


Power Factor Correction (PFC) Handbook

HBDS853/D
Rev. 1, Jun-2004

ON Semiconductor”
O SCILLC, 2004

“All Rights Reserved” http://onsemi.com



ON Semiconductor and .J are registered trademarks of Semiconductor Components Industries, LLC (SCILLC). SCILLC reserves the right to make changes without further notice
to any products herein. SCILLC makes no warranty, representation or guarantee regarding the suitability of its products for any particular purpose, nor does SCILLC assume any liability
arising out of the application or use of any product or circuit, and specifically disclaims any and all liability, including without limitation special, consequential or incidental damages.
“Typical” parameters which may be provided in SCILLC data sheets and/or specifications can and do vary in different applications and actual performance may vary over time. All
operating parameters, including “Typicals” must be validated for each customer application by customer’s technical experts. SCILLC does not convey any license under its patent rights
nor the rights of others. SCILLC products are not designed, intended, or authorized for use as components in systems intended for surgical implant into the body, or other applications
intended to support or sustain life, or for any other application in which the failure of the SCILLC product could create a situation where personal injury or death may occur. Should
Buyer purchase or use SCILLC products for any such unintended or unauthorized application, Buyer shall indemnify and hold SCILLC and its officers, employees, subsidiaries, affiliates,
and distributors harmless against all claims, costs, damages, and expenses, and reasonable attorney fees arising out of, directly or indirectly, any claim of personal injury or death
associated with such unintended or unauthorized use, even if such claim alleges that SCILLC was negligent regarding the design or manufacture of the part. SCILLC is an Equal
Opportunity/Affirmative Action Employer. This literature is subject to all applicable copyright laws and is not for resale in any manner.

PUBLICATION ORDERING INFORMATION

LITERATURE FULFILLMENT: N. American Technical Support : 800-282-9855 Toll Free ON Semiconductor Website : http://onsemi.com
Literature Distribution Center for ON Semiconductor USA/Canada
P.O. Box 5163, Denver, Colorado 80217 USA Order Literature : http://www.onsemi.com/litorder
Phone : 303-675-2175 or 800-344-3860 Toll Free USA/Canada Japan: ON Semiconductor, Japan Customer Focus Center . . X
Fax: 303-675-2176 or 800-344-3867 Toll Free USA/Canada 2-9-1 Kamimeguro, Meguro-ku, Tokyo, Japan 153-0051 For additional information, please contact your

Email: orderlit@onsemi.com Phone : 81-3-5773-3850 local Sales Representative.



Table of Contents

PREFRACE . .o 4
CHAPTER 1 Overview of Power Factor Correction Approaches . ... e 5
INEOAUCHION . . o e e 5
DEfINItIONS . .o e 5
Types of POWETr FaCtOor CONVEITEIS . . . ...ttt ettt e et e e e e e e e e e e et e e e e e 6
PaSSIVE CONIOI IS . o 7
Critical Conduction Mode CONtrollers . . ... ... o e e e e e e 8
Continuous Conduction Mode CONtrOllErS . .. ... e e e e 10
Average Current Mode COoNtrollers . ... ... .. e e 11
CHAPTER 2 Methodology for Comparison of Active PFC Approaches ... ... it 18
ChoiCe Of APPIOaChES . ..o e e e 18
TeSt MEthOTOIOQY . . . ..ot e e e e e e e e e e e 19
Criteria for COMPArISON . . ..o et e e e e e e 20
CHAPTER 3 Critical Conduction Mode (CRM) PFC and DC-DC Stage  ....... .ot 21
Power Factor Converter Modes, Traditional vs. Follower BoOSt . . ...t e e e e 21
150 W Critical Conduction Mode PFC Design Example . ......... . i e e 22
RESUIS . o 24
Pros and Cons of Traditional vs. FOIIOWEr BOOSE . . . .. ...t e e e e 24
120 W DC-DC Design EXample . .. ..o e 26
CHAPTER 4 Continuous Conduction Mode (CCM) PFC ... e 28
150 W Continuous Conduction Mode PFC Design EXample ... ... ..ot 28
RESUIS oo e 32
120 W Single Stage PFC Flyback Design EXxample . ... ... . o e 33
RESUIS o e e 38
CHAPTER 5 Detailed Analysis and Results of the Four Approaches ... ... ... .. ... .. ... . ... ... 39
Preregulator Stage ANAIYSIS . . .. ...t 39
Results for the Complete POWEr Stage . ... ..ottt e e e e 41
JLILC] 0 4 4= o £ 42
CHAPTER 6 EMI CoNSIHEIratiONS . ...ttt e e e e e e e e e i 44
BaCKgrOUNG . . .. 44
EMI Measurement RESUILS . .. .. ... ettt e e e e e e e e e e e 44
Changes Made t0 CRM CONVEIET . ... ...ttt ettt e e e e e e e e e e e e e e e e e a7
Changes Made t0 CCOM CONVEIET . ...ttt et et e et e e e e e e e e e e e e e e 48
REFERENCES .. e 49
AP P EN D DX .o 50

ADDITIONAL DOCUMENTATION
AND8016 Design of Power Factor Correction Circuit Using Greenline™ Compact Power Factor

Controller MCB3260 . ...ttt et e e e e e e 57
ANDS8106 100 Watt, Universal Input, PFC CONVEIMEr . ... ... e e et a e 67
AND8123 Power Factor Correction Stages Operating in Critical Conduction Mode ............ ... ... ... ....... 73
AND8124 90 W, Universal Input, Single Stage, PFC Converter . ............ it 91
AND8147 An Innovative Approach to Achieving Single Stage PFC and Step—Down Conversion
fOr DIStHDULIVE SY S EIMS . . oo e e 100
http://onsemi.com

3



Preface

Choices for the power factor correction solutions range from passive circuits to a variety of active circuits. Depending on
the power level and other specifics of the application, the appropriate solution will differ. The advances in the discrete
semiconductors irecent years, coupled with availability of lower priced control ICs, have made the active PFC solutions more
appropriate in avider range of applications. When evaluating the PFC solutions, it is important to evaluate them in the context
of full system implementation cost and performance.

In this handbook, a number of different PFC approaches are evaluated for a 120 W (12 V, 10 A) application. By providing
step—by-step design guidelines and system level comparisons, it is hoped that this effort will help the power electronics
designers select the right approach for their application.

Chapter 1 provides a comprehensive overview of PFC circuits and details of operation and design considerations for
commonly used PFC circuits.

Chapter 2escribes the methodology used for comparing different active PFC approaches for a given application (12 'V, 10 A
output). It also introduces the proposed approaches.

Chapter 3 contains the design guidelines, discussion and salient operational results for the two variations of the critical
conduction mode topologies (constant output and follower boost versions).

Chapter 4 contains the design guidelines, discussion and salient operational results for the two continuous conduction mode
topologies (traditional CCM boost and CCM isolated flyback).

Chapter 5 provides a detailed analysis of the results obtained from the four different implementations for the same
applications. Comparative analyses and rankings are provided for the topologies for given criteria. It also includes guidelines
for the designers based on the results described in the previous chapters.

Chapter gprovides recommendations to meet FCC limits on line conducted EMI for the topologies presented in the previous
chapters.

http://onsemi.com
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CHAPTER 1
Overview of Power Factor Correction Approaches

ABSTRACT maintains avoltage of approximately the peak voltage of the
. . input sine wave until the next peak comes along to recharge
Power factor correction shapes the input current of . ) . .
. . o it. In this case, current is drawn from the input only at the
off-line power supplies to maximize the real power . .
peaks of the input waveform, and this pulse of current must

available from the mains. Ideally, the electrical appliance . . )
. . . containenough energy to sustain the load until the next peak.
should present a load that emulates a pure resistor, in whick

casethe reactive power drawn by the device is zero. InherentIt d_oes this by dL_Jmpmg a Iarge_ charge into the capacitor
o o ; .~ _during a short time, after which the capacitor slowly
in this scenario is the freedom from input current harmonics. . ! .

. . . dischargeshe energy into the load until the cycle repeats. It
The current is a perfect replica of the input voltage (usually

. . . o f is not unusual for the current pulse to be 10% to 20% of the
a sine wave) and is exactly in phase with it. In this case the : ) .

b .- cycle duration, meaning that the current during the pulse
current drawn from the mains is at a minimum for the real

nower required to perform the needed work, and this must be 5 to 10 times the average current in magnitude.

minimizes losses and costs associated not only with theFIgure Lillustrates this situation.

distribution ofthe power, but also with the generation of the

. . . . Top: Input Voltage Bottom: Input Current

power and the capital equipment involved in the process.
The freedom from harmonics also minimizes interference i
with other devices being powered from the same source. !

Another reason to employ PFC in many of today’s power {
supplies is to comply with regulatory requirements. Today, | 1= |
electrical equipment in Europe must comply with the '
EuropearNorm EN61000—-3-2. This requirement applies to
most electrical appliances with input power of 75 W or 5
greater, and it specifies the maximum amplitude of ; 1, T
line—frequency harmonics up to and including thé"39 | = **4 — you;
harmonic. While this requirement is not yet in place in the
US, power supply manufacturers attempting to sell products
worldwide are designing for compliance with this
requirement. 1) CHT: 200V &'ms

AJCH: 2A Ems

Definition

Power factor correction is simply defined as the ratio of Figure 1. Input Characteristics of a Typical
real power to apparent power, or: Switched—Mode Power Supply without PFC

pE — _Real Power .
Apparent Power Notethat the current and voltage can be perfectly in phase,

. in spite of the severe distortion of the current waveform.
where the real power is the average, over a cycle, of the : . oy
Applying the “cosine of the phase angle” definition would

instantaneous product of current and voltage, and the . .
apparent power is the product of the rms value of CurrentIead to the erroneous conclusion that this power supply has
PP P P a power factor of 1.0.

times the rms value of voltage. If both current and voltage Figure 2 shows the harmonic content of the current

are s.muso.ldal and in phase, the power factor 'S 1.0.1f bo.thwaveform. The fundamental (in this case 60 Hz) is shown
are sinusoidal but not in phase, the power factor is the cosin

. . Qvith a reference amplitude of 100%, and the higher
of the phase angle. In elementary courses in electricity, thlsharmonics are then given with their amplitudes shown as

is sometimes taught as the definition of power factor, but 'td)ercentages of the fundamental amplitude. Note that the

applies only in the special case, where hoth the current anyven harmonics are barely visible; this is a result of the

voltage are pure SIN€ Waves. .T_h|s oceurs Wh(_an the load ISsymmetry of the waveform. If the waveform consisted of
composed of resistive, capacitive and inductive elements

and all are linear (invariant with current and voltage) infinitesimally narrow and infinitely high pulses (known to
. ) 9€)- mathematicians dslelta” functions) the spectrum would be
Switched—-mode power supplies present a non-linear

. . ; L flat, meaning that all harmonics would be of equal
impedance tthe mains, as a result of the input circuitry. The : . :

. o . amplitude. Incidentally, the power factor of this power
input circuit usually consists of a half-wave or full-wave supply is approximately 0.6

rectifier followed by a storage capacitor. The capacitor y y o0

http://onsemi.com
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Figure 2. Harmonic Content of the Current Waveform in Figure 1

For reference, Figure 3 shows the input of a power supplythat mimics the voltage waveform, both in shape and in phase.
with perfect power factor correction. It has a current waveform Note that its input current harmonics are nearly zero.

100%

80%
1= r
60%

40%
\

20%

1JCHY: 100V Sms 0%
ZJEHL: 2 A Bms i 1 3 5 7 9 11 13 15 17 19 21

Harmonic Number
Figure 3. Input Characteristics of a Power Supply with Near—Perfect PFC

Power Factor Correction vs. Harmonic Reduction Then:

Itis clear from the previous illustrations that high power 1
factor and low harmonics go hand-in—hand. There is not a PF = E——
direct correlation however, the following equations link 1 +< 100 )2

total harmonic distortion to power factor.
P A 10% THD corresponds then to a Power Factor

THD(%) = 100* /-1 —1 approximately equal to 0.995.
Kd2 It is clear that specifying limits for each of the harmonics
where Kd is the distortion factor and is equal to: will do abetter job of controlling the “pollution” of the input
current, both from the standpoint of minimizing the current
Kd = ——1—— and reducing interference with other equipment. So, while
1+ (”‘135;’@)2 the process of shaping this input current is commonly called

) “power factor correction,” the measure of its success in the
Therefore, when the fundamental component of the inputcase othe international regulations is the harmonic content.
current is in phase with the input voltage € 1 and:

PE = Kd * KO = Kd Types of Power Factor Correction

The input characteristics shown in Figure 3 were obtained
with  “active” power factor correction, using a
switched—mode boost converter placed between the input
rectifier and the storage capacitor, with the converter
controlled by a relatively complex IC and its attendant

As illustrated, a perfectly sinusoidal current could have a
poorpower factor, simply by having its phase not in line with
the voltage.

http://onsemi.com
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circuitry in a manner to shape the input current to match theenough to meet the regulations. This method has been used
input voltage waveform. This is the most popular type of in some power supplies for desktop personal computers,
PFC used in today’s power supplies. It isn’t the only type, wherethe size of the inductor (approximately a 50 $hamd
however. There are no rules demanding that the PFC bats weight (due to its iron core and copper winding) are not
accomplished by active circuits (transistors, ICs, etc.). Any objectionable. At power levels above the typical personal
method ofgetting the harmonics below the regulatory limits computer (250 W), the size and weight of the passive
is fair game. It turns out that one inductor, placed in the sameapproach becomes unpopular. Figure 4 shows the input
location as the active circuit, can do the job. An adequatecharacteristics of three different 250 W PC power supplies,
inductor will reduce the peaks of the current and spread theall with the current waveforms at the same scale factor.
current out in time well enough to reduce the harmonics

Waveforms: 1. Input current with no PFC dm /\
2. Input current with passive PFC /
3. Input current with active PFC

4. Input voltage

CHAL, 200 Nl 2 5

Figure 4. Input Characteristics of PC Power Supplies with Different PFC Types (None, Passive, and Active)

Input Line Harmonics Compared to EN1000-3-2 these devices. In the case of other products not used in such
Figure 5 shows the input harmonics of three 250 W PC highvolume, the limits are fixed at the values corresponding
power supplies, along with the limits according to to 600 W input. The performance of the passive PFC, as
EN61000-3-2. These limits are for Class D devices, which shown in this graph, just barely complies with the limit for

include personal computers, televisions and monitors. Thethe third harmonic (harmonic number 3).
harmonic amplitudes are proportioned to the input power of

10.000
T L
1.000 '\ 3N —
~\ s R e ENG61000-3-2 Limit
. = = = = Unit A, Without PFC
0.100 = =T _ _
Lo P oalet ~ = = = Unit B, Passive PFC
| A 3 L L~
N\ = T [ |—— unitc, Active PFC
0.010 i
0.001
3 13 23 33

Harmonic Number
Figure 5. Input Harmonics of Three PC Power Supplies Relative to EN1000-3-2 Limits

Passive PFC left half of the rectifier bridge are used, placing the circuit in
Figure 6shows the input circuitry of the PC power supply the half-wave doubler mode. As in the case of the full-wave

with passive PFC. Note the line-voltage range switch rectifier with 230 Vac input, this produces 325 Vdc at the

connected tthe center tap of the PFC inductor. In the 230V output of the rectifier. This 325 Vdc bus is of course

position (switch open) both halves of the inductor winding unregulated and moves up and down with the input line

are used and the rectifier functions as a full-wave bridge. Involtage.

the 115 V position only the left half of the inductor and the

http://onsemi.com
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Figure 6. Passive PFC in a 250 W PC Power Supply

Differential  Common l _*_ _*- TO.

The passive PFC circuit suffers from a few disadvantagesCritical Conduction Mode (CRM) Controllers
despite its inherent simplicity. First, the bulkiness of the Critical Conduction Mode or Transitional Mode
inductor restricts its usability in many applications. Second, controllers are very popular for lighting and other lower
as mentioned above, for worldwide operation, a power applicationsThese controllers are very simple to use
line—voltage range switch is required. Incorporation of the as well as very inexpensive. A typical application circuit is
switch makes the appliance/system prone to operator errorshown in Figure 7.
if the switch selection is not properly made. Finally, the
voltagerail not being regulated leads to@st and diciency
penalty on the dc—dc converter that follows the PFC stage.

m Output

: \AANSg g °

Vin

LI R R I I I LCO-cc e e e e e e = )
) )

= ] '
) )
1 .
' '
) 1
1
v 23V Amp Zero : g
I
{1 Current ' g Roci
) )
) 1

fn |
" : , —  Coul
§ X Reference | OO Current Control u‘ Out I b T
e Shaping ; —
O Multiplier Network Logic § Roca
AC Input

--C3 - - -

l
|
L
A
pe)
@
>
IS
=1

§ Rac2

Figure 7. Basic Schematic for a Critical Conduction Mode Converter
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The basic CRM PFC converter uses a control scheme
similar to that shown above. An error amplifier with a low
frequency pole provides an error signal into the reference linductor
multiplier. The other input to the multiplier is a scaled lavg
version of the input rectified ac line voltage. The multiplier
output is the product of the near dc signal from the error )
amplifier and the full-wave rectified sine waveform at the
ac input. v

The signal out of the multiplier is also a full-wave t——
rectified sine wave that is scaled by a gain factor (error
signal), and is used as the reference for the input voltage.
This amplitude of this signal is adjusted to maintain the
proper average power to cause the output voltage to remaifs -1 conduction Without a Multiplier

at its regulated value. A novel approach to the critical conduction mode
The current shaping network forces the current to follow controller is available in an ON Semiconductor chip,

the waveform out of the multiplier, although the line \;,~33260. This chip provides the same input-output
frequency current signal (after sensing) will be half of the ,,tion as the controllers described above. However, it
ampl!tude of this reference. The current shaping networkaccomplishes this without the use of a multiplier [1].
functions as follows: _ _ As explained in the previous section, the current
In the waveforms of Figure 8, Vrref is the signal out of the |\, . aform for a CRM controller ramps from zero to the
m_ultiplier. This_signal is fed into one input of a comparator, (sference signal and then slopes back down to zero. The
with the other input connected to the current waveform. efarence signal is a scaled version of the rectified input
When the power switch turns on, the inductor current 126 and as such can be referred to as k x Vin, where k
ramps up, until the.S|gnaI across the shunt reaches the level scaling constant from the ac voltage divider and
of Vref. At that point, the comparator changes states andp,itisjier in a classic circuit. Given this, and knowing the

turns off the power switch. With the switch off, the current g)ation of the slope of the inductor with the input voltage,
ramps down until it reaches zero. The zero current Sensgpq following are true:

circuit measures the voltage across the inductor, which will

Vret

Figure 8. CRM Waveforms

fall to zero when the current reaches zero. At this point, the Ipk = k - Vin(t) and Ipk =Al = V%(t) “ton
switch is turned on and the current again ramps up.
This control scheme is referred to as critical conduction oy
® Vin

and as the name implies, it keeps the inductor current at the
borderline limit between continuous and discontinuous
conduction. This is important, because the waveshape is
always known, and therefore, the relationship between the
average and peak current is also known. For a triangular
waveform, the average is exactly one half of the peak. This
means that the average current signal (Inductor current x
Rsense) is at a level of one half of the reference voltage.

The frequency of this type of regulator varies with line and Figure 9. CRM Current Envelope
load variations. At high line and light load, the frequency is

at a maximum, but it also varies throughout the line cycle. . : L
i ) i _ Equating the peak current for these two equations gives:
Pros: Inexpensive chips. Simple to design. No turn—on Vin(t)

switching losses. Boost diode selection not k - Vin(t) = T ton Therefore, toh = k- L

as c_:ntlcal. _ _ o This equation shows thafntis a constant for a given
Cons: Variable frgquen_cy?otennal EMl issue requiring an  reference signal (k x Vin). gF will vary throughout the
elaborate input filter. cycle, which is the cause of the variable frequency that is
necessary for critical conduction. The fact that the on time
is constant for a given line and load condition is the basis for
this control circuit.

|inductor

http://onsemi.com
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Veontrol —
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LTt |

Rect -

1%

Figure 10. Simplified Schematic of CRM Controller without Multiplier

In the circuit of Figure 10, the programmable one-shot
timer determines the on time for the power switch. When the
on period is over, the PWM switches states and turn off the V.

power switch. The zero current detector senses the inductor out
current, and when it reaches zero, the switch is turned on Va¢
again. This creates somewhat different current waveforms
but the same dc output as with the classic scheme, without
the use of the multiplier. Figure 11. Follower Boost
Since gjiven value of on time is only valid for a given load
and line condition, a low frequency error amplifier for the dc Continuous Conduction Mode (CCM) Control
loop isconnected to the one-shot. The error signal modifies The Continuous conduction mode control has been
the charging current and therefore, the on time of the controidely used in a broad range of applications becausteitsof
circuit so that regulation over a wide range of load and line several benefits. The peak current stress is low, and that

conditions can be maintained. leads to lower losses in the switches and other components.
Also, input ripple current is low and at constant frequency,
Follower Boost making the filtering task much easier. The following

The MC33260 contains a number of other features attributes of the CCM operation need further consideration.
including a circuit that will allow the output voltage to

follow the input voltage. This is called follower boost meS? Control _

operation. In the follower boost mode, the output voltage is  As is the case with aimost all of the PFC controllers on the

regulated at fixed level above the peak of the input voltage. market, one essential element is a reference signal that is a

In most cases, the output of the PFC converter is connectegcaledeplica of the rectified input voltage, which is used as

to a dc—dc converter. The dc-dc converter is generally @ reference for the circuit that shapes the current waveform.

capable ofegulating over a wide range of input voltages, so These chips all use a multiplier to accomplish this function;

a constant input Vo|tage is not necessary. however, the multiplier system is more CompIeX than a
Follower boost operation offers the advantages of aconventional two-input multiplier. _

smaller and therefore less expensive inductor, and reduced Figure 12 shows the classic approach to continuous—

on-timelosses for the power MOSFET [2]. This is normally mode PFC. The boost converter is driven by an average

used insystems where the lowest possible system cost is thecurrent-mode pulse width modulator (PWM) that shapes the
main objective. inductor current (the converter’s input current) according to

the current command signal, Yhis signal,  is a replica of

the input voltage, M, scaled in magnitude bypy, * Vpiv
results from dividing the voltage error signal by the square of
the input voltage (filtered bysCso that it is simply a scaling
factor proportional to the input amplitude).

Pros: Inexpensive chips. Simple to design. No turn—on
switching losses. Can operate in follower boost
mode. Smaller, cheaper inductor.

Cons: Variable frequencyPotential EMI issue requiring an
elaborate input filter.

http://onsemi.com
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It may seem unusual that the error signal is divided by theslope in the inductor is proportional to the input voltage).
square of the input voltage magnitude. The purpose is toThe disadvantage of this scheme lies in the production
make the loop gain (and hence the transient responseyariability of the multiplier. This makes it necessary to

independent of the input voltage. The voltage squaredoverdesign the power—handling components, to account for

function in the denominator cancels with the magnitude of the worst-case power dissipation.
Vgin and the transfer function of the PWM control (current

Mo e S

| — A Load
) m PWM I l— o~
Acin Control l
O
| «/vx,l

V; < 11 >
§ N 11 g =

Mult. Div. |_ EiA VVVv—2¢

> Ky Ko [
Kin Vsin Vpiv VERR y §
§ VREF
< B Square =
f e Kf Vin Ks KS Kf2 VIN2

) I
VERR ' KM * VSIN
Vi = VD|V . KM 'VS|N =
KD - Ks - Kf2 - VN2

Figure 12. Block Diagram of the Classic PFC Circuit

Average Current Mode Control the PWM control block is to make the average input current
The ac reference signal output from the multiplier (Vi) match the reference. To do this, a control system called

represents the waveshape, phase and scaling factor for theverage current mode control is implemented in these
input current of the PFC converter in Figure 12. The job of controllers [3], [4]. This scheme is illustrated in Figure 13.

. m . Output
T g o
L
/M Vs — L
Oscillator »| O f— T Cout
Vea + I
“pwm

+
L Current
Amplifier

Figure 13. Diagram for Average Current Mode Control Circuit
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Average current mode control employs a control circuit Pros: Effective for power levels above 200 W. A “divide

that regulates the average current (input or output) based on by V2" circuit stabilizes loop bandwidth for input

a control signald,. For a PFC controllergj is generated by variations. Fixed frequency operation. Lower peak
the low frequency dc loop error amplifier. The current high-frequency current than other approaches.
amplifier is both an integrator of the current signal and an con: More expensive and complex than critical

error amplifier. It controls the waveshape regulation, while conduction circuits.

the kp signal controls the dc output voltage. The currgnt |

develops a voltage acrosggRFor the current amplifier to  ON Semiconductor NCP1650 Family

remain inits linear state, its inputs must be equal. Therefore, ON Semiconductor has recently introduced a new line of

the voltage dropped acrossyg.t must equal the voltage highly integrated PFC controllers, with a novel control

across Ry, since there can be no dc current in the input scheme [5]. This chip’s control circuit uses elements from

resistor to the non—inverting input of the current amplifier. the critical conduction mode units, as well as an averaging

The output of the current amplifier is a “low frequency” circuit not used before in a power factor correction chip. The

errorsignal based on the average current in the shunt, and thbasic regulator circuit includes a variable ac reference, low

lcp signal. frequency voltage regulation error amplifier and current

This signal is compared to a sawtooth waveform from an shaping network.

oscillator, as is the case with a voltage mode control circuit. This chip incorporates solutions to several problem

The PWM comparator generates a duty cycle based on thesthat are associated with PFC controllers, including

two input signals. transient response, and multiplier accuracy. It also includes
other features that reduce total parts count for the power
converter [6].

:;l YN
Vin L
]
! Rect -
o T LA e i e R =
)
)
)
' Output
FB/SD " 1.08 Vref : e )
v O—1=~Enor . Ds
Loop ! 4v Amp :
Comp {1 Overshoot ! § Rpci
' Comparator '
) )
§ Rac1 : : c
) ) t
§ R7 ' > Reference Current ' Ou::
' L Shaping ' — >
————— Multiplier Network CLont_roI ' out | le— Q1 3 Roc2
AC Input | ogic —
) )
) J + ) Q
) H )
L . Oscillator Current 1 X g = outGnd
X Sense =, Rshunt
§Ra02 ' Amplifier g
' -
: ' Rect -
L T T T T T T -
- Figure 14. Simplified Block Diagram of the NCP1650 PFC Controller
PFC Loop providesthe input signal to the current shaping network that

The error amplifier has a very low frequency pole will force the input current to be of the correct waveshape
associated with it, to provide for a typical overall loop and magnitude for both good power factor and the proper
bandwidth of 10 Hz. This signal drives one of the inputs to outputvoltage. The current shaping network uses an average
the reference multiplier. The other multiplier input is current mode control scheme. However, this circuit is quite
connected to the divided down, rectified ac line. The output different from anything currently available. This is
of this multiplier is a full-wave rectified sine wave that is a illustrated in Figure 15.
scaled copy of the rectified input voltage. This ac reference

http://onsemi.com
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Figure 15. Current Shaping Circuit of the NCP1650 PFC Controller



The current shaping network’s primary function is to force Comp |
the average value of the inductor current to follow the |
reference signal generated by the reference multiplier. }

The switch current is converted to a voltage by means of Cgéfg”; V\/\/\/\
a shunt resistor in series with the source of the MOSFET {
switch. The shunt resistor is connected from the source \

(ground) to the return lead of the input rectifiers. This  Combined \/\

manner of sensing current creates a negative voltage, which Waveform |

is not ideal for an IC, as there are issues with substrate ! | | |
injection if the voltage goes more than a few hundred Figure 16. Summed Waveforms

millivolts below ground. On the other hand, this sense

configurationallows both the switch and diode current to be

sensed, which is the same as sensing the inductor current.

The current sense amplifier is a transconductance AC Input /_\/_\
amplifier with two high frequency outputs. It inverts the
currentsignal and feeds one output to a summing node at the
input to the PWM. The other output feeds an averaging
network on pin 11. This network has an adjustable pole
formed by an external capacitor and an internal resistance.
The average current is scaled by a buffer stage and summed v /v\
with a scaled version of the ac input voltage, and is then fed fine
into the input of the ac error amplifier.

