense resistor voltage. If the
MOSFET turns off at an appropriate time, the voltage on the
sense resistor is zero, indicating zero current through the
inductor. If the MOSFET turns off prematurely, the voltage
measurement of the sense resistor is positive. [f the MOSFET
turns off late, the voltage measured on the sense resistor is
negative. By setting the compensation voltage applied to the
comparator appropriately, sense resistor voltage measure-
ments can be used as a feedback to adjust the compensation
voltage to achieve MOSFET turnoff closer to a point of zero
inductor current.

[0013] According to another embodiment of the disclosed
system and method, the timing for turning off a rectifying



US 2008/0298106 Al

MOSFET in a switching power supply is adjusted with a
compensation voltage offset applied to a comparator input.
The comparator measures a voltage across the MOSFET to
determine when inductor current approaches zero. The com-
pensation voltage offset applied to the comparator is adjusted
so that a switching control signal supplied by the comparator
causes the MOSFET to turn off at a point when inductor
current reaches approximately zero. According to an aspect of
the disclosed system and method, the compensation voltage
offset is generated using an up/down counter, a digital output
of' which is converted to analog to be applied to the compara-
tor.

[0014] According to an exemplary embodiment, a rectify-
ing MOSFET in a switching power supply is turned off and,
after a suitable delay, a voltage offset generator is updated
with information concerning the timing of the zero crossing.
If the zero crossing is detected by the comparator later than
when the MOSFET is turned off, the voltage offset generator
reduces a compensation voltage offset applied to a compara-
tor. In the next switching cycle, the comparator changes state
earlier, so that the MOSFET is turned off earlier. If the com-
parator detects a zero crossing earlier than when the MOS-
FET is turned off, the voltage offset generator increases the
compensation offset voltage applied to the comparator. In the
next switching cycle, the comparator changes state later, so
that the MOSFET is turned off later. After several switching
cycles, the compensation offset voltage is adjusted for appro-
priate timing to turn off of the MOSFET in close proximity to
the zero current crossing, thereby improving and maintaining
the zero current crossing detection accuracy.

[0015] According to one exemplary embodiment, an
up/down counter is used to adjust a digital value for indicating
the value of the compensation voltage offset. The up/down
counter, together with logic provided to increase or decrease
the count, or hold the count value in the up/down counter,
forms the voltage offset generator. The digital value provided
as an output of the up/down counter is converted into a com-
pensation voltage offset using a digital to analog converter
(DAC).

[0016] According to an exemplary embodiment, the dis-
closed system and method provide for detection of a switch-
ing node voltage in relation to timing for a rectifying MOS-
FET turn-off event in a switching power supply. At a specified
time in relation to MOSFET turn-off, the switching node
voltage is compared to a threshold voltage to determine if the
switching node voltage reaches an appropriate value when the
MOSFET is turned off. The switching node voltage and the
threshold voltage are applied to a comparator, which changes
state if the switching node voltage crosses the threshold volt-
age. A state change in the output of the comparator is used to
adjust a compensation voltage offset to be applied to a second
comparator that detects zero current through an inductor,
such as may be implemented through the use of a sense
resistor. The compensation voltage offset is adjusted to
change the timing for when the second comparator changes
state to cause the rectifying MOSFET to be turned off.
According to an aspect of the disclosed system and method,
the compensation voltage offset is generated with an up/down
counter. An output of the counter is converted from a digital
value to an analog value to be used as the compensation
voltage offset applied to the second comparator.

