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INTRODUCTION

This technical brief describes a LED driver solution that
is compatible with a traditional TRIAC dimmer.
Microchip’s PIC12HV752 microcontroller manages the
whole circuit solution with a minimal firmware code.

The PIC12HV752 is a low-cost 8-pin chip with on-chip
core independent peripherals that are suitable for
power conversion applications. These peripherals are
the Complementary Output waveform Generator
(COG) and the Hardware Limit Timer (HLT). Other
peripherals include /O ports, a Fixed Voltage
Reference (FVR), Comparators, a Digital-to-Analog
Converter (DAC), Timers, a Capture/Compare/PWM
(CCP) and an Analog-to-Digital Converter (ADC).

The solution described in this technical brief has the
following specifications:

* TRIAC Dimmable

+ Active 0.95 Power Factor Correction (PFC)

* 90-240 VAC Input

» 20 VDC/325 mA max. output

HIGH PF FLYBACK CONVERTER

The design solution which will be discussed in this
technical brief uses a high Power Factor (PF) flyback
converter operating in Critical Conduction Mode
(boundary between continuous and discontinuous
Inductor Current mode). This topology is basically a
conventional flyback, except that it does not have a
bulk capacitor after the full-bridge rectifier. The
absence of the bulk capacitor allows the rectified
sinusoid to be used as input of the converter rather
than a fixed DC voltage.

What makes this topology an attractive solution for a
TRIAC Dimmable application is its inherent Power
Factor Correction (PFC). The incandescent lamp
works well with a TRIAC dimmer because it is purely
resistive. Therefore, in order to design a LED driver
compatible with TRIAC dimmer, the input
characteristics of the LED driver should be resistive,
too. PFC can make the LED driver look like a pure
resistor from the AC input side by making the input line
current in-phase with the input line voltage.

Aside from the high PF, there are other advantages this
topology can offer. The advantages can be
summarized as follows:

* Isolation between the AC mains and the converter
output (this is desirable for safety requirements)

» Minimizes the needs of heat sinks. Critical
Conduction Mode (CrCM) ensures low switching
losses of the MOSFET

» High PF reduces dissipation in the bridge rectifier

© 2014 Microchip Technology Inc.
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» Low part count helps reduce cost and meets small
form factor

» A small size cheaper film capacitor replaces the
bulky and costly high-voltage electrolytic capacitor
after the full-bridge rectifier

THEORY OF OPERATION

Figure 1 shows the simplified circuit of a TRIAC
Dimmable High PF Flyback LED Driver. The
PIC12HV752 microcontroller controls the circuit at the
primary side, using on-chip core independent
peripherals. The COG peripheral provides a Pulse-
Width Modulated (PWM) signal which drives the input
of the MCP1416 MOSFET driver to turn-on/turn-off the

FIGURE 1:

MOSFET (Q1). The rising edge of the PWM is
controlled by the HLT or the C1 comparator, while the
falling edge is controlled by the C2 comparator. The
input of C1 is derived from the voltage of the auxiliary
winding of transformer T1, which is compared with Vss
to detect the zero crossing of the auxiliary winding
voltage (VAUX). The input of C2 is voltage across the
Rsensk resistor, which is compared to the DAC output.
The DAC output depends on its Vrgr, Wwhich is
connected to the input wave shape signal, derived from
the rectified input signal through a simple voltage
divider.

TRIAC DIMMABLE LED DRIVER SIMPLIFIED SCHEMATIC
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PRIMARY SIDE

The key advantage of the primary side control is the
implementation of the PFC function, which is achieved
through the feed forward method along with Peak
Current mode control.