The ac error amplifier is the key to maintaining a good
input power factor. Since the inputs to this amplifier should K Cin [ L] Hinll
be equal, and one is connected to the reference signal, the Vief
output ofthis amplifier must generate a signal that will force
the inverting input to match. This means that the averaged
switch current will be good representation of the reference  Vijine + k Oin
signal, since this is the signal that is applied to the inverting

input.
The output of the ac error amplifier is compensated with Verror(ac) /\/\

a pole-zero network. This signal is fed into the inverting

reference buffer. The circuit was designed in this manner so 4V ref

that the output of the ac error amplifier would be in a low Verror(acy @ NM ﬁ /NNN E

state at zero output. This allows a convenient means of Verronouften

connecting an external soft-start circuit to the chip. - - - - oo oTIT oo oo GND
There are a total of four signals on the input to the PWM

that comprise the information used to determine when the

switch is turned off. The inverting input to this comparator

is a 4.0 V reference. The non-inverting input sums the ac OTHER FEATURES

error signal out of the ac reference buffer, the ramp

compensation signal and the instantaneous current. Wher '2nsient Response .
the sum of the last three signals equals 4.0 V the PWM As with all PFC units, the voltage error amplifier must be

comparator switches, and the power switch is turned off. compensated with a very low frequency pole. This assures
Figure 16 illustrates the waveform that results from the a good power factor, but doesn't allow for fast transient

summing of the current signal out of the current amplifier response. IE order to ref_?ond_ qu;]c_kly :}9 Il_nelo(; load
and the ramp compensation signal. Both of these signals aré;]ans;:ar};[js_t e error gmbpl ler In t IS chip Includes a
in the form of currents, which are summed by injecting them tNreshold-sensitive gain boOst circuit.

into the same 16€R resistor at the input to the PWM. The q In normal operatlon, thﬁ 'nDUt_‘T‘I Ere bal?ncedall:fowev_erl,
third signal is that of the ac error amp buffer. The result of uring a transient event there will be a voltage differentia

thesesignals is shown in the bottom waveform in Figure 17. acrosghe inputs. If this dferential exceeds a predetermined

Current Shaping Circuit Ramp | | | | |
| | | |
\ \ \ \
\ \ \ \
\
‘ \ \ \
\

Vref

0osC

Figure 17. Waveshaping Circuit Waveforms
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level, the output will transition into a high gain mode and transconductance amplifier increases until it reaches its
quickly adjust the regulation loapntil it is close to beingin ~ maximum level of 2QuA. This corresponds to an input
balance. At that point, the amplifier will return to its normal voltage of 4.20 V. At this point, it cannot increase further.
gain and finish bringing the output voltage to its nominal When the input voltage reaches 4.24 V, the upper boost
value. circuit isactivated. This circuit dumps an additional 230

Figure 18 shows the operation of the voltage loop error (a factor of 12 greater than the normal output current) into
amplifier. During a load dump, the output voltage of the PFC the amplifier’s compensation circuit. When the input
unit would go high as the loop tried to respond to the new voltage isreduced to less than 4.24 V, the upper boost circuit
control conditions. As the feedback voltage increases fromis deactivated, and the amplifier resumes operation at its
its nominal voltage of 4.0 V, the output current of the normal gain level.

o— - 4.24V
4.24V S~ 250uA 420V — ™
+ / : \
4.00V L .
FB/SD 380V L 3} \ /
O + . . T “ [ ‘ [
6 - 20uAmaxl Lo v \ / |
- 3.68V AV
4.00V O— Error Input Voltage (pin 6) ! A
Amp Lo v w pol
250 pA : f— : —
+ 250 uA Source : \ : : Lo : :
- 20 MA ! ! 1 L : !
3.68V O— 20 A —— ———
Sink
250 uA Output Current
Figure 18. Representative Schematic of Voltage Loop Error Amplifier
Multipliers converter. This can be done very accurately in an integrated

This control chip incorporates two multipliers. One is circuit. The other input, Input p (PWM), is compared to a
used for the reference multiplier to provide the full-wave ramp using a standard PWM comparator. The main error in
rectified sine wave signal to the ac error amplifier, and the this circuit comes from variations in the ramp peak—to—peak
other is used for the power limiting circuit. One of the voltage and from its non-linearity. The ramp in this chip is
weaknesses of analog multipliershat it is very difficult to trimmed to an accuracy of 1% and is fed with a high
design them with good accuracy. Their k—factors typically frequency, constant current source for good linearity.
have tolerances of 10% to +20%. Testing of qualification lots indicates that maximum

Tolerancebuild—up in a circuit can cause difficulties in the  production variations should not excegd.0%.
overall loop design. It is highly desirable to allow signals to  The voltage at input a is converted to a proportional
utilize as much voltage or current variation as possible to current, which is either fed to the load filter, or shunted by
minimize noise problems, while not driving devices into the PWM comparator. Since the PWM ramp is quite linear,
saturation. driations in tolerances of the various blocks can changes ithe p input will result in a proportional change in
make this a difficult problem. duty cycle. (e.g. If the output of the PWM comparator is low

The multipliers in the NCP1650 use a novel design that is30% of the cycle, 70% of the input a current will be delivered
inherently more accurate than a linear, analog multiplier. to the load). The output voltage is simple the averaged
Unlike a linear analog multipliethe inputs are not matched current multiplied by the load resistance. The capacitor
circuits. Input a (analog) is fed in to a voltage—to—current reduces the ripple of the output waveform.
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/\ INPUT A Other chips offer tolerance stack-ups of 25% to 50% for

? their power limiting circuits. This chip’s tolerance stack—up
is 15%. For a 1.0 kW unit this translates into a savings of 200
Vitol to 700 W for the power stage design.
CONVERTER

Overshoot Protection

® Load dumps can be very dangerous with a PFC unit. Due

to the slow response time, and high output voltage, it is

INPUT P :|> » | possiblefor a 400 V output to surge to 800 V when the load
RAMP M is suddenly removed. This type of event can cause

catastrophic destruction to the PFC unit as well as to a

Inverting Input TN secondary converter or other load that is connected to its
output. To protect against these transients, the Feedback/
OUTPUT ; . .
]_VA[‘\ NI Input Shutdown input is monitored by a comparator that shuts

down the PWM if the feedback voltage exceeds 8% of the
nominal feedback level a. When the output voltage is
reduced to less than this 8% window, the PWM resumes
operation.

Figure 19. Switching Multiplier Shutdown

It is sometimes desirable to shutdown the PFC converter
withoutremoving input power. For these cases, the feedback
p Limit Circuit pin is pulled to ground using an open collector device (or
ower Limit ireurt - . equivalent)When the feedback voltage is below 0.75 V, the
The power limiting circuit measures the real power input =~ .. " . .
. unit is in a low power shutdown state. This feature will also

o . . : ®hold the chip in the shutdown state when it is turned on into
limit it reached. It is OR’ed with the voltage loop in a manner a line voltage of less than 53 V, as the feedback voltage at

similar to aconstant V(_)Itage, constant current regulator. Th_e that time is the rectified, filtered input voltage.
voltage loop will dominate as long as the power demand is _ . i i
below the limit level. It should be understood that in the Pros: Many “handles” available. Can use standard

constanpower mode, the output voltage is reduced in order values from spreadsheet, or tweak for optimum

to maintain a constant power level. Since this is a boost performance. Variable-gain voltage loop provides

converter, the output voltage can only be reduced until it quick recovery from large transients. Tightly

reaches the level of the peak of the input waveform. At that controlled multipliers allow economical worst-case

time, the power switch will shut down, but the rectifier will power limit designs.

still allow the output filter capacitor to charge, so constant Cons: Loop gain dependence on input line voltage

power cannot be maintained below this point. prevents optimal loop compensation over the full
The accuracy of this circuit is very important for a cost line voltage range.

effective design. Since power supplies are specified for ajn addition to the NCP1650, which works in a traditional
maximum power rating, the circuit should be designed for phoost PFC topology, the NCP165x family also includes the
worst-case tolerances. A tolerance020% for the power  NCP1651. The NCP1651 allows a single-stage, isolated
limiting circuit would require that the nominal output power step—down power conversion with PFC for many low-mid
design be 20% above the specification so that a unit whichpower applications where the output voltagedsvery low
controller is 20% low will still provide the specified output and can handle some ripple. As shown in Figure 20, the
power. This means that the power stage must also baycp1651 based flyback converter provides a uniquely
designed to provide power at a level 20% greater than thakjmplealternative to two-stage approaches commonly used.
its nominal level since some units may not limit until that The NCP1651 includes all the relevant significant feature

point. The bottom line is that the power stage must bejmprovements of the NCP1650 and also includes a
designed taleliver a maximum power of twice the tolerance hjgh-voltage start-up circuitry.

of the limiting circuit. This translates into many dollars of
overdesign of power components.
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Figure 20. Single Stage PFC Using the NCP1651

CONCLUSION

The number of choices available to the PFC designer has On the other hand, the designer’s job has become more
grown significantly over the past few years, even over the complicated as a result of the plethora of design approaches
past few months. This is due to the increased interest inat his fingertips. Just surveying them is difficult enough, but
complying with EN61000-3-2 and its derivatives, coupled understanding each of them well enough to make an
with an enthusiastic spirit of competition among the informed, cost—effective choice is a big challenge. It has
semiconductor suppliers. The end users reap increasindeen an objective of this paper to increase the designers’
benefits as PFC becomes better and more cost effectiveawareness of this trend and to provide some insight into the
Designers benefit from the increasing capability of these IC details. The information is out there and readily available to
controllers, with more options available to execute the the interested, ambitious designer.
designs.
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CHAPTER 2
Methodology for Comparison of Active PFC Approaches

There are many different driving factors for designing terms of the output voltage, it was decided to evaluate a
PFC circuits as outlined in Chapter 1. Depending on endcomplete power system instead of PFC only circuits. As a
applications requirements and the prominent driving result, a 12 V, 10 A output was chosen (assuming 80% total
factors, the choice of a PFC circuit will vary. Until very efficiency). Adding the second stage to the comparisons
recently, only one or two topologies have been widely provides a more accurate picture of the capabilities and
utilized for PFC implementations. For higher power limitations of various PFC approaches. Specifically, one of
circuits, the traditional topology of choice is the boost the approaches chosen allows a single stage isolated PFC
converter operating in continuous conduction mode (CCM) conversion and eliminates one full power stage. For this
and with average current mode control (ACMC). For lower approach, the comparison to a PFC boost front-end would
power applications, typically the critical conduction mode be meaningless. All the systems were designed to a hold-up
(CRM) boost topology is utilized. As the range of circuits time (line drop—out) specification of 20 ms (1 European line
and applications incorporating PFC has expanded, the needycle).
for more diversified PFC solutions has grown. Many of the )
emerging solutions use variations of the established2-1 Choice of Approaches
topologies, while some truly novel techniques have also From the approaches described in Chapter 1 and other
emerged. available approaches, the following were identified as

It is often difficult to provide an instantaneous answer to the suitable candidates for this study. The accompanying
the question: “Which approach is the most suitable for afigures for each approach depict the complete system
given application or power range?” The answer depends inimplementation including input filtering and dc-dc
part on the design priorities and various trade-offs. COnversion as needed. The dc-dc converter deS|gn§ for
However, the other part of the answer lies in benchmarkingth€se comparisons are based on a paper study using a
of different approaches for a given application. In this commercially available design package (Power 4-5-6).
handbook, results of such a benchmarking effort have been In each of the four approaches the major blocks are labeled
presented with detailed analysis. Fn, Pn and Dn, where F, P and D indicate filter, PFC and

The choice of a correct application is critical in carrying downconverter, respectively, and n indicated the approach
out such a benchmarking study. It is commonly accepted thafn = 1 10 4).

at power levels below 100 W, the CRM approach is more 1. Critical Conduction Mode boost converter with

appropriate, while for power levels above 200 W, the CCM fixed output voltage. As shown in Figure 21, this
approach is admittedly sensible. The power range of approach creates a fixed (400 V) output voltage
100-200 W represents the gray area where either approach at the PFC output and a dc—dc converter is used
could beused. As a result, it is most pertinent to evaluate the to step the 400 V down to 12 V output. The
performance of different approaches somewhere within this controller used for the PEC front—end is the
power range. A 150 W (input) power level was chosen as a MC33260 which offers some benefits over the
target application. Also, since most applications are required other multiplier based critical conduction mode
to operate over universal input voltage (85-265 Vac, controllers.

50/60 Hz), that was chosen as the input voltage range. In

85-265 vV = EMI fFiI;Ler for PFCPBiloost 400 V Step—dov?/rll Isolated [ 12V,10A

50/60 Hz var. freg. Front-end using DC out DC-DC Converter DC out

AC Input ripple MC33260 (200 kH2)

Figure 21. Critical Conduction Mode PFC with Fixed Output Voltage
2. Critical Conduction Mode boost converter with approach 1, this approach is expected to yield

variable output voltage. As shown in Figure 22, better PFC stage efficiency and cost at the expense
this approach creates uses a follower boost of a more challenging second stage design. The
topology for the PFC section and creates a variable MC33260 is used as the PFC controller for this
output (200-400 V). A dc—dc converter steps design also since it can be configured very easily
down the voltage to the 12 V output. Compared to in the follower boost mode.
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85-265V — '.:2 P2 D2 —

50/60 Hz EMI filter for PFC Boost' 200-400V | Step—down Isolated 12V, 10 A

AC Input var. freq. Front-end using DC out DC-DC Converter DC out
ripple MC33260 (200 kHz)

Figure 22. Critical Conduction Mode PFC with Variable Output Voltage

3. Continuous conduction mode boost converter with
fixed output voltage. As shown in Figure 23, this
approach creates a fixed (400 V) output voltage
using a CCM boost topology. The step down

conversion from 400 V to 12 V is similar to the
approach 1. The NCP1650 is used as the PFC
controller for this approach.

85-265V —— F3 P3 D3 I

50/60 Hz EMI filter for PFC Boost' 400 V Step—down Isolated 12V, 10 A

AC Input fixed freq. Front-end using DC out DC-DC Converter DC out
ripple NCP1650 (100 kHz) (200 kHz)

Figure 23. Continuous Conduction Mode PFC with Fixed Output Voltage

4. Continuous conduction mode flyback converter
with isolation and step down. This novel approach
allows the consolidation of all circuitry into one

rectified line energy in the output capacitor, the
output will have significant ripple at twice the line
frequency. The controller used for this approach is

single power conversion stage as shown in NCP1651.
Figure 24. Because this approach stores all the
- J— Fa4 P4 (+D4)
8550/55?_'\2/ EMI filter for Single Stage Flyback PFC & 12V,10A
AC Input fixed freq. Isolated DC-DC Converter DC out
P ripple using NCP1651 (100 kHz) —

Figure 24. Continuous Conduction Mode Isolated Flyback PFC

2.2 Test Methodology

All the above PFC approaches (P1-P4) were designed,
built and characterized. Each converter went through minor
modifications inorder to achieve local optimization without
makingmajor component changes. It is recognized that each
approach can be optimized further through a more
aggressive design and selection of components. However,
the focus of this work was to compare the different

approaches and the design approach for all the circuits was

very similar. Each PFC circuit was tested for the following
parameters:

1. Operation over line and load ranges
(Vin = 85 to 265 Vac, Pout = 75 W to 150 W)
2. Line and load regulation
3. Input current total harmonic distortion
(THD), individual harmonic contributions, and
power factor
4. Power conversion efficiency

The test set-up is depicted in Figure 25 below.

Power
Analyzer
Pin, Vin, lin
PF, THD
Out+ 4@—0—
Sense+
O—— AC Source Unit
AC Line 0-270 Vac Under Load §
o——o 1 kW Test
Sense-
Out- o

Figure 25. Test Set-Up for Performance Measurements
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Equipment Used for Measurements the UUT and the load, the voltage drop varying with the

AC Source: Triathlon Precision AC Source amount of current flowing. _

Power Analyzer: Voltech PMi Precision Power Analyzer The load current is measured using a 5Q |shu_nt .
resistor. The voltage drop across the shunt resistor is

Load: Two types of loads were used:

_ _ measure@nd the load current can be calculated based on the
* For static load measurements, a bank of high power  ghunt resistance value.

ceramic resistors was used.
* For dynamic load measurements, a Kikusui PLz303w 2.3 Criteria for Comparisons

Electronic Load was used. Tpe compa(;;)s:gs. Wireplc?arzegh out between 'thg
o . . performances circuits P1-P4. These are summarize
Voltmeter: Keithley 175 Autoranging Multimeter in Chapter 5. As mentioned before, paper designs were
Current Sense: Current measurement were performed usingerformed for downconverter approaches D1-D3. It is
a 5.0 nf2 shunt resistor along with a Keithley 175 A poted that the designs D1 and D3 are identical as they have
Autoranging Multimeter the same input and output specifications. The comparisons
of complete system approaches are also provided in
Chapter 5. The key metrics for comparing power systems
are cost, size and performance. It is not possible to provide
an absolute cost metric for this handbook as the cost

Test Methodology

The circuit is tested utilizing an isolated ac source with
inputvoltages ranging from 85 65 \ac. Input parameters
are measured with the power analyzer. They include input

. . . . structures depend on many factors. However, the
power(Pin), rms input voltage (Vin), rms input current (fin), comparisons take into account relative costs of different
power factor level (PF), and total harmonic distortion P

(THD) approaches and provides details of the trade—offs involved.
i ?’he size comparison is based on comparison of the sizes of

For the two stage approach, the unit under test consists oma'or oWer train components for the different approaches
the first stage PFC section while the load is a bank of high jorp P PP '

power resistors. The resistor network is usadsothe PFC 5 4 Trend Charts/Effects on Variations in
circuit due to its high output voltage (400 V) which is above Conditions

the electronic load voltage rating. For the one stage \while all the comparisons are made based on identical

approach, the unit under test consists of the PFC flybackinnyt and output conditions to provide a true comparative
circuit while the output is loaded with an electronic load as picture, in real life, different applications will have varying

the lower 12V output allows for its use. requirements. In such cases, one approach or topology may
_The output voltage is measured directly at the output sensgye more suitable for a given application than other may.

pins using a Kelvin sensing scheme. There is virtually no go|iowing variations in operating or applications conditions

current flowing through the sense leads and therefore nog,e explored in Chapter 5. They include expectations of

voltage drop that can cause an erroneous reading. On th@omponents and component attributes as a function of
contrary, measuring output voltage across the resistor loacs iyt power.

can cause a wrong reading as voltage drops occur between
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CHAPTER 3
Critical Conduction Mode (CRM) PFC and DC-DC Stage

PFC Converter Modes feedback current is lower than IregL (please refer to the
The boost converter is the most popular topology used inMC33260 data sheet for more details), the regulation block

PFC applications. It can operate in various modes such agutput (which determines the on—time) is at its maximum.

Continuous Conduction Mode (CCM), Discontinuous The maximum on-time is inversely proportional to the

Conduction Mode (DCM), and Critical Conduction Mode square of the output voltage. This property allows for

(CRM). This chapter provides the analysis of the CRM follower boost operation.

operation using the MC33260. As shown in Chapter 1, in  Figure 26 is provided to help in the selection of the C

thismode the inductor current decays to zero before the startapacitor based on user defined output regulation voltage

of the next cycle and the frequency varies with line and load|evel.

variations.The major benefit of CRM is that the current loop

is intrinsically stable and there is no need for ramp Mode Select Capacitor Values with respect to
compensation. This chapter also includes design guidelines Vout vs Vin
for a traditional boost preregulator and a follower boost C.= 580 pF . _
preregulator using the CRM technique. It also highlights 385 T e .
some of the benefits of each topology and provides paper__ C;=470pF A L
designs for the second stage dc—dc converter. % 335 \\,‘ - -
o)) Y A _-
Traditional Boost versus Follower Boost % 285 % a4 — - —
The traditional boost converter is designed to have a§ . /./ _+7 C,=150pF
constant output voltage greater than the maximum peak& 235 7 7 >~ //\/
rectifiedline voltage while the follower boost output voltage 9_ 185" RS e
varies with respect to the peak line voltage. The main 3 TN C; =330 pF
difference between the traditional boost and the follower ~ 135/ .+~ \
boost topology preregulators is that the follower boost -7 Cy=220pF
inductor size is reduced drastically and the power switch 85 |
conduction losses are lower. The MC33260 allows the user 85 115 145 175 205 235 265
to program the converter to operate in either mode. Relevant Vin, Input Voltage (V)

expressionfor the design of a converter for given operating
conditionsalong with a design example are provided below.
Operatingesults for the specified converter designs are also
provided.

The following inequality has to be satisfied for an
MC33260 based boost converter to be configured in
traditionalboost mode. For lower values of,&he converter
will operate in follower boost mode, where Vout is
proportional to Vin.

Figure 26. Mode Select Capacitor Values with
Respect to V ot VS. Vi, at Full Load

As shown in Figure 26, the choice of €apacitor allows
the user to select the range of output voltage for a given
application. If the @ value is high enough, the converter
will operate at a fixed output voltage, i.e., in traditional boost
mode. On the other hand, a low @alue will lead to Wy
equal to Vin(pk). Depending on the application, the ideal

4 Kosc Lp PiNmax I%egL solution may lie in—between.
CT = Cint +

Vin2 min Also worth noting while utilizing the MC33260, the Y
and Vin relationship depicted in Figure 1 holds for full load
where G is the oscillator capacitor of the MC33260 operation. As the output power level drops, the output
Kosc, gain over maximum swing = 6400 voltage will actually increase for a giverny,Gnd at light
Cint, internal capacitance of the MC33260 loads, the operation will tend to approach the traditional
Crpin = 15 pF boost operation. This behavior is depicted in Figure 27.

However, the full load behavior is the most pertinent for

_ design since it creates the maximum stress and conduction
IregL, regulation Low Current Reference = 200 losses. Since the follower boost reduces the conduction
Lp primary inductance value losses significantly at this condition, the benefits are

The internal circuitry of the £pin utilizes an on—time reflected in the improved efficiency. Similarly, the hold-up

control method. In this circuit, 0is charged by the square ime specification of a system is usually at full load
of the feedback current and compared to Vcontrol. When thePPerationrand low line, so the choice of the most appropriate

Vinmin, ac operating line voltage = 85 V
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Vout VS. Vin relationship must be made with full load cycle begins at zero current. The time it takes to reach zero

conditions in mind. is based on the input line voltage and the inductance, which
also dictates the operating frequency range. The design of
Various Load Conditions with Respectto V. VS. Vi the inductor is based on the maximum ripple current at
420 minimum line voltage and minimum switching frequency.
s5ow — The minimum switching frequency which occurs at the peak
380 . i i ;
S 7\% of the ac line needs to be above audible range. In this case,
W 340 75 W 25 kHz was chosen for the traditional boost and 43 kHz for
|§_z° / \/ the follower boost. If you chose the minimum switching
3 300 frequency to be the same for both preregulators, the
i \1oow inductancevalue in the follower will be higher than 206l.
> 260
= linpk = —\/E “ Pout
3 220 150 W pk = n - Vinmin
>§ 180 Icoil_pk = 2 - linpk
CTTSGO PF 2 - Tiotal - (\%m - Vin min) - Vinmin
14085 115 145 175 205 235 265 Lp = Vout - Icoil_pk = 607 uH for the

traditional boost
Vin, INPUT VOLTAGE (V)

2 - Ttotal (VL—M - Vin min) - Vinmin
Figure 27. V oyt Vs. Vi, with Respect to C 1= 560 pF Lp = 2 : = 200 uH for the
at Various Load Conditions Vout - loil_pk follower boost

Another design criterion is the high current ripple in
CRM. As a result of the high ripple, the core flux swing is
bigger compared to the CCM mode. Higher flux swing
results in higher core losses and rules out materials such
as powdered iron. Detailed discussion on properties
of the material is beyond the scope of this paper, but it
is something to keep in mind in the design of the inductor.

MC33260: 150 W Power Factor Pre-regulator Design
Example (CRM)

Following are the design basic specifications that will
govern the main attributes of the circuit components, that is
inductorsize, MOSFET, output rectifier and output diode, to

name a few. . ;
It is apparent from the above equations that the follower
Rated Output Power: ot =150 W boostapproach results in significantly smaller inductor size.
Universal Input Voltage Range: Vin: 85 to 265 Vac The traditional boost inductor was designed by TDK
Line Frequency: ifie = 47-63 Hz (SRW42EC-U07Vv002and the follower boost by Thomson
Switching Frequency: sfv=25-476 kHz Orega (10689480).
Nominal Regulated Mt = 400 Vdct 8% Power Switch
Output Voltage: (Traditional Boost) The power switch Q1 should be carefully selected to avoid
200-400 Vdct 8% high levels of power losses. The losses are typically
(Follower Boost)* dependent on switching frequency, rms current, duty cycle,
System Efficiency: n > 90% and the rise and fall times. These parameters breakdown into
Hold—Up Time: b — 20 ms two types of losses: conduction and switching. For the CRM
P ' oldup operation, the MOSFET turn-on switching losses are
*Voltage range based on input voltage requirements for the dc-dc minimizedsince the current is zero at the MOSFET turn—on.
stage, see dc-dc section for more details. Hence, the focus is placed primarily on minimization of the
Selection Process conduction losses. Consequently, the selection process is

Below are the design equations for the main componentsbased on three key parameters; transistor rms current, drain
in both the traditional boost and follower boost. Each to source voltage and on resistancgdgn). The root mean
equation applies to both topologies unless otherwise notedsquare (rms) value of the switch curregtd¢an be derived
Thereare many other factors involved in the design process.Py averaging the entire cycle of the square of the switch
However, the equations below are intended to provide acurrent presented below in the equation. Once this is
framework for the design. determined, the power dissipation can be calculated based

on the Rs(on)of the chosen MOSFET.

Inductor (Lp) .
The design of a CRM inductor presents a challenge o= /L. 42 -Vinmin .0 pk
because of the high peak currents which can lead to higher 6 9-m-Vout B

conduction losses. It is designed such that the switching
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On a side note, an identical power MOSFET Q1 was used In the follower boost in the worst-case scenario, the
in both the traditional and follower boost circuits for smaller the minimum output voltage, the highgy&. For
practical reasons. However, the conduction losses in theexample, choosing §gt such that at low line voltageyy
follower boost circuit are actually lower than in the equals 200 V would allow partial benefits of the follower
traditional boost. The follower boost uses a longer off-time boostsolution, while not requiring a very large capacitor for
which vyields to a smaller switch duty cycle and lower hold-up time requirements. Another distinct benefit of
conduction losses. This helps in reducing system cost byselecting Vouhin at such intermediate level is that it does not
reducing the size and cost of the power switch. constrain the performance of the second stage significantly.

- Usually, the efficiency of dc-dc converters suffers
Output Rectifier o significantly ifthey have to operate over a wide input range.

The output diode selection is based on reverse voltageé The calculated capacitor values for the both converters are
capability, forward current and an estimated power budget.z4,,r and 34F respectively. The traditional boost had a
CRM operation significantly simplifies the diode operation significantamount of output ripple voltage which caused the

and selection because reverse recovery time is not ofyeyice to ganto overvoltage protection therefore, a 220
importance. Irother words, the selection process is very USer ¢onacitor was used. In order to avoid over dimensioning of
biased and an ON Semiconductor MUR460E Ultrafast Cout further filtering the feedback pin will help prevent

rectifier was chosen for this design example. Choosing angyp triggering. This validates that there are trade—offs in

ultrafast diode helps minimize thermal stress in the every aspect of the application and in this case, the primary
MOSFET. trade—off for both the traditional and follower boost is the
Output Capacitor size and cost Of &t . .

Selection othe output capacitor §g; is another important The aforementioned specifications with respect to
design step. The capacitance value is dictated by the outpuff!d—up times leads to the discussion of minimum input
voltage output ripple voltage, and the amount of energy that Voltage for the dc-dc converter stage which is further
needs to be stored. It is fairly costly and usually requires adiscussed later in this chapter.
voltage rating of 400 V or greater. An important factor - irent sense
related to the amount of energy the capacitor needs to store a - rrent sense resistor B is inserted in series with the

is the system's hold-up requirements. Generally, hold—up ginge bridge rectifier (Figure 28). The current sense block
times range from 16 to 50 ms. A great majority of the ,erates by converting the inductor current to a negative
industryrequirement is 20 ms. The minimum output voltage jtage. This voltage is applied to the current sense through
(Voutmin) for the traditional boost is 280 V and 150 V for the e gvercurrent protection resistord@®). As long as the
follower boost. This takes into consideration the minimum voltage across Gcpis below -60 mV, the internal current
voltage the PFC preregulator will allow the output voltage ¢onse comparator resets the PWM latch which forces the
to drop to while sustaining the output Ioaq. In other words, gate drive signal low. During this condition, the MOSFET
how much energy needs to be stored which stems from thes ot This is a valuable protection scheme especially at
energy equation: start—up of the PFC wheny(g attempts to charge to twice
Energy = Power x Time that of the input voltage. Below are some useful equations
where power = 150 W (output power) in helping to select Rsand Rycp
and time = 20 ms (hold — up time) Dissipation capability for RCS:
In solving the above energy equatio,@eeds to store 1
3 J. Now Gyt can easily be solved for by rearranging the Pcs =5 "Rcs- Icoil_pk2
nextequation. The traditional boost is designed for an output

voltage 0f400 V while the follower boost is designed for an OVercurrent protection resistor:

output voltage in the range of 200 V to 400 V. Roc Rcs - Icoil_pk
P = —
AU = U1 - Uz = LeouVout2 — VoutZ min) o loce |
2 Less power dissipation is usually desired fegRn this
2. AU 2.3 case, 0.%2 was chosen due to availability. In this power
Cout = VoutZ — Voutmin2 ~ 2002 — 2802 range, it ishighly recqmmeqded to use a @Rcsin order
— 74 uF for the Traditional Boost to keep the power dissipation low.
2. AU 2.3 Circuit Schematic and Bill of Materials
Cout = = Below is a functional schematic of the MC33260 boost

Vout2 — Voutmin2 2002 — 1502

converter implementation. A schematic and bill of material
= 342 uF for the Follower Boost P

can be found in the appendix at the end of this report.

http://onsemi.com
23



cWGnd

F1

2 cy L c7
£ = I V. K
Q 100nF| LYY YY TioonF Sl Lp

10u 600uH
;{ D2 T *200uH
| — 2
470nF
D4 D1

L9 8 MUR460E Vout
1nF 1nF|_
¢ == Cout
200F [ ooy

*330uF

Q 8
©
*Follower Boost Values R S H IRFB1LN50A
0C|
° ] O[3
s
25k
Res 1N4934J_-
§ c3]co cT
07 10nF
1nF 220pF *560pF
R5 R6 R13
NNV—MVN—MN—
1 M M 25k

= 0

Figure 28. MC33260 Traditional and Follower Boost Schematic

EMI Considerations Pros and Cons of the Traditional vs. Follower Boost

EMI is present in every PFC, especially at high In comparing the traditional versus follower boost, there
frequencies. The MC33260 offers a synchronization option are a few key points to take away. For the same power level,
to facilitate EMI reduction. There exists both radiated and the follower boost mode utilizes a smaller inductor which
conductedEMI. The focus in this case will be on conducted leads to utilization of less board space and ultimately lower
EMI which breaks down into two categories, common mode cost. The downside is that it requires a higher capacitance
and differential mode. The data presented below was takervalue. There is some flexibility in choosing the output
without an optimized EMI input filter. EMI considerations capacitor value, with the trade—off of the desired output
and results are addressed in Chapter 6. ripple voltage and the design of the dc—dc conversion stage.

Results . . . Table 2. Measurement Results for the Traditional
The following tables summarize the design example and g,st

illustrate the calculated/selected values for both the
traditional and follower boost preregulators. This section

150 W PFC Front End — MC33260 Traditional Boost

also contains some plots that sum up power factor, Vin (Vac) 85 115 175 265
THD, and efficiency at different power levels. A fixed Efficiency (%) 87.8 91.6 94.3 96.2
res@ve load was used in taking Fhe meas.urgments for th THD (%) 587 T1oa 148 176
traditional boost whereas a variable resistive load was

used for the follower boost. In addition, an EXCEL PF (%) 9949 [ 99.32 | 98.83 | 97.61
spreadsheet (www.onsemi.com / site / products / summary. Vout (V) 4015 | 408.3 | 4146 418
0,4450,MC33260,00.html) helped in verifying the design

parameters.

