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TITLE

Wide Voltage, High Efficiency LED Driver Circuit

FIELD OF THE INVENTION
[0001] The invention generally relates to driver circuits for light emitting
diodes (LEDs) which can be powered by batteries or ultracapacitors, and in
particular relates to a LED driver circuit which is powered by ultracapacitors.
DEFINITIONS
[0002] As used herein, the following terms have the following meanings:

a. The term “LED” refers to a light emitting diode.

b. The term “ultracapacitor” refers to a capacitor exhibiting a very
high energy density (> 0.5 Wh/l), including double layer
capacitors, supercapacitors, pseudocapacitors, and hybrid
capacitors.

C. The term “microcontroller” refers to a device with electrical
inputs and outputs that performs a digital process (e.g., digital
signal controllers, microprocessors, digital controllers, digital
signal processors).

d. The term “energy storage system

” (“energy source”) refers to
anything that stores energy and provides power to the system,

including but not limited to ultracapacitors and batteries.
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BACKGROUND OF THE INVENTION

[0003] Most power output systems are designed to operate at relatively
constant voltage because this is typical of the discharge characteristics of most
battery chemistries. In comparison to battery chemistries, state of the art
ultracapacitor devices store less energy per volume and weight. Also,
ultracapacitor discharge curves are significantly different than battery discharge
curves. Battery discharge curves are relatively flat as most of the energy is
dissipated from the devices. Most systems are designed to operate in this
relatively flat portion of the curve. Ultracapacitors, on the other hand, do not
have a flat voltage region. Instead, the voltage varies approximately linearly with
a constant current discharge.

[0004] Ultracapacitors are commonly viewed or modeled as an ideal
capacitor. In fact, the device is considerably more complex. However, for the
purposes of this discussion the ideal capacitor model will be used. Equation 1
describes the relationship between voltage, current, and capacitance of an ideal

ultracapacitor.

l(t) = C% (Equation 1)
[0005] From this equation it is known that for a constant discharge current,
the voltage of an ultracapacitor varies linearly with a slope of dv/dt being equal
in magnitude to I{t)/C. Also, the amount of stored energy that can be used from
an ultracapacitor is dependant on the amount of voltage swing a system can

allow. For an ultracapacitor with a given capacitance C, and an allowable voltage
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swing from Vpigh to Viow the amount of usable energy can be calculated from

Equation 2.

2 2
Euc = %C(Vhigh _Vzow ) (Equation 2)

[0006] From Equation 2, it is clear that the larger the allowable voltage swing
of an ultracapacitor cell, the larger the amount of stored energy that can be
utilized. Therefore, a system that best utilizes the energy storage capabilities of
an ultracapacitor is a system that can allow for the largest voltage swing
possible.

[0007] Primary and secondary battery powered systems can also benefit
from systems that allow for a large voltage swing. However, because a smaller
percentage of a battery’s usable energy is utilized by a wide voltage swing, the
gain is less significant with a battery than it is with an ultracapacitor.

[0008] Recently, white and color LED technology has improved significantly.
The color quality, efficacy, and total light output per device continue to improve.
Because of these recent advancements LEDs are being used more frequently in
consumer and commercial applications.

[0009] LEDs exhibit a nonlinear voltage to current relationship and the
voltage for a given current will vary slightly from device to device. The amount
of light emitted from an LED at a given temperature is based on current.
Therefore, in order to achieve a consistent and predictable light output it is best

to drive the LED with a constant current.
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Currently there exist many methods of driving LEDs. Many of these circuits drive
LEDs with a constant current, but the current regulation is poor and therefore
the light output varies as the input voltage to the circuit goes down. The input
voltage of ultracapacitors and batteries go down during discharge. Furthermore,
existing circuits have a limited input voltage range in comparison to the disclosed
technology. And over this limited range the efficiency may be very low. For
ultracapacitor systems, the efficiency is critical because the energy density is
typically lower for state of the art ultracapacitors vs. state of the art batteries.
However, efficiency is still important for battery-powered systems as well as

other sources of electrical power.

[0010] Digital controllers can provide unique functionality to consumer
products. In the case of hand-held lighting the use of a digital controller can
provide, for example, unique light output profiles based on input voltage, unique
types of user interface and unique flash patterns. State of charge and other
calculations can easily be performed. Digital controllers can also operate down
to very low voltages, which make them advantageous in control systems over

alternative methods.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1is a high level schematic of a circuit for driving high power LEDs.