The details of circuit operation from start-up to steady
state condition will be discussed in the next sections.
To simplify the discussion, the following assumptions
will be made:

» The line voltage is perfectly sinusoidal
» All components are ideal
» Zero-current detection delay is negligible

Start-up Operation

When applying the AC input voltage, the base voltage
of transistor Q4 in the bootstrap circuit shown in
Figure 2 is increasing. When there is enough base
voltage, Q4 turns on and diode (D14) is forward biased.
The voltage across the base of Q4 is held up to 10V by
Zener diode D13. When Q4 turns on, the collector
current flows through R and D14 to increase the VDD
of the PIC12HV752. When VDD is high enough (usually
the minimum VDD of the microcontroller) HLT, COG,
DAC, ADC and comparators are initialized. After
initialization, the HLT emits a pulse at 58 kHz to turn on
Q1 initially. This will energize the primary inductance of
T1 and transfer the magnetizing current to produce

DS90003108A-page 2
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Vaux when Q1 turns off. Once the rectified Vayx has
reached 10 Volts, the forward voltage of D14 drops
below 0.7 Volts. This allows D14 not to conduct and Q4
to turn off. Once Q4 is off, VDD is supplied by VAUX. Itis
important that Q4 always be off during normal circuit
operation to avoid power dissipation on Q4. Q4
remains off as long as there is enough VAUX. The
operation of the bootstrap circuit is depicted through
the waveform shown in Figure 3.

FIGURE 2: BOOTSTRAP CIRCUIT

RECTIFIER

FIGURE 3: BOOTSTRAP WAVEFORM

VRECTIFIER
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Steady State Operation

When Q1 is on, the secondary diode (D2) is off and the
voltage across the T1 primary magnetizing inductance
(V_p) is equal to V| () (see Equation 1). V|y (¢) is the
rectified input voltage which is equal to peak input
voltage (Vpk) multiplied by the rectified input line phase
angle 2mfi t (f = 1/T; f_ is the line voltage frequency
and T_ is the line voltage period). To simplify the
notation, let 21rf t be equal to 8 (see Equation 2).

EQUATION 1: PRIMARY MAGNETIZING
INDUCTANCE VOLTAGE

Vip = Vin(6)

FIGURE 4: SWITCHING NOISE ON VSENSE

EQUATION 2: INPUT VOLTAGE

Vin(t) = Vpg * |sin 6|

Additionally, when Q1 is on the primary inductance
current (I p) is increasing linearly. This current will flow
through the RggnsEg resistor. The voltage drop across
Rsense is used as a sense voltage (Vgense) to
translate I p (see Equation 3).

EQUATION 3: VOLTAGE ACROSS RSENSE

Vsense = Rsense * Ip

Due to the turn-on event of Q1, I p is usually affected
by a noise which is eventually reflected to Vgense (See
Figure 4). In order to prevent this switching noise from
causing a false trigger, the COG peripheral uses the
comparator blanking timers to count off a few cycles.

Switching
noise

LS

Vsenske is compared with the DAC voltage (Vpac) (this
is also the peak current set point) by the C2
comparator. Vppc is derived from the rectified input
voltage through a voltage divider so that it follows the
rectified input and forces the peak current of primary
inductance (I pk) to be synchronized and proportional
to the rectified input. This is how the circuit achieves
the PFC function. Equation 4 represents the Vpac
voltage.

EQUATION 4: DAC VOLTAGE
R DAC <0:4>
Voac = Vex * Isind] (Rl -:;FREF) ( B )

When Vgpnsg reaches Vpac, Q1 turns off and HLT is
reset. The duration while Q1 is on (Toy) can be derived
using Equation 1. V| p in Equation 1 is equal to the
primary inductance (Lp) multiplied by the rate of
change of I p with respect to time. Equation 5 shows
this relationship.

PRIMARY MAGNETIZING
INDUCTANCE VOLTAGE

EQUATION 5:

: d
Vpg * |sin@| = Lp %

Deriving the primary inductance current with respect to
Vpk leads to Equation 6.