Table 3. Measurement Results for the Follower Boost

Table 1. Design Table — Traditional and Follower ~ Boost 150 WPFC Front End ~ MC33260 Follower Boost

Mode Select Traditional Boost Follower Boost Vin (vac) 85 15 175 265
Po (W) 150 150 Efficiency (%) 89.5 | 925 [ 937 | 959
Ly (uH) 607 200 THD (%) 595 | 621 | 10.87 21
Co (uF) 220 330 PF (%) 99.76 | 99.75 | 99.25 ([ 97.37
Res (Q) 0.7 0.7 Vout (V) 203 276 391 400.7
Roce (k) 20 20
Ct (pF) 10000 560
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Design Performance Curves that may be useful when trying to meet the required
There are many interesting observations that can be madegpecifications in terms of power factor, total harmonic

upon closer examination of the data. The following curves distortionand eficiency. It islikely that the performance can

are representative of the actual data and can be used &ase optimized.

reference points. These curves give practical information

98 98
96 Vin =265V 9% Vip = 265V
g / g
> 94 > 94
Q Q Vin =175V
5 Vin =175V 5
@) in = o
=92 " o 92
LL LL
(I} L
90— Vip =85V —— 90 Vin=85V — ||
88 88 \
75 100 125 150 75 100 125 150
Pouts OUTPUT POWER (W) Pouts OUTPUT POWER (W)
FB: Efficiency vs. Output Power TB: Efficiency vs. Output Power

Figure 29. Efficiency vs. Output Power for Follower and Traditional Boost

In comparing the efficiency of the traditional and follower diode D5 (Figure 28). The follower boost exhibits a longer
boost, it is evident that the follower boost has a slightly off-time which causes a smaller duty cycle and thus lower
higher efficiency at both high line (265 Vac) and low line conduction losses in Q1. The power budget calculations for
(85 Vac).Based on a power budget, the losses in the inductorQl and D5 in follower boost mode were 2.26 W versus
do not vary much since the peak inductor current Icoil-pk is 2.46 W in the traditional boost mode. On the other hand, as
the same in both preregulators. Only the winding dc the input voltage increases, both preregulators improve
resistance and core losses vary. Still, the majority of thesignificantly in efficiency.
losses are due to the main power switch Q1 and the output

~ 35 ~ 35
P P

30 30
) o
E Vip =265V E Vip =265V
O 25 —— o 25
= =
0o 20 Qo 20— —
o \\ O Vi =175V
zZ _ zZ
O 15 ~— Vin =175V + O 15
= =
[ x T
< 10 L 10~ Vin=85V
:(' Vin =85V 21
= =
5 ° 5 °
= =
o 0 a 0
E 75 100 125 150 E 75 100 125 150

Pouts OUTPUT POWER (W) Pout: OUTPUT POWER (W)
FB: Total Harmonic Distortion vs. Output Power TB: Total Harmonic Distortion vs. Output Power

Figure 30. Total Harmonic Distortion vs. Output Power for Follower and Traditional Boost

In measuring THD, it is important to pay attention to the everyodd harmonic up tthe 3h. At high line (265 Vac), the
equipment classification and the desired harmonic limit. In THD level is much higher than at low line (85 Vac) in both
this case, the MC33260 exhibits higher THD. The THD preregulators due to the higher switching frequency.
content represented in Figure 30 includes e 29, and
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Figure 31. Power Factor vs. Output Power for Follower and Traditional Boost

Measuring power factor requires a very reliable power Transformer
meter that accurately measures both apparent power The input voltage for D1 and D3 is based on a range of
(product of RMS voltage and RMS current) and real power. 280V-432 V, whereas the input voltage for D2 is based on
Power factor in the in the follower boost is slightly higher a range of 15¢/-425 V. The minimum input voltage for
than traditional boost. This is partly due to the lower D1-D3takes into consideration the hold—up time of the bulk
switching frequency versus traditional, since high power capacitor in the PFC stage. Hold—up time is the the amount

factor and low harmonics go hand-in—hand. of time at a rated output power of 150 W at the PFC stage,
that the capacitor voltage discharges to an operating
Second Stage DC-DC Converter minimum. The start point of the dropout is the minimum

This section compares and summarizes the two—switchinput voltage to the dc—dc stage. The maximum voltage of
forward second stage for all three downconverter og0 v and 150 V respectively is the overvoltage protection
approaches, D1, D2 and D3. Some advantages of thefthe PFC stage. Due to the lower input voltage of D2, the
two-switch forward converter include lower switch voltage {ransformer requires a smaller turns-ratio. An EFD20 core

and low output ripple. Power 4-5-6 software was used in the\y55 chosen for D1 and D3 and an EFD30 for D2.
paper design process.

As mentioned in Chapter 2, designs D1 and D3 are Power Switch
identical as they have the same input and output One of the main reasons for choosing a two—switch
specifications. This will help the designer understand the forward topology for the converter stage is that the peak
differences on all three approaches and help to select theéwitch voltage is significantly higher in conventional
optimum solution for their application. The most important single—switcHorward topologies, which in turn can be very
attributes in Table 5 will be discussed in the following costlysince it requires a MOSFET rating of 900 V or higher.

paragraphs. As mentioned above, the selection criteria used for the
_ switches are input peak current, drain to source voltage and
120 W DC-DC Design Example power dissipation. D2 utilizes500 V, 0.95Q switch while

The design of the dc—dc converter stage is based on thgy1 and D3 use a 600 V, 3® switch. As mentioned above
following parameters. It is intended to operate in continuous p2 transformer turns—-ratio is half of D1 and D3.

mode. Consequently, the power switch drain current is twice as
Rated Output Power:gf: = 120 W high. In order to minimize conduction losses, a smaller
Input Voltage Range: Vin = 280-432 V Rps(on)switch was chosen.

(Traditional Boost MC33260 and NCP1650) Inductor and Capacitor Filter Design

150-425 V (Follower Boost MC33260) The LC filter in the two—-switch forward topology serves
Nominal Regulated Output Voltagey= 12V + 10% two purposes. It stores energy for the output load during the
Switching Frequencysf, = 200 kHz off-time of the power switches. Secondly, it minimizes
output ripple voltage on the output of the power supply.
Typically the filter inductor is much larger than the filter
capacitor.

System Efficiencyn = 80%
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Power Diode

There are two choices in choosing a diode: Schottky, and

ultrafast. The output rectifier must be selected to minimize

VR = Vinmax - ”:]I_FS)
In this case, D1 and D3 use Schottky diodes versus an

power losses and maximize efficiency. The most important ultrafastdiode for D2. Again, due to the lower turns—ratio in
parameters to consider are the diode forward currgnt, | the transformer used in D2, the forward current and blocking
forward voltage, ¥ and the reverse voltagerVThe diode  voltage will be significantly higher. As a result, a schottky
must beable to sustain the high currents necessary to supplydiode could not meet the electrical requirements and an
the load and withstand the high reverse voltage and notultrafastwas used. There is little difference in price between
burnout. £ should be at least equal to average output currentthese two diodes.

and \k should be greater than the sum of the output voltage

plus the input voltage reflected to the secondary.

Table 4. DC-DC Two-Switch Forward Detail Comparisons (POWER 456)

Attribut D1 MC33260 D2 MC33260 D3 NCP1650
rioute 2-Switch Forward 2-Switch Forward 2-Switch Forward
Ratio: Ratio: Ratio:
Transformer 10:1 5:1 10:1
0.629 in? 1.44 in2 0.629 in?
0.257 in3 0.68in3 0.257 in3
600 V 500 V 600 V
3.0 RDS(on) 0.95 RDS(on) 3.0 RDS(on)
Power Switch TO220 TO220 TO220
0.077 in? 0.077in? 0.077 in?
0.067 in3 0.067 in3 0.067 in3
26 uH 26 uH 26 uH
10.6 Apk 10.83 Apk 10.6 Apk
Inductor 1.00 in2 1.00in2 1.00 in2
0.507 in3 0.507 in3 0.507 in3
Schottky Ultrafast Schottky
60V, 15 A 100 V,10 A 60V, 15 A
. VE=0.62V VE=0.80V VE=0.62V
Power Diode TO220 TO220 TO220
0.077 in2 0.077 in? 0.077 in2
0.067 in3 0.067 in3 0.067 in3
220 uF, 16 V 220 uF, 16 V 220 uF, 16 V
) 0.26 Apk 0.45 Apk 0.26 Apk
Output Capacitor(s) 0.19 ir?z 0.19 irI?2 0.19 ir?z
0.85in3 0.85in3 0.85in3
E R 200 kHz 200 kHz 200 kHz
requency Range Fixed Fixed Fixed
Control I-mode I-mode I-mode
Total Volume 1.75in3 2.17in3 1.75in3

Table 5. DC-DC Two-Switch Forward Stage

Once againthe table above provides a summary for the

o1 D2 MC33260— s dc—dcstage. It |s.n0_t sm’nple to .make a thorough comparison
Attribute Follower because the optimization design for this stage has not been
MC33260 NCP1650 . i
Boost created. However, some merits can clearly be seen. As with
*Cost (9) 3.04 2.10 3.04 any comparison, there are many variables and trade-offs
involved.
Efficiency @
Low Line (%) 90.2 89.3 90.2
Power
Density 68.57 55.29 68.57
(W/in3)

*Cost is for budgetary purpose only and is based on 1,000 units.
Actual production costs may vary significantly.
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CHAPTER 4
Continuous Conduction Mode (CCM) PFC

This section walks the user through the designs of aMaximum operating line voltage: ifx = 265 Vac
continuous conduction mode boost PFC circuit utilizing the | jne frequency: fye = 47-63 Hz
NCP1650 controller, and a continuous conduction mode Nominal switching frequencyaf, = 100 kHz
flyback PFC circuit utilizing the NCP1651 controller. The ) s
description here is restricted to major design choices andNominal regulated output voltage: Vout = 400 V8%
their analyses. More in—detail designs are provided in the System efficiencyr = 0.9 (expected)

products’ data sheets and application notes. A  Because this circuit uses a boost mode configuration, it is
comprehensive excel spreadsheet is available for eacthecessary that the output voltage be greater than the peak of
product for a quick computation of the component values ne rectified input voltage. The design requiring a universal

and an easy generation of a bill of materials. Theseinpyt, for a maximum line voltage of 265 Vac, the peak line
spreadsheets can be downloaded from the NCP1650 a”@oltage will reach 375 Vdc, hence an output voltage of

NCP1651 product folders at: 400 Vdc is chosen.

www.onsemi.com / site / products / summary / 0,4450,

NCP1650,00.html#Design%20&%20Development% Inductor o o _

20Tools The inductor selection is somewhat iterative and is
determined based on the peak current, operating mode

NCP1650: 150 W Power Factor Pre—regulator (CCM: constant current, DCM: discontinuous, CRM:

Design Example (CCM Boost) critical conduction), ripple current, output ripple voltage,
componentstress and losses, as well as board space. As the

. Circuit Description and Calculations design equations will show, most of these parameters move

The NCP1650 power factor controller is a fixed in opposite directions, working against each other, and
frequency, average current mode controller designed topptimizingthe inductor design will require some trade—offs.
work incontinuous or discontinuous mode operation. It was |t is up to the circuit designer to prioritize which parameter

specifically created to answer power supply designers’is more crucial to satisfy the design requirements.
growingconcerns with satisfying government issued energy

regulations. The latest trend of regulations, such as
IEC1000-3-2equires the use of PFC preconverter in power

A first approximation of the inductor value L can be
obtained with the following equation:

supplies with power ratings of 75 W or higher. The Vin2 min - T V2 - Vinmin
NCP1650 power factor circuit example featured in this L =5 7%- Poutmax -1 - Vout
document is designed to work from a universal input and

provide150 W of output power. This designed can be scaledwhere L = inductance value
to provide higher output power of up to 5.0 kW.

In order to start the design, first the circuit basic
specifications must be defined. These specifications will
govern the main attributes of the circuit components, that is T = period
inductorsize, selection of the MOSFET, output rectifier and Vout = nominal regulated output voltage
output diode, to name a few. The following parameters will
be used to cqlculate the _various compo_nent values. The current in the inductor (20-40% typical)
formulae are given for continuous conduction mode (CCM) .
operation, which is the preferred operating mode for the n = efficiency
topology. It is worthwhile to note that NCP1650 controller ~ The following chart helps in defining a range of
also works in discontinuous conduction mode (DCM). inductances based on the allowable ripple current. It is
Maximum rated output power: Payt= 150 W recommended to use a value of inductance that falls within
the 20-40% range of input current ripple shaded in grey.

Vinmin = Minimum operating line voltage
Poutnax = maximum rated output power

1% = ratio of allowable pk—pk ripple current to peak

Minimum operating line voltage: Vif, = 85 Vac
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Figure 32. Recommended Inductance as a Function of Ripple Current

It is advised to adjust the value of L to minimize the ripple  Eventhough this range may appear insufficient to prevent
current while confining it to a reasonable size to minimize the controller from going into DCM at high line and thus
board space. Typically, a maximum peak to peak ripple resulting in higher THD, the circuit actually operates in
current of 20% to 40% of the peak inductor current is CCM for a wide range of inputs. In addition, THD levels
acceptable. remain more than adequate at high line as indicated in the

Selecting the minimum recommended inductance will results section, well below the 10% mark.
make for a smaller size inductor but also for higher switch  The actual design of the inductor can be done in a variety
peak current, larger ripple currents, and larger output rippleof ways. Core material and size, bobbin, and wire selection
voltage. Hence a bigger MOSFET and larger output can be done by the user or left to experienced magnetics
capacitors will be needed to handle the higher componentsnanufacturers such as Coilcraft (www.coilcraftcom) or
stress. The smaller inductance value will also force the TDK (www.component.tdk.com). The inductor utilized in
device to operate in discontinuous mode at high line, this design was provided by TDK electronic components
increasing input filtering requirements, strain on the and can be ordered under the reference number
components and total harmonic distortion (THD) levels. SRW28LEC-U25V002.

Selecting the maximum recommended inductance to

minimize components stress and guarantee continuoud’©Wer Switch o )
conduction mode operation can be costly in both board real 1 ne Power MOSFET selection is based on the maximum

estate and inductor cost. Larger inductor value also leads t&ir&in to source voltage,pé, and maximum switch current.
higher winding losses. Vps is determined by the output voltage of the PFC

Utilizing the excel spread sheet allows tiser to quickly pre—converter. The maximum switch current is the same as

experimentvith different values of L and observe its impact the peak inductor current. The peak inductor current is a
on the design parameters. This particular design wasfunction of the maximum line current and the allowable
optimized for an 80QH inductor. It yields the following: ripple current. It will occur at the peak of low line input

. ) _ voltage, when the current demand is at its highest, as
Peak inductor current: Ipk = 3.3 A illustrated in Figure 33.
Output capacitor ripple current; tims = 1.30 A rms
Output voltage ripple: Vout ripple =32 V (or + 8%)
CCM is ensured from 4o 140 at high line, full load.
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Peak and Avg. Current vs. Angle
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Figure 33. Peak and Average Line Current vs. Angle

The peak current can be calculated as the sum of the peakalculations will point out, at 100 kHz, the switching losses
of the averaged line current waveform and half of the peakbecome significant. Selecting a rectifier with a low reverse

to peak current ripple. recovery time, like an ON Semiconductor ultrafast MUR
7 pin {3 - Pin family diode helps in Iowering_the ;witching Ios;es. Having

Ipk = ~n 7"( vin ) a low forward voltage drop minimizes conduction losses.
This design utilizes ON Semiconductor ultrafast diode

The highest peak current will occur at low line and full load. MURH8E0CT. This diode has a forward current capability
S o ] of 8.0 A, a forward voltage of 2.5V, a reverse voltage rating
In order to minimize switching and conduction losses, f 600 V, and a reverse recovery time of 35 ns.

keep inmind to select a MOSFET with low gate charge, low
capacitance and low g3on) This design utilizes an  Output Capacitor
IRFB11N50A MOSFET from International Rectifier. This The output capacitor is picked based on its capacitance
particular MOSFET was chosen for its lowydRon) of valueand voltage rating. The voltage rating is dictated by the
0.52€, 500 V drain to source voltage, and 11 A drain output voltage of the preconverter circuit. The capacitance
current rating. Its total gate charge of 52 nC and low input value depends on the level of output voltage ripple allowed
capacitance df423 pF helped in reducing switching losses. and on the hold up time in brownout conditions.
The level of output ripple is typically set by the secondary

Output Rectifier . stageinput requirements. Vout —Vripple must be greater than

The output rectifier must be selected with care 10 the minimum required input voltage of the second stage.
minimize power losses and maximize efficiency. The most gy this design, an output ripple of less than 16% peak to
important parameters to consider are the diode forwardpeal< isdesired, that is, less than32 V. The output voltage
current, , the reverse voltage, g/ and the maximum  ippje can be approximated with the Excel spread sheet. A
reverse recovery time, trr. The diode must be able to sustainy,inimum capacitance of & is necessary to achieve this
the high currents necessary to supply the load and WithStanﬁ’equirementUsing a Cout value of 1Q€F at low line yields
the high reverse voltag.e and not burnogisHould then be g output voltage ripple of 11.8 VV peak to peak (measured
higher than the peak inductor current and $hould be o, the board) which is well below the 32 Vpp of ripple that
greaterthan \6ut plus the output voltage ripple. The average \ye want to achieve.
diodecurrent can be calculated using the Excel spreadsheet. Typical power supplies require a minimum holdup time in

The peak diode current is equal to the peak inductorcase of loss of the power mains during which the supply
current. The non repetitive peak forward diode current yst beable to sustain its load output. 20 ms of holdup time
rating, IFSM, should be chosen accordingly. is an accepted standard in the industry. The minimum

with the excel spread sheet. Given the manufacturer forwardeg|culated as:

voltage and reverse recovery time of the output diode, the
design aid will compute the reverse recovery losses, Cout =
conduction losses and total losses in the rectifier. As the

2 - Pout - fhold
Vout2 — Vout2 min
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where foig is the minimum hold up time and Vg is the capacitorsallowing the user to pick lower current rating and

minimum output voltage that Cout is allowed to discharged therefore smaller devices.

down to in a period of 20 ms. This design uses a 1Q@, 450 V Panasonic aluminum
Again, the minimum output voltage is dictated by the electrolytic capacitor.

secondary stage minimum required input voltage to sustain

its load. For this design, a iy of 280 V is necessary for ~ EM!I Considerations ) )

a second stage dc—dc forward converter with an output load EM! 1S present in every PFC, especially at high
of 120 W (12 V, 10 A). frequenC|e§. Th(_ere exists poth radiated and conducted EMI.
The value of Cout can now be computed. The calculation 1€ focus in this case will be on conducted EMI which
yields a Cout value of 74F. To meet both the minimum  Préaks down into two categories, common-mode and
holduptime and output voltage ripple requirements, the next différential mode. The data presented below was taken

higher standard capacitance value of 160s chosen for without an optimized EMI mput filter. EMI considerations
this design. and results are addressed in Chapter 6.

Finally, in sele_cting the proper capaqitor for the design, ~ontrol circuit Design
one must take into account the maximum rms CUITents The control circuit design is facilitated by the Excel
flowing through the capacitor. Assuming a constant dc gegjgntool, that allows the user to design the values of all the
resistive load, the rms current can be calculated as follows:Components in a step—by—step function. The tool ensures

3 . pin2 5 that the components chosen do not cause any of the IC
Icrms = [ 3272 - Pin (VOUt) ] parameters limitations to be exceeded.

9.7x-Vin-Vout \Rload
DC-DC Converter
where Vout/Rload can be substituted by the rms output The dc-dc second stage design for the NCP1650
current in the case of a non resistive load. It is important totraditional boost is covered in Chapter 3. Please refer to
make sure the capacitor (current and power) ratings are noparagraph entitled “120 W DC-DC Design Example” for
exceeded. additional information.
The last thing to keep in mind in order to reduce power
dissipation is to minimize the ESR of the capacitor. It is Il. Circuit Schematic and Bill of Materials
always a good idea to parallel multiple capacitors together Following is afunctional schematic of the NCP1650 boost
if the layout permits it. This also helps in spreading the rms converter implementation. A complete schematic and the
current and power dissipation between the different bill of material can be found in the appendix at the end of this

report.
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Figure 34. NCP1650 PFC Boost Converter Simplified Schematic
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[ll. NCP1650 Board Results
The measurements on the NPC1650 board wereat higher output power because the line current is much
performed and the following data was obtained.

Table 6. NCP1650 PFC Circuit Results Using the

800 pH Inductor

Vin (Vac) 85 115 230 265
Pin (W) 173 166 159.8 158.6
lline (rms) 2.04 1.44 0.69 0.597
Vout (V) 404.2 404.6 404.7 404.8
lout (A) 0.375 0.374 0.371 0.371
Efficiency (%) 87.6 91.2 94.0 94.7
PF (%) 99.76 99.78 99.77 99.6
THD (%) 4.67 419 5.51 6.32

Table 6shows that a good efficiency can be expected from
the NCP1650 throughout the input voltage ranggciefcy
suffers dittle at lower line voltages. This is because the line
current increases at lower line voltage, which results in
higher power dissipation in the MOSFET and output

efficient circuit. At low line, the efficiency starts dropping

greater and therefore the power dissipation in the power
MOSFET and output rectifier is also greater.
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Figure 36. Power Factor vs. Output Power

rectifier. Onthe other hand, very good power factor (PF) and As Figure 36 indicates, power factor improves as the
THD performance are observed at all input voltages.

It is also interesting to vary the output load to change thehigh line (175 Vac and 265 Vac), the circuit operates in
output power of the circuit and observe its effects on discontinuous mode. DCM operation forces faster di/dt and
efficiency, power factor, and total harmonic distortion. The higherpeak currents in the power switch and output rectifier.
following three plots illustrate the results.

0.96
Vip = 265 V
0.94
/ /
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Figure 35. Efficiency vs. Output Power

As Figure 35 indicates, the higher the line input voltage,
the higher the efficiency. At higher line voltage, the input

Pout, OUTPUT POWER (W)

current needed to sustain {bad is lower and less power is

dissipated in the various components, leading to a more

output power increases. At lower output power levels and

Power factor levels suffer as a result. At low input line
voltage, the device operates in CCM whatever the output
power and therefore distortion does not become an issue.
Adding more inductance to the inductor would help extend
the range over which the circuit will run in CCM and help
improve the power factor levels throughout.
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Figure 37. THD vs. Output Power
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One can see on Figure 37, similarly to the power factor, unregulateénd subject to variations in the line voltage. For
THD is much higher at high line for low output powers. that reason, the flyback topology is subject to high peak
Again, this is because the controller operates in currents and necessitates a rugged transformer.
discontinuous mode. This results in higher di/dt and The design of the transformer was done using the
therefore in higher distortion levels. Because of the rapid ON Semiconductor design aid available online for
transitions othe input current waveform, it is a lot harder to downloading. Similarly to the design of the NCP1650, the
filter in the EMI filter. It can bedbserved in comparison that primary inductance of the transformer was chosen to
at high line, high output power, THD levels are much lower minimize input ripple current. A higher inductance value
because the controller is then working in CCM. Adding will yield a lower primary peak current but will favor copper
inductance to the inductor would allow it to maintain CCM losses. An inductance value of 808 is therefore used.

operatiorlonger and help in reducing THD. Again, this will Choosing the right turns ratio is more complicated and is
results in a larger inductor, which may go against satisfying somewhat of #alancing act. On the one hand, using a large
the design constraints. turn ratio means that lower power dissipation in the

In many systems, the requirement from the customer is toMOSFET and output rectifier can be achieved. The large
meetthe harmonic reduction requirements for the load rangeturns ratio allows a small primary current to sufficiently
of 75 W to full power. In that case, it is important to keep the supportthe load. Because power dissipation in the MOSFET
circuit in CCM at 230 Vac and 75 W load in order to ease the is proportional to Ip x Rps(ny @ small diminution in

compliance with IEC 1000—-3-2. primary current can lead to a large reduction in power

. dissipation. In addition, having a large turns ratio yields to
NCP1651: 120 W Single Stage Power Factor a low secondary voltage and decreases the voltage stress on
Design Example (Flyback) the secondary diode during the off-state. An output rectifier

with a low reverse voltage rating g¥can then be selected.
This is important because lowerr\Wiodes have lower
forwardvoltage drops (¥). Diode losses being proportional
to I X VE it helps in minimizing the diode power

I. Circuit Description and Calculations

The NCP1651 is a single stage power factor controller
designed tavork in a flyback configuration. This controller
presents the significant advantage of combining both the . ™ ° .
: : . dissipation.
first stage power factor pre—conversion along with the

o . On the other hand, using a small turns ratio has numerous
secondary stage dc—dc conversion into one IC. This results . . . :
advantages, the obvious being size and cost. One typically

in multiple savings for the user as the number of surroundingtrieS to keep the tums ratio below 201 to confine the

components and magnetic devices is greatly reduced. transformer to a reasonable size and cost. Second, having a
Similarly tothe NCP1650 PFC project, in order to start the : ' ! 9
small turns ratio means that only a small portion of the

design, the circuit basic specifications must be defined. | . . fl K 10 the ori o
These specifications will govern the main attributes of the ou_tput Vo tage is being reflected back to the primary 1.€., In
this design 12 V/turn x 7 turns = 84 V. In addition, primary

circuit components, mainly, the transformer size and the X ;
. o leakage inductance grows with the number of turns due to
selection othe MOSFET, the output rectifier and the output ; . . .
capacitance coupling of the wire and increases the

Sfr(ijoelgrc]:i:r?”cc))vr\:lenr?t E)/Zﬁranseters will be used to calculate the magnitude of voltage ringing on the drain of the MOSFET.
P ' Because the power MOSFET is subjected to the rectified

Maximum rated output power: Peys = 120 W input voltage plus the reflected voltage and leakage spikes,
Minimum operating line voltage: Vi, = 85 Vac it is recommended that the turns ratio be kept to a minimum.
Maximum operating line voltage: Vi, = 265 Vac A first approximation of the transformer turn ratio can be

obtained from the following diagram. It expresses the

Line frequency:iine = 47-63 Hz maximum expected drain-to-source voltagg4g\of the

Nominal switching frequencyzf, = 100 kHz MOSFET (not including leakage inductance contribution)
Nominal regulated output voltage: Vout = 12 V#id 0% and secondary voltage according to the transformer turns
System efficiencyn = 0.8 (expected) ratio._ Thi_s should allow u;er_to c_hoo_se the right turns ratio

to minimize the power dissipation in the MOSFET and
Transformer output diode.

While in atwo stage approach, the input of the dc—dc stage
is regulated at 400 V, the input of the one-stage flyback is
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The turns ratio is selected to keep the drain—to—source It is important to specify to the transformer manufacturer
voltage to a reasonable level. A lowasd/allows to select  to keep the primary leakage inductance to a minimum in
a MOSFET with a lower Bsiony and therefore lower order tominimize the size of the voltage ringing that appears
conduction losses. The lower the drain—-to—source voltage,across the MOSFET when it turns off. If the leakage
the lower the Bs(on) The expected s shown in Figure 38 inductance is very large, a transient voltage suppressor will
does not include the voltage ringing generated by thehave to be added to protect the MOSFET.
primary leakage inductance of the transformer. The leakage In summary, some tradeoffs have to be made in order to
inductance contribution becomes worse at higher turnspick the right magnetics. Either the design is optimized to
ratios. Consequently, it is necessary to keep some level ofeducepower losses in the MOSFET and in the output diode
safety margin in selecting thep¥ rating of the MOSFET.  or it is optimized to lower voltage stress on the MOSFET and
It is recommended to select a turns ratio that will yielghg V  losses in the transformer and snubber. A lower turns ratio
inferior to 500 V or to the left of the reference point in will favor higher peak currents in the primary and higher
Figure 38.This design prefers to use a MOSREith a \ps forward voltage in the output rectifier. A higher transformer
rating of 800 V. This allows for 300 V of margin while turns ratio will favor leakage inductance, core and winding
maintaining a low Bsn) see MOSFET section. If the losses, as well as a higher drain-to—source voltage.
MOSFET voltage ringing becomes more pronounced, the Choosing the right ratio has a lot to do with the available
use of a snubber will become necessary to protect the switctoffering of MOSFETs and rectifiers and their electrical
at the detriment of efficiency as the snubber dissipates heatharacteristics.
while absorbing the voltage spikes. _

In selecting the output diode, the lowest forward voltage Power Switch o ,
yields to the lowest power dissipation (neglecting switching  1h€ Power MOSFET selection is based on the maximum
losses). Because the forward voltage magnitude is directlydrain tosource voltage and maximum peak current Ipks V
related to the reverse voltage rating, picking a diode with alS determined by the rectified input voltage plus the reflected

low Vg helps in minimizing losses. Lowesk\are achieved ~ ©utput voltage and leakage inductance voltage.
at smaller turns ratio. It is recommended to select a turns 5 i Np Lp(leakage)
ratio producing a ¥ lower than 100 V or to the right of the ~ VDS = ¥2 - Vinmax + o - Vout + Ip - v Cp + Coss
reference point in Figure 38.

The auxiliary winding is there to supply the controller bias N

p. . . .
. . : ; . where— is the primary to secondary turns ratio, Ip is the
voltage when in operation. It is designed to provide a Ns P y 4 P

minimum of 12 V to the Vce pin of the NCP1651 IC and primary transformer current, Lp(leakage) is the primary

therefore utilizes the same turns ratio as the secondaryViNding leakage inductance, Cp is primary winding
winding. AZener diode clamps the voltage at 18 V to protect Parasiticcapacitance (1.0 nF typ.), and Coss is the MOSFET

against ringing. The auxiliary winding should be connected ©UtPut capacitance (800 pF here).
to be in phase with the secondary winding.
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The maximum switch current is the same as the primary
winding peak curreniThe primary current is a function of Np
the maximum line current and the allowable ripple current. Power dissipation in the output rectifier can be calculated
It can be approximated with the following equation, or also with the excel spread sheet. Average power losses are a
using the Excel design aid. combination of conduction and recovery losses. Having a
_ o low forward voltage drop will minimize conduction losses.
2 Pin.T 2 {2 - Vinmin - ton Part of the conduction losses are also related to the
- ton Lp - L.
transformer turns ratio. As the turns ratio increases, the
where Lp is the primary winding inductance and ton is the stress and power dissipation will increase as the peak diode
power MOSFET on time. The highest peak current will current will go up. This relationship can be seen in the
occur at low line and high load. Figure 39 shows the formula calculating the output diode power dissipation:
different currents flowing through the transformer. The
minimum and maximum currents of the line current
waveform are represented by the pedestal current, Iped, and

VR = Vout + /2 - Vinmax

lpk B Vin min

_ (Ipk + Iped) ~Np

Pd = VE - If - (1-D) with I = 5 NS

the peak current, Ipk respectively.

In order to minimize switching and conduction losses,
keep inmind to select a MOSFET with low gate charge, low
capacitance and low g3(ony This design utilizes a
CoolIMOS SPP11N80C3 MOSFET from Infineon. This
particular MOSFET was chosen for its lowsd&Ron) of
0.45€, 800 V drain to source voltage, and 11 A drain
current rating. Its gate charge of 60 nC and low device
capacitance af600 pF helped in reducing switching losses.

Np
_ | —
Ns P<7N Secondary
| \ Current
. I\
\ Primary |
\ Current \
\ Ipk — \
\ , \\
\ | A Npl/
| | Y e
lped — I /
|
|
ton tS
T

Figure 39. Primary and Secondary Currents of the
Flyback Transformer

Output Rectifier

It is interesting to note that the average current will remain
the same as it is dependent on the load only. Also, the reverse
voltagerating will move in the opposite direction of the peak
current and decrease at higher turns ratios.

The average power losses are independent of the recovery
losses since this design uses a Schottky diode. Conduction
losses dominate the power dissipation.

This design utilizes ON Semiconductor Schottky diode
MBR210100. This diode has a forward current capability of
10 A, a reverse voltage rating of 100 V, and forward voltage
rating of 0.95 V.