[0012] FIG. 2 is a block diagram of a control system representing the
microcontroller, DC/DC Converter, and current feedback circuit.

[0013] FIG. 3 is a graph of efficiency of one embodiment of the system/DC-
DC boost converter.

[0014] FIG. 4 is a graph of lux vs. time as produced by one embodiment of

the disclosed invention as measured with a lux meter.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0015] While the invention is susceptible of various modifications and
alternative constructions, certain illustrated embodiments thereof have been
shown in the drawings and will be described below in detail. It should be
understood, however, that there is no intention to limit the invention to the
specific form disclosed, but, on the contrary, the invention is to cover all
modifications, alternative constructions, and equivalents falling within the spirit
and scope of the invention as defined in the claims.

[0016] In the following description and in the figures, like elements are

”

identified with like reference numerals. The use of “e.g.,” “etc,” and “or”

indicates non-exclusive alternatives without limitation unless otherwise noted.
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The use of “including” means “including, but not limited to,” unless otherwise
noted.

[0017] Referring initially to FIG. 1, shown is a high level schematic of the
circuit for driving high power LEDs. The circuit includes ultracapacitors (101-103)
for energy storage from and series connected LEDs (104-106). The
ultracapacitors could be connected in series, parallel or combinations of series
and parallel.

[0018] FIG. 2 shows a block diagram of the control system representing the
microcontroller (100), DC/DC Converter (130), and current feedback circuit. The
feedback circuit represents a measurement resistor (108), a filter (109), and an
operational amplifier circuit (110) to provide gain to the current feedback signal.
[0019] The LED driver circuit powers high-powered LEDs by controlling the
current through them. The preferred system uses closed-loop proportional-
integral-derivative (PID) control to ensure a well regulated constant current over
a very wide range of input voltages. Alternatively, integral control, proportional
control, or proportional-integral control could be used. In this embodiment the
derivative gain is set to zero. The current from the output of the DC-DC boost
converter (130) is controlled by a pulse width modulation (PWM) signal from the
microcontroller (100).

[0020] The main microcontroller program (90) generates an internal
reference current (I_ref) to the PID control loop. The reference current (I_ref)

may be a constant or a function based on a discharge profile or various other
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inputs and parameters. The current from the DC/DC boost converter (130) is
measured by a resistor (108) connected in series with the LEDs. The small value
of the 0.2 Q) measurement resistor {108) results in a dissipation that is a very
small percentage of less than 1% of the total output of power. The voltage over
the measurement resistor (108) is filtered by the filter (109) and amplified by an
operational amplifier circuit (110). The microcontroller (100) then converts the
amplified signal to a digital number by use of an analog to digital converter (ADC)
(88).

[0021] Closed loop control is performed within the microcontroller (100) and
is based on the measured current and the program generated reference current.
Within the PID loop, the digital value representing the measured current is
subtracted from the program-generated reference current. The difference
between the two is the error. Three terms are generated based on the error. A
proportional term is generated by multiplying the error by the proportional gain
(Kp). An integral term is generated by integrating with the error with respect to
time and multiplying it by the integral gain (Ki). A derivative term is generated by
taking the derivative of the error with respect to time and multiplying it by the
derivative term (Kd). In this embodiment the derivative gain is set to zero.

[0022] The proportional gain, the integral gain and the derivative gain are
summed to generate a digital value for the PWM signal. The microcontroller’s
built-in PWM generator uses the PWM value to generate a PWM signal for the

DC-DC boost converter. The use of a PID control loop ensures that the generated
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PWM signal is such that the DC-DC boost converter outputs the commanded
current to a very high degree of accuracy.

[0023] FIG. 3 is a graph of efficiency of the system/DC-DC boost converter
powering three white LEDs over the range of input voltages from roughly 4.0 to
8.15 volts. The efficiency is over 90% for this range.

[0024] FIG. 4 is a graph of lux vs. time as produced by the disclosed invention
and measured with a lux meter. The circuit is powered with ultracapacitors
during data collection. The voltage of the ultracapacitors decreases from 8.1 to
1.8 volts during this operation. The graph has two distinct operating modes
where a first mode has a high light output and a second mode has a low light
output. FIG. 4 illustrates clearly a very well regulated flat light output curve with
two distinct operating modes during the ultracapacitor discharge.

