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1
CONTROLLER FOR A PHASE CUT
DIMMABLE LED DRIVER

FIELD OF THE DISCLOSURE

The present application relates to lighting systems, and
more specifically to controllers for phase cut dimmable light
emitting diode (LED) drivers.

BACKGROUND

A particular challenge with regard to LED lamp drivers is
in designing them for dimming operation when used with
the most common type of dimmer present in the existing
infrastructures of the world today, namely, the phase cut
dimmer. As is known, a phase cut dimmer effectively cuts off
a portion of each cycle of the alternating current from the
main voltage supply, typically referred to as the mains.
Therefore, it is necessary that dimmable LED drivers be
designed to perform well with such dimmers. Perhaps the
most important aspect of performing well, from the user
point-of-view, is that the resulting light from an LED lamp
does not flicker. Thus, the dimmable LED driver must
perform its basic functionality (converting power from the
mains to voltages and currents suitable for powering one or
more strings of LEDs) with the likely possibility that the
mains alternating waveform may be zero for a fraction of its
cycle due to a user call for dimming, and where the fraction
can vary as the dimming level is varied by the user. The
dimming level is established through adjustment of the
phase cut angle, which is the phase angle in the mains cycle
at which the waveform turns on (leading edge dimmer,
sometimes referred to as forward phase control) or turns off
(trailing edge dimmer, sometimes referred to as reverse
phase control). Compounding the design challenge is that
the mains waveform has noise and, possibly, distortions,
fluctuations, amplitude drifts, or other non-ideal character-
istics that are difficult to predict. Further compounding this
challenge is that there are numerous dimmers available from
various third party manufacturers, and the dimmable LED
driver should work with all of them. Designing such a driver
is not a trivial task. For instance, while many of the dimmer
circuits have the same generic design, from an electronics
perspective, they differ substantially in construction, com-
ponent layout, specific component values, and so on. All of
these can have an impact on the behavior of the LED driver,
and therefore the behavior of the light output from the lamp.
In general, current dimmable LED drivers may seemingly
perform well. However, there are situations, difficult to
predict, for which this is not the case.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a block diagram of a lighting driver
circuit including an embedded controller that is programmed
with a control algorithm configured in accordance with an
embodiment of the present disclosure.

FIG. 2 illustrates a block diagram of a control algorithm
configured in accordance with an embodiment of the present
disclosure.

FIG. 3 illustrates a plot of an example Vin signal.

FIGS. 4a-b are flow charts collectively illustrating a
dimming control methodology configured in accordance
with an embodiment of the present disclosure.

FIGS. 5a and 55 illustrate example plots of one period of
actual measured Vin signals, with FIG. 5a depicting a
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leading edge phase cut Vin signal and FIG. 55 depicting a
trailing edge phase cut Vin signal.

FIG. 6 illustrates a geometrical interpretation of the above
inversion concepts, according to an embodiment.

FIG. 7a graphically illustrates a methodology for deter-
mining dimmer type according to an example embodiment
of the present disclosure, and FIG. 75 illustrates a flow chart
of that methodology.

FIG. 8 illustrates plots of a function M(¢,,,,) versus ¢,/
for leading edge and trailing edge waveforms.

FIGS. 94 and 95 show results from an example dimming
control simulation program configured in accordance with
an embodiment of the present disclosure.

FIGS. 10qa-d illustrate the sample simulation using the
parameters listed in Table 2 (no distortion).

FIG. 11 shows plots of deviations of ¢_,, and ¢,,,,, versus
added noise on the input waveform.

DETAILED DESCRIPTION

A control scheme for a dimmable lighting driver is
provided. The lighting system may be, for instance, LED-
based, but need not be, as the techniques provided herein can
work with any number of light sources. The control scheme
may operate with a phase cut type dimmer (leading or
trailing edge). In an embodiment, the control scheme is
programmed or otherwise configured into a controller as a
control algorithm. The control algorithm is configured to
measure phase cut and zero crossing angles of the input
mains waveform, and to subsequently maintain constant
LED current commensurate with a user-set dimming level,
with no flicker. The control algorithm may be implemented
in software, such as a firmware-based routine executable by
one or more controllers of a given driver. The one or more
controllers may be, for example, an existing general purpose
controller of the given driver, or a dedicated dimming
controller. Numerous configurations will be apparent in light
of this disclosure.

