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FORWARD CONVERTER HAVING A
PRIMARY-SIDE CURRENT SENSE CIRCUIT

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions

made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held

invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s an application for reissue of U.S. Pat.
No. 9,232,574, which was granted on U.S. patent applica-
tion Ser. No. 13/834,153, which is a non-provisional appli-

cation of commonly-assigned U.S. Provisional Application
No. 61/668,759, filed Jul. 6, 2012, entitled LOAD (CON-

TROL DEVICE FOR A LIGHT-EMITTING DIODE
LIGHT SOURCE, the entire disclosure of which 1s hereby

incorporated by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a load control device for
a light-emitting diode (LED) light source, and more particu-
larly, to an LED driver for controlling the intensity of an
LED light source.

2. Description of the Related Art

Light-emitting diode (LED) light sources (1.e., LED light
engines) are oiten used 1n place of or as replacements for
conventional mcandescent, fluorescent, or halogen lamps,
and the like. LED light sources may comprise a plurality of
light-emitting diodes mounted on a single structure and
provided in a suitable housing. LED light sources are
typically more eflicient and provide longer operational lives
as compared to incandescent, fluorescent, and halogen
lamps. In order to 1lluminate properly, an LED driver control
device (1.e., an LED driver) must be coupled between an
alternating-current (AC) source and the LED light source for
regulating the power supplied to the LED light source. The
LED drniver may regulate either the voltage provided to the
LED light source to a particular value, the current supplied
to the LED light source to a specific peak current value, or
may regulate both the current and voltage.

LED light sources are typically rated to be driven via one
of two different control techmiques: a current load control
technique or a voltage load control technique. An LED light
source that 1s rated for the current load control technique 1s
also characterized by a rated current (e.g., approximately
350 milliamps) to which the peak magnitude of the current
through the LED light source should be regulated to ensure
that the LED light source 1s illuminated to the approprate
intensity and color. In contrast, an LED light source that 1s
rated for the voltage load control technique 1s characterized
by a rated voltage (e.g., approximately 15 volts) to which the
voltage across the LED light source should be regulated to
ensure proper operation of the LED light source. Typically,
cach string of LEDs i an LED light source rated for the
voltage load control technique includes a current balance
regulation element to ensure that each of the parallel legs has
the same 1impedance so that the same current 1s drawn in
cach parallel string.

It 1s known that the light output of an LED light source
can be dimmed. Different methods of dimming LEDs

10

15

20

25

30

35

40

45

50

55

60

65

2

include a pulse-width modulation (PWM) technique and a
constant current reduction (CCR) technique. Pulse-width

modulation dimming can be used for LED light sources that
are controlled in either a current or voltage load control
mode. In pulse-width modulation dimming, a pulsed signal
with a varying duty cycle 1s supplied to the LED light
source. IT an LED light source 1s being controlled using the
current load control technique, the peak current supplied to
the LED light source 1s kept constant during an on time of
the duty cycle of the pulsed signal. However, as the duty
cycle of the pulsed signal varies, the average current sup-
plied to the LED light source also varies, thereby varying the
intensity of the light output of the LED light source. If the
LED light source 1s being controlled using the voltage load
control technique, the voltage supplied to the LED light
source 1s kept constant during the on time of the duty cycle
of the pulsed signal 1n order to achieve the desired target
voltage level, and the duty cycle of the load voltage 1s varied
in order to adjust the intensity of the light output. Constant
current reduction dimming 1s typically only used when an
LED light source 1s being controlled using the current load
control technique. In constant current reduction dimming,
current 1s continuously provided to the LED light source,
however, the DC magnitude of the current provided to the
LED light source 1s varied to thus adjust the intensity of the
light output. Examples of LED drivers are described 1n

greater detail in commonly-assigned U.S. patent application
Ser. No. 12/813,908, filed Jun. 11, 2010, and U.S. patent

application Ser. No. 13/416,741, ﬁled Mar. 9, 2012, both
entitled LOAD CONTROL DEVIC H FOR A LIGHT-EMIT-
TING DIODE LIGHT SOURCE, the entire disclosures of
which are hereby incorporated by reference.

In addition, some LED light sources comprise forward
converters for driving the LED light sources to control the
load current conducted through the LED light source. For-
ward converters comprise a transformer having a primary
winding coupled to at least one semiconductor switch and a
secondary winding operatively coupled to the LED light
source. The semiconductor switch 1s rendered conductive
and non-conductive to conduct a primary current through the
primary winding and to thus transier power to the secondary
winding of the transformer. Forward converters typically
comprise an optocoupler for coupling a feedback signal on
the secondary side of the transformer to the primary side of
the transformer, such that a controller can control the semi-
conductor switch i1s response to the feedback signal. How-
ever, there 1s a need for a forward converter that 1s able to
control the magnitude of the load current through an LED
light source without the need for an optocoupler.

SUMMARY OF THE

INVENTION

As described herein, a load control device for controlling
the amount of power delivered to an electrical load may
comprise an i1solated forward converter, a controller, and/or
a current sense circuit. The forward converter may be
operable to receive a bus voltage and to conduct a load
current through the electrical load. The forward converter
may comprise a transformer that includes a primary wind-
ing. The primary winding of the transformer may be coupled
in series with a first semiconductor switch, while a second-
ary winding 1s adapted to be operatively coupled to the
clectrical load. The forward converter may comprise a
half-bridge 1nverter may comprise the first semiconductor
switch and a second semiconductor switch coupled 1n series
across the bus voltage for generating an inverter voltage at
a junction of the two semiconductor switches. The junction



US RE46,715 E

3

of the two semiconductor switches may be coupled to the
primary winding of the transformer through a capacitor, for
example, such that a primary voltage across the primary
winding has a positive polarity when the first semiconductor
switch 1s conductive and has a negative polarity when the
second semiconductor switch 1s conductive. The transformer
may be operable to transier power to the secondary winding,
when either of the semiconductor switches 1s conductive.
The forward converter may further comprise a sense resistor
coupled 1n series with the primary winding for producing a
sense voltage that 1s representative of the primary current
conducted through the primary winding. The controller may
be coupled to the forward converter for controlling the first
semiconductor switch to control the load current conducted
through the electrical load. The current sense circuit may be
operable to receive the sense voltage. The current sense
circuit may comprise an averaging circuit for averaging the
sense voltage when the first semiconductor switch of the
torward converter 1s conductive, so as to generate a load
current control signal that 1s representative of a real com-
ponent of the primary current.

