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TWO TERMINAL DRIVE OF BIPOLAR JUNCTION TRANSISTOR (BJT)
FOR SWITCH-MODE OPERATION OF

A LIGHT EMITTING DIODE (LED)-BASED BULB
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FIELD OF THE DISCLOSURE

[0003] The instant disclosure relates to power supply circuitry. More specifically,

this disclosure relates to power supply circuitry for lighting devices.

BACKGROUND

[0004] Alternative lighting devices to replace incandescent light bulbs differ from

incandescent light bulbs in the manner that energy is converted to light. Incandescent light bulbs

include a metal filament. When electricity is applied to the metal filament, the metal filament

heats up and glows, radiating light into the surrounding area. The metal filament of conventional

incandescent light bulbs generally has no specific power requirements. That is, any voltage and

any current may be applied to the metal filament, because the metal filament is a passive device.

Although the voltage and current need to be sufficient to heat the metal filament to a glowing

state, any other characteristics of the delivered energy to the metal filament do not affect

operation of the incandescent light bulb. Thus, conventional line voltages in most residences and

commercial buildings are sufficient for operation of the incandescent bulb.

[0005] However, alternative lighting devices, such as compact fluorescent light

(CFL) bulbs and light emitting diode (LED)-based bulbs, contain active elements that interact

with the energy supply to the light bulb. These alternative devices are desirable for their reduced

energy consumption, but the alternative devices have specific requirements for the energy

delivered to the bulb. For example, compact fluorescent light (CFL) bulbs often have an

electronic ballast designed to convert energy from a line voltage to a very high frequency for

application to a gas contained in the CFL bulb, which excites the gas and causes the gas to glow.

In another example, light emitting diode (LEDs)-based bulbs include a power stage designed to

convert energy from a line voltage to a low voltage for application to a set of semiconductor

devices, which excites electrons in the semiconductor devices and causes the semiconductor

devices to glow. Thus, to operate either a CFL bulb or LED-based bulb, the line voltage must be



converted to an appropriate input level for the lighting device of a CFL bulb or LED-based bulb.

Conventionally, a power stage is placed between the lighting device and the line voltage to

provide this conversion. Although a necessary component, this power stage increases the cost of

the alternate lighting device relative to an incandescent bulb.

[0006] One conventional power stage configuration is the buck-boost power

stage. FIGURE 1 is a circuit schematic showing a buck-boost power stage for a light-emitting

diode (LED)-based bulb. An input node 102 receives an input voltage, such as line voltage, for a

circuit 100. The input voltage is applied across an inductor 104 under control of a switch 110

coupled to ground. When the switch 110 is activated, current flows from the input node 102 to

the ground and charges the inductor 104. A diode 106 is coupled between the inductor 104 and

light emitting diodes (LEDs) 108. When the switch 110 is deactivated, the inductor 104

discharges into the light emitting diodes (LEDs) 108 through the diode 106. The energy

transferred to the light emitting diodes (LEDs) 108 from the inductor 104 is converted to light by

LEDs 108.

[0007] The conventional power stage configuration of FIGURE 1 provides

limited control over the conversion of energy from a source line voltage to the lighting device.

The only control available is through operation of the switch 110 by a controller. However, that

controller would require a separate power supply or power stage circuit to receive a suitable

voltage supply from the line voltage. Additionally, the switch 110 presents an additional

expense to the light bulb containing the power stage. Because the switch 110 is coupled to the

line voltage, which may be approximately 120-240 Volts RMS with large variations, the switch

110 must be a high voltage switch, which are large, difficult to incorporate into small bulbs, and

expensive.

[0008] Shortcomings mentioned here are only representative and are included

simply to highlight that a need exists for improved power stages, particularly for lighting devices



and consumer-level devices. Embodiments described here address certain shortcomings but not

necessarily each and every one described here or known in the art.

SUMMARY

[0009] A bipolar junction transistor (BJT) may be used as a switch for controlling

a power stage of a lighting device, such as a light-emitting diode (LED)-based light bulb.

Bipolar junction transistors (BJTs) may be suitable for high voltage applications, such as for use

in the power stage and for coupling to a line voltage. Further, bipolar junction transistors (BJTs)

are lower cost devices than conventional high voltage field effect transistors (HV FETs). Thus,

implementations of power stages having bipolar junction transistor (BJT) switches may be lower

cost than power stage implementations having field effect transistor (FET) switches.

[0010] However, BJTs have some drawbacks to use in power stages. For

example, a base current must be supplied to the BJT to maintain the BJT in a conduction state.

In some situations, the base current must be at least as high as 1/ β of a peak collector current of

the BJT, where β is a characteristic of the BJT. As another example, the transition time to turn

off the BJT is longer than HV FETs, leading to high switching losses that increase proportional

to an operational frequency of the BJT. Power BJTs for power stage applications in particular

may have a low β leading to the base current for the BJT being a significant portion of power

loss in the power stage. The switching time, base current requirement, and power loss must be

addressed to allow the use of BJTs in power stages, particularly for alternative lighting devices.

[0011] In some embodiments, the BJT may be controlled from an integrated

circuit (IC) device coupled to two terminals of the BJT. For example, the control IC may be

coupled to a base and an emitter of the BJT. Through the two terminals, the control IC may

regulate energy transfer from an input line voltage to a load by controlling operation of the BJT.

In certain embodiments, the control IC may dynamically adjust a reverse recovery time period of

the BJT through the two terminal connections. Adjusting the reverse recovery time period may



allow a reduction in turn-off time of the BJT to within specified thresholds. Further, the dynamic

adjustment of the reverse recovery time may allow the control IC to control other operations in

the power stage, such as charging of a supply capacitor for the control IC. Additionally through

the two terminals, the control IC may regulate a base current provided to the BJT. The base

current may be regulated to be proportional to the collector current through the BJT to reduce

base power dissipation, to reduce strain on the system supply, to provide a pulsed base current to

provide fast turn-on of the BJT, and to reduce the turn-off time of the BJT by reducing excess

base charge on the BJT.

[0012] According to one embodiment, a method may include driving a base

current from a base current source to a base of the bipolar junction transistor (BJT) to maintain

conduction of the bipolar junction transistor (BJT) during a first time period; disconnecting the

base current source from the bipolar junction transistor (BJT) for a second time period; repeating

the steps of driving the base current during the first time period and disconnecting the base

current source for the second time period to obtain an average current output to a load; and/or

dynamically adjusting the base current output from the base current source to adjust a reverse

recovery time period of the bipolar junction transistor (BJT).

[0013] In some embodiments, the method may also include charging an energy

storage device during a first portion of the reverse recovery time period, dynamically adjusting

the charge portion of the reverse recovery time period to obtain a desired supply for the energy

storage device, dynamically adjusting a second portion of the reverse recovery time period to a

time between a low threshold and a high threshold; applying a suitable negative voltage across a

base-emitter junction of the bipolar junction transistor (BJT) while applying the negative base

current; determining the reverse recovery time period by measuring a parameter of the bipolar

junction transistor (BJT), wherein the step of dynamically adjusting the base current output is

based, at least in part, on the determined reverse recovery time period; delaying, for a first

portion of the reverse recovery period, to allow charging of an energy storage device during the



first portion of the reverse recovery time period; and/or coupling a negative base current source

to the base of the bipolar junction transistor (BJT) for a second portion of the reverse recovery

period after the first portion to drain excess base charge from the bipolar junction transistor

(BJT).