General Overview

As previously noted, there are a number of situations
where current dimmable LED drivers fail to perform well,
and it is not always easy to predict the various situations
where poor performance may arise. Many of the problems
underlying the poor performance stem from non-ideal char-
acteristics of the real-world mains waveform, such as those
mentioned above. These lead to errors by the control algo-
rithms employed by the drivers (typically in separate control
sections of the driver), regardless of whether these algo-
rithms are analog or digital (software) based. In more detail,
a typical dimmable LED driver contains a basic switch-
mode converter that converts an input voltage into output
required for the LED string, plus a controller which operates
in a feedback loop relative to the converter. The input
voltage may come from a prior stage of the driver, which
may simply be a full wave rectifier plus a large capacitor to
make the waveform approximately constant. In other cases,
the input stage may be more complicated, performing addi-
tional filtering and possibly power factor correction. In any
case, the controller typically monitors the input voltage to
the driver and may further monitor the input voltage and
current to the LEDs, and subsequently establishes the
required LED current associated with the desired dim level.
In particular, the light controller ensures that such current is,
on average, constant, and, furthermore, that enough total
current flows through the lamp (and therefore the dimmer),
so that the dimmer does not turn off at undesirable times in
the phase, especially if such turn-offs occur sporadically
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from cycle-to-cycle. Leading edge TRIAC-based dimmers
in particular are susceptible to this condition, since a TRIAC
has a so-called holding current, which refers to the minimum
current through the TRIAC below which the TRIAC stops
conducting. Many LED drivers employ an integrated circuit
(IC) for control, and many manufacturers make such ICs.
The ICs contain the typical algorithms, which may be analog
or digital (software-based). These algorithms contain the
various typical decision-making processes. They acquire the
appropriate data from within the driver and, based on
subsequent analysis of this data, send output signals for
proper control. For dimmable LED drivers operating with
phase cut dimmers, there two primary aspects of control: 1)
ensuring that LED current is commensurate with dimmer
level (or phase cut angle) set by the user; and 2) ensuring that
lamp current (same as dimmer current) is such that it does
not lead to undesirable turn-off of the dimmer. The first is
tantamount to “knowing” the phase cut angle. Many con-
trollers determine this simply by cycle averaging the phase
cut waveform (suitably transformed for the purposes of
acquiring the data, such as full wave rectifying, voltage
dividing, and averaging). This is fairly straightforward and
typically does not lead to problems. The second aspect is
more problematic, particularly when there is significant
noise, fluctuations, and/or distortions on the mains wave-
form. The lamp current is low during the phase cut (zero)
portion of the waveform, and also during the non-zero
portion of the waveform during the time the waveform
approaches its normal (non-phase cut) zero-crossing. For
these situations the driver is designed to pull extra current
which does not go through the LEDs, but is simply shunted
to the circuit ground. Sometimes the circuit is referred to as
a bleeder circuit if it is external to the controller IC and in
parallel with the converter circuit. Otherwise, it may be
internal to the controller, but the functionality is similar. In
any case, in order for the controller to perform this function
properly, it must determine the actual times during which
this extra current is needed. In effect it must “know” the
absolute phase of the phase cut waveform. Many algorithms
determine this in a local sense with respect time. An example
would be a thresholding technique, whereby the current is
designated as too low if the acquired input waveform goes
below some level. Such techniques are very sensitive to
noise, fluctuations and distortions, especially if the latter
occur in the vicinity of the threshold. Such local techniques
are most likely augmented by, for example, low pass filtering
and/or fitting, but what may work well for particular distor-
tions/fluctuations, may work poorly for others. Thus, a
robust control algorithm should be configured to consider
the problem of phase detection through a non-local (in time)
view of the waveform.