[0025] The DC-DC converter transfers energy to the output based on the
PWM signal. The PWM signal is modulated by changing the period of time when
the signal is high versus when the signal is low. When the signal is high the
mosfet (131) turns on and conducts current. When it is low the mosfet is off and
not conducting current. When the mosfet is on, current is increasing in the
inductor and the diode (132) is reverse biased and not conducting. When the
mosfet turns off the diode becomes forward biased and current flows from the
source through the inductor and the diode and into the bulk capacitor (133) and
the LEDs (104-106). During this time, the current through the inductor is

decreasing. This configuration contributes to a high efficiency because the
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voltage drop over the diode (132) is proportionally less than the total output
voltage when the diode is forward biased. In this embodiment, the output
voltage is approximately 10V and the voltage drop over the diode while it is
conducting is approximately 0.3V.

[0026] A turn-off transistor (107) prevents current from flowing from the
energy system to the LEDs when the system in not operating. Said turn-off
transistor is controlled by the microcontroller (100) by means of a digital signal.
Said turn-off transistor also provides the circuit with the capability of turning the
LEDs on and off rapidly. This function is important for strobe type flashing
modes of operation.

[0027] Beyond the closed-loop control the microcontroller performs other
various functions. As discussed above, the microcontroller generates an internal
reference current. The dc-dc converter follows this current. The internal
reference current is a function of the mode of operation and the voltage of the
energy storage system. The mode of operation may or may not be user
selectable. The reference current may also be based other inputs such as user
input buttons, temperature and time.

[0028] Ultracapacitors provide unique advantages to systems such as long
life and quick recharge. In order to take advantage of these characteristics a
unique system is needed. The system must have a wide input voltage range, a

very high efficiency and a very well regulated output.
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[0029] The disclosed invention provides these necessary characteristics to
make ultracapacitors a viable source to power LEDs in hand-held products and
other applications.

[0030] In the disclosed invention, a high efficiency dc-dc converter (130) is
controlled by a digital controller (100) through pulse width modulation (PWM).
A low-dropout linear regulator (120) prevents the input voltage to the digital
controller from exceeding its maximum voltage. A very low power consumption
measurement circuit provides current feedback to said digital controller. Said
digital controller performs closed-loop current control.

[0031] One example embodiment: An electrical circuit for driving high
output LEDs with a constant current is disclosed. The circuit is configured in a
manner that lends itself to a very wide input voltage range with high efficiency
over that wide operating range. The circuit can achieve a peak efficiency of
greater than 96% with an operating range from 10 volts down to 1.5 volts. This
embodiment provides an operating range of up to 10 volts; however it is not
limited to 10 volts. Because of this wide voltage range and high efficiency the
circuit is particularly beneficial to ultracapacitor-powered systems. However, it
also provides benefit to battery powered systems because it operates at a very
high efficiency and allows the battery voltage to decrease significantly below its
nominal voltage while still providing a regulated output. Closed loop current
control is provided by a microcontroller. The current through the LEDs is

measured by amplifying the voltage over a measurement resistor. The use of a

-10 -
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microcontroller to provide closed loop control provides the system with the
ability to operate to a very low voltage (1.5 volts) and provides unique custom
control and functionality. The system provides a very constant light output as
the batteries or ultracapacitors discharge. Figure 4 shows two distinct operating
modes where a first mode has a high light output and a second mode has a low
light output as measured with a lux meter. At approximately one hour, the driver
distinctly switches to a lower output mode. These two “flat” output modes are
uncommon in most existing LED drivers and light output systems.

[0032] The purpose of the Abstract is to enable the public, and especially the
scientists, engineers, and practitioners in the art who are not familiar with patent
or legal terms or phraseology, to determine quickly from a cursory inspection,
the nature and essence of the technical disclosure of the application. The
Abstract is neither intended to define the invention of the application, which is
measured by the claims, nor is it intended to be limiting as to the scope of the
invention in any way.

[0033] Still other features and advantages of the claimed invention will
become readily apparent to those skilled in this art from the following detailed
description describing preferred embodiments of the invention, simply by way of
illustration of the best mode contemplated by carrying out my invention. As will
be realized, the invention is capable of modification in various obvious respects

all without departing from the invention. Accordingly, the drawings and

-11-
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description of the preferred embodiments are to be regarded as illustrative in
nature, and not as restrictive in nature.