An LED dniver for controlling the intensity of an LED
light source 1s also described herein. The LED driver may
comprise an isolated forward converter, a controller, and a
current sense circuit. The forward converter may be operable
to receive a bus voltage and to conduct a load current
through the electrical load. The forward converter may
comprise a transformer having a primary winding and a
secondary winding adapted to be operatively coupled to the
LED light source. The forward converter may further com-
prise a hali-bridge inverter circuit for generating an inverter
voltage that 1s coupled to the primary winding of the
transformer through a capacitor for producing a primary
voltage across the primary winding. The forward converter
may further comprise a sense resistor coupled 1n series with
the primary winding for producing a sense voltage repre-
sentative of a primary current conducted through the pri-
mary winding. The controller may be coupled to the forward
converter for controlling the half-bridge inverter circuit to
control the load current conducted through the LED light
source to control the intensity of the LED light source to a
target intensity. The current sense circuit may be operable to
receive the sense voltage and to average the sense voltage
when the magnitude of the primary voltage across the
primary winding 1s positive and greater than approximately
zero volts, so as to generate a load current control signal that
1s representative of a real component of the primary current.

In addition, a forward converter for controlling the
amount of power delivered to an electrical load from an
input voltage, as described herein, may comprise one or
more of: (1) a transformer having a primary winding and a
secondary winding adapted to be operatively coupled to the
clectrical load; (2) a half-bridge nverter circuit including
first and second semiconductor switches coupled 1n series
across the mput voltage for generating an inverter voltage at
the junction of the two semiconductor switches; (3) a
capacitor coupled between the junction of the two semicon-
ductor switches of the half-bridge inverter circuit and the
primary winding of the transformer, such that a primary
voltage 1s produced across the primary winding, the trans-
former operable to transier power to the secondary winding
when either of the semiconductor switches 1s conductive; (4)
a controller coupled to the hali-bridge mverter circuit for
controlling the first and second semiconductor switches to
control a load current conducted through the electrical load;
(5) a sense resistor coupled in series with the primary
winding for producing a sense voltage representative of a
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4

primary current conducted through the primary winding;
and/or (6) a current sense circuit operable to receive the

sense voltage and to average the sense voltage when the first
semiconductor switch of the half-bridge inverter circuit 1s
conductive, so as to generate a load current control signal
that 1s representative of a real component of the primary
current.

A load control device for controlling the amount of power
delivered to an electrical load may comprise an 1solated
forward converter, a controller, and/or a current sense cir-
cuit. The forward converter may be operable to receive a bus
voltage and to conduct a load current through the electrical
load. The forward converter may comprise a transformer
that includes a primary winding. The primary winding of the
transformer may be coupled 1n series with a first semicon-
ductor switch, while a secondary winding 1s adapted to be
operatively coupled to the electrical load. The forward
converter may further comprise a sense resistor coupled 1n
series with the primary winding for producing a sense
voltage that 1s representative of the primary current con-
ducted through the primary winding. The controller may be
coupled to the forward converter for controlling the first
semiconductor switch to control the magnitude of the load
current conducted through the electrical load to control the
amount of power delivered to the electrical load to a target
amount of power. The current sense circuit may be operable
to receive the sense voltage and average the sense voltage
when the first semiconductor switch of the forward con-
verter 1s conductive, so as to generate a load current control
signal that 1s representative of a real component of the
primary current. For example, the current sense circuit may
be operable to average the sense voltage for an on time when
the first semiconductor switch of the forward converter 1s
conductive plus an addition amount of time, so as to
generate the load current control signal that 1s representative
of the real component of the primary current.

Other features and advantages of the present mvention
will become apparent from the following description of the
invention that refers to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a simplified block diagram of a light-emitting,
diode (LED) driver for controlling the intensity of an LED
light source.

FIG. 2 1s a simplified schematic diagram of an 1solated
forward converter and a current sense circuit of an LED
driver.

FIG. 3 1s an example diagram illustrating a magnetic core
set of an energy-storage inductor of a forward converter.

FIG. 4 shows example wavetorms illustrating the opera-
tion of a forward converter and a current sense circuit when
the intensity of an LED light source 1s near a high-end
intensity.

FIG. 5 shows example waveforms illustrating the opera-
tion of a forward converter and a current sense circuit when
the itensity of an LED light source i1s near a low-end
intensity.

FIG. 6 1s an example plot of a relationship between an
oflset time and a target intensity of an LED driver.

FIG. 7 1s a simplified flowchart of a control procedure
executed periodically by a controller of an LED dniver.

FIG. 8 1s an example plot of a relationship between the
oflset time and the target intensity of an LED driver.

FIG. 9 shows an example wavelorm of a load current
conducted through an LED light source when a target
current of an LED drniver 1s at a steady-state value.
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FIG. 10 shows an example waveform of the load current
conducted through the LED light source when the target

current of the LED driver 1s being increased with respect to
time.

FIG. 11 shows example wavetorms of a ramp signal of an
LED driver and a load current conducted through an LED
light source when the ramp signal 1s added to a target
current.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

The foregoing summary, as well as the following detailed
description of the preferred embodiments, 1s better under-
stood when read 1 conjunction with the appended drawings.
For the purposes of illustrating the invention, there 1s shown
in the drawings an embodiment that 1s presently preferred,
in which like numerals represent similar parts throughout the
several views of the drawings, 1t being understood, however,
that the invention 1s not limited to the specific methods and
instrumentalities disclosed.