[0014] In certain embodiments, the step of dynamically adjusting the base current

may include dynamically adjusting the base current such that the base current is proportional to a

collector current of the BJT; the step of controlling the base current output may include adjusting

at least one of an initial base current pulse width, an initial base current pulse amplitude, an

initial current for a ramp, and a base current ramp rate to control an amount of charge stored at

the base of the bipolar junction transistor (BJT) at the end of the first time period; the step of

dynamically adjusting may include maintaining the reverse recovery time period between a low

threshold and a high threshold; the step of dynamically adjusting the base current may include

controlling a negative base current after disconnecting the base current source, wherein the

negative base current is proportional to a peak collector current of the bipolar junction transistor

(BJT); the step of determining the reverse recovery time period may include measuring at least

one of a voltage and a current at a base of the bipolar junction transistor (BJT); the step of

determining the reverse recovery time period may include measuring a voltage of at least one of

an emitter and a collector of the bipolar junction transistor (BJT); and/or the step of dynamically

adjusting the first portion may include adjusting the first portion to zero.

[0015] According to another embodiment, an apparatus may include a controller

configured to couple to a base and to an emitter of a bipolar junction transistor (BJT), wherein

the controller is configured to perform the steps of: driving a base current from a base current

source to a base of the bipolar junction transistor (BJT) to maintain conduction of the bipolar

junction transistor (BJT) during a first time period; disconnecting the base current source from

the bipolar junction transistor (BJT) for a second time period; repeating the steps of driving the

base current during the first time period and disconnecting the base current source for the second



time period to obtain an average current output to a load; and/or dynamically adjusting the base

current output from the base current source to adjust a reverse recovery time period of the bipolar

junction transistor (BJT).

[0016] In some embodiments, the controller may also be configured to perform

the steps of charging an energy storage device during a first portion of the reverse recovery time

period; dynamically adjusting the charge portion of the reverse recovery time period to obtain a

desired supply for the energy storage device; dynamically adjusting a second portion of the

reverse recovery time period to a time between a low threshold and a high threshold; applying a

suitable negative voltage across a base-emitter junction of the bipolar junction transistor (BJT)

while applying the negative base current; delaying, for a first portion of the reverse recovery

period, to allow charging of an energy storage device during the first portion of the reverse

recovery time period; and/or coupling a negative base current source to the base of the bipolar

junction transistor (BJT) for a second portion of the reverse recovery period after the first portion

to drain excess base charge from the bipolar junction transistor (BJT).

[0017] In certain embodiments, the step of dynamically adjusting the base current

may include dynamically adjusting the base current such that the base current is proportional to a

collector current of the BJT; the step of controlling the base current output may include adjusting

at least one of an initial base current pulse width, an initial base current pulse amplitude, an

initial current for a ramp, and a base current ramp rate to control an amount of charge stored at

the base of the bipolar junction transistor (BJT) at the end of the first time period; the step of

dynamically adjusting the first time period duration may include maintaining a reverse recovery

time period between a low threshold and a high threshold; the step of dynamically adjusting the

base current may include applying a negative base current after disconnecting the base current

source, wherein the negative base current is proportional to a peak collector current of the bipolar

junction transistor (BJT); and/or the step of dynamically adjusting the first portion may include

adjusting the first portion to zero.



[0018] According to a further embodiment, an integrated circuit (IC) may include

a base current source configured to be coupled to the base of the bipolar junction transistor (BJT)

through a first base switch; and/or a controller coupled to the base current source and configured

to couple to an emitter switch coupled to an emitter of the bipolar junction transistor (BJT),

wherein the controller is configured to perform the steps of: driving a base current from a base

current source to a base of the bipolar junction transistor (BJT) to maintain conduction of the

bipolar junction transistor (BJT) during a first time period; disconnecting the base current source

from the bipolar junction transistor (BJT) for a second time period; repeating the steps of driving

the base current during the first time period and disconnecting the base current source for the

second time period to obtain an average current output to a load; and/or dynamically adjusting

the base current output from the base current source to adjust a reverse recovery time period of

the bipolar junction transistor (BJT).

[0019] In certain embodiments, the integrated circuit may also include a base

sense amplifier coupled to the variable resistor and to the controller, wherein the controller may

be configured to dynamically adjust the variable resistor based, at least in part, on an output of

the base sense amplifier; an emitter sense amplifier configured to be coupled to an emitter switch

coupled to the emitter of the bipolar junction transistor (BJT), wherein the controller may be

further configured to couple to the emitter switch; a second base current source configured to

couple to the base of the bipolar junction transistor; a third base switch coupled to the second

base current source and to a ground; and/or a variable resistor configured to be coupled to the

base of the bipolar junction transistor (BJT) through a second base switch.

[0020] In some embodiments, the controller may also be configured to perform

the steps of repeating to obtain an average current output to a plurality of light emitting didoes

(LEDs); switching on the emitter switch during the first time period; switching off the emitter

switch during the second time period; determining the collector current of the bipolar junction

transistor (BJT) based, at least in part, on an output of the emitter sense amplifier; adjusting the



base current output is based, at least in part, on the determined collector current; switching on the

third base switch after the first time period; and/or dynamically adjusting the second base current

source to adjust the reverse recovery time period of the bipolar junction transistor (BJT).

[0021] The foregoing has outlined rather broadly certain features and technical

advantages of embodiments of the present invention in order that the detailed description that

follows may be better understood. Additional features and advantages will be described

hereinafter that form the subject of the claims of the invention. It should be appreciated by those

having ordinary skill in the art that the conception and specific embodiment disclosed may be

readily utilized as a basis for modifying or designing other structures for carrying out the same or

similar purposes. It should also be realized by those having ordinary skill in the art that such

equivalent constructions do not depart from the spirit and scope of the invention as set forth in

the appended claims. Additional features will be better understood from the following

description when considered in connection with the accompanying figures. It is to be expressly

understood, however, that each of the figures is provided for the purpose of illustration and

description only and is not intended to limit the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] For a more complete understanding of the disclosed system and methods,

reference is now made to the following descriptions taken in conjunction with the accompanying

drawings.

[0023] FIGURE 1 is a circuit schematic illustrating a buck-boost power stage for

a light-emitting diode (LED)-based bulb in accordance with the prior art.

[0024] FIGURE 2 is a circuit schematic illustrating a power stage having an

emitter-controlled bipolar junction transistor (BJT) according to one embodiment of the

disclosure.



[0025] FIGURE 3 is a circuit schematic illustrating control of a bipolar junction

transistor (BJT) through two terminals according to one embodiment of the disclosure.

[0026] FIGURE 4 is a graph illustrating a base current waveform applied to a

bipolar junction transistor (BJT) according to one embodiment of the disclosure.

[0027] FIGURE 5 are graphs illustrating dynamic adjustment of a reverse

recovery period by a controller according to one embodiment of the disclosure.

[0028] FIGURE 6 is a flow chart illustrating a method of adjusting a reverse

recovery time period by a controller coupled to a bipolar junction transistor (BJT) according to

one embodiment of the disclosure.

[0029] FIGURE 7 is a flow chart illustrating monitoring and adjusting a reverse

recovery time period by adjusting a base current to a bipolar junction transistor (BJT) according

to one embodiment of the disclosure.