EQUATION 6: PRIMARY INDUCTANCE
CURRENT

Tow Vpg lsin@| Veg Isin 8| Tgp
Ip = f dt =

o Lp Lp

I_p is also equal to Ipk sin 6 since the Ipk is enveloped
by the rectified sinusoid. Using this relationship and
Equation 6 we can solve Tpy (see Equation 7).

DS90003108A-page 4
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EQUATION 7: Q1 TURN-ON TIME

_ Lplpklsin@| _ Lplpg

T = =
ON Vpk | sin@| Vpk

It can be observed in Equation 7 that Toy is not
affected by the 6 phase angle. Therefore, Toy is
constant over the instantaneous line cycle. However,
Ton tends not to become constant at minimum voltage
on both sides of the rectified sinusoid. This is due to a
slight input offset caused by Peak Current mode control
comparator C2.

When Q1 is off, D2 is on and the voltage output (V) is
equal to the voltage of T1 secondary inductance wind-
ing (Vi s)- The primary magnetizing current is trans-
ferred to the secondary winding as secondary
inductance current (I _g). The I g decreases linearly and
the duration time before it reaches zero is defined by
Torr (see Equation 8 to Equation 10 in deriving Togg).

Using Equation 8, I g current can be derived as shown
in Equation 9.

EQUATION 9: SECONDARY MAGNETIZING
CURRENT
_ (ToFrr Vpadt VoToFF
Iis = fo Ls = Ls

I s is also equal to n Ipk sin 6 and Lg is equal to Lp/n?
where n is T1’s primary to secondary winding turns
ratio Np/Ng. Substituting to Equation 9 and solving for
Torr Yields to Equation 10 below.

EQUATION 10: Q1 TURN-OFF TIME

Lp
_ n2

T n Ipg|sin®l  pp 1py|sin @]
OFF = =

Vo n Vo

In Equation 10, Togf is a function of 6, therefore, it is
variable over the instantaneous line cycle.

As stated earlier, the design is working in CrCM. In
order to ensure this conduction mode operation, Q1
should turn on again when I g reaches zero. This is
made possible through zero current detection (ZCD)
using C1. C1 detects || g zero crossing based on Vyx.

Figure 5 shows a timing diagram to visualize the
control operation from start-up to steady state.

EQUATION 8: VOLTAGE OUTPUT
Vo = Vis = Ls L
FIGURE 5: LED DRIVER CONTROL TIMING DIAGRAM
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Since the circuit works at CrCM the sum of Equation 7
and Equation 10 is equal to the switching period Tg
(see Equation 11).

EQUATION 11: Q1 SWITCHING PERIOD

TS = TON + TOFF = telpx [1 +

Vpklsin 8| ]
Vpk

nVo

The switching frequency Fg is the inverse of Tg shown
in Equation 12.

EQUATION 12: Q1 SWITCHING
FREQUENCY

Vpk 1
Vpk Isin |
nVo

Lplpk "1+

Fg

In Equation 12, it is observable that Fg varies with the
instantaneous line voltage since it is a function of 6.
The switching Duty Cycle (D) is the ratio between Ty
and Tg, and varies with instantaneous voltage as well
(see Equation 13).

EQUATION 13: DUTY CYCLE

p=Tov 1
Tg 1+VPK |sin 6]
nVo

Power Transfer

The average input current (Ip ayg) can be obtained by
averaging the area under I p (see Equation 14). This
current is sinusoidal and in-phase with V(). As a
result, the LED driver behaves much like a resistor and
exhibits a PF close to unity (see Figure 6).

EQUATION 14: AVERAGE INPUT CURRENT

1 Vpk|sin @ |D?*Tg

1 .
lrr-uw::;=;'rr-v.rzlsm‘ng= 2 L
e

FIGURE 6: VIN(t) AND lpx WAVEFORM
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The input power, Py ayg drawn by the LED driver is
derived by averaging the product of V| (t) and Ip ayg
over one half line cycle T|_ (see Equation 15).