FIG. 1 1s a simplified block diagram of a light-emitting
diode (LED) driver 100 for controlling the intensity of an
LED light source 102 (e.g., an LED light engine). The LED
light source 102 1s shown as a plurality of LEDs connected
in series but may comprise a single LED or a plurality of
LEDs connected in parallel or a suitable combination
thereot, depending on the particular lighting system. In
addition, the LED light source 102 may alternatively com-
prise one or more organic light-emitting diodes (OLEDs).
The LED driver 100 comprises a hot terminal H and a
neutral terminal that are adapted to be coupled to an alter-
nating-current (AC) power source (not shown).

The LED dniver 100 comprises a radio-frequency (RFI)
filter circuit 110 for minimizing the noise provided on the
AC mains and a rectifier circuit 120 for generating a rectified
voltage V iz~ The LED driver 100 further comprises a
boost converter 130, which receives the rectified voltage
V.-~ and generates a boosted direct-current (DC) bus
voltage V5, . across a bus capacitor C,,.. The boost con-
verter 130 may alternatively comprise any suitable power
converter circuit for generating an approprate bus voltage,
such as, for example, a flyback converter, a single-ended
primary-inductor converter (SEPIC), a Cuk converter, or
other suitable power converter circuit. The boost converter
120 may also operate as a power factor correction (PFC)
circuit to adjust the power factor of the LED driver 100
towards a power factor of one. The LED driver 100 also
comprises an 1solated, halif-bridge forward converter 140,
which receives the bus voltage V.. and controls the
amount of power delivered to the LED light source 102 so
as to control the mtensity of the LED light source between
a low-end (1.e., minimum) mtensity L, ~ (e.g., approximately
1-5%) and a high-end (1.e., maximum) intensity L., (e.g.,
approximately 100%).

The LED dniver 100 further comprises a control circuit,
¢.g., a controller 150, for controlling the operation of the
boost converter 130 and the forward converter 140. The
controller 150 may comprise, for example, a digital control-
ler or any other suitable processing device, such as, for
example, a microcontroller, a programmable logic device
(PLD), a microprocessor, an application specific integrated
circuit (ASIC), or a field-programmable gate array (FPGA).
The controller 150 generates a bus voltage control signal
V zrre e, Which 1s provided to the boost converter 130 for
adjusting the magnitude of the bus voltage Vg, ... The
controller 150 receives from the boost converter 130 a bus
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voltage feedback control signals V.« 5, which 1s repre-
sentative of the magnitude of the bus voltage V, ..

The controller 150 also generates drive control signals
V orrz1s Y nrrves, Which are provided to the forward con-
verter 140 for adjusting the magnitude of a load voltage
V., oun generated across the LED light source 102 and the
magnitude of a load current I, ,,, conducted through the
LED light source to thus control the intensity of the LE
light source to a target intensity L. -~ The LED driver 100
further comprises a current sense circuit 160, which 1is
responsive to a sense voltage V ... that 1s generated by the
forward converter 140 and 1s representative of the magni-
tude of the load current I, , , . The current sense circuit 160
1s responsive to a signal-chopper control signal V.. -
(which 1s recetved from the controller 150), and generates a
load current feedback signal V,, , ,,, (which 1s a DC voltage
representative of the magnitude of the load current I, , ).
The controller 150 receives the load current feedback signal
V. r o4r Irom the current sense circuit 160 and controls the
drive control signals Vnr1, Vaeme, 10 adjust the mag-
nitude of the load current I, , ,,, to a target load current 1, -
to thus control the intensity of the LED light source 102 to
the target intensity L .. The target load current I .- may
be adjusted between a minimum load current I, and a
maximum load current I, -

The controller 150 1s coupled to a memory 170 for storing,
the operational characteristics of the LED driver 100 (e.g.,
the target intensity L., the low-end intensity L, ., the
high-end ntensity L., etc.). The LED driver 100 may also
comprise a communication circuit 180, which may be
coupled to, for example, a wired communication link or a
wireless communication link, such as a radio-frequency
(RF) communication link or an infrared (IR) communication
link. The controller 150 may be operable to update the target
intensity L., of the LED light source 102 or the opera-
tional characteristics stored in the memory 170 1n response
to digital messages received via the communication circuit
180. Alternatively, the LED driver 100 could be operable to
receive a phase-control signal from a dimmer switch for
determining the target intensity L., for the LED light
source 102. The LED dniver 100 further comprises a power
supply 190, which receives the rectified voltage V...~ and
generates a direct-current (DC) supply voltage V.. for
powering the circuitry of the LED dniver.

FIG. 2 1s a simplified schematic diagram of a forward
converter 240 and a current sense circuit 260, e.g., the
torward converter 140 and the current sense circuit 160 of
the LED driver 100 shown 1n FIG. 1. The forward converter
240 comprises a hali-bridge inverter circuit having two field
ellect transistors (FETs) Q210, Q212 for generating a high-
frequency inverter voltage V ;.- from the bus voltage V., ..
The FETs Q210, Q212 are rendered conductive and non-
conductive 1n response to the drive control signals V 5717 .
V ormess Which are received from a controller (e.g., the
controller 150). The drive control signals V 55521, V nerees
are coupled to the gates of the respective FETs 210, Q212
via a gate drive circuit 214 (e.g., part number L6382DTR,
manufactured by ST Microelectronics). The controller gen-
crates the inverter voltage V., at a constant operating
frequency 1,5 (e.g., approximately 60-65 kHz) and thus a
constant operating period T,,. However, the operating
frequency 1,, may be adjusted under certain operating
conditions. The controller adjusts the duty cycle DC of the
inverter voltage V.- to adjust the magnitude of the load
current I, , , and thus the intensity of an LED light source
202. The forward converter 240 may be characterized by a
turn-on time T - » . o from when the drive control signals
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V orrve1s Y prrpes are driven high until the respective FET
0210, Q212 1s rendered conductive, and a turn-off time
T a0 Irom when the drive control signals Vo702,
V ~» - are driven low until the respective FET (0210, Q212
1s rendered non-conductive.