Output Capacitor

One of the trade—offs made in achieving a high level of
input performance and system cost savings is in the output
voltage characteristics. The flyback converter has no
intermediate energy storage, so the output capacitor serves
dual functions: energy storage for line frequency and
filtering capacitor for switching frequency ripple. This
results in aapacitor substantially bigger than usual to insure
that ripple voltage remains low and that hold—-up times are
met during brownout conditions.

The output capacitor is picked based on its capacitance
value, voltage and rms current ratings. The capacitance
value depends on the level of output voltage ripple desired.
Acceptable levels of output ripple are typically around 5%
or less, that is less than 600 mV for this design. The voltage
ripple has two components, one due to the line frequency, the
otherdue to the switching of the part. Both can be calculated
with the Excel design aid spreadsheet. The voltage rating is
dictated by the output voltage of the circuit plus the output

The output rectifier must be selected to minimize power ripple voltage.
losses and maximize efficiency. The most important The rms current rating of the capacitor is directly related
parameters to consider are the diode forward currgnt, | to the level of ripple current to which it will be exposed.
forward voltage, ¥ and the reverse voltagegrVThe diode Because there is no series inductance between the output
must beable to sustain the high currents necessary to supplydiode and output capacitor, the latter will be subjected to
the load and withstand the high reverse voltage, making thevery large current transients due to the high switching
devicetype selection (Schottky vs. ultrafast) very important. currents in the circuit. Those high current transients can not
I should be at least equal to the average output current, an@nly add some voltage ripple to the output due to ESR of the
VR should be greater than the sum of the output voltage plusapacitor, but also damage the capacitor if not selected
the input voltage reflected to the secondary. properly.
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Usually, manufacturers list capacitors’ rms current heavy duty 15,00QF capacitors which have the lowest
capabilities. A good rule of thumb is to choose a capacitorimpedance and the highest current rating. Even though the
with anrms current rating equal to or greater than about 60%680uF have a lower current rating, their maximum ripple
of the peak to peak capacitor current value. The peak to peakurrent capability is not exceeded due to the sharing of the
capacitor ripple current can be approximated with the Excelload. Using this combination of capacitors, we obtained a
spreadsheet. 120 Hz voltage ripple of 2.03 Vpp at high line. If achieving

For this design, two large can 16 V, 15,@®0aluminum a lower ripple level is a major concern, additional
electrolytic capacitors mounted in parallel with two 16 V, capacitance can be added to the output. Adding two
680uF surface mount electrolytic caps from United additional 15,00@F capacitors further reduces the voltage
Chemicon were used. This rather odd assortment makes foripple down to 1.57 Vpp. It is also good practice to add a
a fairly compact capacitor bank. This capacitance value at0.1uF ceramic capacitor to snub out any high frequency
first may appear excessive but it was necessary to not onlycomponent that can be present.
meet the output ripple voltage requirements but also to o ) . .
handle the high ripple current (21 A peak). By paralleling !l Circuit Schematic and Bill of Material
and combining two different types of capacitors, not only is Following is afunctional schematic of the NCP1651 PFC
the ESR reduced, but the rms current is also spread outmplementation. Acomplete schematic and the circuit bill of
among them. The capacitor's ESR are such that the lowmaterial can be found in the appendix at the end of this

frequency current ripple is mostly directed through the report.
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Figure 40. Simplified NCP1651 One Stage Flyback Power Factor Converter Schematic
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[ll. NCP1651 Results 1.05 v ey
The measurements on the NCP1651 board were g LU
performed and the following results were observed. —_
& 0.95 Vip =175V —
Table 7. NCP1651 PFC Circuit Results @ ]
O 0.90 =
Vin (Vac) 85 115 230 265 5 065 / A
< 0.85¢
Pin (W) 153.8 146 140.1 140.3 ‘5.:'- / Vin =265V
lline(rms) 1.80 1.27 0.63 0.56 ¢ 0.80 /’
Vout (V) 11.72 11.78 11.77 11.78 © 0.75 /
lout (A) 10 10 10 10 & 0.70 /
Efficiency (%) 76.2 80.7 84.0 84.0 0.65
PF (%) 99.79 99.86 96.70 93.87 0.60 /
THD (%) 4.76 4.29 6.4 7.9 2 50 75 100 125
— Pouts OUTPUT POWER (W)
Table 7shows that a good efficiency can be expected from Figure 42. Power Factor vs. Output Power

the NCP1651 at the input voltage range of 115 Vac and
above. Efficiency suffers at low line voltage. The line
current increasing at lower line voltage, higher power
dissipation iobserved in the MOSFET and output rectifier.
On the other hand, very good power factor (PF) and THD
performan_ce are observed at all Input voltages. A SIIghtThe higher the line voltage and the lower the output power,
decrease in P&nd THD performance is observed at 265 Vac ; .
as the device alternates between DCM and CCM dependin the shorter the power switch on time becomes and the more
o . P Yhe power factor level suffers as a result. At low input line
where we are on the rectified sinewave. DCM occurs near

: . . S voltage, the device operates in CCM whatever the output
the zero crossing while CCM is maintain throughout the reStpower and therefore distortion does not become an issue.
of the cycle period.

. . ; Adding more inductance to the primary would help extend
It is also interesting to vary the output load to change the ; o .
A . the range over which the circuit will run in CCM and help
output power of the circuit and observe its effects on

efficiency, power factor, and total harmonic distortion. The improve the power factor levels throughout.

As Figure 42 indicates, power factor improves as the
output power increases. At lower output power levels and
high line (175 Vac and 265 Vac), the circuit operates in
discontinuous mode. DCM operation forces faster di/dt and
higherpeak currents in the power switch and output rectifier.

following three plots illustrate the results. 9 20 ‘
> 18
0.95 5 o \ Vin = 265 V
= N\
0.90 o 14 N
S e \
N Vin = 265 V 1 2 101y _175v ~~
g ® — - S ~
3} T~ Vip =175V < 6
I 0.80 ~ I
m < 4f _ —_—
\ z Vi, = 85 V
0.75 P2
Vi, =85V g O
n T 25 50 75 100 125
0.70 Pout» OUTPUT POWER (W)
25 50 75 100 125

Poui, OUTPUT POWER (W) Figure 43. THD vs. Output Power

Figure 41. Efficiency vs. Output Power As seen on Figure 43, similarly to the power factor, THD
is much higher at high line for low output powers. Again, this
is because the controller operates in discontinuous mode. This

current needed to sustain tbad is lower and less power is results in higher di/dt and therefore in higher distortion levels.

dissipated in the various components, leading to a moreBecause o_f _the rapid tran5|t|qns 9f the mput. current
efficient circuit. Eficiency is typically lower at higher loads waveform, it is a lot harder to filter in the EMI filter. In
when the line current is much greater and therefore the
power dissipation in the power MOSFET and output
rectifierare greater. This accentuates at low line, high loads
for the same reason.

As Figure 41 indicates, the higher the line input voltage,
the higher the efficiency. At higher line voltage, the input

contrast at high line, high output power, THD levels are much
lower because the controller is then working in CCM. Using
more primary inductance would help maintain CCM
"operation longer and reduce THD. However, a larger inductor
may go against satisfying some of the design constraints.
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CHAPTER S5
Detailed Analysis and Results of the Four Approaches

This chapter provides a detailed analysis of the resultsPFC Preregulator Stage
obtained with the four different approaches. Comparative This section addresses the main power components of the
analyses and rankings are provided for the topologies forfirst stage. For ease of comparing the four implementations,
givencriteria. There are two sections to this chapter; the first some assumptions were made. The details of the work are
addresses the PFC preregulator and the second addresses ttentered around 150 W. Table 8 summarizes the size and
overall design. In addition, some trend charts for different electrical characteristics for each design attribute.
power levels are provided for the designer’s benefit.

Table 8. PFC Detail Comparisons

Attribut P1- MC33260 P2- MC33260 P3- NCP1650 P4- NCP1651
loute CRM Boost CRM Follower Boost CCM Boost CCM Flyback
Hon
607 uH 200 uH 800 uH 8%06”A pk”’
nductor 5.54 Apk 5.54 Apk 3.4 Apk 10t Sef:’ 71
1.76 in2 1.25in2 1.17 in? '3.80 in’z o
o 3 o )
2.97in 1.57in 1.64in 8.68 in3
220 uF, 450 V 330 uF, 450 V 100 uF, 450 V 31,360 uF, 16 V
) 2.17 Apk 2.81 Apk 1.30 Apk 21 Apk
Output Capacitor(s) 0.759 in? 1.49 in2 0.59 in2 1.14 in2
1.341in3 2.05in3 0.812in3 1.601in3
500 V 500 V 500 V 800 V
0.52 Q Rps(on) 0.52 Q Rps(on) 0.52 Q Rpg(on) 0.45 Q Rpg(on)
Power Switch TO220 TO220 TO220 TO220
0.077 in? 0.077 in2 0.077 in2 0.077 in2
0.067 in3 0.067 in3 0.067 in3 0.067 in3
Ultrafast Ultrafast Ultrafast Schottky
600V, 4.0 A 600V, 4.0 A 600V, 8.0 A 80V, 10 A
. Ve=1.28V VE=1.28V VE=25V VE=0.95V
Power Diode Axial Lead Axial Lead TO220 TO220
0.034 in2 0.034 in2 0.077in? 0.077 in?
0.017in3 0.017in3 0.067 in3 0.067 in3
100 kH 100 kH
Frequency Range 25-476 kHz 43-476 kHz ﬁ?xe dZ IOZ(i)xe dZ
13kQ, 6.0 W
0.01 uF, 1.0 kV ceramic
RCD Clamp N/A N/A N/A 1.5KE250+1.5KE100
0.53in2
0.88in3
MUR460
TVS N/A N/A N/A .06 in2
.0094 in3
Control V-mode V-mode I-mode I-mode
Total Volume 439 in3 3.70in3 2.59in3 *11.30 in3

*Includes both PFC and dc-dc stages.

EMI components were omitted from this table as the EMI elements and their effect on the circuits’ performance,
filter had not been optimized at the time the readings wereplease refer to Chapter 6.
made. For a comprehensive description of the EMI filter
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Inductor/Transformer of importance. The diode in P3 must be able to sustain the
Based on the results in Table 8, it appears as if thehighcurrents necessary to supply the load and withstand the
MC33260 follower boost solution represents the cheapesthigh reverse voltage; therefore, a TO220 package was
and most compact board design, considering the lowchosen to handle the high power dissipation. An axial lead
inductance value. As mentioned earlier however, P2’s ultrafast diode was sufficient for P1 and P3 since the power
inductor is subjected to large flux swings as a result of thedissipation was substantially lower. The lower voltage
high current ripple, and extra care has to be given in selectingrating requirement of P4 allows the use of an 80 V, 10 A
the magnetic core. Furthermore, P1 and P2 operate in CRMSchottky rectifier. Ieliminates switching losses and reduces
and are exposed to much larger inductor currents. They willpower dissipation. The diode is still subject to high currents
typically require larger gauge wire to handle the current and need proper heatsinking to dispense the 10 W of
capacity. When designing the inductor it is also very conduction losses. If board size is not a major concern, the
important to minimize DCR to lessen conduction losses. TO247 package may be more suitable, as it has a higher
Strictly comparing the two CRM PFCs, the difference in power rating.
inductance value for P1 and P2 validates that the follower
boostindeed allows for a smaller inductor for the same given Output Capacitor
conditions. The largest output capacitance is used in P4. Although it
When it comes to achieving the most compact board aPpears excessive at first, the amount of capacitance is
design, the NCP1650 yields the best solution. Because if’€cessary in order to cope with the high current ripple.
operates iICCM, it needs to handle the least amount of peak Strictly looking at the first stage, the second largest output
current. As a result, this design uses the smallest core, ag@pacitor is used in P2. This is a byproduct of the higher
EER28, and makes for a very small inductor. P4 utilizes aoutput voltage ripple present in the follower boqst. Ideally,
flyback transformer combining the boost inductor of the first P1 and P3 would use the same output capacitance but as
stage with the two-switch forward transformer of the second €xPlained in Chapter 3, additional capacitance was needed
stage. It is therefore the largest and most costly magnetidor P1 to lower its output voltage ripple to an acceptable
component o&ll four designs. However, using this approach level. On_ce combmmg_the two stages however, the amount
saves two whole magnetic components vs. the threeOf capacitance used in P4 approach does not appear as
necessary to implement a traditional boost PFC plus dc—dc€XCESSIVE In comparison.

stage approach. Refer to Chapter 3 for specific size.
Table 9. PFC Preregulator Stage

Power Switch Fo+p2

The power switch is a fixed parameter for the first three F1+P1 MC33260 F3+P3
approaches. For the CRM operation, the MOSFET turn—on Attribute MC33260 CRM NCP1650
switching losses are minimized since the current is zero af CRM Boost [ Follower | CCM Boost
the MOSFET turn—on. Hence, the focus is placed primarily Boost
on minimization of the conduction losses. The peak current *Cost ($) 7.20 7.75 6.44
in both P1 and P2 are much higher than in P3, hence the THD @
exhibit higher conduction losses because they operate i} 265 vac (%) 17.6 21 6.26
CRM versus CCM for P3. As a result, P1 and P3 are mor Efficiency @
prone to thermal losses and special attention needs to bg go'\/ac %) 88 89.5 87
given in selecting the heatsinks for the MOSFETSs. Becaus _
P4 uses a flyback topology, it necessitates a higher voltage P°W§,fv}?e§S"y 34.16 40.54 57.91
rating MOSFET as its drain—to—source voltage exceeds (Win®)
500 V. The higher drain-to—source voltage is due to the Hold-up 20 20 20
reflected secondary voltage and the voltage ripple from thel_©2pability (ms)

primary windingleakage inductance that add to the rectified *Cost is for budgetary purpose only and is based on 1,000 units.
line voltage. In order to dampen the effect of the leakage #Actual production costs may vary significantly.

inductance and protect the MOSFET, it is necessary to adck
a snubber circuit between the rectified line and the drain of
the power switch. Unfortunately, this addition lowers the

esults for the Preregulator Stage
Table 9 addresses the results for the preconverter stage

ffici fth ; dcularly mw | here th only and, in the spirit of making a fair comparison, P4 cannot
eficiency ofthe converter, particularly Inewhere t€ 16 “included at this point. From a cost and efficiency

primarycurrent is higher. On a more positive note, P4 allows standpoint, P1 through P3 are comparable. Typically, if

the use of a single MOSFET vs. the two necessary in the tWOsavings are made on the primary side by using a cheaper
stage approaches.

inductor or MOSFET, it is usually offset on the secondary
Power Diode side by the need for better or larger components than what
CRM operation significantly simplifies the diode Wouldhave been required otherwise. As with P3, savings are

operatiorand selection because reverse recovery time is not'€@lized orthe primary side by using a cheap inductor, while
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it requires a beefier rectifier on the secondary side. To themore suitable. As output power consumption requirement
opposite, P1 and P2 require larger components on thdncreases, peak currents increase particularly for the CRM
primary side but can get away with cheaper parts on theconverters and more power gets dissipated in the power
secondary. Efficiency wise, a noticeably slightly higher switch and inductor.

efficiency can be observed in the traditional and follower
boost mode partly due to low turn—-on losses of the =

MOSFET. Ifthe primary focus is to achieve low THD levels, E’;’ 35
P3 is by far the best solution. However, the design of P3'sO 30
control loop is much more complex as current mode '%E \ P2-CRM follower
converters r(_aquire ramp compensation when _operating agz) 25 \\
duty cycles higher than 50%. P1 and P2 employing a voltagea \ e
control mode of operation, ramp compensation is not2 20— p_cry boost\\\
necessary. Consequentlye#se of design is favored, P1 and Q2
P2 provide the simplest implementation with the lowest x
external component count. The best power density is still T 1 —
obtainedwith P3 due to the smaller size components it uses. < P3-CCM boost
Below is a graphical representation of the efficiency 9_ >
observed over a A/-150 Wrange. 2
F s 100 125 150
92 ‘ Pouts OUTPUT POWER (W)
o1 s P2-CRM follower _| Figure 45. Total Harmonic Distortion vs. Output
o~ Power for the MC33260, MC33260 Follower Boost,
= e \ and the NCP1650
S 90| P1-CRM boost \ ~
Q NN As Figure 45 indicates P3 exhibits lower levels of THD
% 89 \ across the power range because of its fixed frequency and
m lower di/dt characteristics which are easier to filter at the
i 88 EMI stage. The MC33260 controller used in P1 and P2 has
P3-CCM boost a minimum off time of 2.Qs, which induces some dead time
87 close to zero crossing. This phenomenon exacerbates at the
86 lower power range, thus the higher distortion. In addition,
75 100 125 150 the operating frequency varying with line and load, the
Pout, OUTPUT POWER (W) implementation of the EMI filter is more difficult and THD
Figure 44. Efficiency vs. Output Power for the suffers as aesult. The _higher peak cu_rrent found in the CRM
MC33260, MC33260 Follower Boost, and the converters also contributes to the high THD.
NCP1650

Results for the Complete Power Stage
. Table 10 summarizes the results of PFC pre-regulator
AS. can be seen in Figure 44, P1 and P2 show bett_erstage and dc-dc stage. It is intended to guide the user in
efficiency at low power versus P3 because they operate Inselecting the right topology based on system considerations

C_RM and are more sui.ta.ble for low power gpplications. Al such azost, THD, diciency,and power density. The details
higher power, the efficiency curves begin t0 CONVErge s o 4e—dc stage analysis are contained in Chapter 3.
demonstrating that the NCP1650 CCM Boost Converter is

Table 10. Complete Power Stage

F1+P1+D1 F2+P2+D2 F3+P3+D3 F4+P4
Attribute MC33260 MC33260- NCP1650 NCP1651
CRM Boost CRM Follower Boost CCM Boost CCM Flyback
*Cost ($) 10.44 11.85 9.68 10.54
THD @ 265 Vac (%) 17.6 21 6.26 4.76
Efficiency @ 85 Vac (%) 79.19 79.92 79.01 76.20
Efficiency @ 115 Vac (%) 82.62 82.60 82.26 80.7
Power Density (W/in 3) 19.54 20.44 27.64 10.61

*Cost is for budgetary purpose only and is based on 1,000 units. Actual production costs may vary significantly.
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Some key points to take away: The cheapest solution is Each design has tradeoffs in terms of cost, attributes, and
obtained with the CCM boost as Table 12 attests. Howeverdesign time. If the main goal is to obtain the lowest THD
depending on cost structure and volumes, further analysidevel atthe lowest cost, then the CCM boost PFCs represent
could reveal otherwise. The CCM boost PFC circuits also the best solution. Otherwise, if ease of implementation is
yield the lowest THD levels. In comparison, the MC33260 more important the CRM boost PFC controllers are best.
approach will always be on the edge of passing IEC
1000-3-2 due to its CRM mode of operation. It is highly 1rend Charts
suggested to design with the NCP1650/1651 in order to The details of the work _presented thus. far are centered
guarantee IEC compliance. In terms of efficiency, the four @round 150 W. The following tables provide some trends
approaches yield to similar levels although the single stageP2S€d on different power levels and can be viewed as

approach (NCP1651) exhibits the lowest efficiency. The sen_sitivity analyses to changes _in diff_erent conditions.
NCP1651 is more suitable for higher output voltages (24 V, Projectedsalues for each of the design attributes can be seen

48 V, and above) where higher efficiency can be expected.at each power level for every approach. Efficiency and cost
12V represents a boundary for this power level. When it assumptions can be derived consequently. Tables 11 and 12

comes to ease of use, the CRM boost PFC circuits make fofOVer & power range from 100 W-400 W whereas Table 13
the simplest implementation. Because CRM has anCOVersamore extensive range 100 W-1000 W, aabl& 14

inherently stable current loop, it does not require Ny covers the 100 W-200 W range, in accordance with

compensation. The CCM boost PFC circuit does require €ach controller specification. _ _
more external components to stabilize the loop. However, it 1€ following assumptions were made in completing the

is still the most compact design in terms of power density. @PI€s. The value of & is based on 30% output voltage
In the NCP1651, power density is dominated by the flyback "IPPleand 20 ms holdup time. The primary inductance Lp is
transformer. A typical two stage PFC application uses 3 Paseéd on 20% line current ripple for CCM. The primary
stages of magnetics, the boost inductor, the dc—dcinductance of the MC33260 circuits was based on a
transformerand the output choke. Each component requires SWitching period of 4Qs. The flyback transformer design
some real estate in its surrounding area and the volume surfy More iterative and was optimized for low power
of all three magnetic components is somewhat equivalent tgdiSSiPation in - the various components and to ease
that of the NCP1651 transformEpr that reason, the power

components selection based on the circuit electrical
density can be misleading and should only be used as &haracteristics.
guideline.

Table 11. Trend Chart for the Traditional Boost — MC33260

Traditional Boost MC33260
MOSFET
Pout (W) Lp (nH) Cout (nF) Vbs Ipspk Res (2) Rocp (k) Cr (nF)
100 910 49 500 3.70 0.7 12.6 7.15
150 606 73.5 500 5.54 0.7 18.9 7.15
200 455 98 500 7.39 0.7 25.2 7.15
250 364 123 500 9.24 0.7 315 7.15
400 227 196 500 14.78 0.7 50.5 7.15
Table 12. Trend Chart for the Follower Boost — MC33260
Follower Boost MC33260
MOSFET
Pout (W) Lp (uH) Cout (uF) Vps (V) Ipspk (A) Res (Q) Rocp (k) Cr (nF)
100 519 229 500 3.70 0.7 12.6 1.01
150 346 343 500 5.54 0.7 18.9 1.01
200 259 457 500 7.39 0.7 25.2 1.01
250 208 571 500 9.24 0.7 31.6 1.01
400 130 914 500 14.78 0.7 50.5 1.01
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Table 13. Trend Chart for the Traditional Boost — NCP1650

Traditional Boost NCP1650
MOSFET Dout
Pout (W) Lp (uH) Cout (0F) Vbs (V) Ipspk (A) VR (V) Irpk (A)
100 1260 49 500 2.18 400 1.85
150 840 74 500 3.27 400 2.77
200 630 98 500 4.36 400 3.7
250 505 123 500 5.45 400 4.62
400 320 196 500 8.71 400 7.39
600 210 294 500 13.09 400 11.09
800 160 392 500 17.41 400 14.79
1000 125 490 500 21.85 400 18.48
Table 14. Trend Chart for the Single Stage Flyback — NCP1651
One Stage Flyback NCP1651
m Cout MOSFET Dout
Pou W) | o@D Noms | e ) | Qe | 2D ] s | aRly | k@
100 800 9.0 19.8 31,360 800 4.75 80 42.7
150 800 5.0 22.0 31,360 800 9.62 100 48.1
200 800 3.0 22.8 31,360 800 18.22 150 54.6

1. Changing the primary inductance value does not greatly affect the design parameters therefore a value of 800 uH was used throughout. A
higher inductance value would help lower the MOSFET peak current however a very large amount of inductance is needed to lower the ripple
current by only a few mA. Additional cost spent on the magnetics is not worth the slightly improvement in current ripple.

2. Cout value is the amount of capacitance necessary to meet the +10% output voltage ripple requirement and the capacitor ripple current.
If low capacitance value with high ripple current rating capacitor were available, smaller capacitor could have been used.

3. Values indicated are actual electrical ratings of the device recommended for the design.

As seen on Table 14, the output power range is rather It is however possible to attain higher levels of output
narrow.Because of the low output voltage of 12 V, it is very power at higher output voltages while keeping the
hard toaccommodate higher output power for this particular components to reasonable sizes. For example, a 200 W/
topology. Higher power level means higlpeak currents in 24 V circuit with a 80QwH primary inductance, 5 turns ratio
the circuit, putting extra stress on the various componentstransformer would exhibit a pg of 495 V, a 8.70 A
and drastically increasing power losses. At 200 W, the MOSFET peak current, a 99 V boost diode reverse voltage
transformeturns ratio has to be kept low in order to keep the with a 43.5 A peak current, and a 20.82 A output capacitor
output capacitor current ripple to a manageable level.ripple current. As can be seen, those numbers are a lot more
However, this causes a higher peak current in themanageable than the ones displayed in Table 14, and
transformerMOSFET, and output rectifier. It also increases therefore good circuit performance can be expected.
the reverse voltage of the boost diode, requiring a device
with a larger \&
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CHAPTER 6
EMI Considerations

Background Subpart B regulation. Part 15 Subpart B applies to
EMI, or electromagnetic interference, is usually created unintentional radiators of RF interference from low power
by electronic equipment and is the result of rapid voltage ordevicessuch as power line carrier systems, TV receivers and
current transitions within a device. The more abrupt the interfacesThese devices generate radio frequencies that can
transition, the worse the noise interference becomes. In &e transmitted back into the ac line and to other connected

typical switching power supply such as a flyback, the devices, causing interferences.

incessant on and off switching of the power MOSFET  EMI interference can be classified in two main categories,
generates voltage pulse trains. Each one those pulse carrigadiated and conducted. Radiated emissions are transmitted
harmonics above its fundamental frequency. The sum of alltrough the air and are mostly present above 30 MHz.
these harmonics creates a spectrum of noise in the higiConducted emissions are transmitted trough the ac mains
frequency range. and are mostly present below 30 MHz.

Most electronic devices emit some type of EMI or radio  The emission limits as stated in the FCC rules Part 15
frequency signal. Although it may appear benign at first, (1990), apply to conducted interferences on the mains leads
EMI can become a real problem when it starts interfering between 450 kHz and 30 MHz, and radiated interferences
with other apparatus in the adjoining area. The severity ofmeasured at 10 m or 3.0 m from 30 MHz to 960 MHz and
these interferences can be as small of a nuisance as inducetbove. The upper level of frequency measurement depends
snow on a T\screen, or it can be as serious as interferenceson the highest frequency used or generated by the device.
with an airplane electronic flight controls.

Because of the universal presence of electronic deviced=M! Measurement Results _
around ugnd of the numerous negative effects that they can For the purpose of this comparison, only conducted
have, many agencies have put regulations into place tgemissions were conS|d_er§d, and therefore all measurem_ents
minimize their nuisances in our daily lives. The Federal fall under the 30 MHz limit. FCC recommends that for this
CommunicatiorCommission, or FCC, is an independent US frequency range EMI levels should be no higher than
governmenagency in charge of regulating radio, television, 48 (_jBUV-
satellite, and cable communications, as well controling Figures 46, 47, 50, 51, below show the conducted
radio frequency interferences. As such a body, the FCC hagmission level befo_re |mplementat|on of the EMI f|If[er in
issued a set of recommended emission limits that device@ch of the topologies. Figures 48, 49, 52, 53, depict how
should operate under so as not to interfere with others. ~ €missiorlevels have dropped below the FCC recommended

EMI requirements applying to power supplies such as levels after addition of the EMI filter.
listed in this application note fall under FCC’s Part 15
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Figure 53. NCP1650 Board with EMI Filter (Neutral)

The following changes were made to the circuits in order
to meet the line conducted EMI requirements when working

into resistive loads.

Changes to the MC33260:
1. Addition of Coilcraft filter BU10-6003R0
first line choke after the ac connector.

B as

2. Changed the boost rectifier to a soft recovery
MSR1560 with Ferronics 21-201-B ferrite bead

in series.

3. Changed the power MOSFET to a “full-pack”

type package to lower its capacitance to

ground. STFONK90Z (8.0 A, 900 V) from

ST Microelectronics was used here.
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4. Placed an RC snubber from drain to ground.

(R =33Q, C =470 pF) with a small ferrite bead
(Ferronics 21-031-B) in series. This bead absorbs
some of the high frequency energy in the current
spike when the snubber charges up.

. Added an LC filter to the output after the output

electrolytic capacitor (L = 4idH, C = 0.1uF).

. Added a 1® resistor in series with the turn off

diode (D6). This value is a compromise between
heat in the FET and EMI.

. Added a ferrite bead (Fair—-Rite 2773009112)

between the Vcc connector and C4. This bead may
not be needed when circuit is “stand—alone”.



Changes to the NCP1650:
The changes to the circuit are summarized in Figure 54

below.
Coilcraft Delta
BU10-6003R0B LFZ28V05
o, O
AC VAN Loz2wr YA Lozw 2
Input st T YL T Circuit
o, O
Figure 54. NCP1650 EMI Filter Schematic
Coilcraft BU10-6003RO0B: inductance = 60 mH, as recommended to lower capacitance to ground is done at
lac max = 3.0 A, DCR max = 40@n the cost of a higher f(on) (1.1-1.3Q now) and also
Delta Electronics LFZ28V05: inductance = 22 mH, negatively affects efficiency. . .
lac max = 1.3 A, DCR max = 0.36n It is also important to note that implementing an EMI filter

o ) is a complex and iterative process. Not only does it require
_Itis important to note that the components used in the EMlhe yse of specialized equipment, but the measurements
filter implementation are not optimized. Inductor selection peed also to be done in very specific conditions to prevent

was based on availability and not necessarily on the besparasitic effects from the surroundings that could falsify the
choice. All three circuits use similar size filters. However, readings.

typically CRM topologies require larger inductor chokes to oy these reasons, and for the sake of keeping this report
filter out EMI. Because CRM converters use variable pyief only the results have been published. In addition, those
frequency switching and have higher peak currents in theresyits can only be viewed as recommendations and should
inductor, they do require more substantial components andserye py nenean as a substitute from a rigorous assessment
a more complex design. In comparison, the CCM converteryyy 5 competent body. In order to obtain full compliance with
usesfixed frequency operation and is subject to smaller peakne EM] directives, the apparatus will have to be certified by
currents. As a result, the EMI filter design is more compact g accredited testing facility.
and cost effective and a smaller common mode inductor |f the power supply is destined to the European market, it
could have been used. may be necessary to seek conformity through the local
Lastly, even though those changes greatly improve theagencies, as different requirements are enforced there.

increases power dissipation. Additiopalver is also lostin - CENELEC (European Committee for Electrotechnical
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APPENDIX

Table 15. MC33260 Converter Bill of Materials

Ref Des Description Part Number Manufacturer
C1,C7 Cap, 100 nF, 275 Vac X2 BC1601-ND BC Components
c2 Cap, 470 nF, 275 Vac BC1601-ND BC Components
C3 Cap, 1.0 nF - -
C4 Cap, 10 pF, alum elec, 25 V - -
Cout:traditional boost Cap, 220 uF, alum elec, 450 V ECO-S2WP221CX Panasonic
Cout:follower boost Cap, 330 uF, alum elec, 450 V ECE-S2WP331EX Panasonic
C8,C9 1.0nF = =
Cy traditional boost 10 nF - -
C follower boost 560 pF - -

D1-4 1.0 A, 600 V Fast Recovery Rectifier 1N4934 ON Semiconductor
D5 4.0 A, 600 V Switchmode Power Rectifier MUR460E ON Semiconductor
D6 1.0 A, 100 V Fast Recovery Rectifier 1N4934 ON Semiconductor
F1 20A Standard -
Lp Choke, Common Mode, 50 mH 47283900 Thomson Orega
L2:traditional boost Inductor, 607 uH, axial SRW42EC-U07V002 TDK
L2:follower boost Inductor, 200 uH, axial 10689480 Thomson Orega
Q1 MOSFET IRFB11N50A IR
R3 Resistor, 47 Q - -
Rcs Resistor, 0.7 Q, 3.0 W - -
R5,R6 Resistor, 1.0 M - -
Rocp Resistor, 20 k - -
*R13 Resistor, 25 k - -
IC1 GreenLine Compact Power Factor Controller MC33260 ON Semiconductor

*For traditional boost only.