[0017] According to another embodiment of the disclosed
system and method, the timing for turning off a MOSFET in
a boost converter configuration is adjusted with a compensa-
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tion voltage offset applied to a comparator. The comparator
measures a voltage across the MOSFET to determine turnoff
timing for the MOSFET. According to an aspect of the dis-
closed system and method, a blanking delay is provided to
permit the voltage across the MOSFET to stabilize for a
voltage measurement using Rdson. According to another
aspect, The compensation voltage offset is generated using an
up/down counter, the digital output of which is converted to
an analog value to be applied to the comparator.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0018] The disclosed system and method are described in
greater detail below, with reference to the accompanying
drawings, in which:

[0019] FIG. 1 is a circuit diagram of a power stage of a
conventional switching power supply;

[0020] FIG. 2 is a graph illustrating different timing sce-
narios for switching a synchronous rectifier in a power sup-
ply;

[0021] FIG. 3 is a graph illustrating efficiency of a power
supply in relation to zero crossing offset;

[0022] FIG. 4 is a circuit diagram illustrating a dynamic
zero crossing offset adjustment in accordance with an exem-
plary embodiment of the present disclosure;

[0023] FIG. 5 is a flow chart illustrating a method for
dynamic zero crossing offset adjustment in accordance with
an exemplary embodiment of the present disclosure;

[0024] FIG. 6 is a circuit diagram illustrating a dynamic
zero crossing offset adjustment for a boost converter in accor-
dance with an exemplary embodiment of the present disclo-
sure; and

[0025] FIG. 7 is a circuit diagram of a dynamic zero cross-
ing offset adjustment using a sense resistor in accordance
with an exemplary embodiment of the present disclosure.

DETAILED DESCRIPTION OF THE INVENTION

[0026] This application is based on and claims benefits of
provisional application number 60/940,736, filed May 30,
2007, the entire disclosure of which is hereby incorporated
herein by reference.

[0027] The disclosed system and method provides an adap-
tive rectifier configuration that automatically compensates
for a comparator offset voltage and a propagation delay in a
switching control for a power supply operating in discontinu-
ous or transition conduction mode.

[0028] Referring now to FIG. 2, a graph 200 illustrates plots
of voltage at node SW in power stage 100 in FIG. 1. The
voltage plots show voltage in relation to timing for synchro-
nous rectifier turn-off events. Line 202 illustrates synchro-
nous rectifier turn-off after inductor current has become nega-
tive. Line 204 illustrates synchronous rectifier turn-off when
inductor current is approximately zero. Line 206 illustrates
synchronous rectifier turn-off before inductor current has
reached zero. In the case of line 202, the synchronous rectifier
experiences a voltage spike, in which the voltage at node SW
becomes higher than the input voltage. In such an event, a
body diode of MOSFET 101 conducts, leading to conduction
losses that reduce efficiency. In the case of line 206, a body
diode of the synchronous rectifier implemented as MOSFET
102, conducts current, leading to conduction losses that
reduce efficiency.
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[0029] In accordance with the disclosed system and
method, premature and late switching of the synchronous
rectifier is detected and an adjustment is made to a compen-
sation voltage offset of a comparator that is used to switch the
synchronous rectifier. For example, if the switching of the
synchronous rectifier is premature, the compensation voltage
offset is reduced so that the synchronous rectifier is switched
off later, closer to the desired zero crossing point. If the
switching of the synchronous rectifier is late, the compensa-
tion voltage offset is increased so that the synchronous recti-
fier is switched off earlier, closer to the desired zero crossing
point. By dynamically compensating the voltage offset of the
comparator, a switch timing to switch the synchronous recti-
fier at a desired zero crossing point can be obtained.

[0030] Referring to FIG. 3, an illustration of a relationship
between efficiency and switch timing to obtain a desired zero
crossing point is provided. A chart 300 shows a sample A,
illustrated by line 302, in which the zero crossing offset is
relatively small. A sample B, illustrated by line 303, has a
relatively large zero crossing offset. As can be seen in chart
300, power supply efficiency can be greatly improved in
light-load conditions with improved accuracy of zero cross-
ing detection and synchronous rectifier switching.