EQUATION 15: AVERAGE INPUT POWER

TL/2 1 Vpg?D?Tg

Pivave = [y " Vin(@®) Ip avg dt = : Ip

PlN AVG Can be a function of VlN RMS (see Equation 16).

EQUATION 16: AVERAGE INPUT POWER
WITH RESPECT TO INPUT

RMS VOLTAGE
P _ VinrMs® _ _ViNrms® ‘R _ 2Lp
IN AVG = (ZLP) = Rerrecrive | EFFECTIVE = DZTe Ts
D2Tg

In Equation 16, Rgprective is the input equivalent
resistance of the LED driver seen by the AC main input.

In order to relate the P\y ayg to LED average current
I gp, the relationship of output power Pg with input
power Py of LED driver will be used. This relationship
is defined on Equation 17.

EQUATION 17: OUTPUT POWER

Po=n Py

In Equation 17, Pg is equal to the product of Vg and
ILep Where Vg is also equal to the LED string forward
voltage. P\ is equal to Py ayg and # is the efficiency
of the LED driver. Deriving the equation for | g from
this relationship leads to Equation 18.

EQUATION 18: LED CURRENT

2
VINRMS

I =N ——
LED
Vo REFFECTIVE

In Equation 18, I gp is function of V|y rms. This is the
same RMS voltage that the TRIAC dimmer alters when
dimming the LED. Therefore, through the relationship
between I gp and Vgyys shown in Equation 18, LED
brightness can be controlled by the TRIAC dimmer.

DS90003108A-page 6
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ADDITIONAL CIRCUIT

In Figure 1, there are some circuit blocks included in
the design in order to improve the reliability.

Inrush Current Circuit

The Inrush current circuit is an active circuit that
protects the primary side components by suppressing
the large input current spikes. These large current
spikes are induced in the input line when the TRIAC in
the dimmer is fired. A large spike will also create an
input current oscillation that may cause the TRIAC to
misfire.

Bleeder Circuit

The bleeder circuit draws additional current in order to
maintain the TRIAC holding current at low input line
voltage. Not maintaining the required holding current of
the TRIAC will cause the TRIAC to misfire. The circuit
is composed of the bleeder resistor and a bipolar tran-
sistor, which is turned on by the microcontroller only
when certain rectified low input voltage is detected
through the ADC. This is an efficient way to implement
a bleeder since it will not consume additional power
when it is not needed. Figure 7 shows the switching
timing of the bleeder circuit.

FIGURE 7: SWITCHING OF BLEEDER CIRCUIT
Bleeder circuit
switch on
Input voltage |
Il {eference f
S, [ |
S S | St \*-

o ‘

Snubber Circuit FIRMWARE

The snubber circuit is used to protect Q1 from a large
voltage spike caused by the leakage inductance of T1.
When Q1 turns off, the energy from the leakage
inductance is reflected back to primary winding. The
snubber circuit dissipates this energy to minimize the
voltage spike. The circuit consists of a fast switching
diode in series with a parallel combination of a
capacitor and resistor. In some designs, an additional
Zener transil clamp is included to minimize the power
loss at light load.

ACTUAL CIRCUIT

The actual circuit of the TRIAC Dimmable LED Driver
is provided in Appendix B: “LED Driver Schematic”.
The value of components shown are to be treated only
as a starting point. They need to be tuned for each
design. The design must be verified and optimized
across the entire range of operating conditions.

The circuit design of the LED driver seems complex as
it appears but the firmware is straightforward (see
Figure 8). It appears that the firmware’s overhead is
small and mainly consists of initializing the core
independent peripherals. The pins on the PIC® device
are configured according to their function. After the pins
have been configured, the peripherals are setup and
turned on. During the initialization, the internal
connections and functions of the peripherals are
established. The ADC detects the status of the TRIAC
dimmer. If the rectified input voltage sampled by the
ADC exceeds the TRIAC minimum holding current
threshold voltage, the bleeder circuit turns off,
otherwise, it will turn on. Before the bleeder circuit turns
on, a certain delay is required to evaluate the state of
TRIAC dimmer.