[0034] While there is shown and described the present preferred
embodiment of the invention, it is to be distinctly understood that this invention
is not limited thereto but may be variously embodied to practice within the
scope of the following claims. From the foregoing description, it will be apparent
that various changes may be made without departing from the spirit and scope

of the invention as defined by the following claims.

-12 -
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CLAIMS
What is claimed is:
1. A method of driving at least one light emitting diode, said method
comprising the steps of:
generating an internal reference current;
measuring the current from a DC-DC boost converter powered by a
power source, said DC-DC boost converter driving said at least one
light emitting diode;
supplying said measured current and said internal reference current to a
closed loop control;
using said closed loop control to generate a PWM signal;
controlling the output current of said DC-DC boost converter using said
PWM signal; and

driving said at least one light emitting diode with said output current.

2. The method of claim 1, wherein the said measured current is determined
by measuring the voltage across a measurement resistor, filtering the measured
voltage to create a filtered voltage, amplifying the filtered voltage to create an
amplified signal, and converting the amplified signal to create said measured

current.

-13-
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3. The method of claim 2, wherein said amplification step is accomplished

using an operational amplifier.

4, The method of claim 1, wherein the power source is at least one
ultracapacitor.

5. The method of claim 1, wherein said power source is a plurality
ultracapacitors connected in series, parallel or combinations of series and

parallel.

6. The method of claim 1, wherein said internal reference current can be

changed based upon user input.

7. The method of claim 1, wherein the power source is at least one battery.

8. The method of claim 1, wherein said power source is a plurality batteries

connected in series, parallel or combinations of series and parallel.

9. The method of claim 1, wherein said internal reference current can be

changed based upon temperature.

10. The method of claim 1, wherein said internal reference current can be

changed based upon time.

-14-
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11. The method of claim 1, wherein said closed loop control is a proportional-

integral-derivative control.

12. The method of claim 1, wherein said closed loop control is a proportional-

integral control.

13. The method of claim 1, wherein said closed loop control is a proportional

derivative control.

14. The method of claim 1, wherein said closed loop control is an integral

control.

15. A LED driver circuit for powering a plurality of light emitting diodes with a
power source, said circuit comprising:

a DC-DC boost converter powered by said power source, said DC-DC
boost converter for providing current to said light emitting diodes,
said DC-DC boost converter controlled by a microcontroller
through pulse width modulation (PWM);

a current feedback circuit for measuring the output of said DC-DC boost
converter, said current feedback circuit comprising a

measurement resistor connected in series with said light emitting

-15-
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diodes, wherein voltage measured across said measurement
resistor can be filtered by a filter and amplified by an operational
amplifier to create an amplified signal; and

said microcontroller, said microcontroller for generating a reference
current, said microcontroller comprising a PWM generator for
generating a PWM signal based on the difference between said
measured current and said reference current, said PWM signal for

controlling current output of said DC-DC boost converter.

16. The LED driver circuit of claim 15, wherein said amplified signal is analog,
and wherein said microcontroller further comprises an analog to digital
converter for converting said analog amplified signal to said measured current

which is digital .

17. The LED driver circuit of claim 15, wherein said at least one light emitting

diode comprises a plurality of series connected light emitting diodes.

18. The LED driver circuit of claim 15, wherein said power source is at least

one ultracapacitor or at least one battery.

-16 -
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19. The LED driver circuit of claim 18, wherein said power source is a plurality
of ultracapacitors connected in series, parallel or a combination of series and

parallel.

-17-
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20. A LED driver circuit for powering a plurality of series connected light
emitting diodes with a plurality of series connected ultracapacitors, said circuit
comprising:

a DC-DC boost converter powered by said power source, said DC-DC
boost converter for providing current to said light emitting diodes,
said DC-DC boost converter controlled by a microcontroller
through pulse width modulation (PWM);

a current feedback circuit for measuring the output of said DC-DC boost
converter, said current feedback circuit comprising a
measurement resistor connected in series with said light emitting
diodes, wherein voltage measured across said measurement
resistor can be filtered by a filter and amplified by an operational
amplifier to create an analog amplified signal; and

said microcontroller, said microcontroller for generating a digital
reference current, said microcontroller comprising an analog to
digital converter for converting said analog amplified signal to a
digital measured current, said microcontroller comprising a PWM
generator for generating a PWM signal based on the difference
between said measured current and said reference current, said
PWM signal for controlling current output of said DC-DC boost

converter.

-18-
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