[0031] Referring now to FIG. 4, a power stage 400 for a
switching power supply is illustrated with an adjustable com-
pensation offset voltage 402 applied to an input of a compara-
tor 404. An output of comparator 404 is used to cause syn-
chronous rectifier MOSFET 406 to be turned off when current
through inductor 408 is approximately zero. Compensation
offset voltage 402 and comparator 404 are part of a control
circuit 410 used to turnoff MOSFET 406. Control circuit 410
includes an up/down counter 412 that provides a digital value
used to control the adjustment to compensation offset voltage
402. An output of comparator 404 is inverted with inverter
414 and provided to counter 412 to indicate when counter 412
should count up or down.

[0032] Control circuit 410 also includes a delay Dly1 and a
delay Dly2 to contribute to control timing. Delay Dly1 is
arranged between a gate of MOSFET 406 and a latch logic
416 and prevents switching transients from causing MOS-
FET 406 to be turned off prematurely. That is, when MOS-
FET 406 is first turned on, some transient voltages may be
seen on the inverting input of comparator 404. A transient
output of comparator 404 may signal latch logic 416 to turn
MOSFET off. Delay Dlyl prevents a transient value from
being latched by preventing an output of comparator 404
from affecting latch logic 416 when MOSFET 406 first
receives a turn on signal. Accordingly, delay Dly1 provides a
blanking interval to avoid false switching of MOSFET 406.
Delay Dly2 is arranged between the gate of MOSFET 406 and
a clock input of counter 412. Delay Dly2 acts like an enable
signal to permit counter 412 to count up or count down after
the time interval represented by delay Dly2 expires. In an
exemplary embodiment, delay Dly2 can be on the order of
50-200 ns. A power supply stage switching control signal 420
is also provided to counter 412 at a hold input.

[0033] The operation of control circuit 410 is illustrated by
examining a turn-oft event for MOSFET 406. Prior to turn-
off, MOSFET 406 is conducting, and a drain to source voltage
Vds is decreasing as current through inductor 408 decreases
towards zero. As voltage Vds decreases beyond a value of
compensation offset voltage 402, the output of comparator
404 transitions from a high state to a low state to produce a
logic ‘0’ output. The logic ‘0’ output applied to latch logic 416
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causes a state change to turn AND gate 418 off, thereby
turning off MOSFET 406. When comparator 404 changes to
a low state, the timing information contained in the transition
is applied to counter 412 through inverter 414.

[0034] Accordingly, if the output of comparator 404 is a
logic ‘0’ when the clock input to counter 412 provided
through delay Dly2 becomes active, counter 412 counts up
one count. If the output of comparator 404 is a logic ‘1’ when
the clock input to counter 412 provided through delay Dly2
becomes active, counter 412 counts down one count. The
digital value of counter 412 is converted to an analog value
using a digital to analog converter (DAC) to provide compen-
sation offset voltage 402. In the next switching cycle, com-
parator 404 changes state earlier or later, depending upon
whether compensation offset voltage 402 is increased or
decreased, respectively. Thus, compensation offset voltage
402 is adjusted with each switching cycle to advance or retard
the timing for MOSFET 406 to be turned off. The timing for
MOSFET 406 being turned off therefore approaches a
desired zero crossing point for the current in inductor 408.
The adjustment for the timing for MOSFET 406 being turned
off automatically includes an inherent offset of comparator
404, as well as control signal propagation delays present in
control circuit 410.

[0035] Referring now to FIG. 5, a flowchart 500 illustrates
a process for adjusting a compensation offset voltage in
accordance with an exemplary embodiment of the disclosed
system and method. Flowchart 500 illustrates how the com-
pensation offset voltage is updated based on a previous switch
timing result. A block 502 illustrates a state where the recti-
fying MOSFET is conducting, and is to be turned off with an
appropriate turn-off timing. When the rectifying MOSFET
first conducts, the switching node voltage can experience
transient voltage values, so that the switching node voltage
may not be reliable for control measurements. The transients
experienced at the switching node may cause the zero cross-
ing detection comparator to change state, resulting in an
invalid control measurement. This situation is avoided by
providing a blanking interval on the output of comparator 404
while the switching node voltage stabilizes. Accordingly,
while the switching node voltage may appear as though
MOSFET 406 is turned off, a transient turnoff signal on the
output of comparator 404 does not propagate through latch
logic 416 to turn off and gate 418, and therefore avoids a
premature or inadvertent turnoff of MOSFET 406. A decision
block 504 therefore determines whether the switching node
voltage is valid for control measurements. If the rectifying
MOSFET was not turned off by the output of the zero crossing
detection comparator, the switching node voltage is not valid,
control returns to block 502 through the No branch of deci-
sion block 504 to await a valid switching node voltage con-
dition. This operation is provided through delay Dly1 illus-
trated in FIG. 4.