© 2014 Microchip Technology Inc.
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FIGURE 8: FIRMWARE FLOW MCU PERIPHERAL CONFIGURATION
Figure 9 and Table 1 summarize the MCU peripheral
configuration.
it FIGURE 9: PERIPHERAL
+ CONFIGURATION
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TABLE 1: PIC12HV752 PIN CONNECTION

Pin No. Name Function Circuit Connection
1 VDD Supply Voltage Bootstrap
2 C2IN- Comparator 2 negative input Sensing resistor
3 C1IN- Comparator 1 negative input Auxiliary regulated voltage
4 MCLR Memory Clear ICSP™ (In-Circuit Serial Programmer™)
5 COGOUTO Complementary Output Generator | MOSFET Driver
6 AN1/VREF Analog-to-Digital Rectifier input voltage through voltage divider
7 110 Output Bleeder circuit
8 Vss Ground connection Ground
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COG (Complementary Output Generator)

The main purpose of the Complementary Output
Generator (COG) in the circuit design is to convert two
separate input events into a single PWM output. The
COG uses two independently selectable event sources
to generate the PWM. These event sources are the
rising event, RS, and the falling event, FS, set by the
two comparators and the HLT. The event input
detection may be selected as level detection or edge-
triggered. The rising source and falling source operate
as edge-triggered and level sensitive, respectively.

COG output Q is set to high only when a rising edge
triggers the rising source input. During this time, the
COG turns on the MOSFET. The MOSFET turns off
when a low-voltage level is detected on the falling
source of the COG. Figure 10 describes the operation
of the COG.

FIGURE 10: COG OPERATION

Edge trigger ‘

Rising Source

Level detect

|

During MOSFET switching, noise may occur that could
result in false triggering. This can be avoided by using
a blanking scheme. Blanking disregards the event
inputs for a short period of time. Since the oscillator of
the PIC12HV752 runs at 8 MHz and the blanking count
register is set to 4, the resulting blanking time would
range from 500 ns to 625 ns on both falling and rising
sources. Equation 19 describes the blanking
calculation.

Falling Source

COGOoUT

EQUATION 19: COG BLANKING RANGE

Count Count+1
Tmin _F—; max =F—
COG_Clock COG_Clock
Where:
c - { GxBLKR < 3:0> =4, rising event
OUNL =1GxBLKF < 3:0 >= 4, falling event

Feog_clock = 8 MHz

HLT (Hardware Limit Timer)

The primary purpose of the HLT is to act as a timed
hardware limit to be used in conjunction with
asynchronous analog feedback applications. The
external Reset source synchronizes the HLT timer with
the analog application.

When the external Reset source occurs before the HLT
timer and HLT period match, the HLT timer resets for
the next period and prevents its output from going
active. However, if the external Reset source fails to
generate a signal within the expected time, allowing the
HLT timer and HLT period to match, then the HLT
output becomes active.

The HLT is configured to be internally connected to the
rising source of the COG. HLT provides a rising edge to
the COG to initiate the start-up of the converter. The
HLT time is set through the equation as shown below in
Equation 20:

EQUATION 20: HLT TIME

HLT Time = (HLTPR1 + 2) ( i )

FOSC

Where: HLTPR1 = 32

F,sc = 8 MHz

COMPARATORS

Comparators are used to interface analog circuits to a
digital circuit by comparing two analog voltages and
providing a digital indication of their relative
magnitudes. The comparator outputs can be applied to
the COG module and can be configured as a closed-
loop analog feedback to the COG, thereby creating a
PWM controlled in an analog way.

The output of C1 is ORed to the HLT and acts as the
rising source of the COG, while the output of C2 is the
falling source of the COG. These two comparators act
as zero-cross detection and peak current detection on
the circuit, respectively. The output of C1 continually
resets HLT during the operation of the converter.