1. Non-shaded values are the original non—-EMI optimized filter values.
Shaded values are the optimized EMI filter values, c.f. Chapter 6.
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Figure 55. NCP1650 150 W PFC Boost Converter Schematic
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Table 16. NCP1650 PFC Circuit Bill of Materials

Ref Des Description Part Number Manufacturer
Cc2 Cap, ceramic, chip, 0.1 uF, 50 V C1608X7R1H104KT TDK
C3 Cap, ceramic, chip, 0.01 uF, 50 V C1608X7R2A103M TDK
Cc4 Cap, ceramic, chip, 1.0 nF, 50 V C1608X7R1H102K TDK
C5 Cap, ceramic, chip, 0.022 uF, 50 V C1608X7R1H223K TDK
Cc7 Cap, ceramic, chip, 47 uF, 6.3V C3225X5R0J476MT TDK
c8 Cap, ceramic, chip, 22 uF, 16 V C3225X5R1C226MT TDK
C9 Cap, ceramic, chip, 4.7 uF, 10 V C3216X5R1A475KT TDK
cnu Cap, ceramic, chip, 470 pF, 50 V C1608C0G1H471JT TDK
Cl4 Cap, ceramic, chip, 470 pF, 50 V C1608C0G1H471JT TDK
C20 Cap, X type, 0.47 uF, 275 Vac ECQ-U2A474ML Panasonic (Digi—-P10734-ND)
= Cap, X type, 0.1 uF, 275 Vac - -
= Cap, X type, 0.22 uF, 275 Vac - -
Cc21 Cap, polyprop, 0.1 uF, 400 Vdc MKP1841-410-405 Vishay—-Sprague
C22 Cap, ceramic, chip, 0.1 uF, 50 V C1608X7R1H104KT TDK
Cc23 Cap, alum elect, 100 uF, 25 V ECA-1EM101l Panasonic (Digi-P10413TB-ND)
C25 Cap, alum elect, 100 uF, 450 V ECO-S2WP101BA Panasonic (Digi-P7427-ND)
C26 Cap, ceramic, chip, 1.0 uF, 25V C3216X7R1E105KT TDK
D1-D4 Diode, rectifier, 600 V, 3.0 A 1N5406 ON Semiconductor
D5 Diode, zener, 18 V, axial lead MMSZ5248BT1 ON Semiconductor
D6 Diode, signal, 75V, 200 mA, SOT-23 BAS19LT1 ON Semiconductor
D7 Diode, ultra—fast, 600 V, 8.0 A MURHF860CT ON Semiconductor
F1 Fuse, 2.0 A, 250 Vac 1025TD2A Bussman
L1 Inductor, 800 uH, 3.4 A max SRW28LEC-U25V002 TDK
L22 Inductor, 18 mH, 1.3 A sat, com mode LFZ28V06 Delta Electronics
L32 Inductor, 10 uH, 3.0 A sat, com mode BU10-6003R0B Coilcraft
L22 Inductor, 100 uH, 2.5 A sat, diff mode TSL1315-101K2R5 TDK
L32 Inductor, 100 uH, 2.5 A sat, diff mode TSL1315-101K2R5 TDK
Q1 FET, 10.5 A, 0.7 Q, 600 V, N—chl FQP12N60 Fairchild
Q2 Bipolar transistor, 50 V MMBT2222ALT1 ON Semiconductor
Q3 FET, 6.6 A, 0.52 Q, 500 V IRFIB7N50A International Rectifier
R3 Resistor, SMT, 1.40 k, 1.0% CRCW12061401F Vishay
R4 Resistor, axial lead, 178 k, _ watt, 1.0% CMF-55-178K00FKRE Vishay
R5 Resistor, axial lead, 3.57 k, _ watt, 1.0% CMF-55-3K5700FKBF Vishay
R6 Resistor, axial lead, 178 k, _ watt, 1.0% CMF-55-178K00FKRE Vishay
R7 Resistor, SMT, 6.2 k CRCW12066K20JNTA Vishay
R8 Resistor, SMT, 8.9 k CRCW12068K90JNTA Vishay
R9 Resistor, SMT, 66.5 k, 1.0% CRCW12066652F Vishay
R10 Resistor, SMT, 9.53 k, 1.0% CRCW12069531F Vishay
R13 Resistor, SMT, 63.4 k, 1.0% CRCW1206342F Vishay

1. Add isolation to MOSFET and ground the heatsink.
2. Non-shaded values are the original non—EMI optimized filter values.

Shaded values are the optimized EMI filter values, c.f. Chapter 6.

http://onsemi.com

52




Table 16. NCP1650 PFC Circuit Bill of Materials

(continued)

Ref Des Description Part Number Manufacturer
R16 Resistor, SMT, 10 CRCW1206100JRE4 Vishay
R20 Resistor, axial lead, 10 k, _ watt CCF-07-103J Vishay
R21 Resistor, axial lead, 10 k, _ watt CCF-07-103J Vishay
R22 Resistor, axial lead, 10 k, _ watt CCF-07-103J Vishay
R23 Resistor, axial lead, 1.2 M, _ watt CCF-07-125J Vishay
R25 Resistor, SMT, 4.7 k CRCW12064K70JNTA Vishay
R26 Resistor, SMT, 12 k CRCW120612K0JNTA Vishay
R27 Resistor, axial lead, 453 k, _ watt, 1.0% CMF-55-453K00FKBF Vishay
R28 Resistor, axial lead, 453 k, _ watt, 1.0% CMF-55-4533F Vishay
R29 Resistor, axial lead, 9.09 k, _ watt, 1.0% CCF-55-9K09FHR362 Vishay
R30 Resistor, SMT, 0.052 Q, 1.0 W, 1.0% WSL2512R0500FTB Vishay
U1l PFC Controller NCP1650 ON Semiconductor

3. Add isolation to MOSFET and ground the heatsink.
4. Non-shaded values are the original non—EMI optimized filter values.

Shaded values are the optimized EMI filter values, c.f. Chapter 6.
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Figure 56. NCP1651 120 W One Stage PFC Flyback Converter Schematic
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Table 17. NCP1651 PFC Circuit Bill of Materials

Ref Des Description Part Number Manufacturer
C1 Cap, ceramic, chip, 1000 pf, 50 V C3216X7R1H105KT TDK
C3 Cap, ceramic, chip, 470 pF, 50 V C1608C0G1H471JT TDK
C5 Cap, ceramic, chip, 470 pf, 50 V C1608C0G1H471JT TDK
C6 Cap, ceramic, chip, 470 pF, 50 V C1608X7R1H471KT TDK
c8 Cap, ceramic, chip, 0.022 uF, 50 V C1608X7R1H223KT TDK
C9 Cap, ceramic, chip, 0.022 uF, 50 V C1608X7R1H223KT TDK
C10 Cap, ceramic, chip, 0.001 uF, 50 V C1608X7R1H102KT TDK
cn Cap, ceramic, chip, 10 nF, 50 V C1608X7R1H103KT TDK
C12,C13 Cap, ceramic, chip, 0.1 uF, 50 V C1608X7R1H104KT TDK
Cl6 Cap, alum elect, 2.2 uF, 450 V ECA-2WHG2R2 Panasonic (Digi-P5873)
(0.394 dia x 0.492 H) EKAOODC122P00 Vishay Sprague (20)
C17 Cap, ceramic, chip, 22 uF, 10 V C3225X5R0J226MT TDK
C18 Cap, ceramic, chip, 0.047 uF, 50 V C1608X7R1H473KT TDK
C19 Cap, ceramic, chip, 0.01 uF, 50 V C1608X7R1H103KT TDK
C20 Cap, ceramic, chip, 1.0 uF, 25V C3216X7R1E105KT TDK
Cc21 Cap, alum elect, 220 uF, 25V - -
C22,23 Cap, alum elect, 15000 uF, 16 V ECO-S1CP153AA Panasonic (Digi-P6864—ND)
(5.4 A rms min) x2
Cap, alum elect, 680 uF, 16 V, MVZ16VC681MJ10TP United Chemicon
X2 in parallel w/above
Cc24 Cap, ceramic, chip, 0.01 uF, 50 V C1608X7R1H103KT TDK
C25 Cap, ceramic, 0.001 uF, 1.0 kV ECK-03A102KBP Panasonic
C26 Cap, 1.2 uF, 275 Vac, X cap ECQ-U2A125ML Panasonic (Digi-P11012-ND)
Cc27 Cap, polypropylene, 0.68 uF, 400 Vdc MKP1841-468-405 Vishay-Sprague
C28 Cap, ceramic, chip, 1.0 uF, 25V C3216X7R1E105KT TDK
D1—D4 Diode, rectifier, 800 V, 3.0 A 1N5408 ON Semiconductor
D5 Diode, ultrafast, 100 V, 20 A MBR10100CT ON Semiconductor
D6 Diode, ultrafast, 600 V, 1.0 A MUR460 ON Semiconductor
D7 Diode, rectifier, 800 V, 1.0 A 1N4006 ON Semiconductor
D8—D11 Diode, switching, 120 V, 200 mA, SOT-23 BAS19LT1 ON Semiconductor
D12 TVS, 200V, 5.0 W 1.5KE250A ON Semiconductor
D16 TVS, 100V, 5.0 W in series w/above 1.5KE100A ON Semiconductor
D13 Zener Diode, 18 V, 0.3 W AZ23CK18 Vishay Dale
F1 Fuse, 2.0 A, 250 Vac 1025TD2A Bussman
L2 Inductor, diff mode, 2.5 A sat, 100 uH TSL1315-101K2R5 TDK
L3 Inductor, diff mode, 2.5 A sat, 100 uH TSL1315-101K2R4 TDK
Q1 FET, 11 A, 800 V, 0.45 Q, N-channel SPA11N80C3 Infineon
Q2 Bipolar, npn, 30 V, SOT-23 MMBT2222ALT1 ON Semiconductor
R1 Resistor, SMT1206, 10 Q CRCW120610R0F Vishay Dale
R2 Resistor, axial lead, 180 k, _ watt - -
R3 Resistor, axial lead, 180 k, _ watt - -
R4 Resistor, SMT1206, 182 k CRCW12061823F Vishay Dale
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Table 17. NCP1651 PFC Circuit Bill of Materials

(continued)

Ref Des Description Part Number Manufacturer
R5 Resistor, SMT2512, 0.12 Q, 1.0 watt WSL2512, 0.12 Q 1% Vishay Dale
R7 Resistor, SMT1206, 11.56 k CRCW12061152F Vishay Dale
R8 Resistor, SMT1206, 680 Q CRCW1206 Vishay Dale
R9 Resistor, axial lead, 3.6 k, _ watt - -
R11 Resistor, SMT1206, 1.2 k CRCW1206 Vishay Dale
R20 Resistor, SMT1206, 2.0 k CRCW1206 Vishay Dale
R21 Resistor, SMT1206, 2.0 k CRCW1206 Vishay Dale
R22 Resistor, SMT1206, 5.1 k CRCW1206 Vishay Dale
R23 Resistor, SMT1206, 210 Q, 1.0% CRCW1206 Vishay Dale
R24 Resistor, SMT1206, 174 Q, 1.0% CRCW1206 Vishay Dale
R25 Resistor, SMT1206, 2.05 k, 1.0% CRCW1206 Vishay Dale
R26 Resistor, SMT1206, 3.3 k CRCW1206 Vishay Dale
R27 Resistor, SMT1206, 7.5 k CRCW1206 Vishay Dale
R28 Resistor, SMT1206, 3.3 k CRCW1206 Vishay Dale
R29 Resistor, SMT1206, 3.01 k, 1.0% CRCW1206 Vishay Dale
R30 Resistor, SMT1206, 301 Q, 1.0% CRCW1206 Vishay Dale
R31 1.0 W, 0.07 Q resistor WSL2516 Vishay Dale
R32 1.0 W, 0.07 Q resistor WSL2517 Vishay Dale
R33 Resistor, SMT1206, 40.2 k, 1.0% CRCW1206 Vishay Dale
R34 Resistor, axial lead, 39k, - -

2.0 W, x 3in parallel

R35 Resistor, SMT1206, 4.7 k CRCW1206 Vishay Dale
R36 Resistor, SMT1206, 12 k CRCW1206 Vishay Dale
R37 Resistor, SMT1206, 100 k CRCW1206 Vishay Dale
T1 Transformer, flyback SRW54EC-U03V004 TDK
U1 PFC Controller NCP1651 ON Semiconductor
u2 2.5V programmable ref, SOIC TL431ACD ON Semiconductor
u3 Quad Op amp MC3303D ON Semiconductor
u4 Optocoupler, 1:1 CTR, 4 pin SFH615AA-X007 Vishay Dale
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Design of Power Factor
Correction Circuit Using
Greenlinell Compact Power
Factor Controller MC33260

ON Semiconductor”
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Prepared by

Ming Hian Chew L o APPLICATION NOTE

ON Semiconductor Analog Applications Engineering

Introduction of external components, the MC33260 can control the

The MC33260 is an active power factor controller that follower boost operation that is an innovative mode
functions as a boost pre—converter which, meeting allowing adrastic size reduction of both the inductor and the
international standard requirement in electronic ballast andpower switch. Ultimately, the solution system cost is
off-line power supply application. MC33260 is designed to significantly lowered.
drive a free running frequency discontinuous mode, it can Also able to function in a traditional way (constant output
also be synchronized and in any case, it features veryoltage regulation level), any intermediary solutions can be
effective protections that ensure a safe and reliableeasily implemented. This flexibility makes it ideal to
operation. optimally cope with a wide range of applications.

This circuit is also optimized to offer extremely compact  This application note will discuss on the design of power
and cost effective PFC solutions. It does not entail the needactor correction circuit with MC33260 with traditional
of auxiliary winding for zero current detection hence a boost constant output voltage regulation level operation and
simple coil can be used instead of a transformer if thefollower boost variable output voltage regulation level
MC33260 Vcc is drawn from the load (please refer to page operation. For derivation of the design equations related to
19 of the data sheet). While it requires a minimum numberthe IC please refer to MC33260 data sheet.

D1 D3 J

D2 D4 C1
° T
B Y +
—Lz© cs
,_7—-2
c2 2] MC33260
v I =] 61—
WA =] 51— = =
--cs3 ' ’ =
R1
i R3 R4

|
|||—||—0

Figure 1. Application Schematic of MC33260
PFC Techniques cost. This paper will discuss design of PFC with MC33260,
Many PFC techniques have been proposed, boostwhich operates in critical conduction mode.

topology, which can operate in continuous and ) ] )

discontinuous mode, is the most popular. Typically, Discontinuous Conduction Mode Operation _
continuous mode is more favorable for high power Critical conduction mode operation presents two major
application for having lower peak current. On the other advantages in PFC application. For critical conduction
hand, for less than 500 W application, discontinuous modemode, the inductor current must fall to zero before start the
offers smaller inductor size, minimal parts count and lowest "Xt cycle. This operation results in higher efficiency and

0 Semiconductor Components Industries, LLC, 2002 57 Publication Order Number:
June, 2002 - Rev. 1 AND8016/D
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eliminates boost rectifier reverse recovery loss as MOSFET | here

cannot turn—on until the inductor current reaches zero.

/21,

nrms

linpk = (5)

Secondly, since there are no dead-time gaps between Input power of the PFC circuit,can be expressed in

cycles, the ac line current is continuous thus limiting the
peak switch to twice the average input current. The
converter works right on critical conduction mode, which
results in variable frequency operation.

Inductor Waveform
V _di

T Tt )

Equation (1) is the center of the operation of PFC boost

converter where V=)(t), the instantaneous voltage across

the inductor. Assuming the inductance and the on-time over®
each line half-cycle are constant, di is actually the peak

current, |pk, this is because the inductor always begins
charging at zero current.
Vin(t)

Vinpk
Ika

L)

Iinpk lint)

woseer "1 0 0 0O 0O

Figure 2. Inductor Waveform

Design Criteria
The basic design specification concerns the following:

Mains Voltage Range:a¥(LL) = Vac(HL)
Regulated DC Output VoltagepV
Rated Output Power:,P

Expected Efficiency

PFC Power Section Design

Instantaneous Input Voltagej\\f)

Peak Input Voltage, iMpk

Both Vin(t) and npk are related by below equation

Vi =V

I(sin(mt) 2)

J2v

Instantaneous Input Current(t)
Peak Input Currentjnbx,
Both lin(t) and |npk are related by below equation

Iin(t) = Iinpk sin(wt),

inp

where V.

inpk ~ 3)

inrms

(4)

following equation, by substituting equation (3) and (5).
_ Vinpk i Iinpk _ Vinpklinpk (6)
22 2
The output power, §is given by:
Po = Vglg = nPin @)
PFC circuit efficiency is needed in the design equation, for
low line operation, it is typically set at 92% while 95% for

high line operation. Substituting equation (6) into
quation (7),

Pin = Vinrmsinrms =

V. l.
inpk inpk 8
P = NP, =n —MRKINRk (8)
Express the above equation in term;gfid
2P, /2P
Iinpk Y > = V > ©)
n inpk MWinrms

The average input current is equal to average inductor
current, | (avg),

IL(avg) = lin (10)
It has been understood that peak inductor currgitis

exactlytwice the average inductor curremtal,g) for critical
conduction operation.

2/2P,

L(avg) B r]Vinrms

Since |pk is maximum at minimum required ac line
voltage, Mc(LL),

2/2P,
r]Vac(LL)

I =2l (11)

Lpk

Lpk = (12)
Switching Time

In theory, the on—timedn) is constant. In practicgof)
tends to increase at the ac line zero crossings due to the
charge on output capacitopg Let Vac= Vac(Lw) for initial
ton) and {offy calculations.

On-time
By solving inductor equation (1), on-time required to
charge the inductor to the correct peak current is:

L
t = P
(on) — "LpkVinpk
Substituting equation (3) and (12) into equation (13),
results in:

(13)

2PoLp
WVac) Y2Vacy)  MVZacL)

Yon) =

(14)
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Off-time The exact inductor value can be determined by solving
The instantaneous switch off-time varies with the line and equation (21) by substituting equation (19) and (20) at the

load conditions, as well as with the instantaneous line selected minimum operating frequency.

voltage. Of-time is analyzed by solving equation (1) for the

=t +t 21
inductor discharging where the voltage across the inductor ©°@ —(0mmax = (off)max D)
is Vo minus \fy. Equation (21) becomes
oo 'Lpk-p as) o = 2PgLpVo .
(off) = Vy — V., sin(wt) total 2 Vo
(0] |npk Vv aC(LL)rl V_E — VaC(LL)
Multiplying nominator and denominator  with B ing in t ¢
Vinpksinw(t) results in: y rearranging in term ofg,
I, o L Yo 2
Lpk-p Yotall 7~ Vac(LL) )1V ac(LL) 23)
V. sin(wt Lp =
tofn = inpk > (ct) _ Y(on) (16) p 2V, P,
o —~ .
Vo = Vinpk Sin(@h) Vo 1 Equation (23) can be rewritten by substituting rearranged
Vinpk Sin(@) /2 Vinpk|sin(®) | equation (12) in term of2P,.
\Y
wherewt =0 2%t (—9 -V )V
The off-time, {of is greatest at the peak of the ac line | _ total\ 2 "ac(LL) ] "ac(LL) (24)
voltage and approaches zero at the ac line zero crossings. P Vo'ka
Theta 0) represents the angle of the ac line voltage. Let the switching cycle t = 4@ for universal input (85 to

The off-time is at a minimum at ac line crossings. This 5g5 \40 operation and 2@s for fixed input (92 to 138
equation is used to calculagry as Theta approaches zero. ;184 to 276 \) operation.

ILpktp .
Yofymin = T e=0° a7 Inductor Design Summary
Vo The required energy storage of the boost inductor is:
o _1, 2 25
Switching Frequency W= SLp! ok (25)
f= ﬁ 18) The number of turns required for a selected core size and
on) (off) ol i
( material is:
Switching frequency changes with the steady state line L1 106
and load operating conditions along with the instantaneous _ PLpk (26)

input line voltage. Typically, the PFC converter is designed P~ BmaxPe

tq op'erate above the audible range after accpmmodatmg al\l/vhere Buax iS in Teslas and Ais in square millimeters

circuit and component tolerances. 25 kHz is a good fII’St( )

approximation. Higher frequency operation that can

significantly reduce the inductor size without negatively

impacting efficiency or cost should also be evaluated.
The minimum switching frequency occurs at the peak of an10” 7 sz Ae

the ac line voltage. As the ac line voltage traverses from peak 'gap = — [ MM

to zero, {of) approaches zero producing an increase in

switching frequency.

The required air gap to achieve the correct inductance and
storage is expressed by:

(27)
P

Design of Auxiliary Winding
MC33260 does not entail an auxiliary winding for zero

¢ current detection. Hence if DC voltage can be tapped from
the SMPS or electronic ballast connected to the output of
PFC, this step can be skipped. Then an inductor is what it
needs.

The auxiliary winding exhibits a low frequency ripple
(100-120 Hz). The Vcc capacitor must be large enough

Inductor Value

Maximumon-time needs to be programmed into the PF
controller timing circuit. Both@gnymaxand toffmax Will be
individually calculated and added together to obtain the
maximumconversion periodidig. This is required to obtain
the inductor value.

_ 2Polp (about 47uF) to minimize voltage variations. As a rule of
t e (19) ) .
(on)max "1V2ac(LL) thumb, you can use the below equation to estimate the
auxiliary turn number:
| L
ka P ° Np - Vaux Np - Vaux
t = — = 20 N = p = p 28

http://onsemi.com
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The MC33260 ¢ maximum voltage being 16 V, one Overcurrent protection resistoroBp can be determined
must add a resistor (in the range oft2Pand a 15 V zener  with below equation:

to protect the circuit against excessive voltages. Vaux should R % |

be chosen above the Under-\oltage Lockout threshoIdROCP __CS” Lpk (33)
(10 V) and below the zener voltage. locp

Selection of Output Capacitor Current Limiting With Boost Topology Power

The choice of output capacitance value is dictated by theFactor Correction Circuit
required hold—-up timepg|q or the acceptable output ripple Unlike buck and flyback circuits, because there is no
voltage, Vrip for a given application. As a rule of thumb, can seriesswitch between input and output in the boost topology,
start with 1uF/watt. high currenbccurring with the start—up inrush current surge
i i charging the bulk capacitor and fault load conditions cannot
Selection of Semiconductors _ ~ be limited or controlled without additional circuitry.
Maximum currents and voltages must first be determined e MC33260 Zero Current Detection uses the current

for over aI_I pperating conditions to select the MOSFET and sensing information to prevent any power switch turn on as
boost rectifier. As aule of thumb, derate all semiconductors long as some current flows through the inductor. Then

to about 75-80% of their maximum ratings. This implying qring start-up, the power MOSFET is not allowed to turn

the need of devices with at least 500 V breakdown voltage.q, yhile in—rush current flows. Then there is no risk to have
Bipolartransistors are an acceptable alternative to MOSFET,o power switch destroyed at start-up because of the
if the switching frequency is maintained fairly low. High

voltage diodes with recovery times of 200 ndess should In the same way, in an overload case, the power MOSFET

be used for the boost rectifier. One series of the popularig yept off as long as there is a direct output capacitor charge
devices is the MURXXX Ultrafast Rectifier Series from ¢ ;rrent.e., when the input voltage is higher than the output

ON Semiconductor. _ voltage. Consequentlgyerload working is fully safe for the
Maximum power MOSFET conduction losses. power MOSFET. This is one of the major advantages

in—rush current.

1 1.2 x Vac(LL) 29) compared to MC33262 and competition.
P ~=xXR X1 1=
(ommax — 6 ds(on) Lpk Vo Current Limiting for Start—up Inrush

Initially Vq is zero, when the converter is turned on, the
bulk capacitor will charge resonantly to twice Vin. The
voltage can be as high as 750 V jf Yappens to be at the

Designing the Oscillator Circuit
For traditional boost operation;y@ chosen with below

equation: peak high-line 265 V condition (375 V). The peak resonant
2 X Kgge X Lp X Py % v2O charging current through the inductor will be many times
Cy= 2 2 ~ Cint (30) greater than normal full load current. the inductor must be
Vacy) * Ry designed to be much larger and more expensive to avoid
saturation. The boost shunt switch cannot do anything to
Design of Regulation and Overvoltage preventthis and could be worse if turned on during start-up.
Protection Circuit The inrush current and voltage overshoot during the
The output voltage regulation level can be adjustedpy R start—up phase is intolerable. A fuse is not suitable vall it
vV blow each time the supply is turned on.
Ry = m (31) There are several methods that may be used to solve the
start—up problem:
Designing the Current Sense Circuit 1. Start-up Bypass Rectifier

~ The inductor current is converted into a voltage by This is implemented by adding an additional rectifier
inserting a ground referenced resistagsi series with the  pypassingheboost inductor. The bypass rectifier will divert
input diode bridge. Therefore a negative voltage the start-up inrush current away from the boost inductor as

proportional to the inductor current is built. shown in Figure 3. The bulk capacitor charges through
The current sense resistor l0ssegsP Dbypass to the peak AC line voltage without resonant
_1 2 32 overshoot and witbut excessive inductor currentyyigasds
Pres = & X Res % ! Lpk (32)
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reverse—biased under normal operating conditions. If loade Regulated DC Output Voltagey ¥ 400 Ve

overcurrent pulls down ¢/ Dpypassconducts, but this is
probably preferable to having the high current flowing
through boost inductor.

Dbypass »}

LYY Y\ PY

PFC J

c J = Vour

p—e—o

Vac

O

Figure 3. Rectifier bypass of start—up inrush current

2. External Inrush Current Limiting Circuit

For low power system, a thermistor in series with the

pre—converter input will limit the inrush current. Concern is

the thermistor may not respond fast enough to provide

protection after a line dropout of a few cycles.

A series input resistor shunted by a Triac or SCR is a more
efficient approach. A control circuit is necessary. This
method can function on a cycle-by-cycle basis for

protection after a dropout.

Load Overcurrent Limiting

If an overcurrent condition occurs and exceeds the boos

converter power limit established by the control circuit, V

will eventually be dragged down below the peak value of the
AC line voltage. If this happens, current will rise rapidly and
without limit through the series inductor and rectifier. This
may result in saturation of the inductor and components will
fail. The control circuit holds off the shunt switch, since the
current limit function is activated. It cannot help to turn the

switch ON -the inductor current will rise even more rapidly
and switch failure will occur.
Typically, apower factor correction circuit is connected to

another systems like switched mode power supply or
electronic ballast. These downstream converters typically

will have current limiting capability, eliminating concern

about load faults. However, a downstream converter or the
bulk capacitor might fail. Hence there is a possibility of a

short circuit at the load.

t

¢ Rated Output Power:g= 80 W
* Expected Efficiencyy > 90%

A. The input power, Pin is given by

Po _ 80
P, _?_m_se.gew

B. Input diode current is maximum at
Vinrms = Vac(LL)
V2P,

r]Vac(LL)

_ J2x80
0.92 x 85

| = 1.447 A

inpk —

C. Inductor design
1. Inductor peak current:

Ika = 2Iinpk =2 X 1447 = 2894 A

2. Inductor value:
Vo

2 X ttotal(«_i = Vac(LL) )Vac(LL)
L

p VolLpk
2 % 40 x 10‘6(% - 85)85

= 200 x 2.894 = 1.162mH

Let the switching cycle t = 4@s for universal input (85 to
265 \Lo) operation.
3. The number of turns required for a selected core size
and material is:

Lol 106 _ _
PLpk™™ 1162 x 103 x 2.894 x 10~ ©

BmaxPe 0.3 X 60
= 186.8 turns = 187 turns
Using EPCOS E 30/15/7/3x=0.3 T and A= 60 mn?.

4. The required air gap to achieve the correct inductance
and storage is:

Np =

am10” 'N%pAe

lgap = C

P

_4nx 10" 7 x 1872 x 60 x 106
1.162 x 103

= 2.269 mm

If it is considered necessary to limit the current to a safe 5. Design of Auxiliary Winding

value in the event of a downstream fault, some means

external to the boost converter must be provided.

Design Example | — Traditional Boost Constant
Output Voltage Regulation Level Operation

Power Factor Correction

The basic design specification concerns the following:
* Mains Voltage Range:a¥(LL) = Vac(HL) = 85 — 265 Y

Vaupr _ 14 x 187

) ~ (400 — 265)

Naux =
(Yo

- Vac(HL)
= 19.4 turns = 20 turns

Round up to 20 turns to make sure enough voltage at the
auxiliary winding.

http://onsemi.com
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D. To determine the output capacitor
As rule of thumb, for 80 W output, start with 106,
450 V capacitor.

E. Calculation of MOSFET conduction losses

A 8A, 500V MOSFET, MTP8N50E is chosen. The on
resistance, &on)= 1.75Q2@100C. Therefore, maximum
power MOSFET conduction losses is:

o 1.k | ) 1.2 x Vac(LL)
(on)max ~ 6 * Tds(on) * ' Lpk *+ ~ Vo
_1 2, _12x85_
6 X 1.75 x 2.894< 1 200 1.82W

F. Design of regulation and overvoltage
protection circuit
The output voltage regulation level can be adjustedghy R
_ Mo _ 400
RO = =
200 JA 200 pA
Use two 1 M2 resistors in series.

= 2MQ

G. Designing the oscillator circuit
For traditional boost operation;y@ chosen with below
equation:

2
_ 2XKgse X Lp X Py X V&,

Cr=z

— C =
2 2 int
v ac(LL) xR o]
2 X 6400 X 1.162mH x 86.96 x 4002

852 x 2MQ?2
Use 10 nF capacitor.

— 15pF = 7.16nF

445
415
385
355
325 -

S 295 7~

S 265 -
235 -
205

175 ,/ = = = = Full Load
Half Load

145 = = Vacpeak
135 L

[ [ T 1
85
85 100 115 1130 145 160 175 190 205 220 235 250 265

Vac (V)

280

Figure 4. Theoretical V  versus V 4 with C 1t = 10nF

H. Design of the current sense circuit
Choose Rs= 0.68Q
1. So the current sense resistor lossgss P

1
I:)Rcs 6

Therefore the power rating ofdsis chosen to be 2 W.
2. Overcurrent protection resistor,o&p can be
determined with below equation:
R _ Res * Mipk _ 0.68 x 2.894 _
OCP IOCP 205 pA
Use 100032 resistor. This provide current limit at 3.01 A
versus calculated value qfpk = 2.894 A.