[0030] FIGURE 8 is a circuit schematic illustrating a circuit for generating base

current steps according to one embodiment of the disclosure.

[0031] FIGURE 9 are graphs illustrating generation of a stepped base current

according to one embodiment of the disclosure.

[0032] FIGURE 10 is a flow chart illustrating a method for generating a stepped

base current for controlling a bipolar junction transistor (BJT) according to one embodiment of

the disclosure.

[0033] FIGURE 11 is a circuit schematic illustrating a circuit for generating base

current steps according to another embodiment of the disclosure.



[0034] FIGURE 12 are graphs illustrating generation of a stepped base current

according to another embodiment of the disclosure.

[0035] FIGURE 13 are graphs illustrating generation of a stepped base current

according to yet another embodiment of the disclosure.

[0036] FIGURE 14 is a circuit schematic illustrating control of a bipolar junction

transistor (BJT) with a forward and a reverse base current source according to one embodiment

of the disclosure.

[0037] FIGURE 15 are graphs illustrating dynamic adjustment of a reverse

recovery period by a controller with a reverse base current source according to one embodiment

of the disclosure.

[0038] FIGURE 16 is a circuit schematic of a direct-current-to-direct-current

(DC-DC) converter with a control integrated circuit (IC) for regulating the DC-to-DC conversion

according to one embodiment.

[0039] FIGURE 17 is a block diagram illustrating a dimmer system for a light-

emitting diode (LED)-based bulb with two terminal drive of a bipolar junction transistor (BJT)-

based power stage according to one embodiment of the disclosure.

DETAILED DESCRIPTION

[0040] A bipolar junction transistor (BJT) may control delivery of power to a

lighting device, such as light emitting diodes (LEDs). The bipolar junction transistor (BJT) may

be coupled to a high voltage source, such as a line voltage, and may control delivery of power to

the LEDs. The bipolar junction transistor (BJT) is a low cost device that may reduce the price of

alternative light bulbs. In some embodiments, a controller for regulating energy transfer from an

input voltage, such as a line voltage, to a load, such as the LEDs, may be coupled to the BJT



through two terminals. For example, the controller may regulate energy transfer by coupling to a

base of the BJT and an emitter of the BJT. The controller may both obtain input from the base

and/or emitter of the BJT and apply control signals to a base and/or emitter of the BJT.

[0041] FIGURE 2 is a circuit schematic illustrating a power stage having an

emitter-controlled bipolar junction transistor (BJT) according to one embodiment of the

disclosure. A circuit 200 may include a bipolar junction transistor (BJT) 220 having a collector

node 222, an emitter node 224, and a base node 226. The collector 222 may be coupled to a high

voltage input node 202 and a lighting load 214, such as a plurality of light emitting diodes

(LEDs). An inductor 212 and a diode 216 may be coupled between the high voltage input node

202 and the lighting load 214. The inductor 212 and the diode 216 and other components (not

shown) may be part of a power stage 210. The LEDs 214 may generically be any load 240.

[0042] The emitter node 224 of the BJT 220 may be coupled to an integrated

circuit (IC) 230 through a switch 234, and a current detect circuit 236. The switch 234 may be

coupled in a current path from the emitter node 224 to a ground 206. The current detect circuit

236 may be coupled between the switch 234 and the ground 206. The controller 232 may control

power transfer from the input node 202 to the lighting load 214 by operating the switch 234 to

couple and/or disconnect the emitter node 224 of the BJT 220 to the ground 206. The current

detect circuit 236 may provide feedback to the controller 232 regarding current flowing through

the BJT 220 while the switch 234 is turned on to couple the emitter node 224 to the ground 206.

As shown in FIGURE 3, the switch 234 and the current detect circuit 236, such as a resistor 236

are not part of the IC 230. In another embodiment, the switch 234 and the resistor 236 may be

part of the IC 230 and integrated with the controller 232 and other components shown in

FIGURE 3 .

[0043] The base node 226 of the BJT 220 may also be coupled to the IC 230,

such as through a base drive circuit 228. The base drive circuit 228 may be configured to

provide a relatively fixed bias voltage to the base node 226 of the BJT 220, such as during a time



period when the switch 234 is switched on. The base drive circuit 228 may also be configured to

dynamically adjust base current to the BJT 220 under control of the controller 232. The base

drive circuit 228 may be controlled to maintain conduction of the BJT 220 for a first time period.

The base drive circuit 228 may be disconnected from the BJT 220 to begin a second flyback time

period with the turning off of the BJT 220.

[0044] The controller 232 may control delivery of power to the lighting load 214

in part through the switch 234 at the emitter node 224 of the BJT 220. When the controller 232

turns on the switch 234, current flows from the high voltage input node 202, through the inductor

212, the BJT 220, and the switch 234, to the ground 206. During this time period, the inductor

212 charges from electromagnetic fields generated by the current flow. When the controller 232

turns off the switch 234, current flows from the inductor 212, through the diode 216, and through

the lighting load 214 after a reverse recovery time period of the BJT 220 completes and a

sufficient voltage accumulates at collector node 222 to forward bias diode 216 of the power stage

210. The lighting load 214 is thus powered from the energy stored in the inductor 212, which

was stored during the first time period when the controller 232 turned on the switch 234. The

controller 232 may repeat the process of turning on and off the switch 234 to control delivery of

energy to the lighting load 214. Although the controller 232 operates switch 234 to start a

conducting time period for the BJT 220 and to start a turn-off transition of the BJT 220, the

controller 232 does not directly control conduction of the BJT 220. Control of delivery of

energy from a high voltage source may be possible in the circuit 200 without exposing the IC

230 or the controller 232 to the high voltage source.

[0045] The controller 232 may decide the first duration of time to hold the switch

234 on and the second duration of time to hold the switch 234 off based on feedback from the

current detect circuit 236. For example, the controller 232 may turn off the switch 234 after the

current detect circuit 236 detects current exceeding a first current threshold. A level of current

detected by the current detect circuit 236 may provide the controller 232 with information



regarding a charge level of the inductor 212. By selecting the first duration of the time and the

second duration of time, the controller 232 may regulate an average current output to the LEDs

214.

[0046] Additional details for one configuration of the IC 230 are shown in

FIGURE 3 . FIGURE 3 is a circuit schematic illustrating control of a bipolar junction transistor

(BJT) through two terminals according to one embodiment of the disclosure. A circuit 300 may

include, within the IC 230, a forward base current source 322 coupled to the base node 226 by a

forward base switch 324. The current source 322 may provide a variable base current adjustable

by the controller 232. The switch 324 may be switched on by the controller 232 with a control

signal V PLS TI· The control signal V PLS,T I may also be applied to the switch 234 at the emitter of

the BJT 220. As described above, the switch 234 is turned on to charge the power stage 210

during a first time period. The switch 324 may also be turned on during the same time period,

and current from the source 322 applied to the BJT 220 to allow the BJT 220 to remain turned on

and in a conducting state. In one embodiment, the controller 232 may also control the current

source 322 to increase a base current to the BJT 220 proportional to an increase in collector

current through the BJT 220. The V PLS,T I control signal may be generated by monitoring a

current detect resistor 236 with an amplifier 336. For example, when the current sensed by

resistor 236 reaches a threshold voltage, V
th

, the amplifier 336 output may switch states and the

controller 232 may then switch a state of the V P S I control signal.