[0036] Iftherectifying MOSFET was turned off by the zero
crossing detection comparator output signal, the switching
node voltage is in a valid condition for measurement. In this
instance, control proceeds along the Yes branch of decision
block 504 to a block 506. Block 506 indicates the measure-
ment of the switching node voltage after an appropriate delay
interval. The measurement of the switching node voltage is
achieved with comparator 404 in FIG. 4, while the delay
interval is realized through delay Dly2. A decision block 508
then determines whether the switch voltage, that is, voltage
Vds of MOSFET 406, is greater than the threshold voltage,
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that is, compensation offset voltage 402. If the switch voltage
is greater than the threshold voltage, control proceeds along
the yes branch of decision block 508 to a block 510. Block
510 causes the threshold voltage to be increased, and control
proceeds back to block 502. Ifthe switch voltage is not greater
than the threshold voltage, control proceeds along the no
branch of decision block 508 to a block 512. Block 512 causes
the threshold voltage to be decreased, and control proceeds
back to block 502.

[0037] Inaccordance with the control process illustrated in
flowchart 500, the compensation offset voltage is optimized
after several switching cycles. The actual compensation oft-
set voltage may continue to fluctuate between different con-
secutive values represented by Count values in counter 412.
By increasing the number of bits or granularity of counter
412, greater precision for the compensation offset voltage can
be achieved. In addition, having the value of counter 412
represent a small range of voltage of variation can increase the
precision of the compensation offset voltage achieved by the
count value determined by counter 412.

[0038] It should be apparent that a number of other tech-
niques and configurations may be used to achieve the adjust-
able compensation offset voltage provided to comparator
404. For example, counter 412 may be replaced with an
analog equivalent, such as a storage capacitor with appropri-
ate charging and discharging control circuitry.

[0039] Referring now to FIG. 6, an exemplary embodiment
of'an implementation of the disclosed system and method for
aboost converter 600 is illustrated. The operation of a control
circuit 610 is substantially similar to that of control circuit
410, with the appropriate logic inversions used to control a
turn-off of p-channel MOSFET 606. Comparator 604 mea-
sures voltage Vds of MOSFET 606 to determine when to
provide a turn-off signal to cause MOSFET 606 to be turned
off. A compensation voltage offset 602 is adjusted based on a
turn-off timing detected with respect to inductor 608 having
Zero current.

[0040] Referring now to FIG. 7, a power stage 700 for a
switching power supply has a rectifying MOSFET 706 that is
controlled to be turned off when inductor 708 has zero cur-
rent. A control circuit 710 includes two comparators 704 and
705 four turning oft the MOSFET 706 and adjusting a com-
pensation offset voltage, respectively. Comparator 705 moni-
tors a switching node voltage SW in relation to a threshold
voltage Vth. An output of comparator 705 is provided to an up
down counter 712 to adjust a digital value used to provide a
compensation offset voltage 702. Control circuit 710 permits
the use of a sense resistor Rs, as may be used in currently
existing power supply configurations, so that the disclosed
system and method is adaptable for power supplies presently
being used. In addition, control circuit 710 11 at the use of a
delay element such as delay Dly1 illustrated in FIG. 4.