2 _1 2 _
X Rog X 1Tpk =3 X 1 2.894° = 0.949 W

9600 Q

80 W, Universal Input, Traditional Boost Constant Output Voltage Level Regulation Operation Power Factor

Correction Circuit Part List

Index Value Comment Index Value Comment
C1 0.63 uF@600 V Filtering Capacitor R6 22 Q@0.25 W Aux Winding Resistor
c2 680 nF Pin 2 Vcontrol Capacitor R7 100 KQ@2 W Start-up Resistor
C3 10 nF Pin 3 Oscillator Capacitor R8 1N5406 Input Diode
Cc4 100 uF@50 V Aux Capacitor, E-Cap D1 1N5406 Input Diode
C5 100uF@450Vv Output Capacitor, E-Cap D2 1N5406 Input Diode
C6 1 nF@50V Feedback Filtering Capacitor D3 1N5406 Input Diode
R1 0.68 Q@2 W Current Sense Resistor D4 1N4937 Aux Winding Diode
R2 10 KQ@0.25 W OCP Sensing Resistor D5 MURA460 Boost Diode
R3 1 MQ@0.25 W Feedback Resistor D6 1N5245 Aux 15 V Zener Diode
R4 1 MQ@0.25 W Feedback Resistor D7 MTP8N50E Power MOSFET
R5 10 Q@0.25 W Gate Resistor Q1 1.162 mH Inductor

* E 30/15/7, N67 Material from EPCOS

Primary — 187 turns of # 23 AWG, Secondary — 19 turns of # 23 AWG.

Gap length 2.269mm total for a primary inductance Lp of 1.162mH.
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D1 D3
R7
D2 D4 C1
D7
o

: +
—0 ~ = cs
L (2] MC33260
w I (3] 61—
A 7] [51— = =
—_—C3 A . _—
im -
~ R3 R4
= = —T—
T C6

Figure 5. 80 W Universal Input, Traditional Boost Constant Output Voltage Regulation Level Operation Power
Factor Correction Circuit

Design Table for Universal Input, Traditional Boost Constant Output Voltage Regulation Level Operation Power
Factor Correction

Po 25 50 75 100 125 150 200 (Watts)
Lp 3.720 1.860 1.240 0.930 0.744 0.620 0.465 (mH)
Co 33 68 100 100 150 150 220 (uF)

Res 2 1 0.68 0.5 0.39 0.33 0.25 Q

Rocp 10000 10000 10000 9100 9100 9100 9100 Q
Cin 0.22 0.63 0.63 1.0 1.0 1.0 1.0 (uF)
Cr 10 10 10 10 10 10 10 (nF)
Q MTP4NS0E MTP8N50E MTW14N50E

Dout MUR160 MUR460
Din 1N4007 1N5406

Design Example Il — Follower Boost Variable

B. Input diode current is maximum at V

inrms =

Output Voltage Regulation Level Operation Vac(LL)
Power Factor Correction 2P 5 x 80
X
The basic design specification concerns the following: linpk = ”Vac(l(_)L) =002 x 85 _ IA44TA

* Mains Voltage Range:a¥(LL) — Vac(HL) = 85 — 265 Y
* Maximum Regulated DC Output Voltages ¥ 400 V¢ C. Inductor design
¢ Minimum Regulated DC Output Voltageg¥in = 1. Inductor peak current;

140 Vgc IL K= 2|in K= 2 X 1447 = 2.894 A
* Rated Output Powerg® 80 W P P

* Expected Efficiencyy > 90% 2. Inductor value, for follower boost operation; ¥
Vomin'
A. The input power, P i, is given by
Po _ 80

P = "092" 86.96 W
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Vomin F. Design of regulation and overvoltage
2 X bt 5 Vac(LL) protection circuit
Lp = v | The output voltage regulation level can be adjustedgy R
omin "Lpk Vo 400

Ro =~ 00 A ~— 200 pA ~ 2 M@

— 140 . . .
2x40x10 6(3 - 85)85 Use two 1M resistors in series.

= 140 x 2.894 = 0.235pH . . -
Let the switching cycle t = 4@s for universal input (85 to G. Designing the Oscillator Qrcwt _
265 4,0 operation For follower boost operation,7ds chosen with below
3. The number of turns required for a selected core sizeSduation:
I 5
and material is: ) c = 2 X Koge X Lp X Py X V& e -
Lol 4, 10 - 2 2 in
N =ﬂ= Vac(LL)XRo
P Bmaer
2 X 6400 x 0.234mH X 86.96 x 1402 _ _
5 852 % 2 MQ2 15pF = 162 pF
0.235 x 10— 3 x 2.894 x 106 _ _ x
0.3 x 321 = 70.6tums = 71 turns Use 150 pF capacitor.
Using EPCOS E 20/10/6, N67 material,&£=0.3 T and
Ac=32.1 mm. 445
4. The required air gap to achieve the correct inductance 41° — .
and storage is: 385 7 z _
355 / -~ L4
S NY y -~
| _ 4110 N pAe 325 —~ 7 o
gap — L — 205 / d prd
P 7 i 7
- _ S 265 4 c.
_4nx 10”7 x 712 x 32.1 x 106 = / -
- _ 3 235 7 P
0.235 x 10 205 2 T
= 0.856 mm 175 - ,/ = = = = Ful Load :
. o o 17 Half Load 7
5. Design of Auxiliary Winding 11:‘2 > — — Vacpeak ]
W Ve axn - IR
aux — ~ (400 — 265) 85 100 115 1130 145 160 175 190 205 220 235 250 265 28(
(Vo - Vac(HL)) Vag (V)
= 7.41turns = 8 turns Figure 6. Theoretical V , versus V 5 with C 1 = 150pF

Round up to 8 turns to make sure enough voltage at theH Design of the Current Sense Circuit
auxiliary winding. 'Choose Rs= 0.68Q

D. To determine the output capacitor 1. So the current sense resistor lossgss P
As rule of thumb, for 80 W output, start with 106, P _lyr w2
450 V capacitor. Rcs ~ 6 CS Lpk

1 2
. . = =X 0.68 X 2.894° = 0.949 W
E. Calculation of MOSFET conduction losses 6

A 4A, 500 V MOSFET, MTP4N50E is chosen. The on 2. Overcurrent protection resistor, o can be
resistance, &on)= 1.75Q@100C. Therefore, maximum  determined with below equation:
power MOSFET conduction losses is: R

X |
_ _CS " Lpk _ 0.68 x 2.894 _
1 1.2 X Vac(LL) ROCP = I = 205 UA = 9600 Q
Plommax = & = Rason) X 'Lpk 1 = —v— ocP. . . -
omin Use 100032 resistor. This provide current limit at 3.01 A
_ % % 1.75 x 2.8942 1 — 1.2125085 — 0.66 W versus calculated value qfpk = 2.894 A.
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80 W, Universal Input, Follower Boost Variable Output Voltage Regulation Level Operation Power Factor
Correction Circuit Part List

Index Value Comment Index Value Comment
C1 0.63 uF@600 V Filtering Capacitor R6 22 Q@0.25 W Aux Winding Resistor
Cc2 680 nF Pin 2 Veontrol Capacitor R7 100 KQ@2 W Start-up Resistor
C3 150 pF Pin 3 Oscillator Capacitor D1 1N5406 Input Diode
C4 100 uF@50 V Aux Capacitor, E-Cap D2 1N5406 Input Diode
C5 100 uwF@450 V Output Capacitor, E-Cap D3 1N5406 Input Diode
C6 1 nF@50V Feedback Filtering Capacitor D4 1N5406 Input Diode
R1 0.68 Q@2 W Current Sense Resistor D5 1N4937 Aux Winding Diode
R2 10 KQ@0.25 W OCP Sensing Resistor D6 MURA460 Boost Diode
R3 1 MQ@0.25 W Feedback Resistor D7 1N5245 Aux 15 V Zener Diode
R4 1 MQ@0.25 W Feedback Resistor Q1 MTP4N5S0E Power MOSFET
R5 10 Q@0.25 W Gate Resistor L1* 0.235 mH Inductor

* E 20/10/6, N67 Material from EPCOS
Primary — 71 turns of # 23 AWG, Secondary — 8 turns of # 23 AWG.
Gap length 0.865 mm total for a primary inductance Lp of 0.235 mH.

D1 D3
R7
D2 D4 C1
D7
—-2 7
L 2] MC33260 A
ny L (3] 6 —
+—V— (4] 52 =
—c3 ' —
R1
R3 R4
= = —T— c6
L

Figure 7. 80 W Universal Input, Follower Boost Variable Output Voltage Regulation Level Operation Power Factor

Correction Circuit
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Design Table for Universal Input, Follower Boost Variable Output Voltage Regulation Level Operation Power
Factor Correction

Po 25 50 75 100 125 150 200 (Watts)
Lp 0.752 376 0.251 0.188 0.150 0.102 0.094 (mH)
Co 33 68 100 100 150 150 220 (uF)
Rcs 2 1 0.68 0.5 0.39 0.33 0.25 Q
Rocp 10000 10000 10000 9100 9100 9100 9100 Q
Cin 0.22 0.63 0.63 1.0 1.0 1.0 1.0 (uF)
Cr 0.162 0.162 0.162 0.162 0.162 0.162 0.162 (nF)
Q MTD2NS50E MTP4NS0E MTP8N50E
Dout MUR160 MUR460
Din 1N4007 1N5406 1N5406

http://onsemi.com
66




AND8106/D

100 Watt, Universal Input,
PFC Converter

ON Semiconductor

ON Semiconductor”

http://onsemi.com

APPLICATION NOTE

General Description Vout
This 100 watt converter demonstrates the wide range of ?

features found on the NCP1650. This chip is capable of

controlling PFC converters well into the kilowatt range.

In addition to excellent power factor, this chip offers fixed §
frequencyoperation in continuous and discontinuous modes - 12M
of operation. It has a wide variety of protection features, FQP1N60 ->||
including instantaneous current limiting, average current —
limiting, and true power limiting. ————0 Vpias

This unit will provide 400 V of well regulated power from |
an input source with a frequency range from 50 Hz to 60 Hz, I

10k 10k 10k
—AM—AM—A—

. MMSZ5248BT1
and a voltage range of 8pmsto 265V s It is fully self

contained and includes a high voltage start—up circuit, and Vi, \l
bias supply that operates off of the boost inductor, - ----- o

Features

* Fixed Frequency Operation

¢ Shutdown Circuit

¢ Operation Over the Universal Input Range
* Multiple Protection Schemes

* True Power Limiting This circuit will provide current as long as the FET is

* Start-Up and Bias Circuits Included enhanced. For this to occur, the gate to source voltage must
o o be greater than the gate threshold voltage. For this device

Circuit Description thatvalue is nominally, 4.0 V. The zener breakdown voltage

Start-Up Circuit is 18 V, so the FET will turn off at:
The start-up circuit allows the unit to use power from the Vchg — 18V — 40V = 14 Volts
max — - -

input line to begin operation, and then shuts down to allow o .
operation off othe bias winding, which reduces losses in the ~ AS the output capacitor is charged up during the turn—on
sequencehe bias supply voltage will also increase until the

circuit. . . )
The start—up circuit has three modes of operation. One isSource of the FET exceeds 14 V. At this point, the FET will

used for starting the NCP1650 when the chip is functional, €82S€ conduction, and alltae Vicc power will be supplied

one is for bias power during shutdown operation, and theVi2 the bias circuit from the power inductor. _
third is the off state. If the unit is commanded into the shutdown mode, the chip

will reduce its bias current to 0.5 mA and the start-up circuit
will then maintain a regulated voltage of approximately
14 V on the \&c pin until the device becomes operational.

NCP1650

Figure 1. Start-Up Circuit Schematic

When power is initially applied to the unit, thate of the
pass transistor will be high, and the FET will be fully
enhancedThe current intathe Vcc capacitance at pin 1 will
be limited by the three 1dXresistors irseries with the FET.
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Voltage Regulation Loop If the load is increased to a level that exceeds the
The output voltage is sensed and reduced to the referenceaximumpower limit of the circuit, the output of the power
level by the resistive divider consisting of R27, R28 and multiplier will reach 2.5 V and the output of the power error
R29. The output voltage of this divider is sensed by the amplifier will go to some level above ground. This signal
non-inverting input of the error amplifier and compared to will then override the signal from the voltage error amplifier
the internal 4.0 V reference. (labeled “error amp” on the schematic), and will dominate

Assuming that the unit in not in a power limit condition, the OR’ing network.
the voltage error signal will dominate the loop and be fed This signal then determines the level of the reference
through the OR’ing network to provide one of the inputs to signal out of the reference multiplier, and determines the
the reference multiplier. The other reference multiplier input input current to the power converter. It should be noted that
is the divided down rectified AC input signal. as this is a boost converter, the power limit circuit will only
The output of this multiplier is a haversine signal that is an fold back the output voltage until it reaches the level of the
accurate replica of the input AC signal. The current shapingpeakline voltage. At this point the converter will shut down,
network compares the average current from the currentput the input voltage will continue to charge the output
sense amplifier to the reference voltage and forces thiscapacitors through the rectifier.
current to follow the AC reference voltage. The current out
of the current sense amplifier is filtered at a frequency thatShutdown Circuit _
is less than the switching frequency, but greater than the The shutdown circuit will inhibit the operation of the

rectified line frequency. power converter and put the NCP1650 into a low power
This current is fed into the output filter capacitor(s) that Shutdown mode. To activate this circuit, apply 5.0 V to the
filter it to a DC level. red test point, with the black jack being “ground”. Be aware
that the black jack is actually hot as it is connected to the

Power Regulation Loop output of the input bridge rectifiers. An isolated 5.0 V

The power multiplier generates the product of the input supply should be used.
current (from the current sense amplifier) and the AC If this circuit is not being used, the terminals can be left
rectified input voltage, to generate a signal that representsopen, as there is enough resistance built in to the circuit to
the input power of the unit. This signal is filtered to a keep the transistor (Q2) in it's off state.
frequency of less than the line frequency, so that it's output

is a DC level. PCB o _
The printed circuit board Gerber files are located on the

ON Semiconductor website under the name NCP650-PCB.1.

5 [D3
(@) c25 D4 | o (@
o o g
co| 2
z O c210 ©
: — o] &
g _ © D1 @
? bs : ° — ol:
s &< Q=
W T o 3
g @ R20JO €258 D7(3
o
o R21 A Ro7 L1 O{ R5 1O
R22
. R28
R23 @
Blon O[R29}0
Semiconductor Shutdown 0 V/5V
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Table 1.
Ref Des Description Part Number Manufacturer
Cc2 Cap, Ceramic, Chip, 0.1 uF, 50 V C1608X7R1H104KT TDK
C3 Cap, Ceramic, Chip, .012 uF, 50 V C1608X7R1H123KT TDK
Cc4 Cap, Ceramic, Chip, 1.0 nF, 50 V C1608X7R1H102K TDK
C5 Cap, Ceramic, Chip, 0.022 uF, 50 V C1608X7R1H223K TDK
Cc7 Cap, Ceramic, Chip, 22 uF, 6.3V C3225X5R0J226MT TDK
c8 Cap, Ceramic, Chip, 10 uF, 10 V C3225X5R1A106MT TDK
C9 Cap, Ceramic, Chip, 4.7 uF, 10 V C3216X5R1A475KT TDK
cnu Cap, Ceramic, Chip, 470 pF, 50 V C1608C0G1H471JT TDK
Cl4 Cap, Ceramic, Chip, 470 pF, 50 V C1608C0G1H471JT TDK
C20 0.47 uF, 275 Vac, X Cap ECQ-U2A474ML Panasonic
c21 Cap, Polyprop, 0.1 uF, 400 Vdc MKP1841-410-405 Vishay-Sprague
C22 Cap, Ceramic, Chip, 0.1 uF, 50 V C1608X7R1H104KT TDK
C23 100 uF, Alum Elect, 25 V ECA-1EM101I Panasonic
C25 100 uF, Alum Elect, 450 V ECO-S2WP100EX Panasonic
C26 Cap, Ceramic, Chip, 1.0 uF, 25V C3216X7R1E105KT TDK
D1-D4 Diode, Rectifier, 600 V, 3.0 A 1N5406 ON Semiconductor
D5 Diode, Zener, 18 V, Axial Lead MMSZ5248BT1 ON Semiconductor
D6 Diode, Signal, 75V, 200 mA, SOT-23 BAS19LT1 ON Semiconductor
D7 Diode, Ultra—Fast, 600 V, 8.0 A MURHF860CT ON Semiconductor
F1 Fuse, 2.0 A, 250 Vac 1025TD2A Bussman
L1 Inductor, 1000 uH, 2.4 A Max CTX22-15557 Coiltronics
L2 2.5 A Sat, 100 uH Inductor, Diff Mode TSL1315S-101K2R5 TDK
L3 2.5 A Sat, 100 pH Inductor, Diff Mode TSL1315S-101K2R5 TDK
Q1 FET, 10.5 A, 0.7 €, 600 V, N—chl FQP12N60 Fairchild
Q2 Bipolar Transistor, 50 V MMBT2222ALT1 ON Semiconductor
Q3 FET, 1.0 A, 600 V, N-chl FQP1N60 Fairchild
R3 Resistor, SMT, 810 Q CRCW1206810JNTA Vishay
R4 Resistor, Axial Lead, 178 k, _ Watt, 1% CMF-55-178K00FKRE Vishay
R5 Resistor, Axial Lead, 3.57 k, _ Watt, 1% CMF-55-3K5700FKBF Vishay
R6 Resistor, Axial Lead, 178 k, _ Watt, 1% CMF-55-178K00FKRE Vishay
R7 Resistor, SMT, 8.6 k CRCW12068K60INTA Vishay
R8 Resistor, SMT, 9.1 k CRCW12069K10JNTA Vishay
R9 Resistor, SMT, 56.2 k, 1% CRCW120656K2FKTA Vishay
R10 Resistor, SMT, 8.25 k, 1% CRCW12068K2FKTA Vishay
R13 Resistor, SMT, 51 k CRCW120651K0JNTA Vishay
R16 Resistor, SMT, 10 CRCW1206100JRE4 Vishay
R20 Resistor, Axial Lead, 10 k, _ Watt CCF-07-103J Vishay
R21 Resistor, Axial Lead, 10 k, _ Watt CCF-07-103J Vishay
R22 Resistor, Axial Lead, 10 k, _ Watt CCF-07-103J Vishay
R23 Resistor, Axial Lead, 1.2 M, _ Watt CCF-07-125J Vishay
R25 Resistor, SMT, 4.7 k CRCW12064K70JNTA Vishay
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Table 1. (continued)
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Ref Des Description Part Number Manufacturer
R26 Resistor, SMT, 12 k CRCW120612K0JNTA Vishay
R27 Resistor, Axial Lead, 453 k, _ Watt, 1% CMF-55-453K00FKBF Vishay
R28 Resistor, Axial Lead, 453 k, _ Watt, 1% CMF-55-4533F Vishay
R29 Resistor, Axial Lead, 9.09 k, _ Watt, 1% CCF-55-9K09FHR362 Vishay
R30 1.0 W, 0.07 @, 1% Resistor WSL2512R0700FTB Vishay
Ul PFC Controller NCP1650 ON Semiconductor

Hardware

H1 Printed Circuit Board NCP1650-PWB1 www.onsemi.com
H2 Connector 171602 Weidmuller
H3 Connector 171602 Weidmuller
H4 Test Point, Red 5005 Keystone
H5 Test Point, Black 5006 Keystone
H6 Standoff, 4-40, Alum, Hex, .500 Inches 8403 HH Smith
H7 Standoff, 4-40, Alum, Hex, .500 Inches 8403 HH Smith
H8 Standoff, 4-40, Alum, Hex, .500 Inches 8403 HH Smith
H9 Standoff, 4-40, Alum, Hex, .500 Inches 8403 HH Smith
H10 Heatsink, TO-220 590302B03600 Aavid Thermalloy
H11 Heatsink, TO-220 590302B03600 Aavid Thermalloy

Table 2. Vendor Contacts

Performance Data
Table 3. Regulation

Vendor U.S. Phone/Internet Line/Load No Load 50 Watts 100 Watts
ON Semiconductor 1-800-282-9855 85 Vims 405.5 405.1 403.9
www.onsemi.com/
115 Vs 405.6 405.2 404.3
DK 1-847-803-6100 220V, 405.4 405.5 404.9
www.component.tdk.com/ rms ) ) )
Vishay www.vishay.com/ 265 Vims 438.4 405.5 405
Bussman 1-888-414-2645

(Cooper Ind.)

WWW.cooperet.com/

Coiltronics
(Cooper Ind.)

1-888-414-2645
www.cooperet.com/

Fairchild www.fairchildsemi.com/

Panasonic www.eddieray.com/panasonic/

Weidmuller www.weidmuller.com/

Keystone 1-800-221-5510
www.keyelco.com/

HH Smith 1-888-847-6484

www.hhsmith.com/

Aavid Thermalloy

www.aavid.com/
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Table 4. Harmonics and Distortion

AND8106/D

115 Vac, 100 Watts

230 Vac, 100 Watts

V harmon A harm. % V harmon A harm. %
2nd 0.084 0.03 0.169 0.12
3 0.505 2.8 0.722 2.6
5th 0.482 1.3 0.132 4.4
7th 0.168 0.5 0.075 0.17
gth 0.074 0.17 0.133 0.23
11th 0.088 0.13 0.134 0.17
13th 0.212 0.27 0.073 0.15
15th 0.324 0.37 0.265 0.28
17th 0.413 0.35 0.488 0.32
19th 0.632 0.31 1.12 0.44
PF - 0.998 - 0.9928
THD (A) - 3.68 - 6.2
lfund - 0.919 - 0.451
Table 5. Efficiency
85 Vims 115 Vims 230 Vims 265 Vims
Pin @ No Load 2.87 4.06 5.07 5.11
Pin 108.8 106.9 103.2 103.7
Vo 403.2 404.3 404.9 405
lo 0.246 0.246 0.243 0.244
Efficiency 0.912 0.930 0.953 0.953
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Power Factor Correction
Stages Operating in Critical
Conduction Mode

ON Semiconductor”
Prepared by: Joel Turchi )
ON Semiconductor http://onsemi.com

APPLICATION NOTE

Thispaper poposes a detailed and mathematical analysis Basics of the Critical Conduction Mode
of the operation of a critical conduction mode Power factor  Critical conduction mode (or border line conduction
Corrector (PFC), with the goal of easing the PFC stage mode) operation is the most popular solution for low power
dimensioning. After some words on the PFC specification applications. Characterized by a variable frequency control
and a brief presentation of the main critical conduction scheme in which the inductor current ramps to twice the
schemedghis application note gives the equations necessary desired average value, ramps down to zero, then
for computing the magnitude of the currents and voltagesimmediatelyramps positive again (refer to Figureari2l 4),
that are critical in the choice of the power components.  this control method has the following advantages:

¢ Simple Control Schem&he application requires few
INTRODUCTION external components.

The IEC1000-3-2 specification, usually named Power * Ease of StabilizatioriThe boost keeps a first order
Factor Correction (PFC) standard, has been issued with the converter and there is no need for ramp compensation.
goal ofminimizing the Total Harmonic Distortion (THD) of ¢ Zero Current Turn OnOne major benefit of critical
the current that is drawn from the mains. In practice, the conduction mode is the MOSFET turn on when the
legislationrequests the current to be nearly sinusoidal and in  diode current reaches zero. Therefore the MOSFET
phase with the AC line voltage. switch on is lossless and soft and there is no need for

Active solutions are the most effective means to meet the a low trr diode.
legislation. A PFC pre-regulator is inserted between the On the other hand, the critical conduction mode has some
input bridge and the bulk capacitor. This intermediate stagedisadvantages:
is designed to output a constant voltage while drawing @ | arge peak currents that result in high dli/dt and rms
sinusoidal current from the line. In practice, the step—up (or  ¢yrrents conducted throughout the PFC stage.

boost) configuration is adopted, as this type of converter is, Large switching frequency variations as detailed in
easy to implement. One can just notice that this topology

. . . the paper.
requires the output to be higher than the input voltage. That pap
is why the output regulation level is generally set to around
400 V in universal mains conditions.
Diode Bridge PFC Stage Power Supply
< > < > t—>
.................... .
_ > + \ YL > ! ]
AC . : J_+ Bulk
mly oyl LR S |
N B : e : '

Figure 1. Power Factor Corrected Power Converter
PFC boost pre—converters typically require a coil, a diode and a Power Switch. This stage also needs a Power Factor Correction

controller that is a circuit specially designed to drive PFC pre-regulators. ON Semiconductor has developed three controllers
(MC33262, MC33368 and MC33260) that operate in critical mode and the NCP1650 for continuous mode applications.

One generally devotes critical conduction mode to power factor control circuits below 300 W.

0 Semiconductor Components Industries, LLC, 2003 73 Publication Order Number:
September, 2003 — Rev. 1 AND8123/D
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Diode Bridge

Diode Bridge

Icoil

Icoil

Nl

117

b, o

|
=

T Vout

I

The power switch is ON

The power switch being about zero, the input
voltage is applied across the coil. The coil current
linearly increases with a (Vip/L) slope.

A coil .-
Current

~

- Icoil_pk

The power switch is OFF

The coil current flows through the diode. The coil
voltage is (Vput—Vin) and the coil current linearly decays
with a (Vpyt—Vin /L slope.

Critical Conduction Mode:
Next current cycle starts as
soon as the core is reset.

~

- (Vout—Vin)/L

g

Figure 2. Switching Sequences of the PFC Stage

In critical discontinuous mode, a boost converter presents

two phases (refer to Figure 2):

* The on-time during which the power switch is on. The
inductor current grows up linearly according to a slope
(Vin/L) where \{, is the instantaneous input voltage and *
L the inductor value.

* The off time during which the power switch is off. The
inductor current decreases linearly according to the
slope (MutVin)/L where \§tis the output voltage.

This sequence terminates when the current equals zero.®
Consequently, a triangular current flows through the coil.
The PFC stage adjusts the amplitude of these triangles so
that inaverage, the coil current is a (rectified) sinusoid (refer o

to Figure 4). The EMI filter (helped by the 100 nF to(dF0

input capacitor generally placed across the diodes bridge
output), performs the filtering function.

levels of the output voltage. The error amplifier
bandwidth is set low so that the error amplifier output
reacts very slowly and can be considered as a constant
within an AC line period.

The controller multiplies the shaping information by

the error amplifier output voltage. The resulting product
is the desired envelope that as wished, is sinusoidal, in
phase with the AC line and whose amplitude depends
on the amount of power to be delivered.

The controller monitors the power switch current.

When this current exceeds the envelope level, the PWM
latch is reset to turn off the power switch.

Some circuitry detects the core reset to set the PWM
latch and initialize a new MOSFET conduction phase
as soon as the coil current has reached zero.
Consequently, when the power switch is ON, the current

The more popular scheme to control the triangles ramps up from zero up to the envelope level. At that
magnitude and shape the current, forces the inductor pealgoment, the power switch turns off and the current ramps
current to follow a sinusoidal envelope. Figure 3 gown tozero (refer to Figuresahd 4) For simplicity of the
diagrammatically portrays its operation mode that could bedrawing, Figure 4 only shows 8 “current triangles”.

summarized as follows:

¢ The diode bridge output being slightly filtered, the
input voltage () is a rectified sinusoid. One pin of
the PFC controller receives a portion gf.\The
voltage of this terminal is the shaping information
necessary to build the current envelope.

* An error amplifier evaluates the power need in response
to the error it senses between the actual and wished

Actually, their frequency is very high compared to the AC
line one. The input filtering capacitor and the EMI filter
averages the “triangles” of the coil current, to give:

_lcoil_pk

3 (eq. 1)

< lcoil > T

where <lcoil> is the average of one current triangle
(period T) and Icoil_pk is the peak current of this triangle.

http://onsemi.com
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As Icoil_pk is forced to follow a sinusoidal
envelop (k*\{p), where k is a constant modulated

K*Vin k*/i*Vac*sin@t)) As &
by the error amplifier, <Icoily is also sinusoidal . ) ) )
result, this scheme makes the AC line current sinusoidal.

(<Ic0|l>-|-= 5 5

PFC Stage
L1 D1
JX ~N > !
Bulk J_"'
Input Capacitor c1
Filtering
) S— == & Capacitor N
AC Lin
C Line § X1 E|r
< Current Sensing
L i'ﬂ Resistor
PWM Latch
Zero Current
- Detection S
Output Buffer
— Q | C
L
Current - Current Sense
Envelope . Comparator
Bt e S
| Dj_ R3
a1 Cc2
o CH—— X |— 1'3
Error Vref R4
R2 Multiplier Amplifier

Figure 3. Switching Sequences of the PFC Stage

The controller monitors the input and output voltages and using this information and a multiplier, builds a sinusoidal envelope. When the
sensed current exceeds the envelope level, the Current Sense Comparator resets the PWM latch and the power switch turns off. Once

the core has reset, a dedicated block sets the PWM latch and a new MOSFET conduction time starts.

http://onsemi.com
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Inductor Current

Icoil_pk

Average (<Icoil> 1)

(Icoil) ’
AU
1 - |
' I ! 1 '
Fw L ! 1 ) 1 1
o ¢ —r — > > L— 1
N ‘T, ', v, v, Tacl2
on i & L . L 0 v (Tacisthe
|=| H AC line period)
MOSFET | ’ | | | \ | ’ |
DRIVE Off

Figure 4. Coil Current

During the power switch conduction time, the current ramps up from zero up to the envelope level. At that
moment, the power switch turns off and the current ramps down to zero. For simplicity of the drawing,
only 8 “current triangles” are shown. Actually, their frequency is very high compared to the AC line one.