The inverter voltage V., 1s coupled to the primary
winding of a transformer 220 through a DC-blocking capaci-
tor C216 (e.g., having a capacitance of approximately 0.047
1E), such that a primary voltage V ., 1s generated across the
primary winding. The transformer 220 1s characterized by a
turns ratio n, ;e (1.€., N;/N,) of approximately 115:29.
The sense voltage V ...« 1S generated across a sense resistor
R222, which 1s coupled series with the primary winding of
the transformer 220. The FETs (0210, (0212 and the primary
winding of the transformer 220 are characterized by para-
sitic capacitances C,,, Cp,, Cp;.

The secondary winding of the transformer 220 generates
a secondary voltage, which 1s coupled to the AC terminals
of a full-wave diode rectifier bridge 224 for rectifying the
secondary voltage generated across the secondary winding.
The positive DC terminal of the rectifier bridge 224 1is
coupled to the LED light source 202 through an output
energy-storage inductor .226 (e.g., having an inductance of
approximately 10 mH), such that the load voltage V, , ,, 15
generated across an output capacitor C228 (e.g., having a
capacitance ol approximately 3 uF).

FIG. 3 1s an example diagram illustrating a magnetic core
set 290 of an energy-storage inductor (e.g., the output
energy-storage inductor .226 of the forward converter 240
shown 1n FIG. 2). The magnetic core set 290 comprises two
E-cores 292A, 292B, and may comprise part number
PC40EE16-7, manufactured by TDK Corporation. The
E-cores 292A have respective outer legs 294A, 2948 and
mner legs 296A, 296B. Each inner leg 296A, 2968 may
have a width w, .- (e.g., approximately 4 mm). The 1nner
leg 296 A of the first E-core 292A has a partial gap 298A (i.¢.,
the magnetic core set 290 1s partially-gapped), such that the
mner legs 296A, 296B are spaced apart by a gap distance
d-,» (e.g., approximately 0.5 mm). The partial gap 298A
may extend for a gap width W ., e.g., approximately 2.8
mm, such that the gap extends for approximately 70% of the
leg width w, ... of the 1inner leg 296 A. Alternatively, both of
the mner legs 296A, 296B could comprise partial gaps. The
partially-gapped magnetic core set 290 shown 1 FIG. 3
allows the output energy-storage inductor 1.226 of the for-
ward converter 240 shown 1n FIG. 2 to maintain continuous
current at low load conditions (e.g., near the low-end 1nten-
sity L z).-

FIG. 4 shows example wavelorms 1llustrating the opera-
tion of a forward converter and a current sense circuit, e.g.,
the forward converter 240 and the current sense circuit 260
shown 1n FIG. 2. The controller drives the respective drive
control signals V 5521, VY nerpe, high to approximately the
supply voltage V. to render the respective FETs (210,
(0212 conductive for an on time T ,, at different times (1.e.,
the FETs 210, Q212 are not conductive at the same time).
When the high-side FET Q210 1s conductive, the primary
winding of the transformer 220 conducts a primary current
I .~ 1o circuit common through the capacitor C216 and sense
resistor R222. Immediately after the high-side FET (0210 1s
rendered conductive (at time t, in FIG. 4), the primary
current 1,,, conducts a short high-magnitude pulse of cur-
rent due to the parasitic capacitance C,, of the transtormer
220 as shown in FIG. 4. While the high-side FET (210 1s
conductive, the capacitor C216 charges, such that a voltage
having a magnitude of approximately half of the magnmitude
of the bus voltage V., 1s developed across the capacitor.
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Accordingly, the magnitude of the primary voltage V..,
across the primary winding of the transformer 220 1is
approximately equal to approximately half of the magnitude
of the bus voltage V... When the low-side FET Q212 1s
conductive, the primary winding of the transformer 220
conducts the primary current 1., 1n an opposite direction
and the capacitor C216 1s coupled across the primary
winding, such that the primary voltage V .., has a negative
polarity with a magnitude equal to approximately half of the

magnitude of the bus voltage V5, .

When either of the high-side and low-side FETs (0210,
Q212 are conductive, the magnitude of an output inductor
current I, conducted by the output inductor 1.226 and the
magnitude of the load voltage V,  , across the LED light
source 202 both 1ncrease with respect to time. The magni-
tude of the primary current 1,,, also increases with respect
to time while the FETs 210, Q212 are conductive (after the
initial current spike). When the FETs Q210, Q212 are
non-conductive, the output inductor current I, and the load
voltage V, , , both decrease 1n magnitude with respective
to time. The output inductor current I, 1s characterized by a
peak magnitude I, ,.- and an average magnitude I,_,;.. as
shown 1n FIG. 4. The controller increases and decreases the
on times T 5., of the drive control signals V nrp15 Vnerres
(and the duty cycle DC of the inverter voltage V,.,,) to
respectively increase and decrease the average magnmitude
I, _ 1 of the output inductor current I, and thus respectively
increase and decrease the mtensity of the LED light source
102.

When the FETs Q210, Q212 are rendered non-conductive,
the magnitude of the primary current 1., , drops toward zero
amps (e.g., as shown at time t, 1n FIG. 4 when the high-side
FET Q210 1s rendered non-conductive). However, current
may continue to tlow through the primary winding of the
transformer 220 due to the magnetizing inductance L, ,, - of
the transformer (which conducts a magnetizing current
I,,.). In addition, when the target intensity L, ., of the
LED light source 102 1s near the low-end intensity L, ., the
magnitude of the primary current I, , oscillates after either
of the FETs 210, Q212 is rendered non-conductive due to
the parasitic capacitances C,,, C», of the FETs, the parasitic
capacitance Cp; of the primary winding of the transformer
220, and any other parasitic capacitances of the circuit, such
as, parasitic capacitances ol the printed circuit board on
which the forward converter 240 1s mounted.

The real component of the primary current ., 1s repre-
sentative of the magnitude of the secondary current I .~ and
thus the intensity of the LED light source 202. However, the
magnetizing current I,,. .. (1.e., the reactive component of
the primary current 1.5, also flows through the sense
resistor R222. The magnetizing current I, ,, . changes from
negative to positive polarity when the high-side FET Q210
1s conductive, changes from positive to negative polarity
when the low-side FET Q212 1s conductive, and remains
constant when the magnitude of the primary voltage V 55, 15
zero volts as shown 1n FIG. 4. The magnetizing current I, ,, -
has a maximum magnitude defined by the following equa-
tion:

Veus Thc

(Equation 1)
Lyac-max = F T
LA

where T, 1s the hali-cycle period of the inverter voltage
Vo 1.6, T4-~1 5-/2. As shown in FIG. 4, the areas 250,
252 are approximately equal, such that the average value of
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the magnitude of the magnetizing current I,,,-. when the
magnitude of the primary voltage V.., 1s greater than
approximately zero volts.