[0047] The base current applied to the base node 226 by the current source 322

may be controlled by the controller 232. One example of base current applied to the base node

226 is shown in FIGURE 4 . FIGURE 4 is a graph illustrating a base current waveform applied

to a bipolar junction transistor (BJT) according to one embodiment of the disclosure. A base

current 402 may have an initial pulse period 404, followed by a ramp period 406. The controller

232 may control the current source 322 to vary, for example, a pulse height 412, a pulse width

404, and a ramp rate 416. The pulse period 404 may provide a quick turn-on of the BJT 220.



The ramp rate 416 may be selected to maintain conduction and reduce excess base charge

accumulation that results in long turn-off time of the BJT 220.

[0048] Referring back to FIGURE 3, a reverse recovery time period may be

monitored with a resistor 328. The resistor 328 may be coupled to the base node 226 through a

switch 326. In some embodiments, the resistor 328 may be used to control a reverse base current

from the base node 226. The resistor 328 may be a variable resistor to allow tuning of a reverse

base current from the BJT 220. The resistor 328 may also be coupled to the base node 226 with

the switch 326 to reduce the likelihood of the base node 226 floating and causing a breakdown of

the BJT 220.

[0049] The resistor 328 may be used to measure a reverse base current from the

BJT 220, and thus used to determine a duration of the reverse recovery time period. After the

forward base current source 322 is disconnected from the BJT 220, a second time period begins.

A portion of this second time period is a reverse recovery period during which base current flows

from the BJT 220 until the BJT 220 turns off. The BJT 220 then remains turned off until the

forward base current source 322 is again coupled to the base node 226. The switch 326 may be

switched on during the second time period to allow sensing the end of the reverse recovery

period. The switch 326 may be controlled through a control signal VPLS,T2 generated by the

controller 232. The control signal V PLS,T2 may be generated by the controller 232 based, in part,

on the output of a sense amplifier 330 coupled to the resistor 328. For example, the V PLS,T2

signal may be switched to a high state when the V P S I control signal switches to a low state,

and the VPLS,T2 signal may then be switched to a low state after the sense amplifier 330 indicates

the reverse current reaches zero indicating the end of the reverse recovery time period.

[0050] Referring back to FIGURE 4 , the reverse recovery period is shown as time

period 408. During time period 408, the base current is negative and a ramp rate 4 18 may be

adjusted by the controller 232. When the base current reaches zero at the end of time period 408,

the BJT 220 switches off and power is then discharged from the power stage 210 to the load 240.



[0051] An example operation of the controller 232 dynamically adjusting a base

current output of the base source 322 is shown in FIGURE 5 . FIGURE 5 are graphs illustrating

dynamic adjustment of a reverse recovery period by a controller according to one embodiment of

the disclosure. In FIGURE 5, a base current IB applied to the BJT 220 is illustrated by a line

502, and a collector current Ic through the BJT 220 is shown by a line 504. The collector current

Ic may be proportional to an emitter current sensed by resistor 236 while the switch 234 is turned

on.

[0052] A first time period 522A begins at time 532 with a control signal V PLS TI

shown by line 506 switching to high. During time 522A, the base current 502 is applied to the

BJT 220, including a pulse and a ramp, to start conduction resulting in an increasing collector

current Ic shown in line 504. The sense amplifier 336 receives an indication of the collector

current Ic as V SNS When V SNS reaches a threshold Vth , the amplifier 336 provides an indication

to the controller 232 and the controller 232 switches the control signal V PLS TI to low at time 534.

Also at time 534, the controller 232 switches the control signal V PLS,T2 to high to couple resistor

328 to the base node 226 of BJT 220. This begins a reverse recovery period 524A during which

the base current IB is negative. A rate of decrease of the negative base current IB may be set by a

resistance of the resistor 328 and controlled by the controller 232. During the reverse recovery

time period 524A, the BJT 220 remains conducting and the collector current Ic continues to

increase. When the base current IB reaches zero, the BJT 220 turns off and the collector current

Ic goes to zero at time 536. The BJT 220 then remains off for the remaining duration of the

second time period 524 until the controller 232 switches V PLS,T I to high and V PLS,T2 to low to

start another first time period 522B at time 538. The duration of the first time period 522A and

the second time period 524 may be controlled by the controller 232 to maintain an average

output current to the load 240.

[0053] When the first time period repeats as time period 522B, the controller 232

may dynamically adjust the base current IB shown in line 502. The reverse recovery time period



524A is shown to be longer than a high threshold T vS th 542 for the reverse recovery. Thus, the

controller 232 may adjust a base current applied to the BJT 220 during time period 522B to

reduce a subsequent reverse recovery time period 524B. The controller 232 may perform this

adjustment with each repeat of the first and second time periods in order to maintain the reverse

recovery time period between a high threshold T vS th 542 and a low threshold T vS th 544. Any of

the pulse width, the pulse height, and the ramp rate of the base current ¾ during time period

522B may be adjusted. For example, a pulse width may be decreased and a ramp rate decreased

to reduce the reverse recovery time period of 524B to between the high threshold 542 and

the low threshold T vS th 544. The controller 232 may also adjust a resistance of the resistor 328

to adjust a ramp rate during the reverse recovery time period 524B to adjust the duration of the

reverse recovery time period 524B.

[0054] The adjustment of a reverse recovery time period for a switch in a switch-

mode power supply while delivering power to a load is illustrated in a flow chart of FIGURE 6 .

FIGURE 6 is a flow chart illustrating a method of adjusting a reverse recovery time period by a

controller coupled to a bipolar junction transistor (BJT) according to one embodiment of the

disclosure. A method 600 begins at block 602 with driving a base current from a base current

source to a base of the bipolar junction transistor (BJT) to maintain conduction of the bipolar

junction transistor (BJT) during a first time period. Block 602 may include, for example,

generating a high VPLS,TI control signal and controlling the switch 324 and base current source

322. At block 604, the base current source may be disconnected from the bipolar junction

transistor (BJT) for a second time period. Block 604 may include, for example, generating a low

VPLS,TI signal and a high VPLS,T2 signal and controlling the switch 326 and the resistor 328. At

block 606, the steps of block 602 and block 604 are repeated to obtain an average current output

to a load. Then, at block 608, a controller may dynamically adjust the base current output from

the base current source at block 602 to adjust a reverse recovery time period of the bipolar

junction transistor (BJT). Blocks 602 and 604 may continue to be repeated and the base current



adjusted to deliver power to a load, such as light emitting diodes (LEDs) to generate a steady

light from a light bulb.