DAC (Digital-to-Analog Converter)

A 5-bit DAC module is used to translate the rectified
input voltage. It is internally connected to the positive
input of C2. It operates in Full-Range mode with the
DAC output voltage as shown in Equation 21 where
VgRre is the voltage across the voltage divider network
(see Figure 1).

© 2014 Microchip Technology Inc.
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EQUATION 21: DAC VOLTAGE

DACR<4:0>
25

Vpac = ((VSRC +) (

1, at230V

Where: DACR < 4:0 > = {7 at 115V

ADC (Analog-to-Digital Converter)

The ADC converts the input signal into a 10-bit binary
representation. This value is calculated using the ADC
equation shown in Equation 22.

The ADC samples and translates the rectified input
voltage in order to control the toggling of pin 7 (RAO).
RAO becomes low when the voltage sampled by the
ADC is greater than the minimum voltage required to
maintain the holding current of the TRIAC dimmer,
otherwise, RAO will be high.

EQUATION 22: ADC VOLTAGE

Vsre (210 — 1)

Vape = %
ADC REF

PERFORMANCE

Table 2 and Table 3 show the measured dimming
performance of the LED driver operating at 230V and
115V, respectively. Its graphical representation is
shown in Figure 11 wherein the dimming is controlled
by the TRIAC output voltage.

TABLE 2: MEASURED DIMMING
PERFORMANCE AT 230V
INPUT VOLTAGE
230 Viy
TRIAC Output Voltage LED Current (mA)
(Vrms)
230.1 297.33
218.5 262.21
172 162.63
160.1 141.03
149.1 122.81
139.4 104.57
130.1 85.16
119 72.24
109.8 62.9
101 53.11
90.1 41.95

TABLE 2: MEASURED DIMMING
PERFORMANCE AT 230V
INPUT VOLTAGE
230 Vi
TRIAC Output Voltage LED Current (mA)
(Vrms)
80.3 32.24
68.2 22.81
60.2 17.86
50.15 12.11
TABLE 3: MEASURED DIMMING
PERFORMANCE AT 115V
INPUT VOLTAGE
115V
TRIAC Output Voltage LED Current (mA)
(Vrms)
115.5 300.39
100.5 225.22
90.8 186.03
80.5 148.73
70.7 115.49
60.7 85.23
50.23 61.65
41.2 41.19
29.99 18.84

DS90003108A-page 10
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FIGURE 11: DIMMING PERFORMANCE
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POSSIBLE DESIGN IMPROVEMENTS CONCLUSION

Even a high Power Factor device like the LED driver
discussed in this technical brief represents a capacitive
load. This is because of the filter implemented at the
input side of the circuit. This LC filter can produce a
high voltage ringing derived from input current
oscillation when the TRIAC in the dimmer initially fires.
The voltage ringing makes the TRIAC current drop
below the holding current and switch off and on again
several times during the cycles, resulting in severe
flickering and a humming sound.

FIGURE 12: FLICKERING WAVEFORM

VRECTIFIER

\LHECT\F\EF:

During the first three cycles in the rectified line voltage
shown in Figure 12, the TRIAC has recovered after
firing and continues the conduction. However, after the
three cycles, the rectified input waveform changed
showing that the TRIAC is turning on and off. This input
line event produces flickering and a humming sound.

For a smooth dimming and a quiet operation, the
challenge is to avoid unwanted TRIAC switching,
caused by the ringing that occurs when the TRIAC is
initially fired. The input filter of the LED driver design
presented in this technical brief requires an
optimization to avoid this problem and ensures that the
line waveform will not be altered.

This technical brief describes a PIC microcontroller-
based solution controlling the LED driver that is
compatible with traditional TRIAC dimmers. With the
PIC12HV752, the analog control mainly runs by itself
and only requires small firmware overhead. This
enables users to add algorithms in order to improve
design performance, bring intelligence to the system,
or measure any parameter.