The current sense circuit 260 averages the primary current
.-, during the positive cycles of the inverter voltage V.
1.¢., when the high-side FET Q210 1s conductive. The load
current feedback signal V., , ., generated by the current
sense circuit 260 has a DC magnitude that 1s the average
value of the primary current .., when the high-side FET
Q210 1s conductive. Because the average value of the
magnitude of the magnetizing current I, ,, - 1s approximately
zero when the high-side FET Q210 1s conductive, the load
current feedback signal V,,,, generated by the current
sense circuit 1s representative of only the real component of
the primary current I,

The current sense circuit 260 comprises an averaging
circuit for producing the load current feedback signal
V. :o4rn The averaging circuit may comprise a low-pass
filter having a capacitor C230 (e.g., having a capacitance of
approximately 0.066 uF) and a resistor R232 (e.g., having a
resistance of approximately 3.32 k€2). The low-pass filter
receives the sense voltage V ..., via a resistor R234 (e.g.,
having resistances of approximately 1£2). The current sense
circuit 160 further comprises a transistor (0236 (e.g., a FET
as shown in FIG. 2) coupled between the junction of the
resistors R232, R234 and circuit common. The gate of the
transistor Q236 1s coupled to circuit common through a
resistor R238 (e.g., having a resistance of approximately 22
k€2) and receives the signal-chopper control signal V .-
from the controller.

When the high-side FET Q210 is rendered conductive, the
controller drives the signal-chopper control signal V . ,»
low towards circuit common to render the transistor Q236
non-conductive for a signal-chopper time T 7;,,, Which 1s
approximately equal to the on time T ,,; of the high-side FET
Q210 as shown i FIG. 4. The capacitor C230 1s able to
charge from the sense voltage V .z« through the resistors
R232, R234 while the signal-chopper control signal V ;5
1s low, such that the magnitude of the load current feedback
signal V, , ., 18 the average value of the primary current
I~ and 1s thus representative of the real component of the
primary current during the time when the high-side FET
(0210 1s conductive. When the high-side FET Q210 1s not
conductive, the controller 150 drives the signal-chopper
control signal V.., high to render the transistor Q236
non-conductive. Accordingly, the controller 1s able to accu-
rately determine the average magnitude of the load current
I, »,r ITrom the magnitude of the load current feedback
signal V,_, . since the effects of the magnetizing current
I,,,~ and the oscillations of the primary current 1., on the
magnitude of the load current feedback signal V, ;. are
reduced or eliminated completely.

As the target itensity 1,5, of the LED light source 202
1s decreased towards the low-end 1intensity L, .. (and the on
times T ,.; of the drive control signals V 557571, V nrrpesr g6t
smaller), the parasitic of the forward converter 140 (1.e., the
parasitic capacitances C,,, C,, of the FETs, the parasitic
capacitance C,; of the primary winding of the transformer
220, and other parasitic capacitances of the circuit) can
cause the magnitude of the primary voltage V »,, to slowly
decrease towards zero volts after the FETs (0210, Q212 are
rendered non-conductive.

FIG. 5 shows example wavelforms 1llustrating the opera-
tion of a forward converter and a current sense circuit (e.g.,
the forward converter 240 and the current sense circuit 260)
when the target intensity L -~1s near the low-end 1ntensity
L, . The gradual drop ofl in the magnitude of the primary
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voltage V.., allows the primary winding to continue to
conduct the primary current I,,,, such that the transtformer

220 continues to delivered power to the secondary winding
after the FE'Ts Q210, Q212 are rendered non-conductive as
shown 1n FIG. §. In addition, the magnetizing current 1, ., -
continues to increase in magnitude. Accordingly, the con-
troller 150 increases the signal-chopper time T -, (during,
which the signal-chopper control signal V ., 1s low) by an
offset time T . when the target intensity L - of the LED
light source 202 1s near the low-end intensity L,.. The
controller may adjust the value of the offset time T as a
function of the target intensity L -0l the LED light source
202 as shown i FIG. 6. For example, the controller may
adjust the value of the oflset time T, linearly with respect
to the target intensity L5~ when the target intensity L -
1s below a threshold intensity L., (e.g., approximately 10%)
as shown in FIG. §.

FIG. 7 1s a sismplified flowchart of a control procedure 300
executed periodically by a controller (e.g., the controller 150
of the LED driver 100 shown 1n FIG. 1 and/or the controller
controlling the forward converter 240 and the current sense
circuit 260 shown 1n FIG. 2). The controller may execute the
control procedure 300, for example, at the operating period
T, of the mverter voltage V ;- of the forward converter
240. First, the controller determines the appropriate on time
T, for the drive control signals Vprpr, Vaerpe, 1N
response to the target intensity L -~ and the load current
teedback signal V, ; , , at step 310. I the controller should
presently control the high-side FET Q210 at step 312, the
controller drives the first drive control signal V .5 ,,-, high
to approximately the supply voltage V .~ for the on time T 5.,
at step 314. It the target intensity L., 1s greater than or
equal to the threshold intensity L., at step 316, the control-
ler 150 sets the signal-chopper time T ., equal to the on
time T ., at step 318. If the target intensity L - 1s less than
the threshold intensity L, at step 316, the controller deter-
mines the offset time T, 1n response to the target intensity
L. »~rat step 320 (e.g., using the relationship shown 1n FIG.
6), and sets the signal-chopper time T ~,,,» €qual to the sum
of the on time T ,,, and the oflset time T, at step 322.