Thus, and in accordance with an embodiment of the
present disclosure, lighting driver control techniques are
provided which are immune to many, if not all, of the
potential problems encountered with the mains waveform.
In some embodiments, the control algorithm is incorporated
into a dimmable LED driver, although other dimmable
lighting drivers may benefit from the disclosed techniques as
well. The control algorithm is programmed or otherwise
configured to determine certain characteristics of phase cut
waveforms, including the phase cut angle and zero crossing
angle. The control algorithm may be implemented with
software and in one such embodiment, is part of the firm-
ware of a digital-type controller (e.g., a microcontroller, or
application specific integrated circuit or so-called ASIC).
The dimming control algorithm (and its associated control-
ler) may be included in a general purpose lighting controller,
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but may also be deployed as a dedicated dimming control
scheme that is used in conjunction with one or more other,
separate controllers that handle other aspects of the control
functionality. In still other embodiments, the control algo-
rithm may be implemented in hardware using, for example,
gate level logic or purpose built semiconductor (e.g., field
programmable gate array, or so-called FPGA) configured to
execute the same functionality as a software-based embodi-
ment. The techniques can be employed in any number of
power supply topologies having a constant-current output
stage, whether isolated or non-isolated, such as boost con-
verter, buck converter, buck-boost or so-called flyback con-
verter, ringing choke converter, half-forward converter,
push-pull converter, half-bridge and full-bridge converter,
resonant converter, and Cuk converter topologies. The con-
version may be, for example, from AC to AC, AC to DC, or
AC to DC to DC or some other multi-stage conversion
initiated from an AC mains. As will be further appreciated
in light of this disclosure, the dimming control techniques
provided herein need not be limited to LED or other lighting
applications; rather, the techniques may be used with any
loads that can operate under a phase cut based process. In a
more general sense, the control algorithm can be imple-
mented to work with any number of converter topologies
and various electrical parameters.

System Architecture

FIG. 1 illustrates a block diagram of a lighting driver
circuit 100 including an embedded controller that is pro-
grammed with a control algorithm configured in accordance
with an embodiment of the present disclosure. As can be
seen, the driver circuit 100 can be operatively coupled to a
dimmer circuit 103, which can in turn be connected to a
mains supply 101. The driver circuit 100 of this example
embodiment is a single-stage, non-isolated buck-boost con-
verter topology, but as previously explained and as will be
apparent, other converter topologies can be used, and the
driver 101 may have more than one stage and may be
isolated. As can be further seen, the driver circuit 100 is
connected to an LED-based load 113 and includes a rectifier
105, a filter 107, a bias voltage module 109, a converter 111,
and a controller 115.

The mains 101 can be any suitable AC source, such as a
typical 120 VAC, 60 Hertz power source. The dimmer 103
may be inline (in series with the driver/lamp, as shown), or
it may have access to N output of the mains. It may be
implemented with any suitable phase cut dimmer circuit.
Note that dimmer 103 may be a forward or reverse phase cut
dimmer, and the techniques provided herein work equally
well with either such dimmer type. The rectifier 105 receives
the AC output of the dimmer 103 and converts it to a fully
rectified signal. The rectified output is then filtered and
adjusted by filter 107 as necessary to, for example, remove
AC ripple on the voltage (V_,,,) subsequently powering the
converter 111. Note this AC ripple (fluctuations at the mains
101 frequency) is not to be confused with PWM ripple
(higher frequency fluctuations at the pulse width modulation
frequency of the driver 100. Such PWM ripple can be
filtered, for example, by the capacitor across the LED load
113. Further note that V__,, in this example single stage case,
is roughly DC with a value near that of the amplitude of the
mains (e.g., 120Vxsqrt(2)), as a result of the full-wave
rectification process. The converter then shifts from the
nominal DC input V__, to the voltage necessary for the load
113 (e.g., an LED string specified for ~24-28V, or whatever
voltage the given load calls for). In a two-stage driver, there
might be, for instance, a first stage that converts first to some
intermediate voltage, followed a second stage. The tech-
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niques provided herein can be used with any such configu-
rations, as will be appreciated in light of this disclosure. Bias
voltage module 109 also receives the rectified output of the
rectifier 105 and generates a local DC bias (Vec) that can be
used to power the various components within the driver 100,
such as the microcontroller 115. A typical Vcc value is about
3.3 Volts DC, although any number of bias voltages can be
provisioned depending on the needs of the given compo-
nentry.