© 2014 Microchip Technology Inc.
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APPENDIX A: LED DRIVER EQUATION DERIVATION

EXAMPLE A-1:  Ip oy DERIVATION

= Lai
T oat
di ="~
L
Vin(t
IPK=L()DTS

Where l/IN(t) = VPK SlD(Zn’th)

LethzTiL

Vin(£) = Vpy sin (2m)

L
Substitute V, (t) to Ip, equation

._[2mt
Vpk sm<ﬁ>

Lp

Ipg = DT

To get the average input current, the equation below must be evaluated

1 Ts1
Ip ave = T_Sfo 5 Ipcdt

1 1 T,
Ip ave =n%3 xIPKfos dt
Integrating and Substituting I, to the equation

1 1 Vin(@) DTg Ts
IPAVG —T_Sx E.XTDTS I:fo dt_fDTSOdt:I

Lx Lx WO proy DT,
Ts" 2 Lp

Ip avg =
Simplifying the equation results to:

Vin(t)
Ip ave = IZIZP DZTS

DS90003108A-page 12 © 2014 Microchip Technology Inc.
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EXAMPLE A-2: Pin avg DERIVATION (CONTINUED)

TL
2 —
Piy ave = Efoz Vin @)y () dt

. o (2mt
TL Vpg?2sin? (L)DZTS
2 \TL)  °

2
P, = — dt
INAVG = T fo 2Lp

2 Vpg?D?Ts 2mt
P = =———— > sin? dt
INAVG = 77 o f T

Solve for the integral equation: fz sin (sz) dt
L

fz sin (Znt) fT;Ll cosz( )dt

L . 2mt L
fOZSzn( )dt—fZ—dt—fO —Lodt

L 2mt
Jy? sin? ( )dt ==
Ty cosz(zm)

Derivative of u results to:

dt is:

2mt
cos 2(ﬁ>
2

T,
Simplified equation for [ >

2mt
TL cosZ(TTr )
2 L

LT
— (2
) ——Lodt = [ 2 cosudu

1 TL 1 .
[z cosudu=-sinu+c
270 2

2mt
TL cos 2(—) TL
1 0= T, 1 . 4mt
~ [z —Lidt = -sin—
270 2 2 T

Substitute to the resulted value to f > sin (zm) dt :
TL

Simplify the integral equation fz dt by letting:
2nt 4mt
u=2 (TL ) - T_L

© 2014 Microchip Technology Inc.
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EXAMPLE A-3:

Pin avg DERIVATION (CONTINUED)

TL

- . 27t T
[z sin® (—) dt ==L
0 TL 4

Substitute to Pyy 4y equation:

Ty
2 Vpg?D2Ts (£ . , (2mt
P = ————=| 2 sin“(—)dt
IN AVG . 2Lp fo I
p _ 2 Vpg?D?Ts (TL)
INAVG = T o0 2

Py avc results to:

Piyave =

Ve 2D2Tg

4L,

DS90003108A-page 14
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APPENDIX B: LED DRIVER SCHEMATIC

FIGURE B-1: TRIAC DIMMABLE LED DRIVER SCHEMATIC
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Note the following details of the code protection feature on Microchip devices:

. Microchip products meet the specification contained in their particular Microchip Data Sheet.

. Microchip believes that its family of products is one of the most secure families of its kind on the market today, when used in the

intended manner and under normal conditions.

. There are dishonest and possibly illegal methods used to breach the code protection feature. All of these methods, to our
knowledge, require using the Microchip products in a manner outside the operating specifications contained in Microchip’s Data
Sheets. Most likely, the person doing so is engaged in theft of intellectual property.

. Microchip is willing to work with the customer who is concerned about the integrity of their code.

. Neither Microchip nor any other semiconductor manufacturer can guarantee the security of their code. Code protection does not

mean that we are guaranteeing the product as “unbreakable.”