Next, the controller drives the signal-chopper control
signal V .-;,» low towards circuit common for the signal-
chopper time T -~ at step 324. The controller then samples
the averaged load current teedback signal V,,, ,, at step
326 and calculates the magmitude of the load current I, ,
using the sampled value at step 328, for example, using the
following equation:

nryrys * Yi—roab - Lue (Equation 2)

;04D = =
Rsenvse  (Uewor — TpEray)

where T ., ,1s the total delay time due to the turn-on time
and the turn-off time of the FETs Q210, Q212, ec.g.,
L peray Vrorn-on- Y rorn-ore, Which may be equal to
approximately 200 usec. Finally, the control procedure 300
exits after the magnitude of the load current I, ,, has been
calculated. If the controller should presently control the
low-side FET Q210 at step 312, the controller drives the
second drive control signal V..., high to approximately
the supply voltage V .~ for the on time T ,,; at step 330, and
the control procedure 300 exits without the controller driv-
ing the signal-chopper control signal V -, low.
Alternatively, the controller can use a diflerent relation-
ship to determine the oflset time T . throughout the entire
dimming range of the LED light source (1.e., from the
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low-end intensity L, . to the high-end intensity L,-) as
shown 1n FIG. 8. For example, the controller could use the
following equation:

Vaus (Equation 3)

1 CparasiTic

Tos =

gl

Tonv + Tos_prey KripprE

lroap

Ayac—max +

The NTYRNS

it

where T ,c »rz1- 15 the previous value of the oflset time,
K. »r7 7 18 the dynamic ripple ratio of the output imnductor
current I, (which 1s a function of the load current I, , , ) 1.€.,

Krirpre=lr pr'ls aves (Equation 4)

and C,, » , <777 18 the total parasitic capacitance between the
munction of the FETs 0210, Q212 and circuit common.

As previously mentioned, the controller increases and
decreases the on times T, of the drive control signals
Vonrz1s Y ornes 101 controlling the FETs 210, Q212 of
the forward converter 140 to respectively increase and
decrease the intensity of the LED light source. Due to
hardware limitations, the controller may be operable to
adjust the on times T ., 01 the drive control signals V 5721
V onrzs DY @ minimum time step T, which results 1n a
corresponding step 1.5 1n the load current I, , ,,,. Near the
high-end intensity L., this step .-, 1n the load current
I, ,,», may be rather large (e.g., approximately 70 mA).
Since 1t 1s desirable to adjust the load current I,,,, by
smaller amounts, the controller 1s operable to “dither” the on
times T, of the drive control signals Vnm51, Ve,
¢.g., change the on times between two values that result 1n
the magnitude of the load current being controlled to DC
currents on either side of the target current 1.4 -

FIG. 9 shows an example wavetform of a load current
conducted through an LED light source (e.g., the load
current I, , , ). For example, the load current I, , ,, shown
in FIG. 9 may be conducted through the LED light source
when the target current 1,15 at a steady-state value of
approximately 390 mA. A controller (e.g., the controller 150
of the LED driver 100 shown 1n FIG. 1 and/or the controller
controlling the forward converter 240 and the current sense
circuit 260 shown 1n FIG. 2) may control a forward con-
verter (e.g., the forward converter 140, 240) to conduct the
load current I, ,, shown i FIG. 9 through the LED light
source. The controller adjusts the on times T 5, of the drive
control signals V51215 Y nrses 10 control the magnitude of
the load current I, , ,,, to between two DC currents I,_,, I, _,
that are separated by the step 1., (€.g., approximately 350
mA and 420 mA, respectively). The load current I, - 15
characterized by a dithening {frequency 1,74z (€.2.,
approximately 2 kHz) and a dithering period T, as
shown 1n FI1G. 9. For example, a duty cycle DC ;7777 0f the
load current I, , ,, may be approximately 57%, such that the
average magnitude of the load current I, ,,, 1s approxi-
mately equal to the target current 1. (€.g., 390 mA for the
example of FIG. 9).

FIG. 10 shows an example waveform of the load current
I, »..» when the target current 1., 1s being increased with
respect to time. As shown 1n FIG. 10, the controller 150 1s
able to adjust the on times T ,,, of the drive control signals
Vormzrs Yormpe, 10 control the magnitude of the load
current I, , , to between two DC currents I,_,, I, _, that are
separated by the step 1. ». The duty cycle DC,; 5 01 the
load current 1, ,,, increases as the target current 1.,
increases. At some point, the controller 1s able to control the
on times T 5, of the drive control signals V 5nrp71, V nperpes
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to achieve the desired target current 1. ;- without dithering
the on times, thus resulting in a constant section 400 of the
load current I, , , . As the target current 1, - continues to
increase after the constant section 400, the controller 1s able
to control the on times T, of the drive control signals
Vormets Y prives t0 dither the magnitude of the load current
I, o4 between the DC current I, _, and a larger DC current
I; 5.

However, the constant section 400 of the load current
I; ».r» as shown 1 FIG. 10 may cause the human eye to
detect a visible step in the adjustment of the intensity of the
LED light source. Therefore, when the controller 1s actively
adjusting the intensity of the LED light source, the controller
1s operable to add a periodic supplemental signal (e.g., a
ramp signal I, ,,,» or sawtooth wavelorm) to the target
current I, .-, FIG. 11 shows example wavetorms of the
ramp signal I ,,,» and the resulting load current 1, , , , when
the ramp signal 1s added to the target current 1.,; - Note that
these wavelorms are not to scale and the ramp signal 1 ,,,»
1s a digital wavelorm. The ramp signal I ,,,» 15 character-
1ized by a ramp frequency {1, ,,,» (€.g., approximately 238
Hz) and a ramp period T, ,,,». The ramp signal 1, ,,,» may
have, for example, a maximum ramp signal magnmitude
Lo iammars OF approximately 150 mA. The ramp signal
I, .1 and may increase with respect to time 1n, for example,
approximately 35 steps across the length of the ramp period
15 s1e When the controller adds the ramp signal 1, ,,.» to
the target current I, .. to control the on times T, of the
drive control signals V5021, Vperes the resulting load
current I, , ,,, has a varying magnitude as shown 1in FIG. 11.
As a result, the perception to the human eye of the visible
steps 1n the intensity of the LED light source as the con-
troller 1s actively adjusting the intensity of the LED light
source 1s reduced

When the target current I, ., returns to a steady-state
value, the controller may stop adding the ramp signal 1 ,,,»
to the target current 1, For example, the controller may
decrease the magnitude of the ramp signal 1 ,,,» from the
maximum ramp signal magnitude 15 ;1,5 1,5 1O ZEFO ACross
a period of time after the target current 1., .- has reached a
steady-state value.