[0041] It should be emphasized that the above-described
embodiments of the present invention are merely possible
examples of implementations, merely set forth for a clear
understanding of the principles of the invention. Many varia-
tions and modifications may be made to the above-described
embodiments of the invention without departing substantially
from the spirit and principles of the invention. All such modi-
fications and variations are intended to be included herein
within the scope of this disclosure and the present invention
and protected by the following claims.
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What is claimed is:

1. A control system for turning off a synchronous rectifier
in an inductor-based power converter, comprising:

a comparator having an input coupled to an inductor in the
power converter to obtain an indication of inductor cur-
rent, and having an output coupled to the synchronous
rectifier to switch off the synchronous rectifier;

an adjustable compensation offset voltage source coupled
to an input of the comparator; and

a compensation offset voltage source controller coupled to
the output of the comparator and to the compensation
offset voltage source and being operable to adjust an
output value of the compensation offset voltage source
in accordance with a timing relationship between a tran-
sition of the output of the comparator and the indication
of inductor current being a predetermined value.

2. The system according to claim 1, further comprising an
up/down counter provided as the compensation offset voltage
source.

3. The system according to claim 1, wherein the predeter-
mined value represents an indication of zero inductor current.

4. The system according to claim 1, wherein the predeter-
mined value is a positive voltage value.

5. The system according to claim 1, further comprising a
MOSFET as the synchronous rectifier.

6. The system according to claim 1, further comprising a
delay element coupled to the synchronous rectifier and the
compensation offset voltage source to provide a delay in
obtaining the indication of inductor current.

7. The system according to claim 1, further comprising a
digital to analog converter (DAC) coupled to the compensa-
tion offset voltage source controller and the compensation
offset voltage source to convert a control signal from the
compensation offset voltage source controller to the compen-
sation offset voltage source.

8. The system according to claim 1, wherein the compen-
sation offset voltage source controller is further operable to
adjust the compensation offset voltage source to have a
greater output value if the transition of the output comparator
is subsequent to the indication of inductor current being a
predetermined value, and is further operable to adjust the
output value of the compensation offset voltage source to
have a lesser value if the transition of the output of the com-
parator is prior to the indication of the inductor current being
a predetermined value.

9. The system according to claim 1, further comprising a
sense resistor coupled to the inputs of the comparator.

10. The system according to claim 1, wherein the inputs to
the comparator are arranged to be across the synchronous
rectifier.

11. A method for controlling a synchronous rectifier in an
inductor-based power converter, the method comprising:

turning the synchronous rectifier off;

obtaining an indication of a value of current in an inductor
in the power converter;

comparing the indication to a compensation offset voltage;
and

modifying the compensation offset voltage in accordance
with a synchronous rectifier turn-off timing in relation to
a predetermined value of the indication.

12. The system according to claim 11, further comprising
modifying the compensation offset voltage using an up/down
counter.

13. The system according to claim 11, wherein the prede-
termined value represents zero inductor current.
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14. The system according to claim 11, wherein the prede-
termined value is a positive voltage value.

15. The system according to claim 11, further comprising
implementing the synchronous rectifier as a MOSFET.

16. The system according to claim 11, further comprising
delaying the obtaining of the indication.

17. The system according to claim 12, further comprising
converting an output of the up/down counter to an analog
signal to provide the compensation offset voltage.

18. The system according to claim 11, further comprising
adjusting the compensation offset voltage to have a greater
output value if the synchronous rectifier turn-off is subse-
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quent to the indication of the value of current in the inductor
becoming the predetermined value, and adjusting the com-
pensation offset voltage to have a lesser value if the synchro-
nous rectifier turn-off is prior to the value of current in the
inductor becoming the predetermined value.

19. The system according to claim 11, further comprising
using a sense resistor for the obtaining the indication of the
value of current in the inductor.

20. The system according to claim 11, further comprising
using the synchronous rectifier for the obtaining the indica-
tion of the value of current in the inductor.

sk sk sk sk sk
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