One can note that a simple calculation would show that the on—time is constant over the simusoff* L » < Pin > anq

Vac?2

that the switching frequency modulation is brought by the off-time that equals:

< Pin >

toff = 2% /2*L*
Vac * (Vout — J2*vac* sin(wt))

*sin(wt) = ton*

J2*Vac* sin(wt)
Vout — /2 *Vac * sin(wt)

(eq.2)

That is why the MC33260 developed by ON Semiconductor forces a constant on—time to achieve in a simplest manner, the
does not incorporate a multiplier inputting a portion of the power factor correction.

rectified AC line to shape the coil current. Instead, this part

Main Equations

Switching Frequency
As already stated, the coil current consists of two phases:
¢ The power switch conduction time (ton). During this
time, the input voltage applies across the coil and the
current increases linearly through the coil with a
(Vin/L) slope:
Icoil(t) = %*t (eq.3)

This phase ends when the conduction time (ton) is

* The power switch off time (toff). During this second

phase, the coil current flows through the output diode
and feeds the output capacitor and the load. The diode
voltage being considered as null when on, the voltage
across the coil becomes negative and equal to
(Vin—Voup)- The coil current decreases then linearly with
the slope ((MurVin)/L) from (Icoil_pk) to zero, as
follows:

Icoil(t) = Icoil_pk — (wt) (eq. 6)

complete that is when the coil current has reached its peak This phase ends when Icoil reaches zero, then thérok

value (Icoil_pk). Thus:

Icoil_pk = VTin*ton (eq. 4)
The conduction time is then given by:
ton = Lc-)ll_pk (eq. 5)
Vin

T = ton + toff = L *Icoil_pk*

is given by the following equation:

_ L*Icoail_pk

toff = Vout — Vin

(ea.7)

The total current cycle (and then the switching period, T)
is the sum of ton and toff. Thus:

Vout

— — (eq.8
Vin * (Vout — Vin) (eq-8)

http://onsemi.com
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As shown in the next paragraph (equation 15), the coil 20
peak current can be expressed as a function of the input
power and the AC line rms voltage as follows:

Icoil_pk = 2%,2 *%*sin(mt) , whereo is the AC

line angular frequency. Replacing Icoil_pk by this

2 . =)
expression in equation (8) leads to: S 10
_ 9% [5xL*< Pin > §
T=2%/2 Vac sin(wt)
. Vout (eq. 9)

/2 *Vac * sin(wt) * (Vout — Vin) \

This equation simplifies: 0 ———
_ 2*L*< Pin > *Vout 0 50 100 150 200
= , (eq. 10)
Vac2 * (Vout — Vin) Pin (W)
The switching frequency is the inverse of the switching  Figure 6. Switching Frequency vs. the Input Power
period. Consequently: (at the Sinusoid top)
vac2 /5 *Vac * sin( ot) This plot sketches the switching frequency variations versus the
f= S < P S - Vout (eq. 11) input power in a normalized form where (200 W) = 1. The
switching frequency is multiplied by 20 when the power is 10 W.

. . oo In practice, the PFC stage propagation delays clamp the
This equation shows that the SW|tCh|ng frequency switching frequency that could theoretically exceed several

consists of: megaHertz in very light load conditions. The MC33260 minimum
vac2 off-time limits the no load frequency to around 400 kHz.

2*L*< Pin >
working point (load and AC line rms voltage).
15
* * Qi
J2*Vac sm(wt)) that

* One term( ) that only varies versus the

¢ A modulation factor(l -
Vout

makes the switching frequency vary within the AC line

sinusoid. 1.0

The following figure illustrates the switching frequency ﬂ" (@
variations versus the AC line amplitude, the power and
within the sinusoid.

TN

2% /~ N % 10 20 30

wt
/ \ Figure 7. Switching Frequency Over the AC Line

o
£1.50
= / Sinusoid @ 230 Vac
/ This plot gives the switching variations over the AC line sinusoid
1.00 at Vac =230 V and Vj,,; = 400 V, in a normalized form where f
is taken equal to 1 at the AC line zero crossing. The switching
frequency is approximately divided by 5 at the top of the
sinusoid.
0.50
80 10 140 170 200 230 260 290

Vac: (V)
Figure 5. Switching Frequency Over the AC Line
RMS Voltage (at the Sinusoid top)

The figure represents the switching frequency variations versus
the line rms voltage, in a normalized form where f(90) = 1. The
plot drawn for V,; = 400 V, shows large variations (200% at Vac -
180V, 60% at Vac = 270 V). The shape of the curve tends to
flatten if Vit is higher. However, the minimum of the switching
frequency is always obtained at one of the AC line extremes
(VacLL or VacHL where VacLL and VacHL are respectively, the
lowest and highest Vac levels).

http://onsemi.com
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1.5 Provided that the AC line current results from the
averaging of the coil current, one can deduct the following
equation:

(eq. 13)

lin(t) = < Icoil > T = '°°"2—pk

where <lIcoil>r is the average of the considered coil current

~— — triangle over the switching period T and Icoil_pk is the
05 f corresponding peak.
' Thus, the peak value of the coil current triangles follows
a sinusoidal envelope and equals:
lcoil_pk = 2*/2*lac * sin(wt) (eq. 14)
0 10 20 3.0 Sincethe PFC stage forces the power factor close to 1, one
ot can use the well known relationship linking the average
Figure 8. Switching Frequency Over the AC Line input power to the AC line rms current and rms voltage
Sinusoid @ 90 Vac (< Pin > = Vac *lac) and the precedent equation leads to:
This plot shows the same characteristic but for Vac = 90 V. Icoil_pk = 2* /_ « < Pin >, sin(wt) (eg. 15)
Similarly to what was observed in Figure 5 (f versus Vac), the - Vac
higher the difference between the output and input voltages, The coil current peak is maximum at the top of the

the flatter the switching frequency shape. sinusoid where sin(wt) = 1. This maximum value,

. L . . (Icoil_pk)H, is then:
Finally, the switching frequency dramatically varies

within the AC line and versus the power. This is probably the (Icoil_pk)H = 2*/2 *% (eq. 16)
major inconvenience of the critical conduction mode
operation. This behavior often makes tougher the EMI coil current is maximum when the required power is

f|lter|ng. It also can increase the risk of generating maximum and the AC line at its minimum voltage:
interference that disturb the systems powered by the PFC

stage(for instance, it may produce some visible noise on the Icoil_max = 2*,2 *w (eq. 17)
screen of a monitor). ac

In addition, the variations of the frequency and the high Where <Pin>max is the maximum input power of the
values it can reach (up to 500 kHz) practically prevent the @pplication and VacLL the lowest level of the AC line
use of effective tools to damp EMI and reduce noise like Voltage.
snubbing networks that would generate too high losses. Coil RMS Current

One can a_lso note that the frequency increa_ses when the The rms value of a current is the magnitude that squared,
ﬁgﬁ\; ﬁ;g:jmég'r?gizi:;dﬂ\?é hg\:‘viizﬁi:qngp:te\r'igléag:n'n;égg;e:é!‘givgsthe dissipation produced by this current yvithin aSl.O.
low as 2.Qus (500 kHz). All the propagation delays within rem_stor. One must the? compute tr,],e r.m.f, coil CL-JI‘I'e-nt by:
the control circuitry or the power switch reaction times are * F|rs_t ca_lculatmg the *rms current” within a.lSW'tChmg
no more negligible, what generally distorts the current Period in such away that once squared, it would give
shape. The power factor is then degraded. the power d|ss_|pat_ed in a_1£DreS|stor during the

The switching frequency variation is a major limitation of ~ considered switching period.
the system that should be reserved to application where th& Then the switching period being small compared to the

From this equation, one can easily deduct that the peak

load does not vary drastically. input voltage cycle, regarding the obtained expression
as the instantaneous square of the coil current and
Coil Peak and RMS Currents averaging it over the rectified sinusoid cycle, to have

Coil Peak Current the squared coil rms current.
As the PFC stage makes the AC line current sinusoidal and s method will be used in this section.

in phase with the AC line voltage, one can write: As above explained, the current flowing through the
coil is:
i = * * qj .12
lin(®) = V2 *lac * sin(wt) (eq-12) e (IM() = Vin*t/L = Icoil_pk *t/ton) during the
where lin(t) is the instantaneous AC line current and lac its MOSFET on-time, when 0<t<ton.
rms value. * (Ip(t) = Icoil_pk—{(Vout-Vin) *t/L} = Icoil_pk* (T — t)/

(T — ton) ) during the diode conduction time, that is,
when ton<t<T.

http://onsemi.com
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Therefore, the rms value of any coil current triangle over the corresponding switching period T, is given by the following
equation:

ton . 2 T 2
. _ 1. Icoil_pk*t [, N I o 18
< (Icoihrms > T = T ( (f) [—ton ] dt + tgn[lcoﬂ_pk T ton] dt) (eq. 18)
Solving the integrals, it becomes:
(eq. 19)
_ B 1, [ [1coil_pk2, ton3 — (T - ton), e T=T1P [ W T —ton]®
< (Icoihrms > T = T ([—tonZ 3 + Z*Icol bk icoil_pk Icoil_pk T —ton Icoil_pk T —ton
The precedent simplifies as follows:
_ _ /1, (coil_pk2*ton —(T-ton),, o 2 20
< (Icoilyrms > T = T ( 3 + 3+ Icoll_pk (— Icoil_pk3) (eq. 20)
Rearrangement of the terms leads to: gives the resistive losses at this given Wow to have the
(eq. 21) rms current over the rectified AC line period, one must not
T E— integrate <(lcoil)rms® but the square of it, as we would
< (Icoil)rms > T = lcoil_pk * \/T* (% + —Ton) have proceeded to deduct the average resistive losses from
_ _ the dissipation over one switching period. However, one
Calculating the term under the root square sign, themust not forget to extract the root square of the result to
following expression is obtained: obtain the rms value.
. Icoil_pk As the consequence, the coil rms current is:
< (Icoil)rms > T = = (eq. 22)
/3 (eq. 24)
Replacing the coil peak current by its expression as a . 5 Tac/2
function of the average input power and the AC line rms (Icoil)rms = Tac | < (coi)rms > T 2*dt
voltage (equation 15pne can write the following equation: 0
< (Icoil)rms > T = 2* \/%*%m* sin(wt)  (eq. 23) where Tac = 2t/w is the AC line period (20 ms in Europe,
ac 16.66 ms ilJSA). The PFC stage being fed by the rectified

This equation gives the equivalent rms current of the coil AC line voltage, it operates at twice the AC line frequency.
overone switching period, that is, at a givep.\As already ~ That is why, one integrates over half the AC line period
stated, multiplying the square of it by the coil resistance, (Tac/2).

Substitution of equation (23) into the precedent equation leads to:

Tac/2 _ 2
(Icoil)rms = % [ [2*\/2*%*sin(wt)] * dt (eq. 25)
0

This equation shows that the coil rms current is the rms Therefore:

m (eq. 26)

Cox [24 < Pin >, ; ; = 24
value of: 2 \@ ~~Vac sin(wt), that is, the rms Icoil(rms) 3 Vac

value of a sinusoidal current whose magnitude is

(2*\/%*%). The rms value of such a sinusoidal

current is well known (the amplitude divided £3).
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Switching Losses o _ _* The output voltage is considered as a constant. The

The switching losses are difficult to determine wnh output voltage ripple being generally less than 5% the
accuracy. They depend of the MOSFET type and in  npominal voltage, this assumption seems reasonable.
particular of the gate charge, of the controller driver The switching timesdt and £r, as defined in

capablllty anq obw_ously .O.f the SW'tCh.'ng frequency that Figure 9), are considered as constant over the sinusoid.
varies dramatically in a critical conduction mode operation.

However, one can make a rough estimation if one assumes
the following:

Tek Run: 10.005f9.r ET Hi Res

L

N

D|ss|patedPower ...... ; C1 M
: " (Ivosret * Vdrain) i : : : : 1 N6o gaxf,‘
IMOsFET
C1 Pk—-Pk
.............................................. 304V
b o s b e il Rt Qe L
T T R TR T Y
Mathl 400 vV 25.0ns
Figure 9. Turn Off Waveforms
Figure 9 represents a turn off sequence. One can observe (eq. 27)
three phases: Vout * Icoil_pk , St—tFR . tFR
* During approximately the second half of the gate pSW = ( 2 T ) * (VOUt Icoil_pk T)

voltage Miller plateau, the drain—source voltage
increases linearly till it reaches the output voltage.

¢ During a short time that is part of the diode forward
recovery time, the MOSFET faces both maximum
voltage and current.

where: 6t and gr are the switching times portrayed by
Figure 9 and T is the switching period.
Equation (8) gives an expression linking the coil peak
current and the switching period of the considered current
L*Icoil_pk, vout

* The gate voltage drops (from the Miller plateau) below cycle (triangle):T = ——e=—* ="
the gate threshold and the drain current ramps down Substitution of equation (8) into the equation (27) leads
to zero. to:

“&t” of Figure 9 represents the total time of the three phases, _ Vin*(Vout — Vin) * (8t + tFR)  (eq. 28)

“teR" the second phase duration. psSW = 2*L

Therefore, one can write:
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This equation shows that the switching losses over a (eq. 29)
switching period depend of t_he instantaneous input volt_age, B *T""C/2 Vin * (Vout — Vin)* (8t + tFR) , d
the difference between the instantaneous output and input~ PSW > = 3¢ (J) 2L t
voltages, the switching time and the coil value. Let's
calculate the average losses (<psw>) by integrating psw
over half the AC line period:

Rearranging the terms, one obtains:

Tac/2 Tac/2
ot + tFR, 2 . - * 2 in2 *
- 2 | £ .30
< psw > = = (f) Vin * Vout * dt = (j) Vin2 * dt (eq. 30)

Vout being considered as a constant, one can easily Q3 being not always specified, instead, one can take
solve this equation if one remembers that the input the sum of Q1 with half the Miller plateau gate charge

voltage average value ig2*/2*Vac/n) and that (Q2/2). Knowing the drive capability of the circuit,
Tac/2 one can deduct the turn off tim& & Q3/lyyjve Or 6t =
(Vac2 = %* | vin2*dt). Applying this, it becomes: [Q1 + (Q2/2)/kirive)-
0 * In afirst approachgk can be taken equal to the diode
(eq. 31) forward recovery time.
_ Ot +tFR, 2* /2 * Vac * Vout 2

< PSW > = —+ ( = — Vac a12 =
5 ,  A?
Or in a simpler manner: = ar i s
Lu 2
(eq. 32) a9 Vbs Vas =
2%t + tFR)*Vac2 [ vout  n 5 3
< psw > = - * -2 o v &
n*L J2*vac 4 % \ / %
The coil inductance (L) plays an important role: the Iossesg 6 / =]
are inversely proportional to this value. It is simply because? | qi | 02— /] §
the switching frequency is also inversely proportional to L. 9, T\ / 2?",
This equation also shows that the switching losses arez 8 / \ | A g
independent of the power level. One could have easily} a3 | 'IP==22530_'9
predict this result by simply noting that the switching é—"o J‘ 2

frequency increased when power diminished.
Equation (32) also shows that the lower the ratio
(VoufVac), the smaller the MOSFET switching losses. That ~ Figure 10. Typical Total Gate Charge Specification
is because the “Follower Boost” mode that reduces the of a MOSFET
differencebetween the output and input voltages, lowers the _ )
switching frequency. In other words, this technique enables ©One must note that the calculation does not take into
the use of a smaller coil for the same switching frequencyaccount:
range and the same switching losses. * The energy consumed by the controller to drive the
Forinstance, the MC33260 features the “Follower Boost” MOSFET (Qcc*Vcc*f), where Qcc is the MOSFET
operation where the pre—converter output voltage stabilizes gate charge necessary to charge the gate voltage to Vcc,
at a level that varies linearly versus the AC line amplitude.  Vcc the driver supply voltage and f the switching
This technique aims at reducing the gap between the output frequency.

and input voltages to optimize the boost efficiency and ¢ The energy dissipated because of the parasitic

Qr, TOTAL GATE CHARGE (nC)

minimize the cost of the PFC stdge capacitors of the PFC stage. Each turn on produces an
How to extractt and tRr? abrupt voltage change across the parasitic capacitors of
* The best is to measure them. the MOSFET drain—source, the diode and the coil. This

¢ One can approximat as the time necessary to extract results in some extra dissipation across the MOSFET
the gate charge Q3 of the MOSFET (refer to Figure 10).  (1/2*Cparasitié AV ), where Goarasiticis the
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considered parasitic capacitor akd the voltage Power MOSFET Conduction Losses
change across it. As portrayed by Figure 4, the coil current is formed by
high frequency triangles. The input capacitor together with
the input RFI filter integrates the coil current ripple so that
the resulting AC line current is sinusoidal.

During the on-time, the current rises linearly through the
power switch as follows:

1 Refer to MC33260 data sheet for more details at
http://www.onsemi.com/.

However, equation (32) should give a sufficient first
approactapproximation in most applications where the two ,
listed sources of losses play a minor role. Nevertheless, the Icoil(t) = %*t (eq. 33)
losses produced by the parasitic capacitors may become
significant in light load conditions where the switching Where \f, is the input voltaggvin = /2 * Vac *sin(at) ), L
frequency gets high. As always, bench validation is key. is the coil inductance and t is the time.

During the rest of the switching period, the power switch is off. The conduction losses resulting from the power dissipated
by Icoil during the on—-time, one can calculate the power during the switching period T as follows:

ton ton )
pPT = %* f Ron * Icoil(t)2 * dt = %* J Ron*(%*t) * dt (eq. 34)
0 0

where Ron is the MOSFET on-time drain source resistor, One can calculate the duty cycle (d = ton/T) by:

ton is the on—time. * Either noting that the off-time (toff) can be expressed as
Solving the integral, equation (34) simplifies as follows: 3 function of ton (refer to equation 2) and substituting
(eq. 35) this equation into (T = ton + Toff),
_ Ron, (Vin)z *tc}n 2%dt = L+ Ron * (Vin)z Lton3 * Or considering that the critical conduction mode being
r="—=5"T “3 N T at the border of the continuous conduction mode

(CCM), the expression giving the duty—cycle in a CCM
boost converter applies.
Both methods lead to the same following result:

As the coil current reaches its peak value at the end of the
on-time,lcoil_pk = Vin*ton/L and the precedent equation
can be rewritten as follows:

ton Vin
=ton_,_ Vin .37
pT = %* Ron * Icoil_pk2 * t%n (eq. 36) =5 =1"Jou (eq-37)

One can recognize the traditional equation permitting to Substitution of equation (37) into equation (36) leads to:

calculate the MOSFET conduction losses in a boost or a — L+ Ron*Icoil pk2*(1 _ Vin ) (eq. 38)
- (0]

pT
flyback (%*Ron*lka*d, where Ipk is the peak current and o 3 hat th i K Vout coil oK) th
d, the MOSFET duty cycle). ne can note that the coil peak current (Icoil_pk) that

follows a sinusoidal envelop, can be written as follows:

Icoil_pk = 2*/2* % *sin(ot) (refer to equation 15).

Replacing ¥, and Icoil_pk by their sinusoidal expression, respectigély Vac * sin(wt) ) and(2 * /2 *% *sin(ot) ),

equation (38) becomes:

_ Legon(2+/2*<PiN >4 gnion)2e [ 1 — 127 VaCTSin(@Y) -

pT = 3*Ron (2 ) Vac sm(wt)) (1 Vout (eq. 39)
That is in a more compact form:

_ 8. «[< Pin >\2, -2 _ 2% ac, .in3 .40

PT =3 Ron (—Vac ) [sm (wt) “VourSin (ot) (eq. 40)

Equation (40pives the conduction losses at a givgnwltage. This equation must be integrated over the rectified AC line
sinusoid to obtain the average losses:

) Tac/2 P’
— §* * [ < Pin > *L* in2 _ 2*Vac* in3 % 41
<Pp>Tac 3 Ron (—Vac ) Tac (J) [sm (oot) (—Vout sin S(wt) dt (eq. 41)
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If the average value of gifwt) is well known (0.5), the sin(a + B) + sin(a — B)

® sin(a) *cos(p) =

calculation of <siAwt)> requires few trigonometry o 2 _
remembers: Combining the two precedent formulas, one can obtain:
. sin2(a) = 1 — cos(2a) sin3(ot) = 3*sin(wt) _ sin(3wt) (eq. 42)
2 4 4
Substitution of equation 42) into equation (41) leads:
(eq. 43)
5 Tac/2 b 2
_ 8« [ <Pin>\“, 2 4 : 2 _[3*V2*Vac, .. 2*Vac, *
<p>Tac 3 Ron ( vac ) Tae (J) [sm(mt) (—4*Vout sm(oot)) + (4*Vout S|n(3mt))] dt
Solving the integral, it becomes:
_ 8ugon+(<Pin>\2,[1_(3*/2*vac,2) , (/2*Vac, 2 a4
<P >Tac = 3"Ron ( Vac ) [2 ( 4*\out Tf) * (4*V0ut 375)] (eq-44)
Equation (44) simplifies as follows:
_ 4. «[ < Pin > 2* _ 8*/§*Vac 45
<P >Tac =3 Ron (—Vac ) [1 (—3n*Vout )] (eq. 45)
This formula shows that the higher the ratio (Vagdy The MC33260 monitors the whole coil current by

the smaller the MOSFET conduction losses. That is why themonitoring the voltage across a resistor inserted between
“Follower Boost” mode that reduces the difference betweenground and the diodes bridge (negative sensing — refer to
the output and input voltages, enables to reduce theFigure 15). The circuit utilizes the current information for
MOSFET size. both the overcurrent protection and the core reset detection
Forinstance, the MC33260 features the “Follower Boost” (also named zero current detection). This technique brings
operation where the pre—converter output voltage stabilizestwo major benefits:
at a level that varies linearly versus the AC line amplitude. ¢ No need for an auxiliary winding to detect the core
This technique aims at reducing the gap between the output reset. A simple coil is sufficient in the PFC stage.
and input voltages to optimize the boost efficiency and « The MC33260 detects the in-rush currents that may
minimize the cost of the PFC stége _ flow at start-up or during some overload conditions and
By the way, one can deduct from this equation th_e rms prevents the power switch from turning on in that
currept ((M)yms) flowing through the power switch stressful condition. The PFC stage is significantly safer.
knowing that< p > Tac = Ron* (Im)2rms : Some increase of the power dissipated by the current
) . 2+ sense resistor is the counter part since the whole current is
(IM)rms = 2+ <Pin >, \/1 - (SEA) (eq. 46) sensed while circuits like the MC33262 only monitor the
/3 Vac 3z * Vout .
power switch current.

Dissipation within the Current Sense Resistor Dissipation of the Current Sense Resistor in MC33262

PFC controllers monitor the power switch current either Like Circuits
to perform the shaping function or simply to prevent it from ~ Since the same current flows through the current sense
beingexcessive. That is why a resistor is traditionally placed resistor and the power switch, the calculation is rather easy.

between the MOSFET source and ground to sense the poweP"€ must just square the rms value of the power switch
switch current. current (jy)rms calculated in the previous section and

multiply the result by the current sense resistance.

2 Refer to MC33260 data sheet for more details at
http://www.onsemi.com/.
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Doing this, one obtains:

. 2 * *

where <pRsyg2 is the power dissipated by the current sense resistor Rs.

Dissipation of the Current Sense Resistor in MC33260 current athe switching period level and then to integrate the
Like Circuits obtained result over the AC line sinusoid.

In this case, the current sense resistor Rs derives the whole As portrayed by Figure 4, the coil discharges during the
coil current. Consequently, the product of Rs by the squareoff time. More specifically, the current decays linearly
of the rms coil current gives the dissipation of the current through the diode from its peak value (Icoil_pk) down to

sense resistor: zero that is reached at the end of the off-time. Taking the
< pRs > 260 = Rs*(Icoil(rms) )2 (eq. 48) beginning of the off-time as the time origin, one can then
write:
where Icoil(rms) is the coil rms current that as expressed by
. . 2 , < Pin > Icoil(t) = Icoil_pk *ofi—t (eq. 55)
equation (26), equalscoil(rms) = T*W' - toff
) 3 Similarly to the calculation done to compute the coil rms
Consequently: .
current, one can calculate the “diode rms current over one
< PRs > 260 = 4*3Rs*(< \F/’;r:: >)2 (eq. 49) switching period”:
toff 2
20 = 1« il pk* 1Ot e gt (eq. 56
Comparison of the Losses Amount in the Two Cases ld(rms)=T T (j) [ICOII—pk toff dt (ea.50)

Let's calculatehe ratios:< pRs > < pRs > . . . . .
P 262/ < P 260 Solving the integral, one obtains the expression of the

One obtains: “ . o .
rms diode current over one switching period”:
(eq. 50)
toff :
8*J/2*Vac = * eq. 57
< pRs > 262/ < pRs > 260 = 1 — (—3n/:\,0ut ) ld(ms)T = /357 " Icoil_pk (ea-57)

Substitution okquation (15) that expresses Icoil_pk, into

If one considers that (8£8) approximately equals 0.85, the precedent equation leads to:

the precedent equation simplifies:

* _ o [2+<Pin >, /[toff, . 58
< PpRs > 262/ < pRs > 260 = 1 — —O'Ei,SOUYm (eq. 51) ld(rms)T = 2 \ﬂ Vac T "sin(wy) - (ea. 58)
where Vm is the AC line amplitude. In addition, one can easily show that toff and T are linked

by the following equation:
Average and RMS Current through the Diode

. ; . i 2 *Vac * sin(ot
The diode average current can be easily computed if one toff = T*\Xalﬂt =T* 2 ?/Zursm(m) (eq. 59)
notes that it is the sum of the load and output capacitor . .
. Consequently, equation (58) can be changed into:
currents:
Id = lipad + ICout (eq. 52) ld(rms)T = 2 2*2, < Pin > *(W)S (eq. 60)
Then, in average: /3 JVac * Vout
(eq. 53) This equation gives the equivalent rms current of the
<1d > =< ljpad + Icout > = < lipad > + < ICout > diode over one switching period, that is, at a givgnAs

At the equilibrium, the average current of the output already stated in the Coil Peak and RMS Currents section,
capacitor must be 0 (otherwise the capacitor voltage will beh€ Sguare of this expression must be integrated over a

infinite). Thus: rectified sinusoid period to obtain the square of the diode
Pout rms current.
= = rout .54 :
<Id >=<ljpad > Vout (eq. 54) Therefore:
The rms diode current is more difficult to calculate. Tac/2 (eq. 61)

Similarly to the computation of the rms coil current for ld(rms)2 = 2 . f 8*/2, < Pin >2
Tac

; S ) . * sin 3(wt) * dt
instance, it is necessary to first compute the squared rms 3 Vac*Vout

http://onsemi.com
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Similarly to the Power MOSFET Conduction Losses section, the integration ®f((&)i requires some preliminary
trigonometric manipulations:

sin3(t) = sin(ot) *sin 2(ot) = sin(ot) * (1_+S(2‘”0) - %*sin(wt) - %*sin(wt)*cos(Z(ot)
And :
sin(wt) * cos(2mt) = %* (sin(-wt) + sin(4wt) )
Then :
sin3(wt) = S *sin(ot) — £ * sin(3ut)
4 4
Consequently, equation (61) can change into:
Tee/2 2 in(wt) _ sin(3wt)
2_ 2, 8*V2, Pin2 ,|3*sin(wt) sin(Bwt) |, 62
ld(rms) Tac £ 3 Vac*Vout 4 4 dt (eq. 62)

One can now solve the integral and write:

2 _ 16*/2, < pin > 2, (3*(cos(w0) — cos(wTac/2)) , cos(3wTac/2) — cos(3w0) 63
ld(rms) 3*Tac Vac*Vout 4w * 120 (64 63)
As (@ * Tac = 2i), we have:
2 _16*/2, Pin2 ,(3*(1-cos(m)) cos(m-1 eu. 64
ld(rms) 3 Vac * Vout 4w * Tac * 12w * Tac (eq.84)
One can simplify the equation replacing the cosine Thus:
elements by their value:
y > . Tac/2 (eq. 71)
2 _16*/2, < Pin >2*( 6 _ _1 ) eq. 65 lc(rms)2 = 11(rms)2 + 12(rms)2 — ==—* [ I1*I2*dt
ld(rms) 3  Vac*Vout \8*m 12*nm (6a. 69) Tac ¢

The square of the diode rms current simplifies as follows:

2=32*\/§*<Pin >2 (eq. 66)
ld(rms) 9*n  Vac*Vout

Finally, the diode rms current is given by:

Id(rms) = 4. 2*/2, <Pin > (eq. 67)
3 T  Nac*Vout

Power
Output Capacitor RMS Current J__ Switch :_l: J__
As shown by Figure 11, the capacitor current results from = - =
the difference between the diode current (11) and the current Figure 11. Output Capacitor Current
absorbed by the load (12):
le(t) = 11(t) — 12(t) (eq. 68) One knows the first terrfi1(rms)2). This is the diode rms

Thus, the capacitor rms current over the rectified AC line cu_rrent calculated in the previous section. The second and
period, is the rms value of the difference between 11 and 12third terms are dependent of the load. One cannot compute

during this period. As a consequence: them without knowing the characteristic of this load.
Tac/2 Anyway, the second terifi2(rms)2) is generally easy to
lc(rms)2 = 2 & [ (1-12)2*dt (eq.69) calculate once the load is known. Typically, this is the rms
Tac 0 current absorbed by a downstream converter. On the other

hand, the third term is more difficult to determine as it
depends on the relative occurrencg¢hefl1l and 12 currents.
Tac/2 (eq. 70) As the PFC stage and the load (generally a switching mode
Ic(rms)2 = %* [ [112 +122 — (2*11*12)] * dt power supply) are not synchronized, this term even seems
0 impossible to predict. One can simply note that this term
tends to decrease the capacitor rms current and
consequently, one can deduct that:

Rearranging11-12)2 leads to:

lc(rms) < /11(rms)2 + 12(rms)2 (€q.72)
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Substitution of equation (67) that gives the diode rms where 12(rms) is the load rms current.
current into the precedent equation leads to:

32*/2%< pin >2 2 (eq. 73)
Ic(rms) < \/ 9% % *Vac * Vout + 12(rms)

/- If the load is resistive, 12 = Vg ,/R where R is the load resistance and equation (71) changes into:

Vout\2 _ 4 a2 out
2 = 2 yout)\= _ 4 « x YOUL
Ic(rms) /1(rms)< + ( R ) Tac (f) /1 R dt (eq. 74)
Thus, the capacitor squared rms current is:
2
Ic(rms)2 = Id(rms)2 + (%) %’% Id > (eq. 75)
i 2 *
< 5 _32*/2, < Pin>2 (Vout) _ (2 Vout*Pout) 76
Ie(rms) 9*mx  Vac*Vout * R R Vout (eq. 76)
As Pout = V,,i2/R, the precedent equation simplifies as follows:
32*/2, < pin >2 (Vout)2
= - .77
& le(rms) \/ [ 9*m  Vac*Vout R (e 77)

You may find a more friendly expression in the literature:  This explanation assumes tltta energy that is fed by the
lc(rms) = 12, where 12 is the load current. This equation is PFC stage perfectly matches the energy drawn by the load
2 over each switching period so that one can consider that the
an approximate formula that does not take into account thecapacitive part of the bulk has a constant voltage and that
switching frequency ripple of the diode current. Only the only the ESR creates some ripple.
low frequency current that generates the low frequency In fact, there is an additional low frequency ripple which
ripple of the bulk capacitor (refer to the next section) is is inherent to the Power Factor Correction. The input current

considered (this expression can easily be found by usingand voltage being sinusoidal, the power fed by the PFC stage

equation (88) and computingulk = Cbulk * dVout/dt ). has a squared sinusoid shape. On the other hand, the load
Equation (77) takes into account both high and low generally draws a constant power. As a consequence, the
frequency ripples. PFC pre-converter delivers an amount of power that

matches the load demand in average only. The output
) .. capacitor compensates the lack (excess) of input power by
The output voltage (or bulk capacitor voltage) exhibits supplying (storing) the part of energy necessary for the

two ripp!es. ) . ) instantaneous matching. Figures 13 and 14 sketch this
The first one is traditional to Switch Mode Power behavior.