In this example case, the controller 115 is a microcon-
troller that is programmed with a controller algorithm 1154
and further includes various inputs and outputs. The micro-
controller may be, for instance, a general purpose micro-
controller that is programmable or otherwise configurable,
or a purpose-built controller specifically designed for light-
ing applications or even more specifically for a particular
lighting application (e.g., controller for phase cut dimmer
applications). In a more general sense, controller 115 can be
any computing environment that is configurable and has
input/output (I/O) and processing capability sufficient to
execute a control scheme as provided herein. Note the
controller 115 may include various componentry and mod-
ules therein, such as processor(s) 1156 capable of executing
firmware and other instructions 1154, analog-to-digital con-
verter(s), counter(s), timer(s), and other such functional
circuits, as well as memory 115¢ (e.g., volatile and non-
volatile). As shown, controller algorithm 1154 can be stored
in memory 115¢ (e.g., DRAM or EPROM or some other
non-transitory machine readable memory), and is accessible
for execution by processor 1155.

With further reference to the example embodiment of
FIG. 1, three inputs are used, including Vin, Isense, and
Vsense. Each of these analog inputs can be converted to the
corresponding digital equivalent by an analog-to-digital
converter (ADC) within the controller 115. Vin is a voltage
divided copy of the full wave rectified input voltage. The
values of resistors R1 and R2 are chosen such that Vin is
within the dynamic range of the ADC. Isense is a measure
of the current through the LED load 113. It is equal to the
value of resistor R4 multiplied by the current through the
inductor T1-A of the converter 111, when the switch S1 is
closed. The current that is charged up in inductor T1-A when
switch S1 is closed flows through the LED load 113 when
switch S1 is open. In some embodiments, a low pass filter
may be provided in-line with Isense, which serves to average
the voltage. Vsense is a measure of the voltage across the
LED load.

As can be further seen, the controller 115 utilizes two
pulse width modulated (PWM) outputs, labeled Output and
Bleeder in FIG. 1. The Output signal generated by controller
115 controls the switch S1 and therefore essentially controls
the current through the LEDs 113. The Bleeder signal
generated by controller 115 controls the switch S2 that,
when closed, causes current to flow through resistor R3. At
the proper times (when average LED current is too low) the
controller directs the Bleeder output to close switch S2 to
ensure that the dimmer current does not go below its holding
current (and thereby go into a non-conducting state). Note
that reference here to the average current being low is not to
be confused with instances during times when the PWM
switch is closed when instantaneous current may go low.
Further note that switches S1 and S2 are shown as field
effect transistors (FETs), but any suitable switching circuitry
can be used.

A block diagram of the control algorithm 115¢ (firmware)
that runs in the controller 115 is shown in FIG. 2, according
to one example embodiment. As can be seen, the control
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algorithm 115« includes two main parts: the current control
algorithm 201 and the dimming control algorithm 203. The
current control algorithm 201 can be implemented with any
commercially available or custom current control algorithm.
As will be appreciated, the techniques provided herein can
be used in conduction with any suitable current control
algorithms 203. The dimming control algorithm 203, on the
other hand, can be programmed or otherwise configured in
accordance with an embodiment of the present disclosure to
provide very robust dimming performance.

As can be further seen in FIG. 2, the control algorithm
1154 has the two main tasks of deciding the duty cycles of
the two PWM signals to be output by the controller 115
(Output and Bleeder), based on the measurements of Vin and
Isense. The current control algorithm 201 works to keep
Isense constant on average, at the level Iset, by adjusting the
Output PWM which drives switch S1 of the converter 111.
The dimming control algorithm 203 is configured to carry
out two main decisions: 1) it decides what the constant
current, Iset, should be; and 2) it decides when to turn on the
Bleeder PWM and what its duty cycle should be. Both of
these subparts are based on the Vin signal.

In more detail, and in accordance with one example
embodiment, the dimming control algorithm 203 is config-
ured to carry out two main tasks, in addition to any other
desired functionality. The first task is to determine the phase
cut angle of the dimmer 103, and the second task is to
determine the appropriate on and off times of the bleeder
circuit (switch S2). The dimming control algorithm 203
carries out these two tasks utilizing the information available
to it, namely Vin. The first task allows for establishment of
the current control PWM duty cycle, since the phase cut
angle is essentially an indicator of the desired LED current/
light output. The second task allows for establishment of the
appropriate on and off times of the bleeder control PWM
output, ensuring that the dimmer does not turn off. The
challenge for the dimming control algorithm 203 is that the
Vin signal is acquired with no a priori information about
phase.