While FIG. 11 shows the ramp signal I, ., (1.e., a
sawtooth waveiorm) that 1s added to the target current I -
other periodic wavelorms could be used.

Although the present imvention has been described 1n
relation to particular embodiments thereof, many other
variations and modifications and other uses will become
apparent to those skilled 1n the art. It 1s preferred, therefore,
that the present invention be limited not by the specific
disclosure herein, but only by the appended claims.

What 1s claimed 1s:

1. A load control device for controlling the amount of
power delivered to an electrical load, the load control device
comprising:

an 1solated forward converter operable to receive a bus

voltage and to conduct a load current through the
clectrical load, the forward converter comprising a
transtformer that comprises a primary winding coupled
in series with a {first semiconductor switch and a
secondary winding adapted to be operatively coupled to
the electrical load, the forward converter further com-
prising a hali-bridge inverter comprising the first semi-
conductor switch and a second semiconductor switch
coupled in series across the bus voltage for generating
an verter voltage at a junction of the two semicon-
ductor switches, the junction of the two semiconductor
switches coupled to the primary winding of the trans-
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former through a capacitor, such that a primary voltage
across the primary winding has a positive polarity when
the first semiconductor switch 1s conductive and has a
negative polarity when the second semiconductor
switch 1s conductive, the transformer operable to trans-
fer power to the secondary winding when either of the
semiconductor switches 1s conductive, the forward
converter further comprising a sense resistor coupled 1n
series with the primary winding for producing a sense
voltage representative of a primary current conducted
through the primary winding;

a controller coupled to the forward converter for control-
ling the first semiconductor switch to control the load
current conducted through the electrical load; and

a current sense circuit operable to receive the sense
voltage, the current sense circuit comprising an aver-
aging circuit for averaging the sense voltage when the
first semiconductor switch of the forward converter 1s
conductive, so as to generate a load current control
signal that 1s representative of a real component of the
primary current.

2. The load control device of claim 1, wherein the current
sense circuit comprises a third semiconductor switch for
disconnecting the sense voltage from the averaging circuit,
the controller operable to render the third semiconductor
switch conductive and non-conductive, such that the sense
voltage 1s coupled to the averaging circuit when the first
semiconductor switch of the forward converter 1s conduc-
tive.

3. The load control device of claim 2, wherein the
controller renders the first semiconductor switch conductive
for an on time, and controls the third semiconductor switch,
such that the sense voltage 1s coupled to the averaging circuit
for the on time.

4. The load control device of claam 2, wherein the
controller renders the first semiconductor switch conductive
for an on time, and controls the third semiconductor switch
such that the sense voltage 1s coupled to the averaging circuit
for the on time plus an additional amount of time when a
target amount of power to be delivered to the electrical load
is [greater] less than a threshold amount.

5. The load control device of claim 2, wherein the sense
voltage 1s coupled to the averaging circuit through two
series-connected resistors, the third semiconductor switch
coupled between the junction of the two resistors and circuit
common, such that the sense voltage i1s coupled to the
averaging circuit when the third semiconductor switch 1s
non-conductive.

6. The load control device of claim 1, wherein the
controller 1s operable to control the magnitude of the load
current to control the amount of power delivered to the
clectrical load to a target amount of power.

7. A load control device for controlling the amount of
power delivered to an electrical load, the load control device
comprising:

an 1solated forward converter operable to receive a bus
voltage and to conduct a load current through the
clectrical load, the forward converter comprising a
transformer that comprises a primary winding coupled
in series with a first semiconductor switch and a
secondary winding adapted to be operatively coupled to
the electrical load, the forward converter further com-
prising a sense resistor coupled in series with the
primary winding for producing a sense voltage repre-
sentative of a primary current conducted through the
primary winding;
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a controller coupled to the forward converter for control-
ling the first semiconductor switch to control the mag-
nitude of the load current conducted through the elec-
trical load to control the amount of power delivered to
the electrical load to a target amount of power; and

a current sense circuit operable to receive the sense
voltage and to average the sense voltage when the first
semiconductor switch of the forward converter 1s con-
ductive, so as to generate a load current control signal
that 1s representative of a real component of the pri-
mary current;

wherein the current sense circuit 1s operable to average
the sense voltage for an on time when the first semi-
conductor switch of the forward converter 1s conduc-
tive plus an [addition] additional amount of time, so as
to generate the load current control signal that is
representative of the real component of the primary
current.

8. The load control device of claim 7, wherein the current
sense circuit comprises an averaging circuit for averaging
the sense voltage when the first semiconductor switch of the
forward converter 1s conductive, such that the load current
control signal 1s representative of the real component of the
primary current, and wherein the averaging circuit com-
prises a capacitor across which the load current control
signal 1s generated.

9. The load control device of claim 8, wherein the current
sense circuit comprises an averaging circuit for averaging
the sense voltage when the first semiconductor switch of the
forward converter 1s conductive, such that the load current
control signal 1s representative of the real component of the
primary current.

10. The load control device of claim 9, wherein the
forward converter comprises a halt-bridge imnverter compris-
ing the first semiconductor switch and a second semicon-
ductor switch coupled in series across the bus voltage for
generating an inverter voltage at a junction of the two
semiconductor switches, the junction of the two semicon-
ductor switches coupled to the primary winding of the
transformer through a capacitor, such that a primary voltage
across the primary winding has a positive polarity when the
first semiconductor switch 1s conductive and has a negative
polarity when the second semiconductor switch 1s conduc-
tive, the transformer operable to transter power to a second-
ary winding when either of the semiconductor switches 1s
conductive.