[0055] One method of adjusting the reverse recovery time period is shown in

FIGURE 7 . FIGURE 7 is a flow chart illustrating monitoring and adjusting a reverse recovery

time period by adjusting a base current to a bipolar junction transistor (BJT) according to one

embodiment of the disclosure. A method 700 begins at block 702 with monitoring a reverse

recovery time. The reverse recovery time may be compared at block 704 to a low threshold,

such as the T s t threshold 544 of FIGURE 5 . When the reverse recovery time is less than the

low threshold, the method 700 proceeds to block 706 to increase a ramp rate, a pulse height,

and/or a pulse duration of the base current. If the reverse recovery time is not less than the low

threshold, the reverse recovery time is compared to a high threshold, such as the T th threshold

542 of FIGURE 5, at block 708. If the reverse recovery time is greater than the high threshold,

then the method 700 proceeds to block 710 to reduce a ramp rate, a pulse height, and/or a pulse

duration of a base current at block 710. If the reverse recovery period is between the low and

high thresholds, then the method 700 reaches block 712 to maintain the ramp rate, pulse height,

and/or pulse duration of base current. In one embodiment, at block 712, these parameters may

vary but be adjusted proportional to each other such that a similar amount of total base current is

delivered to the bipolar junction transistor (BJT). The method of 700 may be repeated by the

controller to continue dynamically adjusting the reverse recovery time period.

[0056] The base current ramp rates adjusted by a controller as described above

may be adjusted using discrete steps rather than a linear ramp. In this embodiment, an effective

linear ramp may be achieved by stepping the base current through multiple levels. This may

reduce instability within a feedback loop from the base current source 322 to the sense amplifier

336. The base current steps may be generated with multiple comparator thresholds as shown in

FIGURE 8. FIGURE 8 is a circuit schematic illustrating a circuit for generating base current

steps according to one embodiment of the disclosure. A circuit 800 within the IC 230 may



include a comparator 802 coupled to receive at one input a variable threshold level set by an

analog multiplexer (mux) 804. In one embodiment having a four step ramp, the mux 804 may

begin by providing a threshold Vth/ to the comparator 802 at a beginning of the first time period

of turning on the BJT 220, while switch 812 is turned on with a desired number of unit devices N

corresponding to peak emitter current Ip . As the comparator 802 trips, a 2-bit counter output

806 increments by one and the threshold of the comparator 802 respectively increases to the

following discrete values: Vth/2, 3*Vth/4, and Vth The base current supplied to the BJT is also

respectively increased. If the 2-bit counter 806 reaches the value of three, where the comparator

802 threshold equals Vth, subsequent trip of the comparator 802 causes the switch 812 to be

turned off until the beginning of the next first time period.

[0057] The operation of generating a stepped base current for the BJT 220 is

shown through the graphs of FIGURE 9 . FIGURE 9 are graphs illustrating generation of a

stepped base current according to one embodiment of the disclosure. The base current ¾ to the

BJT 220 is shown in line 904 and includes an initial pulse followed by stepped increases for the

duration of the first time period 522. The base current IB is negative for a short duration after the

first time period 522 during a reverse recovery time period 524A. A line 902 illustrates a SDRV

signal supplied to switch 812, which may be set to high during the first time period 522. A line

906 illustrates the collector current Ic, which may increase linearly during the first time period

522 and the reverse recovery time period 524A until the BJT 220 switches off.

[0058] The stepped increases shown in line 904 of the base current IB may be

controlled by the output of the counter state shown in line 908, which controls the comparator

threshold shown in line 912. The counter state 908 may begin at zero, which selects a threshold

of Vth/4 for the comparator input 912. An input to the comparator 802 may increase proportional

to the collector current IC of line 906. When the input 912 reaches the threshold 912, the

comparator output shown in line 914 switches state at time 922. This causes the counter state

908 to increase one, which in turn causes the threshold level 912 to increase to Vth/2 and the



comparator output 914 to reset. This process repeats at times 924 and 926 to increase the

threshold level to 3*Vth/4 and Vth, respectively. After the counter state 908 reaches three, the

next switch of the comparator output 914 switches off SDRV 902.

[0059] A method of operation of generating stepped base current is described

generically in FIGURE 10. FIGURE 10 is a flow chart illustrating a method for generating a

stepped base current for controlling a bipolar junction transistor (BJT) according to one

embodiment of the disclosure. A method 1000 begins at block 1002 with setting a counter state

to zero to select a first threshold level for the comparator and to select a first base current level to

turn on the bipolar junction transistor (BJT). When the BJT turns on, the collector current

provided at an input of the comparator may begin to increase. At block 1004, it is determined

whether the comparator has tripped, indicating the input has reached the set threshold. When the

comparator has tripped, the method 1000 proceeds to block 1006 to determine if the counter state

is at a maximum value. For a 2-bit counter, the maximum value is three. However, other

counters, such as a 3-bit counter, may also be used to vary the number of steps of base current

available. When the counter state is not at a maximum value, the method 1000 proceeds to block

1008 to increase the counter state to select a next threshold level for the comparator and to select

a next step of base current for providing to the BJT to maintain conduction of the BJT. The

method 1000 then returns to waiting for the comparator to trip at block 1004 for that next

threshold. When the maximum counter state is eventually reached at block 1006, the method

1000 proceeds to block 1010 to turn off the base current source to begin turning off the BJT. At

block 1012, the method 1000 then waits for the next first time period when the BJT should be

turned on again, at which time the method 1000 repeats starting at block 1002.

[0060] The stepped base current for the BJT 220 may also be generated with

variable source switch stripes by varying a number of devices connected in parallel to increase

available current handling. FIGURE 11 is a circuit schematic illustrating a circuit for generating

base current steps according to another embodiment of the disclosure. The circuit 1100 is similar



to the circuit 800 of FIGURE 8. However, the comparator 802 may receive a fixed threshold

level, Vth , which eliminates the mux 804. The switch 812 may be controlled by gate control

block 1102 to be turned on with N/4 unit devices where N is the number of unit devices of

switches 812 that correspond to the desired peak emitter current Ιρ . As the comparator 802 trips,

the 2-bit counter 806 output increments by one and the number of unit devices turned on

respectively increases to the following discrete values: N/2, 3*N/4, and N. The base current ¾

may also be updated based on the output of the counter 806. If the 2-bit counter 806 has a value

of three, a subsequent trip of the comparator 802 may cause the switch 812 to be turned off until

the beginning of the next first time period. In the circuit 1100, a voltage across the switch 812

may be higher on average than that of circuit 800 of FIGURE 8, which may cause higher power

consumption by the switch 812, but may offer improved immunity with respect to noise than the

circuit 800 of FIGURE 8 .

[0061] Operation of the circuit 1100 to generate stepped base current is shown in

one example in the graphs of FIGURE 12. FIGURE 12 are graphs illustrating generation of a

stepped base current according to another embodiment of the disclosure. The base current IB to

the BJT 220 is shown in line 1204 and includes an initial pulse followed by stepped increases for

the duration of the first time period 522. The base current ¾ is negative for a short duration after

the first time period 522 during a reverse recovery time period 524A. A line 1202 illustrates a

SDRV signal supplied to switch 812, which may be set to high during the first time period 522.

A line 1206 illustrates the collector current Ic , which may increase linearly during the first time

period 522 and the reverse recovery time period 524A until the BJT 220 switches off.

[0062] The stepped increases shown in line 1204 of the base current ¾ may be

controlled by the output of the counter state shown in line 1208, which controls the number of

stripes or number of active switches for handling current in line 1216. The counter state 1208

may begin at zero, which selects N/4 stripes. An input to the comparator 802 may increase

proportional to the collector current Ic of line 1206. When the input 1210 reaches the threshold



1212, the comparator output shown in line 1214 switches state at time 1222. This causes the

counter state 1208 to increase one, which in turn causes the number of stripes 1216 to increase to

N/2 and the comparator output 1214 to reset. This process repeats at times 1224 and 1226 to

increase the number of stripes to 3*N/4 and N, respectively. After the counter state 1208 reaches

three, the next switch of the comparator output 1214 switches off SDRV 1202.