An example Vin signal is shown in FIG. 3. In this example
case, a leading edge phase cut dimmer is used for dimmer
103, however the control algorithm 115a will work equally
well with a trailing edge dimmer. Time units are immaterial
here (the control algorithm 115« will work on any time
scale). The frequency of the Vin waveform may vary as well,
but typically will be either 100 Hz or 120 Hz, corresponding
to two commonly used mains frequencies (full wave recti-
fied), according to some embodiments. The plot represents
a snapshot in time of the mains 101 voltage followed by a
leading edge dimmer 103, and subsequently (inside the
driver 100) full wave rectified and divided down to the range
shown. As will be further appreciated, the voltage range of
Vin will vary from one embodiment to the next, depending
on factors such as the target application, and the present
disclosure is not intended to be so limited. The dimmer’s 103
phase cut angle in this example case is set to approximately
110 degrees.

The overall mathematical approach of the dimming con-
trol algorithm 203 according to one example embodiment is
shown in FIG. 4a. As can be seen, the methodology includes
receiving 401 the Vin waveform, and isolating 403 or
otherwise acquiring one period of the Vin waveform. The
data representing the acquired signal period can be stored,
for example, in a local non-volatile memory. The method-
ology continues with determining 405 the two lowest order
Fourier series coefficients (0 and 1) associated with the
Vin waveform using that data representing the acquired
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signal period, and extracting 407 the phase cut angle (¢_,,)
and the waveform zero angle (¢,,,,) through inversion of an
analytical representation of those coefficients. The technique
relies on knowledge of the frequency of the mains 101
waveform. Since mains frequencies are typically either 50
Hz or 60 Hz, and since these frequencies are typically very
precise and stable, then this knowledge can communicated
to the dimming control algorithm 203 by, for example, by a
switch setting in the driver (perhaps set at the factory, or by
the user during installation or during some other configu-
ration process, whether at an out-of-box installation time or
a post-installation retrofit installation time or a software
startup program in the controller that runs each time it is
turned on). Simulations performed indicate acceptable varia-
tions of results due to expected variations (~0.5%) of the
mains frequency from the preset frequency.

The dimming control algorithm 203 thus considers data
that, when plotted, look like that shown in FIGS. 5a and 54,
which respectively show two examples of one period of Vin.
The plot shown in FIG. 5a represents a leading edge phase
cut waveform, while the plot shown in FIG. 55 represents a
trailing edge phase cut waveform. The phase of each of these
Vin waveforms is arbitrary; as stated, the dimming control
algorithm 203 has no (and requires no) a prior information
about phase. The time scale is immaterial, so no particular
units are assigned to the x axes. It is convenient to consider
the value of the period, T, to be equal to m. In this way the
x-axis represents the phase of the waveform in radians. The
dimming control algorithm 203 determines the values of ¢,
and ¢_,,,, which are indicated the FIGS. 54-b. Note that both
of ¢, and ¢_,,, have the same meaning for leading and
trailing edge. The waveform zero angle ¢_,,, is the “time”
between the x-axis zero and the waveform zero (i.e., the zero
of the corresponding non-phase cut waveform). The phase
cut angle ¢_,, is the “time” between the waveform zero and
the “on” time of the waveform (leading edge), or “off” time
of the waveform (trailing edge), as the case may be. Both of
these are considered to be in the range of 0 to T, just like the
“time” variable. It is further noted that the data depicted in
FIGS. Sa-b are from actual measurements of Vin and
therefore show some of the non-idealities of real-world data
(e.g., noise, fluctuations, non-zero turn-on/off times, etc).
These are some of the issues with which the dimming
control algorithm 203 contends, according to some embodi-
ments.