11. The load control device of claim 8, wherein the current
sense circult 1s operable to average the sense voltage for the
on time plus the [addition] additional amount of time when
the target amount of power is [greater] /ess than a threshold
amount.

12. The load control device of claim 11, wherein the
[addition] additional amount of time is a function of the
target amount of power.

13. The load control device of claim 12, wherein the
[addition] additional amount of time increases as the target
amount of power decreases.

14. The load control device of claim 13, wherein the
[addition] additional amount of time increases linearly as
the target amount of power decreases.

15. An LED driver for controlling the intensity of an LED
light source, the LED driver comprising:

an 1solated forward converter operable to receive a bus
voltage and to conduct a load current through the LED
light source, the forward converter comprising a trans-
former that comprises a primary winding and a sec-
ondary winding adapted to be operatively coupled to
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the LED light source, the forward converter further
comprising a halt-bridge inverter circuit for generating
an 1mverter voltage that 1s coupled to the primary
winding of the transformer through a capacitor for
producing a primary voltage across the primary wind-
ing, the forward converter further comprising a sense
resistor coupled 1n series with the primary winding for
producing a sense voltage representative of a primary
current conducted through the primary winding;

a controller coupled to the forward converter for control-
ling the hali-bridge inverter circuit to control the load
current conducted through the LED light source to
control the mtensity of the LED light source to a target
intensity; and

a current sense circuit operable to receive the sense
voltage and to average the sense voltage when the
magnitude of the primary voltage across the primary
winding 1s positive and greater than approximately zero
volts, so as to generate a load current control signal that

1s representative of a real component of the primary
current.

16. The LED driver of claim 15, wherein the half-bridge
iverter circuit comprises first and second semiconductor
switches coupled 1n series across the bus voltage for gen-
erating the inverter voltage at a junction of the two semi-
conductor switches, the junction of the two semiconductor
switches coupled to the primary winding of the transformer
through the capacitor, the controller coupled to the forward
converter for controlling the first and second semiconductor
switches, such that the primary voltage across the primary
winding has a positive polarity when the first semiconductor
switch 1s conductive and has a negative polarity when the
second semiconductor switch 1s conductive, the transformer
operable to transfer power to the secondary winding when
either of the semiconductor switches 1s conductive.

17. The LED driver of claim 16, wherein the current sense
circuit comprises an averaging circuit for averaging the
sense voltage when the first semiconductor switch of the
half-bridge inverter circuit 1s conductive, such that the load
current control signal 1s representative of the real component
of the primary current.

18. The LED driver of claim 17, wherein the current sense
circuit comprises a third semiconductor switch for discon-
necting the sense voltage from the averaging circuit, the
controller operable to render the third semiconductor switch
conductive and non-conductive, such that the sense voltage
1s coupled to the averaging circuit when the first semicon-

ductor switch of the half-bridge inverter circuit 1s conduc-
tive.

19. The LED driver of claim 18, wherein the controller
renders the first semiconductor switch conductive for an on
time, and controls the third semiconductor switch such that
the sense voltage 1s coupled to the averaging circuit for the
on time plus an oflset time when the target intensity 1is
[greater] less than a threshold intensity.

20. The LED driver of claim 19, wherein the oflset time
1s a function of the target intensity.

21. The LED driver of claim 20, wherein the oflset time
increases as the target intensity decreases.

22. The LED driver of claim 21, wherein the offset time
increases linearly as the target intensity decreases.

23. The LED driver of claim 18, wherein the controller
renders the first semiconductor switch conductive for an on
time, and controls the third semiconductor switch, such that
the sense voltage 1s coupled to the averaging circuit for the
on time.
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24. The LED drniver of claim 16, wherein the forward
converter comprises an energy-storage inductor operatively
coupled 1n series with the secondary winding of the trans-
former, the energy-storage inductor comprising a partially-
gapped magnetic core set.

25. A forward converter for controlling the amount of
power delivered to an electrical load from an 1put voltage,
the forward converter comprising:

a transformer comprising a primary winding and a sec-
ondary winding adapted to be operatively coupled to
the electrical load;

a half-bridge inverter circuit comprising first and second
semiconductor switches coupled 1n series across the
input voltage for generating an inverter voltage at a
junction of the two semiconductor switches;

a capacitor coupled between the junction of the two
semiconductor switches of the halt-bridge inverter cir-
cuit and the primary winding of the transformer, such
that a primary voltage 1s produced across the primary
winding, the transformer operable to transier power to
the secondary winding when either of the semiconduc-
tor switches 1s conductive;

a controller coupled to the halif-bridge inverter circuit for
controlling the first and second semiconductor switches
to control a load current conducted through the elec-
trical load;

a sense resistor coupled 1n series with the primary wind-
ing for producing a sense voltage representative of a
primary current conducted through the primary wind-
ing; and

a current sense circuit operable to receive the sense
voltage and to average the sense voltage when the first
semiconductor switch of the half-bridge inverter circuit
1s conductive, so as to generate a load current control
signal that 1s representative of a real component of the
primary current.

26. The forward converter of claim 25, wherein the
current sense circuit comprises an averaging circuit for
averaging the sense voltage when the first semiconductor
switch of the hali-bridge imnverter circuit 1s conductive, such
that the load current control signal 1s representative of the
real component of the primary current.

27. The forward converter of claim 26, wherein the
current sense circuit comprises a third semiconductor switch
for disconnecting the sense voltage from the averaging
circuit, the controller operable to render the third semicon-
ductor switch conductive and non-conductive, such that the
sense voltage 1s coupled to the averaging circuit when the
first semiconductor switch of the half-bridge inverter circuit
1s conductive.

28. The forward converter of claim 27, wherein the
controller renders the first semiconductor switch conductive

for an on time, and controls the third semiconductor switch,
such that the sense voltage 1s coupled to the averaging circuit
for the on time.

29. The forward converter of claim 27, wherein the
controller renders the first semiconductor switch conductive
for an on time, and controls the third semiconductor switch
such that the sense voltage 1s coupled to the averaging circuit
for the on time plus an oflset time when a target amount of
power to be delivered to the electrical load is [greater] less
than a threshold amount.
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