[0063] In one embodiment, both varying thresholds and varying number of stripes

may be used to generate the stepped base current. The combination may provide an appropriate

compromise between consumed power and noise immunity. The operation of such a circuit may

implement the circuit 800 of FIGURE 8, including the mux 804, along with the gate control logic

1102 of FIGURE 11. The output of a counter, such as a 2-bit counter, may control the number of

unit devices in the switch 812 and the threshold for the comparator 802 as shown in Table 1.

Graphs illustrating operation of such a circuit with a 2-bit counter are shown in FIGURE 13.

FIGURE 13 are graphs illustrating generation of a stepped base current according to yet another

embodiment of the disclosure.

Table 1. Control of stepped base current generation based on a counter output according to one
embodiment of the disclosure.

[0064] The dynamic adjustment of the reverse recovery time period described

above includes controlling the forward base current source 322 of FIGURE 3 . However, the

reverse recovery time period may also be controlled with a reverse base current source as

illustrated in FIGURE 14. FIGURE 14 is a circuit schematic illustrating control of a bipolar

junction transistor (BJT) with a forward and a reverse base current source according to one

embodiment of the disclosure. A circuit 1400 may be similar to the circuit 300 of FIGURE 3,

but also include a reverse base current source 1422 and a second reverse base switch 1424. The



switch 1424 may be controlled by a VPLS,T3 control signal generated by the controller 232. The

controller 232 may switch on the switch 1424 and control the current source 1422 during a

portion of or the entire reverse recovery time period of the BJT 220 to adjust the duration of the

reverse recovery time period. In FIGURE 14, the reverse recovery time period may thus be

controlled through varying the resistor 328 and/or controlling the current source 1422. The use

of current source 1422 may be advantageous over varying the resistor 328 in certain

embodiments by allowing the controller 232 to set a current output level without measuring the

base voltage of the BJT 220. For example, the controller 232 may set the current source 1422 to

a value proportional to the collector current to reduce the reverse recovery time period.

[0065] One example of operation of the circuit of FIGURE 14 is shown in the

graphs of FIGURE 15. FIGURE 15 are graphs illustrating dynamic adjustment of a reverse

recovery period by a controller with a reverse base current source according to one embodiment

of the disclosure. Lines 1502, 1504, and 1506 represent control signals V PLS,TI, VPLS,T2 , and

VPLS,T3 , respectively, generated by the controller 232. At time 1522, the V PLS,TI signal switches

high and the VPLS,T2 signal switches low to turn on the BJT 220. While the BJT 220 is on, the

collector current Ic shown in line 1508 may linearly increase, and the controller 232 may

dynamically adjust a base current ¾ shown in line 15 10 proportionally to the collector current Ic.

At time 1524, the VPLS,TI signal switches low to turn off the base current source and begin

turning off of the BJT 220. Also at time 1524, the VPLS,T2 signal switches high to couple the

resistor 328 to the BJT 220 and allow measurement of the reverse base current and thus detection

of the end of the reverse recovery time period.. The controller 232 may then wait a time period

TDLY 15 12 before switching the V PLS,T3 signal to high at time 1526 to couple the reverse base

current source 1422 to the BJT 220. In one embodiment, the current source 1422 may be

configured by the controller 232 to provide a current of between approximately 10% and 50% of

the collector current Ic. The controller 232 may hold the VPLS,T3 signal high for time period TREV

15 14 to quickly discharge base charge from the BJT 220 to turn off the BJT 220. Although

shown in FIGURE 15 as a constant negative base current IB during time period 15 14, the



negative base current may be varied by the controller 232 adjusting the base current source 1422.

The controller 232 may then switch the VPLS,T3 signal to low when the reverse base current

reaches zero, such as may be measured by the sense amplifier 330. After time 1528, the

controller 232 may wait a delay period before repeating the sequence of times 1522, 1524, 1526,

and 1528. The controller may repeat first time period 1532 and second time period 1534 to

obtain a desired average current output to a load. Power is output to the load 240 during a

portion of the second time period 1534 following the reverse recovery time periods 1512 and

1514. By controlling the durations of the first time period 1532, the reverse recovery time

periods 1512 and 1514, and the second time period 1534, the controller 232 may regulate the

average output current to the load 240.

[0066] During the time period TDLy 1512 a supply capacitor may be charged from

current conducted through the BJT 220 during the reverse recovery time period. For example, a

capacitor 1410 may be coupled to an emitter node 224 of the BJT 220 through a diode 1412 and

zener 1414. The capacitor 1414 may be used, for example, to provide a supply voltage to the

controller 232. By adjusting a duration of the time period TDLy 1512, the controller 232 may

adjust a charge level on the capacitor 1410 and thus a supply voltage provided to the controller

232. The controller 232 may maintain the capacitor 1410 at a voltage between a high and a low

threshold supply voltage to ensure proper operation of the controller 232. Time period TDLY

1512 and time period TREV 1514 may be modulated almost independently of each other, as long

as the supplied base current IB drives the BJT 220 into saturation. If supply generation is not

desired, then time period TDLY may be set to zero without changing the functioning of the rest of

the circuit.

[0067] In some embodiments of the above circuits, the BJT 220 may have a base-

emitter reverse breakdown voltage that must be avoided, such as a breakdown voltage of

approximately 7 Volts. Thus, the controller may be configured to ensure that when the base is

pulled down by the current source 1422, the voltage across the base node 226 and the emitter



node 224 may remain below this limit. When the switch 234 is off, the emitter may float to Vddh

+ Vd. If the supply voltage Vddh close to the breakdown voltage, such as 7 Volts, the base pull

down with current source 1422 may cause breakdown of the BJT 220. Thus, the controller 232,

instead of pulling the base node 226 to ground, may pull the base node 226 to a fixed voltage

which ensures the reverse voltage across the base node 226 and the emitter node 224 is less than

the breakdown voltage, such as 7 Volts.

[0068] Certain parameters of the various circuits presented above may be used by

the controller 232 to determine operation of the circuits. For example, the controller 232 may be

configured to operate various components of the circuits based on detecting a beginning of a

reverse recovery period. In one embodiment, the beginning of the reverse recovery period may

be determined by detecting a signal from the comparator 330 of FIGURE 3 . In another

embodiment, the beginning of the reverse recovery period may be determined by detecting a rise

in voltage at the emitter node 224 from Vth to Vddh+Vo-

[0069] In another example, the controller 232 may be configured to operate

various components based on detecting a start of a flyback period. In one embodiment, the

controller 232 may assume that the end of the reverse recovery period is an approximation of the

start of the flyback (e.g., second) time period. In another embodiment, the controller 232 may

compare a voltage at the collector node 222 to a fixed threshold voltage with a comparator (not

shown).

[0070] In yet another example, the controller 232 may be configured to operate

various components based on a predicted peak collector current Ic. Methods for predicting peak

collector current Ic may include, for example, determining a delay time Tstg during which the

BJT 220 remains conducting in a reverse recovery phase. By determining a ramp rate of the

collector current Ic , the final peak collector current may be determined by extrapolating based on

the determined delay time Tstg .