Once a period of the Vin waveform is acquired, the two
lowest order Fourier series coefficients (0% and 1%) associ-
ated with the Vin waveform can be determined. In more
detail, assume that the waveforms are, in an ideal sense,
represented mathematically as follows, when their phases
(Per0) are zero:

0<7<Pou (69)

o 0’
Vig = .
ASINT, Qo <T>T

Y Asint, 0<7< P 2)
Vig =

0, Qo <T>T

where the period T=mr, and therefore the time variable, T, is
in the range of 0 to m. The variable A is the amplitude, also
a priori unknown. When ¢, differs from zero, then shift
the waveforms forward in time by ¢, but with wrap-
around from m to 0. In this way the variable T is replaced
with T—¢,.,,, and the ranges in (1) and (2) can be re-specified
accordingly, especially when the zero portion of the wave-
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form straddles . This re-specification is presumed when the
waveform is in its zero and non-zero states. Thus, keep in
mind that the non-zero state of the waveform has the form
A Sin(’t—cpzero) for any Qepo-

Now further consider that the measured single-period
waveform is repeated for all time, past and future. In this
way, the waveform is an infinite, periodic function with
period it and therefore can be expressed in terms of a Fourier
series. The fact that the considered waveform (one period) is
not infinite does not matter because the dimming control
algorithm 203 compares the fictitiously infinitely-extended
measured waveform with its infinitely-extended analytical
representation. Alternatively, it can be said that the Fourier
series provides a good representation of the infinitely
extended waveform, but the dimming control algorithm 203
is effectively only interested in one period. The comparison
is made using the 0 and 1* order coefficients, according to
this example embodiment. Note, however, that one can
consider higher order coefficients, which has been done in
computer simulations, but it is not necessary to do so for
actual implementation.

The Fourier series representation of an infinite periodic
function f(t) with period mt(c. propos the present discussion)
is:

= 3
fo= a_zo + nZ:; [ancos(2nT) + bysin(2nT)]
where the Fourier coefficients are
2 (]
ay = —ff(T)COS(ZnT)dT
7 Jo
)

b, = sz(‘r)sin(Zm’)dT
T Jo

for all n=0. For the infinitely extended versions of the ideal,
analytical waveforms in (1), the 0% and 1* order coefficients
have been calculated, and they are as follows:

o4 (6)
ag = 7[1 £ cos(Peue)]
A @)
& =5 [=2 F 3c08(Peur) = 083y )]
(8)

B = o 7 3sin)  sin300)

7T

where the upper signs correspond to leading edge and the
lower signs correspond to trailing edge. The superscript
indicates that these correspond to the case of ¢,,,,=0. The
coeflicient a, is independent of ¢,,,, and therefore has no
superscript (it is twice the average of the waveform, which
doesn’t change as the phase changes).

For the general case of ¢, =0, expressions for the
Fourier coefficients in terms of those for the ¢_,,,=0 case can
be derived by replacing T with T-¢,,,,, in the expressions (4)
and (5). After some straightforward algebraic manipulation,
the following are obtained:
©

a4, co8(24,,)=b,” sinq,,,,)

b1=a,® SIN(2¢;0)+01” COS(2¢er0) (10)
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This is recognized as a rotation in (a;,b,) space by an angle
of 2¢,,,,, and therefore the quantity a,>+b,? is invariant (not
a function of ¢__,,). In particular,

a+bP=(a P+(b,° Y

an

The three equations (6), (9), and (10), with the appropriate
substitutions of (7) and (8), provide analytical expressions
for the quantities a,, a,, and b, in terms of three unknowns:
Pors Poero a0d A. Experimental values for a,, a,;, and b, can
be derived from the measurements of the single period of
Vin. These are as follows:

(12

TN Ik (13)
apy = N; dkcos(W]

14

28 ok
by = ﬁ; dksm(T]

where d, is the k data point (voltage value of Vin) in the
period and N is the number of points. The “M” in the
subscript indicates “measured” valued. It is noted that, in
acquiring data, only the most recent value of d, needs to be
stored, as well as the three running sums of d,, d, cos(2nk/
N), and d,. sin(27tk/N). Values for cos(27tk/N) and sin(2mtk/N)
for all k=1, . . . ,N are pre-calculated and stored during
start-up of the lamp.

Thus, an analytical representation of the two lowest order
Fourier series coefficients (07 and 1°) associated with Vin is
provided in quantities a,, a,, and b,. By inserting these
quantities into the left-hand-sides of the three equations (6),
(9), and (10), one can then invert the equations and obtain
the three unknowns (@, ¢, and A) corresponding to the
particular measured period of Vin, thereby allowing for
extraction of ¢, and @_,,,, as indicated at 407. One can then
use those values of ¢, and ¢_,,,, for control of the driver 100
during subsequent periods of Vin. This version of the
dimming control algorithm 203 is generally referred to
herein as the full-inversion approach, and the underlying
mathematical methodology is further described in more
detail below in the section labeled, Mathematical Principles
of the Full-Inversion Approach.