Code protection is constantly evolving. We at Microchip are committed to continuously improving the code protection features of our
products. Attempts to break Microchip’s code protection feature may be a violation of the Digital Millennium Copyright Act. If such acts
allow unauthorized access to your software or other copyrighted work, you may have a right to sue for relief under that Act.

Information contained in this publication regarding device
applications and the like is provided only for your convenience
and may be superseded by updates. It is your responsibility to
ensure that your application meets with your specifications.
MICROCHIP MAKES NO REPRESENTATIONS OR
WARRANTIES OF ANY KIND WHETHER EXPRESS OR
IMPLIED, WRITTEN OR ORAL, STATUTORY OR
OTHERWISE, RELATED TO THE INFORMATION,
INCLUDING BUT NOT LIMITED TO ITS CONDITION,
QUALITY, PERFORMANCE, MERCHANTABILITY OR
FITNESS FOR PURPOSE. Microchip disclaims all liability
arising from this information and its use. Use of Microchip
devices in life support and/or safety applications is entirely at
the buyer’s risk, and the buyer agrees to defend, indemnify and
hold harmless Microchip from any and all damages, claims,
suits, or expenses resulting from such use. No licenses are
conveyed, implicity or otherwise, under any Microchip
intellectual property rights.

QUALITY MANAGEMENT SYSTEM
CERTIFIED BY DNV

= ISO/TS 16949 =

Trademarks

The Microchip name and logo, the Microchip logo, dsPIC,
FlashFlex, KEELOQ, KEELOQ logo, MPLAB, mTouch, PIC,
PICmicro, PICSTART, PIC%2 logo, rfPIC, SST, SST Logo,
SuperFlash and UNI/O are registered trademarks of
Microchip Technology Incorporated in the U.S.A. and other
countries.

FilterLab, Hampshire, HI-TECH C, Linear Active Thermistor,
MTP, SEEVAL and The Embedded Control Solutions
Company are registered trademarks of Microchip Technology
Incorporated in the U.S.A.

Silicon Storage Technology is a registered trademark of
Microchip Technology Inc. in other countries.

Analog-for-the-Digital Age, Application Maestro, BodyCom,
chipKIT, chipKIT logo, CodeGuard, dsPICDEM,
dsPICDEM.net, dsPICworks, dsSPEAK, ECAN,
ECONOMONITOR, FanSense, HI-TIDE, In-Circuit Serial
Programming, ICSP, Mindi, MiWi, MPASM, MPF, MPLAB
Certified logo, MPLIB, MPLINK, Omniscient Code
Generation, PICC, PICC-18, PICDEM, PICDEM.net, PICkit,
PICtail, REAL ICE, rfLAB, Select Mode, SQI, Serial Quad /O,
Total Endurance, TSHARC, UniWinDriver, WiperLock, ZENA
and Z-Scale are trademarks of Microchip Technology
Incorporated in the U.S.A. and other countries.

SQTP is a service mark of Microchip Technology Incorporated
in the U.S.A.

GestIC and ULPP are registered trademarks of Microchip
Technology Germany Il GmbH & Co. KG, a subsidiary of
Microchip Technology Inc., in other countries.

All other trademarks mentioned herein are property of their
respective companies.

© 2014, Microchip Technology Incorporated, Printed in the
U.S.A,, All Rights Reserved.
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ISBN: 978-1-63276-315-0

Microchip received ISO/TS-16949:2009 certification for its worldwide
headquarters, design and wafer fabrication facilities in Chandler and
Tempe, Arizona; Gresham, Oregon and design centers in California
and India. The Company’s quality system processes and procedures
are for its PIC® MCUs and dsPIC® DSCs, KEELOQ® code hopping
devices, Serial EEPROMSs, microperipherals, nonvolatile memory and
analog products. In addition, Microchip’s quality system for the design
and manufacture of development systems is ISO 9001:2000 certified.
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