[0071] In a further example, the controller 232 may be configured to operate

various components based on detecting an end of the reverse recovery period. In one

embodiment, the end of the reverse recovery period may be detected by measuring a voltage

and/or current at the base node 226 of the BJT 220. For example, the comparator 330 of

FIGURE 3 may compare a voltage across the resistor 328 to a ground level (e.g., 0 Volts).

During the reverse recovery phase, the switch 324 may be opened and the switch 326 may be

closed. Thus, charge accumulated in the base of the BJT 220 may flow to ground through the

resistor 328. When the voltage across the resistor 328 reaches zero, the comparator 330 may

indicate that nearly all accumulated base charge has been removed from the BJT 220 and the

reverse recovery period has ended. In certain embodiments, one or both terminals of the

comparator 330 may be offset by an offset value (e.g., 1 Volt) to reduce error in the

determination of the end of the reverse recovery period.

[0072] The end of the reverse recovery period may be detected within the various

circuits described above by other methods. In another embodiment, the end of the reverse

recovery period may be detected by measuring a voltage at the emitter node 224 of the BJT 220.

When the switch 234 turns off, the voltage at the emitter node 224 may increase to Vddh+Vo and

remain at this voltage during the reverse recovery time period. At the end of the period, the BJT

220 turns off and the voltage at the emitter node 224 may decrease below Vddh+Vo- This drop

may be detected by a sense amplifier (not shown) to determine the end of the reverse recovery

period.

[0073] In yet another embodiment, the end of the reverse recovery period may be

detected by measuring a voltage at the collector node 222 of the BJT 220. When the switch 234

and the BJT 220 are on, the voltage at the collector node 222 may be VcE+Vos+Vth, where VCE

a voltage between the collector node 222 and the emitter node 224, V S a voltage between the

two terminals of the switch 234, and Vth is a threshold voltage of the switch 234. When the

switch 234 turns off, the voltage at the collector node may increase to Vddh+Vo+VcE- This



change may indicate a beginning of the reverse recovery time period to the controller 232. At

the end of the reverse recovery time period, the BJT 220 turns off and the voltage at the collector

node 222 may increase towards VI +VLOAD- This rise may be detected with a sense amplifier

(not shown) to determine the end of the reverse recovery period.

[0074] The various circuits described above may be packaged into an integrated

circuit (IC) for use as part of a DC-DC converter circuit. One example DC-DC converter circuit

is illustrated in FIGURE 16. FIGURE 16 is a circuit schematic of a DC-DC converter with a

control integrated circuit (IC) for regulating the DC-to-DC conversion according to one

embodiment. The circuit 1600 may include a controller 1602 coupled to the bipolar junction

transistor (BJT) 220 for regulating energy transfer of energy to a load, such as LEDs 214.

Although LEDs 214 are illustrated as a load for power consumption throughout this description,

any load may be coupled to the circuit 1600 to receive regulated energy for consumption. In

some embodiments, an electromagnetic interference (EMI) prevention circuit 1614 may be

coupled between the line input V node 202 and the controller 1602. The V node 202 may

receive a rectified alternating current (AC) input signal for operating the circuit 1600. In some

embodiments, a snubber circuit 1612 may be coupled between the V sr node 202 and the

controller 1602. The controller 1602 may output signals through a DRV output to a base of the

BJT 220 and a SRC output to an emitter of the BJT 220. Other inputs may be provided to the

controller 1602 for controlling the controller 1602 from an external component through the

CTRL1 and CTRL2 inputs. Further, the controller 1602 may be configured with an input to

sense current at the VIN 202 node. The controller 1602 may include certain circuits described

above for controlling operation of the BJT 220, such as by dynamically adjusting a reverse

recovery time period of the BJT 220 and maintaining an average current output to the LEDs 214.

[0075] The circuits described above, including the control IC 1602 of FIGURE

16, described above may be integrated into a dimmer circuit to provide dimmer compatibility,

such as with lighting devices. FIGURE 17 is a block diagram illustrating a dimmer system for a



light-emitting diode (LED)-based bulb with two terminal drive of a bipolar junction transistor

(BJT)-based power stage according to one embodiment of the disclosure. A system 1700 may

include a dimmer compatibility circuit 1708 with a variable resistance device 1708a and a

control integrated circuit (IC) 1708b. The dimmer compatibility circuit 1708 may couple an

input stage having a dimmer 1704 and a rectifier 1706 with an output stage 1710, which may

include light emitting diodes (LEDs). The system 1700 may receive input from an AC mains

line 1702. The output stage 1710 may include a power stage based on a bipolar junction

transistor (BJT) as described above. For example, the output stage 1710 may include an emitter-

switched bipolar junction transistor (BJT) in the configurations of FIGURE 2, FIGURE 3,

FIGURE 8, FIGURE 11, FIGURE 14, and/or FIGURE 16.

[0076] If implemented in firmware and/or software, the functions described

above, such as with respect to FIGURE 6, FIGURE 7, and/or FIGURE 10 may be stored as one

or more instructions or code on a computer-readable medium. Examples include non-transitory

computer-readable media encoded with a data structure and computer-readable media encoded

with a computer program. Computer-readable media includes physical computer storage media.

A storage medium may be any available medium that can be accessed by a computer. By way of

example, and not limitation, such computer-readable media can comprise random access

memory (RAM), read-only memory (ROM), electrically erasable programmable read-only

memory (EEPROM), compact-disc read-only memory (CD-ROM) or other optical disk storage,

magnetic disk storage or other magnetic storage devices, or any other medium that can be used to

store desired program code in the form of instructions or data structures and that can be accessed

by a computer. Disk and disc includes compact discs (CD), laser discs, optical discs, digital

versatile discs (DVD), floppy disks and blu-ray discs. Generally, disks reproduce data

magnetically, and discs reproduce data optically. Combinations of the above should also be

included within the scope of computer-readable media.



[0077] In addition to storage on computer readable medium, instructions and/or

data may be provided as signals on transmission media included in a communication apparatus.

For example, a communication apparatus may include a transceiver having signals indicative of

instructions and data. The instructions and data are configured to cause one or more processors

to implement the functions outlined in the claims.

[0078] Although the present disclosure and certain representative advantages

have been described in detail, it should be understood that various changes, substitutions and

alterations can be made herein without departing from the spirit and scope of the disclosure as

defined by the appended claims. For example, although signals generated by a controller are

described throughout as "high" or "low," the signals may be inverted such that "low" signals turn

on a switch and "high" signals turn off a switch. Moreover, the scope of the present application

is not intended to be limited to the particular embodiments of the process, machine, manufacture,

composition of matter, means, methods and steps described in the specification. As one of

ordinary skill in the art will readily appreciate from the present disclosure, processes, machines,

manufacture, compositions of matter, means, methods, or steps, presently existing or later to be

developed that perform substantially the same function or achieve substantially the same result

as the corresponding embodiments described herein may be utilized. Accordingly, the appended

claims are intended to include within their scope such processes, machines, manufacture,

compositions of matter, means, methods, or steps.