A variation of the full-inversion approach may be used to
provide for better performance, as further indicated by
computer simulations. In this example case, the same three
equations (6), (9), and (10) are still utilized together with the
experimental values ag,,, a,,,, and b,,,. However, instead of
inverting all three equations simultaneously, knowledge of
amplitude A is presumed, and a value for ¢_,, can then be
obtained from the a, equation (6). That value of ¢_,, is then
inserted into equations (9) and (10) to obtain ¢,,,,. In one
such embodiment, a value of A is assumed based on the
nominal RMS (root mean square) level of mains 101
together with the division factor based on the resistance
values of the resistors used in the voltage divider to create
Vin (e.g., R1 and R2 in the example embodiment of FIG. 1).
Although the nominal mains voltage level is used, the
performance of the dimming control algorithm 203 does not
suffer even if the actual level differs by +10% from the
nominal. This variation of the dimming control algorithm
203 as the “reduced-inversion™ approach.
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In some cases, an advantage of using the reduced-inver-
sion approach instead of full-inversion approach is that the
full-inversion approach may be somewhat noisier than the
reduced inversion approach (greater variations of ¢, and
P, With respect to the same variations in parameters of the
Vin signal, as suggested by computer simulations). None-
theless, the full-inversion approach may be useful in a
hybrid scheme (using both reduced- and full-versions), or
for error checking purposes.

Inversion Process

As previously explained at 407 of FIG. 4a, the phase cut
angle (¢, and the waveform zero angle (¢,,,,) can be
determined through inversion of the analytical representa-
tion (a,, a,, and b,) of the two lowest order Fourier series
coeflicients (0% and 1*) associated with Vin. The mathemati-
cal procedure of inversion carried out at 407 according to an
example embodiment is illustrated in FIG. 45. The method-
ology generally includes: (1) determine the values of cos
(9. and sin(ep,,,); and (2) determine the value of @,,,,,
according to some embodiments. These two main steps can
be used for both the full- and reduced-inversion approach.
However, cos(¢,,,) is determined differently by the two
approaches. Hence, the methodology includes a determina-
tion at 421 as to whether the full- or reduced-inversion
approach is desired. This determination can be based, for
example, on a configuration or switch setting set at set-up
time. Alternatively, the selection or full- or reduced-inver-
sion approach can be hard-coded, for example, in firmware
of the controller 115. Other such arrangements will be
apparent in light of this disclosure. In any case, the meth-
odology “knows” or is otherwise informed as to which
approach to use, whether because the desired approach is
user-specified, hard-coded, or otherwise communicated. As
can be seen at 423 of FIG. 4b, if the reduced-inversion
approach is selected or otherwise desired, cos(g,_,,) is found
from the solution of Equation (6), also shown here:

aon
2A

1s)

cos(eu) = £

_1)

Note that the upper sign corresponds to leading edge phase
cut waveforms and lower sign to trailing edge phase cut
waveforms. On the other hand, and as can be seen at 425 of
FIG. 45, if the full-inversion approach is selected or other-
wise desired, a nonlinear, implicit function of cos(¢p,,,,) can
be found (with the other two unknowns eliminated, as will
be explained in turn) and cos(g,,,) is determined through
interpolation with a pre-computed look-up table (LUT). It is
noted that determining cos(¢,,,), instead of just ¢, pro-
vides for better numerical, and therefore noise, performance
over the entire range of ¢_,,,. The interpolation based process
for determining cos(¢,,,,) for the full-inversion approach will
be explained in more detail below (under the section header,
“Determining cos(¢p,,,) for the Full-Inversion Approach™).
After determining cos(¢,,,), the methodology continues, at
427 of FIG. 4b, with determining sin(¢p,,,) follows imme-
diately:

Sin(%uz):‘/l €08 (@er) (16)

Next, ¢,,,, is determined, at 423. This can be done in the
same way by both the full- and reduced-inversion
approaches. The values of cos(¢,,,,) and sin(¢,,,,) determined
at 421 are inserted into Equations (9) and (10) (more
precisely, they are inserted into the expressions for a,” and
b,° in (7) and (8) which are in turn inserted into (9) and