CLAIMS

What is claimed is:

1. A method comprising:

driving a base current from a base current source to a base of the bipolar

junction transistor (BJT) to maintain conduction of the bipolar junction

transistor (BJT) during a first time period;

disconnecting the base current source from the bipolar junction transistor (BJT)

for a second time period;

repeating the steps of driving the base current during the first time period and

disconnecting the base current source for the second time period to obtain

an average current output to a load; and

dynamically adjusting the base current output from the base current source to

adjust a reverse recovery time period of the bipolar junction transistor

(BJT).

2 . The method of claim 1, wherein the step of dynamically adjusting the base current

comprises dynamically adjusting the base current such that the base current is

proportional to a collector current of the BJT.

3. The method of claim 1, wherein the step of controlling the base current output comprises

adjusting at least one of an initial base current pulse width, an initial base current

pulse amplitude, an initial current for a ramp, and a base current ramp rate to control

an amount of charge stored at the base of the bipolar junction transistor (BJT) at the

end of the first time period.



The method of claim 1, wherein the step of dynamically adjusting comprises maintaining

the reverse recovery time period between a low threshold and a high threshold.

The method of claim 1, further comprising:

delaying, for a first portion of the reverse recovery time period, to allow

charging of an energy storage device during the first portion of the reverse

recovery time period; and

coupling a negative base current source to the base of the bipolar junction

transistor (BJT) for a second portion of the reverse recovery time period

after the first portion to drain excess base charge from the bipolar junction

transistor.

The method of claim 5, further comprising dynamically adjusting the first portion of the

reverse recovery time period to obtain a desired supply for the energy storage

device.

The method of claim 5, wherein the step of dynamically adjusting the first portion

comprises adjusting the first portion to zero.

The method of claim 1, wherein the step of dynamically adjusting the base current

comprises controlling a negative base current after disconnecting the base current

source, wherein the negative base current is proportional to a peak collector current

of the bipolar junction transistor (BJT).

The method of claim 8, further comprising applying a suitable negative voltage across a

base-emitter junction of the bipolar junction transistor (BJT) while applying the

negative base current.



10. The method of claim 1, further comprising:

determining the reverse recovery time period by measuring a parameter of the

bipolar junction transistor (BJT),

wherein the step of dynamically adjusting the base current output is based, at

least in part, on the determined reverse recovery time period.

11. The method of claim 10, wherein the step of determining the reverse recovery time

period comprises measuring at least one of a voltage and a current at a base of the

bipolar junction transistor (BJT).

12. The method of claim 10, wherein the step of determining the reverse recovery time

period comprises measuring a voltage of at least one of an emitter and a collector of

the bipolar junction transistor (BJT).

13. An apparatus, comprising:

a controller configured to couple to a base and to an emitter of a bipolar junction

transistor (BJT),

wherein the controller is configured to perform the steps comprising:

driving a base current from a base current source to the base of the

bipolar junction transistor (BJT) to maintain conduction of the

bipolar junction transistor (BJT) during a first time period;

disconnecting the base current source from the bipolar junction

transistor (BJT) for a second time period;



repeating the steps of driving the base current during the first time

period and disconnecting the base current source for the second

time period to obtain an average current output to a load; and

dynamically adjusting the base current output from the base current

source to adjust a reverse recovery time period of the bipolar

junction transistor (BJT).

14. The apparatus of claim 13, wherein the step of dynamically adjusting the base current

comprises dynamically adjusting the base current such that the base current is

proportional to a collector current of the BJT.

15. The apparatus of claim 13, wherein the step of controlling the base current output

comprises adjusting at least one of an initial base current pulse width, an initial base

current pulse amplitude, an initial current for a ramp, and a base current ramp rate to

control an amount of charge stored at the base of the bipolar junction transistor

(BJT) at the end of the first time period.

16. The method of claim 13, wherein the step of dynamically adjusting the first time period

duration comprises maintaining a reverse recovery time period between a low

threshold and a high threshold.



The method of claim 13, wherein the controller is further configured to perform the steps

comprising:

delaying, for a first portion of the reverse recovery time period, to allow

charging of an energy storage device during the first portion of the reverse

recovery time period; and

coupling a negative base current source to the base of the bipolar junction

transistor (BJT) for a second portion of the reverse recovery time period

after the first portion to drain excess base charge from the bipolar junction

transistor (BJT).

The method of claim 17, wherein the controller is further configured to perform the step

of dynamically adjusting the first portion of the reverse recovery time period to

obtain a desired supply for the energy storage device.

The method of claim 17, wherein the step of dynamically adjusting the first portion

comprises adjusting the first portion to zero.

The method of claim 13, wherein the step of dynamically adjusting the base current

comprises applying a negative base current after disconnecting the base current

source, wherein the negative base current is proportional to a peak collector current

of the bipolar junction transistor (BJT).

The method of claim 20, wherein the controller is further configured to perform the step

of applying a suitable negative voltage across a base-emitter junction of the bipolar

junction transistor (BJT) while applying the negative base current.



The method of claim 13, wherein the controller is further configured to perform the step

of:

determining the reverse recovery time period by measuring a parameter of the

bipolar junction transistor (BJT),

wherein the step of dynamically adjusting the base current output is based, at

least in part, on the determined reverse recovery time period.

The method of claim 22, wherein the step of determining the reverse recovery time

period comprises measuring at least one of a voltage and a current at a base of the

bipolar junction transistor (BJT).

The method of claim 22, wherein the step of determining the reverse recovery time

period comprises measuring a voltage of at least one of an emitter and a collector of

the bipolar junction transistor (BJT).

An integrated circuit (IC), comprising:

a base current source configured to be coupled to the base of the bipolar junction

transistor (BJT) through a first base switch; and

a controller coupled to the base current source and configured to couple to an

emitter switch coupled to an emitter of the bipolar junction transistor (BJT),

wherein the controller is configured to perform the steps comprising:

driving a base current from the base current source to the base of the

bipolar junction transistor (BJT) to maintain conduction of the

bipolar junction transistor (BJT) during a first time period;



disconnecting the base current source from the bipolar junction

transistor (BJT) for a second time period;

repeating the steps of driving the base current during the first time

period and disconnecting the base current source for the second

time period to obtain an average current output to a load; and

dynamically adjusting the base current output from the base current

source to adjust a reverse recovery time period of the bipolar

junction transistor (BJT), wherein at least a portion of the base

current output is proportional to a collector current of the bipolar

junction transistor (BJT).

The integrated circuit of claim 25, wherein the controller is configured to perform the

step of repeating to obtain an average current output to a plurality of light emitting

didoes (LEDs).

The integrated circuit of claim 25, further comprising:

an emitter sense amplifier configured to be coupled to an emitter switch coupled

to the emitter of the bipolar junction transistor (BJT),

wherein the controller is further configured to couple to the emitter switch, and

wherein the controller is further configured to perform the steps comprising:

switching on the emitter switch during the first time period; and

switching off the emitter switch during the second time period;



determining the collector current of the bipolar junction transistor

(BJT) based, at least in part, on an output of the emitter sense

amplifier,

wherein the step of dynamically adjusting the base current output is

based, at least in part, on the determined collector current.

The integrated circuit of claim 25, further comprising:

a second base current source configured to couple to the base of the bipolar

junction transistor; and

a third base switch coupled to the second base current source and to a ground,

wherein the controller is configured to perform the steps of:

switching on the third base switch after the first time period; and

dynamically adjusting the second base current source to adjust the

reverse recovery time period of the bipolar junction transistor

(BJT).
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