Supplies. This ripple results from the way the output is fed

by current pulses at the switching frequency pace. As bulk

capacitors exhibit a parasitic series resistor (ESR — refer to

Figure 12)they cannot fully filter this pulsed energy source. Vin
More specifically:

¢ During the on-time, the PFC MOSFET conducts and

Output Voltage Ripple

PFC Stage

no energy is provided to the output. The bulk capacitor

feeds the load with the current it needs. The current J_ Bulk
together with the ESR resistor of the bulk capacitor = = Capacitor
form a negative voltage —(ESR*12), where 12 is the I

instantaneous load current,

* During the off-time, the diode derives the coil current
towards the output and the current across the ESR
becomes ESR*(Id-12), where Id is the instantaneous
diode current.

Figure 12. ESR of the Output Capacitor
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Vout (5 V/div)

. Load Power (100 W) 1n*Pin (40 W/div) | |
/AN A\ /\

Vin (100 V/div)

KR ] ® 0 15,0 31 0 a7 Om

Figure 13. Output Voltage Ripple

The dashed black line represents the power that is absorbed by the load. The PFC stage delivers a power that has a squared

sinusoid shape. As long as this power is lower than the load demand, the bulk capacitor compensates by supplying part of the
energy it stores. Consequently the output voltage decreases. When the power fed by the PFC pre—converter exceeds the load
consumption, the bulk capacitor recharges. The peak of the PFC power is twice the load demand.

Vout (5 V/div)

- o o o oo e e - o o o oo oo

Ic (200 mA/div)

Vin (100 V/div)

> ® ® ®o o o o o oo o0 o000 e oo e e e oo e

> ® ® ® ®o oo o oo 0o saoe *® e e oo oo oe

3.00m BCOm 15, = 21.0m X1 Om

Figure 14. Output Voltage Ripple

The output voltage equals its average value when the input voltage is minimum and maximum. The output voltage is lower than
its average value during the rising phase of the input voltage and higher during the input voltage decay. Similarly to the input
power and voltage, the frequency of the capacitor current (represented in the case of a resistive load) is twice the AC line one.
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In this calculation, one does not consider the switching The instantaneous input power (averaged over the
ripple that is generally small compared to the low frequency switching period) is the product of the input voltage

ripple. In addition, the switching ripple depends on the load (,/2 * vac * sin(wt) ) by lin. Consequently:
current shape that cannot be predicted in a general manner.

. . in=2* i * gjin 2
As already discussed, the average coil current over a Pin = 2*< F.>|n > sin _((”t) (eq. 79) _
switching period is: In average over the switching period, the bulk capacitor
f3*< Pi receives &harge currenfn * Pin/Vout), wheren is the PFC
lin = %*sin(wo (eq. 78) stage efficiency, and supplies the averaged load current

<12 >=mn*< Pin > /Vout. Applying the famous
“capacitor formula’l = C*dv/dt, it becomes:

« Pin _ _ « dVout 80
N*Your ~ < 12 >= Chbulk* = (eq. 80)
Substitution of equation (79) into equation (80) leads to:
dvout _ 1 ,(2*n*<Pin > *sin2(wt) n*< Pin > (eq. 81)
dt ~ Cbulk Vout Vout '
Rearranging the terms of this equation, one can obtain: ( Vout )2 _ 1 _ NF<Pin>*sinoY) oo gy
i Vout >/ — T * o 2 '
«dVout _ n*<Pin>_. . - B (eq. 82) < Chulk * w *< Vout >
Vout* = =hoik [ 2*sin2(wt) — 1] Thus:
. 2 .85
Noting that % = 2*Vout*dvd—‘iUt and that (eq. 85)
*< Pin > *sin(2ot
cos(2nt) = 1-2 *sin 2(wt), one can deduct the square of the ~ =Yout > + dvout _ \/1 _ "< Pin > *sin2y
< Vout > Chulk * w *< Vout > 2

output voltage from the precedent equation: ) ) ]
*< Pin > WheredVy,tis the instantaneous output voltage ripple.

Vout2 — < Vout > 2 = m*sin(zm) (eq. 83) Equation (85) can be rearranged as follows:

where <\§,¢> is the average output voltage.
Dividing the terms of the precedent equations by the §\out = < Vout > * \/1 _
square of the average output voltage, it becomes:

(eq. 86)

n*< Pin > *sinQot) 1
Cbulk* w *< Vout > 2

One can simplify this equation considering that the output voltage ripple is small compared to the average output voltage

n*< Pin > *sin(2mt)
Cbulk * 0 *< Vout > 2

(fortunately, it isgenerally true). This leads to say that the tér{/ 1- - 1) is nearly zero or in other

N *< Pin > *sin(2wt)
Cbulk *® *< Vout > 2

words, that( ) is small compared to 1. Thus, one can write that:

\/1 _ M*<Pin>*sinQwf) _, 1, n <Pin> *sinQol) (eq. 87)
Chulk* ® *< Vout > 2 2 Chulk*o*< Vout > 2
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Substitution of equation (86) into equation (87), leads to Conclusion
the simplified ripple expression that one can generally find Compared tdraditional switch mode power supplies, one

in the literature: faces an additional difficulty when trying to predict the
—1*< Pin > *sin(2ot) currents and voltages within a PFC stage: the sinusoid
sVout = -1 (0. 88) modulation. This is particularly true in critical conduction
2*Cbulk*w*< Vout >

mode where the switching ripple cannot be neglected. As

The maximum ripple is obtained whésin(2o) = -1) proposed in this paper, one can overcome this difficulty by:

and minimum whergsin2wt) = 1). Thus, the peak-to—peak

ripple that is the difference of these two values is: ¢ First calculating their value within a switching period,
n*< Pin > ¢ Then the switching period being considered as very
@Vout)pk -pk = =r s —vonr = o0 89 small compared to the AC line cycle, integrating the
And: result over the sinusoid period.
The proposed theoretical analysis helps predict the stress
Vout = < Vout > — @Voupk-pk sin(2 ot) (€9. 90) faced by the main elements of the PFC stages: coil,

2 MOSFET, diode and bulk capacitor, with the goal of easing

the selection of the power components and therefore, the
PFC implementation. Nevertheless, as always, it cannot
replace the bench work and the reliability tests necessary to
ensure the application proper operation.
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Peak Coil Current:

. —ox 5« < Pin >,
Icoil_pk = 2*/2 ~Vac sin(mt)

Maximum Peak Current:

. _ 5% /5% <Pin > max
Icoil_max = 2 2 ~Vaoll

RMS Coil Current:

; _ 2 4+<Pin>
Icoil(rms) 5 Vac

AND8123/D

Switching Frequency:

£ Vac?
2*L*< Pin >

J2*Vac * sin(mt)
Vout

(1 B
Switching Losses:

2% (8t + tFR)*VacZ, [ vout
Tl J2*Vac

~ _n
< psw > = 4)
Conduction Losses:

< Pon >=5*Ron*

(< Pin >)2* 1- (8*v/§*VaC)

3 Vac 3n* Vout
Average Diode Current:
Pout
Id>=<1 =
< < lload > Vout
RMS Diode Current:
I .
4 2*V2, < Pin >
Id(rms) = 3%/ —* ————
3 T JVac*Vout

L1 D6 Vout lioad
JS 2228 >}
yay
AC Line > [ L M1 Hr— CONTROLLER ::+C1 LOAD
N N =
—> § R7
R5
ANV
4

Capacitor Low Frequency Ripple:

MC33260 like Current Sense Resistor (Rs = R5)

Dissipation: 5
< PRs > 260 = 11 *3RS*(_< Pin >)

(dVout)pk—pk = n”< Pin >

Cbulk * w *< Vout

RMS Capacitor Current:

>

32*,/2*< Pin > 2
Ie(rms) = \/ 9*m*Vac * Vout

MC33262 like Current Sense Resistor (Rs = R7)

Dissipation:

If load is resistive:

+ [ lipad(rms) ] 2

Vac

< pRs > 262 = %*Rs*(w) w1 — (8*%2*Vac)

3n * Vout

_ 32%/2, <Pin>2]| (Vout)2
lc(rms) = [ 9*x  Vac*Vout R

Vac: AC line rms voltage
VacLL: Vac lowest level

: AC line angular frequency
<Pin>: Average input power
<Pin>max: Maximum pin level

Vout: Output voltage

Pout: Output power

lload: Load current
lload(rms): RMS load current
n: Efficiency

Figure 15. Summary
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Ron: MOSFET on resistance

dt, ter: Switching times (see Switching
Losses section and Figure 10)

Cbulk = C1: Bulk capacitor value

Rs: Current sense resistance

L: Coil inductance
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90 W, Universal Input,
Single Stage, PFC

Converter
ON Semiconductor”
http://onsemi.com
General Description The NCP1651 demo board uses a quad operational

This application note describes the implementation of a amplifier on the secondary to perform multiple functions.
90 W, universal input Flyback Power-Factor—Correction One section of the amplifier is used as the error amplifier. A
(PFC) converter using On Semiconductor's NCP1651 voltagedivider comprised of R23, R24, R25 and R33 senses
controller. the output voltage and divides it down to 2.5 V. This signal

The NCP1651 enables a low cost single-stage (with a lowis applied to the negative input of the error amplifier; the
voltage isolated output) PFC converter as demonstrated ire.5 V reference is applied to the non-inverting input of the
this application circuit, which is designed for 48 Vdc, at error amplifier.

1.9 A ofoutput current. The NCP1651 is designed to operate The output of the error amplifier provides a current sink
in the fixed frequency, continuous mode (CCM), or that drives the LED of the optocoupler. The primary side
discontinuous (DCM) mode of operation, in a Flyback optocoupler circuit sinks current from pin 8. This varies the
converter topology. The converter described in this voltageinto the \bltage—-to—Current converter that feeds the
application note has the following valuable features: reference multiplier.

The loop operation is as follows: If the output voltage is

Fean,"es less than its nominal value, the voltage at the output of the

* Wide Input Voltage Range (85 — 265 Vac) voltage divider (inverting input to the error amplifier) will

* Galvanic Isolation be less than the reference signal at the non—inverting error

¢ Primary Side Cycle-by—Cycle and Average Current amplifier input. This will cause the output of the error
Limit amplifier to increase. The increase in the output of the error

* Secondary Side Power Limiting amplifier will cause the optocoupler LED to conduct less

current, which in turn will reduce the current in the

optocoupler photo-transistor. This will increase the voltage

Detailed Circuit Description at pin 8 of the chip, and in turn increase the output of the
Operationa| description and design equations arereference muItipIier, causing an increase in the NCP1651

contained ithe NCP1651 Data Sheet. This application note duty cycle.

addresses specific design issues related to this converter The current shaping network is comprised of the ac error

design. Please refer to Figure 2 for component referenceamplifier, buffer and current sense amplifier. This network

¢ High \Woltage Start-up Circuit

designators. will force the average input current to maintain a scaled
replica ofthe current reference on pin 10. The increase of the
Voltage Regulation Loop reference voltage will cause the current shaping network to

With a Flyback topology, the output is isolated from the drawmore input current, which translates into an increase in
input by the power transformer. Output voltage regulation output current as it passes through the transformer. The
can be accomplished in two ways. The first, and the simplesiincrease in current will increase the output power and
method is by sensing the primary side voltage of the therefore, the output voltage. To calculate the loop stability,
auxiliary Wlndlng This eliminates the feedback isolation it is recommended that the On Semiconductor spread sheet

circuitry, at the expense of accuracy of voltage regulation pe used. This is an easy and convenient way to check the gain
and current sensing. The second method is to sense thgnd phase of the control loop.

secondangide voltage which is more complex, but provides
better voltage regulation and transient response.

0 Semiconductor Components Industries, LLC, 2003 91 Publication Order Number:
December, 2003 — Rev. 4 AND8124/D
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Figure 1. Applications Circuit Schematic
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Overshoot/Undershoot Circuit in regulation the inverting input voltage is typically 2.5 V).

Two sections of the quad amplifier are used as This causes the error amplifier signal to go low, sinking
comparators. One of these monitors the output for more current through the LED in the opto—coupler. This in
overvoltage condition and the other for undervoltage turndrives more current in opto—coupler transistor collector,
condition. The voltage divider requires four resistors (R33, pulling it low reducing the duty cycle, folding back the
R23, R24, and R25) in order to make the various ratiosoutput voltage.
available for the two comparators as well as the error
amplifier. Output Voltage Ripple .

The undervoltage comparator provides the drive for the 1he output voltage ripple on the secondary of the

opto—-coupler. Its output is normally in the saturated high ransformer has two components, the traditional high
statewhich allows the flow of current into the opto—coupler rédquencyipple associated with a flyback converter, and the

to be determined by the error amplifier or overvoltage |0W frequency ripple associated with the line frequency
comparator. If an undervoltage condition occurs, the output(>0 Hz or 60H2). In this application our goal was to have the
of the UV comparator goes low, which reduces the drive ©UtPUt ripple 5% of the nominal output voltage, or 2.4 V
current to the opto—coupler LED. This causes the NCP1651PK~Pk.

to go into a high duty cycle state, and will increase the flow The High Frequency Ripple can be Calculated by:

of current into the output until the output voltage is above the -
UV limit. ° P J AV 7\/AVcap2 + AVegr2 (eq. 4)
The over-voltage comparator’s output is OR’ed with the AVeap = irms dt / Co (eq. 5)

output of the error amplifier. During an overvoltage event )
(e.g. a transient load dump), the output of this comparator'"eé RMS current at the peak of the sinewave
will go to ground, and cause the maximum current to flow (Phase angle 90.
in the opto—coupler LED. This will pull pin 8 low and reduce =/ 2 2

. . rms t T) - ((C + (Ipk ! + 1 3
the duty cycle to zero until the output voltage is below the (toff /) ((llpk® + (Ipk Iped) + Iped) / 3))

OV limit. It should be noted that the purpose of the €80 — (toff / 4T) - (Ipk + Iped)?)) (eq. 6)
resistor(R8) in series with the opto—coupler photo transistor,

is there to keep the voltage at pin 8 above the @tfashold irms = /((3.85 u / 10 ) - (((13.382 + 13.38 - 10.27
during such events. This keeps the control chip operational +10.272) /3) — 3.85u /10 - 4)

and will allow immediate operation when the output voltage - (13.38 + 10.27)2) = 5.78 (eq. 7)

is again in its normal operating range. Without this resistor,
the voltage on pin 8 would drop below 0.5 V, causing the
NCP1651 teenter a low power shutdown mode of operation.

To meet the capacitors ripple current requirements and
lower the equivalent esr, two 1508 capacitors were used
in parallel.
Current/Power Limit Circuit AVcap = (5.78 - 3.85 1 / 3000 ) = 0.00742 (eq. 8)
The fourth section of the amplifier is biased as a
differential amplifier. This section senses the DC output Where:
current, and provides a signal that is diode OR’ed into the N =Transformer Turns Ratio (3.89)
feedback divider. Ipk =Peak Current Secondary (13.38)
In the demo board the overload current limit was setto  Iped =Pedestal Current Secondary (10.27)
125% of full load, or 2.375 A. Two resistors are used in Co =Output Capacitance (1500each)
series (to limit their maximum power dissipation) to sense ~ esr =Output Capacitor Equivalent Series Resistance

the output current (R31 and R32). R29 and R30 set-the (0.03Q Each)
current sense amplifier gain. T  =Switching Interval
Where the gain of the amplifier is: AVesr = Ipksec - esf (eq. 9)
G = (R29/R30) + 1 = 3000/300 + 1 = 11 (e9. 1) AVesr = 13.38 Apk - 0.015 = 0.20 V (eq. 10)
The voltage to the input of the differential amplifier is: _
AV =/ 2 2 _ (eq. 11)
2375A-0.14Q = 0.33V (eq. 2) 0.00742% + 0.2 = 0.200
The output voltage from the differential amplifier is: The Low Frequgncy Portion of the Ripple:
AV = Ipk At .12
Vo = 0.33-11 = 363V (eq. 3) pk At/ CO (ea-12)
When the output load current increases, the output of the AVG = PO/ Vo (eq. 13)
curre.n_t sense amplifier will _also inc_rease. When the | _ IAVG / 0.637 (eq. 14)
amplifiers output voltage, minus a diode drop (D11),
increases above the 2.5V, it pulls up the feedback signal at Ipk = Po / Vo 0.637
the inverting input of the error amplifier ( when the loop is = 90 / (48)(0.637) = 2.95 (eq. 15)
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If we divided the output ripple into 1@hcrements over one th  =0One Cycle of the Line 16.67ms (60Hz)
cycle (180) the sinusoidal ripple voltage with respect to Vmax=48 V

phase angle is: Vmin=36V
o Pout =90 W
AV = (Po / 0.637 VO). Sin(0) (eq. 16) ou , )
Co - 18 - fiine Co = (2 - 90 - 16.67 ms) / (482 — 362) = 3000 uF
In Figure 2, the low frequency output voltage ripple are (eq. 19)
plotted with respect to phase angle. It is a coincidence that the output capacitor calculated for
150 voltage ripple and hold-up time are the same value.
MOSFET Turn—-off Snubber
1.00 7 ‘\ The MOSFET in our design has a VDS rating of 800 V, the
/ \ peak voltage across the device at turn—off (including the
S 0.50 r4 \ leakage inductance spike) is:
= 0.00 / VpkTotal = Vinmax 1.414 + (VO + Vfn) + Vspike
a / \ (eq. 20)
2
=050 / \ Where:
/ Vinmax =265 Vrms
-1.00 ~ Vo =the Output Voltage (48 V)
n =the Transformer Turns Ratio (4)
-1.50 - ;
Vspike =Voltage Spike Due to Transformer Leakage
0 45 90 135 180 spike Inducgtancpe d
DEGREES (°)
. . To provide a safe operating voltage for the MOSFET we
Figure 2. Calculated Output Ripple haveselected pike o be 130 Yeak SO when the MOSFET
turns off, the maximum Drain to Source voltage is:
265 - 1.414 + 48(4) + 130 = 697 V (eq. 21)

Tak O Singhe Seg 30 0k5A
i ; To minimize the effect of the leakage inductance spike,

the coupling between the primary and secondary of the
: transformer needs to be as tight as possible. This can be
[ | accomplished, if your transformer requires a primary with
[ lj"""“ 3 r',L 4 multiple layers, by interleaving the primary and secondary
!“ [ /} M ! windings. Inour 48 Vdc application the transformer primary
‘%{ gz : %0 has 74 turns, and the secondary has 19 turns. The
Ul / N A ! manufacture of the transformer, TDK, wound one layer of
"|’* the primary with 45 turns, then the 19 turn secondagthe
it remaining 29 turns of the primary. The results were a
! ‘ | | leakage inductance of approximatelyl9. If we compare
B S TIPSO I JULTe OO [ 3 this to a transformer where the entire 74 turns were wound,
L kil B LR in two layers, then the 19 turn secondary, the leakage
Figure 3. Measured Output Voltage Ripple inductance increased to 8.
The energy stored in the transformer leakage:
It can be seen from the calculations, and the scope _ 1 e o2 -
waveform that as long as a capacitor with a low esr is used, 2 e ek (eq. 22)
that the output voltage ripple is dominated by the low \yhere:
frequency (120 Hz) ripple. le = Leakage Inductance (H Measured)
Hold-Up time Ipk= Peak Primary Current
If the user would like to selectcCfor Hold-Up time A Second Relationship is:
versus, voltage ripple: E = % C -2 (eq. 23)
Pout =3 Co V2 f (eq. 17) Where:
Rearranging the equation: C= Snubber Capacitor
V= the Woltage Across the MOSFET
Co =2 Pout th/Vmax2 — Vmin2 (eq. 18)
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C= |pk2 “le / (VO + VHn + Vpk + Vspike)2
— (Vo + Vi + VpR)?

(eq. 24)

Csnubber = 3.82 - 9 uH / (192 + 375 + 130)2

— (192 + 375)2 = 790 pF

During the MOSFET turn-off, the capacitor C25 is charge
through the Diode D6. Prior to the next ton switching cycle
the capacitor C25 must be fully discharged, sgubberiS

selected to be:

Rsnubber = (VO + VAN + Vinmax * 1.414 + Vspike)
0.63 T / (Vspike * Csnubber)

((192 + 375 + 130)0.63(6.5 w) / (130 * 790 pF) = 28 k

(eq. 25)

(eq. 26)

In Figure 4, the output voltage drops to 40 Vdc, and
recovers in less than 160 ms. In Figure 6 the input voltage
was increased to 230 Vac, and the load was switched from
10% to 100% load. The output voltage now drops only to 44
Vdc, and recovers in approximately 50 ms. The significant
improvement irtransient response performance is attributed
to an increase in the DC gain and loop bandwidth at high
line. As the input ac line voltage increases the control loop
DC gain (Refer to www.onsemi.com for a copy of the excel
design spreadsheet for details) increases from 42 dB at
115 Vac to 62 dB at 230 Vac and the control loop bandwidth
increases from 2 Hz to 8 Hz. The result is that at high line,
there is an improvement in transient response, but because
there idess attenuation of the output 120 Hz ripple, it results
in an increase in the inpubt&l Harmonic Distortion (THD).

(eq. 27) The system designers will need to trade off their overall
Th in th bber is- system performance THD, Power Factor, and transient
€ power in the Snubber 1S response to optimize the control loop to meet their
P = % cVv2 (eq. 28) requirements.
= (0.5)790 pF(1302) 100 kHz = 0.68 W o L 1

After installingthe snubber in the NCP1651 Demo Board,
and measuring the voltage spike, the snubber components
where adjusted for maximum performance, C25 was
increased to 1000 pF, and R34 was changed td230 e
difference between the measured and calculated value can
be attributed to the PWB board layout, and other parasitic
components.

Evaluation Board Test Results

The results from the NCP1651 Demo Board show that
using a flyback topology for a PFC converter can provide a
low input Total Harmonic Distortion (THD), a high input
power factor, and excellent steady state output voltage
regulation.

The NCP1651 achieved a THD at 115 Vac input at full
load of 3.12% with a PF of 0.998. The input THD to 6.8%
THD at 230 Vac in, with a PF of 0.971.

The steady state output voltage regulation from 85 Vac to
230 Vac, and no load to full load is less than 0.02%, with an
output voltage ripple meeting our design goal of
2.4 VVpk-pk, measured 2.0 V pk—pk.

Transient Response

Figures 4hrough 7 show the output transient response for
the 90 W converter. The test conditions for each Figure are
listed below:

Table 1. Test Conditions

Vin Alo
Figure 4 115 Vac 0.19-1.92A
Figure 5 115 Vac 1.92-0.19 A
Figure 6 230 Vac 0.19-1.92A
Figure 7 230 Vac 1.92-0.19A

N ey | | I_-'IT"“'M,'“ .-.-,,'H'm-\.'.-.l\.mw i In.ri-l'klp.l.'rll.'..'.l.'n'..'\-l

Tew Runc 500 5¢
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Power Dissipation Estimates

The NCP1651 Demo Board power dissipation (measured)
at 115 Vrms, full load, is (106.27 — 47.956.92) = 14.21 W.
Following table provides the calculated and estimated
powerloss spread among different power train components.

Components Pd average
D1-D4 Input Rectifier 1.65W
Q1 MOSFET 41W
D5 Output rectifier 1.7wW
T3 Flyback transformer 35W
(estimate)
R34 Snubber resistor 0.84 W
D12 Transient suppressor 20W
miscellaneous 041w
Total 14.20 W

Demo Board Operating Instructions

Connect an Ac source, 85 - 265 Vac, 47 — 64 Hz to the
inputterminals J1. Connect a load to the output terminals J2,
the PWB is market +, for the positive output, — for the return.
Turn on the ac source, and the NCP1651 will automatically
start, providing 48 Vdc to the load.

Shutdown Circuit

The shutdown circuit will inhibit the operation of the
power converter and put the NCP1651 into a low power
shutdowrmode. To activate this circuit, apply 5 V to the red
testpoint, with the black jack being “ground”. Be aware that
the black jack is actually hot as it is connected to the output
of the input bridge rectifiers. An isolated 5 V supply should
be used.

If this circuit is not being used, it can be left open as there
is enough resistance built in to the circuit to keep the
transistor (Q2) in it's off state.

Table 2. Performance Data Regulation

Line/Load No Load 45w IO W
85 Vrms 47.94 47.95 47.95
115 Vrm 47.94 47.95 47.95
230 Vrms 47.94 47.95 47.95
265 Vrms 47.94 47.94 47.95
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115 Vac 90 W 230 Vac 90 W
V harmon A harm. % V harm A harm%
2nd 0.143 0.156 0.08 0.2
3rd 0.203 1.94 0.25 4.74
5th 0.13 0.6 0.12 2.88
7th 0.08 0.28 0.07 0.22
oth 0.04 0.19 0.09 0.76
11th 0.08 0.29 0.08 0.27
13th 0.16 0.32 0.06 0.33
15th 0.28 0.41 0.14 0.68
17th 0.4 0.41 0.28 0.95
19th 0.05 0.29 0.12 0.3
PF 0.998 0.971
THD(A) 3.12 6.8
Ifund 0.918 0.468
Table 4. Efficiency
85 Vrms 115 Vrms 230 Vrms 265 Vrms
Pin @ No Load 1.5 1.52 1.51 1.59
Pin 109.42 106.27 105.35 105.25
Vo 47.95 47.95 47.95 47.95
lo 1.92 1.92 1.92 1.92
Efficiency 0.841 0.866 0.874 0.875

Table 5. Vendor Contact List

Vendor

U. S. Phone / Internet

ON Semiconductor

1-800-282-9855 www.onsemi.com/

TDK

1-847-803-6100 www.component.tdk.com/

Vishay

www.vishay.com/

Bussman (Cooper Ind.)

1-888-414-2645 www.cooperet.com/

Coiltronics (Cooper Ind.)

1-888-414-2645 www.cooperet.com/

Fairchild www.fairchildsemi.com/
Panasonic www.eddieray.com/panasonic/
Weidmuller www.weidmuller.com/

Keystone 1-800-221-5510 www.keyelco.com/

HH Smith 1-888-847-6484 www.hhsmith.com/

Aavid Thermalloy

www.aavid.com/
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(Specifications:, 90 W, 85 vac to 265 vac Input Range, 48 V Output)

Ref Des Description Part Number Manufacturer

C1 Cap, Ceramic, Chip, 1000 pF, 50 V VJ0603Y102KXAAT VISHAY

C3 Cap, Ceramic, Chip, 470 pF, 50 V VJ0603Y471IXAAT VISHAY

C5 Cap, Ceramic, Chip, 470 pF, 50 V VJ0603Y471IXAAT VISHAY

C6 Cap, Ceramic, Chip, 470 pF, 50 V VJ0603Y471IXAAT VISHAY

c8 Cap, Ceramic, Chip, .022 uF, 50 V VJ0603Y223KXXAT VISHAY

Cc9 Cap, Ceramic, Chip, 0.022 uF, 50 V VJ0603Y223KXXAT VISHAY

C10, C11 | Cap, Ceramic, chip, 0.001 uF, 50 V VJ0603Y102KXAAT VISHAY

C12, C13 | Cap, Ceramic, Chip, 0.1 uF, 50 V VJ0606Y104KXXAT VISHAY

C16 2.2 uF, alum elect, 450 V (0.394dia x 0.492H) ECA-2WHG2R2 Panasonic (Digi — P5873)
(.394dia x .492H) EKAOODC122P00 Vishay Sprague (20)

C17 Cap, Ceramic, Chip, 22 uF, 10 V C3225X5R0J226MT TDK

C18 Cap, Ceramic, Chip, .047 uF, 50 V VJ0603Y473KXXAT VISHAY

C19 Cap, Ceramic, Chip, .01 uF, 50 V VJO0603Y103KXAAT VJO0603Y103KXAAT

Cc20 Cap, Ceramic, Chip, 1 uF, 25V C3216X7R1E105KT TDK

c21 220 pF, alum elect, 25 V ECA1EM331 Panasonic

C22,23 1800 uF, alum elect, 63 V (2.2A rms min) EEU-FC1J182 Panasonic (Digi — P11283)
1500 uF, alum elect, 63 V EKB00JL415J00 Vishay Sprague (20)

C24 Cap, Ceramic, Chip, .01 uF, 50 V VJO0603Y103KXAAT VISHAY

C25 Cap,Ceramic, .001 pF, 1 KV ECK-03A102KBP Panasonic

C26 1.2 uF, 275 vac, X cap F1778-512K2KCTO VISHAY

c27 Cap, polypropylene, .68 uF, 400 VDC MKP1841-468-405 Vishey — Sprague

C28 Cap, Ceramic, Chip, 1 uF, 25V VJ1206V105ZXXAT VISHAY

D1-D4 Diode, Rectifier, 800 V, 1 A 1N4006 ON Semiconductor

D5 Diode, Ultrafast, 200 V, 16 A MUR1620CT ON Semiconductor

D6 Diode, Ultrafast, 600 V, 1 A MUR160 ON Semiconductor

D7 Diode, Rectifier, 800V, 1 A 1N4006 ON Semiconductor

D8 — D11 | Diode, Switching, 120 V, 200 mA, SOT-23 BAS19LT1 ON Semiconductor

D12 TVS, 214V, 5W 1.5KE250A ON Semiconductor

D13 Zener Diode, 18 V AZ23C18 VISHAY

D16 Zener Diode, 68 V 1.5kE68CA ON Semiconductor

F1 Fuse, 2 A, 250 Vac 1025TD2A Bussman

L2 2.5 A sat, 100 uH inductor, diff mode TSL1315-101K2R5 TDK

L3 2.5 A sat, 100 uH inductor, diff mode TSL1315-101K2R5 TDK

Q1 FET, 11 a, 800 V, .45 Q, N—channel SPA11N80C3 Infineon

Q2 Bipolar, npn, 30 V, SOT-23 MMBT2222ALT1 ON Semiconductor

R1 Resistor, SMT1206, 10 CRCW1206100JRE4 Vishey

R2 Resistor, Axial Lead, 180k, ¥4 W CMF-55-180K00FKRE Vishey

R3 Resistor, Axial Lead, 180k, ¥4 W CMF-55-180K00FKRE Vishey

R4 Resistor, SMT1206, 35k CRCW120635KOJNTA Vishey

R5 Resistor, SMT, 0.12 Q, 1 W WSL2512 .12Q 1% Vishey Dale

R7 Resistor, SMT1206, 8.66 k CRCW12068661F Vishey

R8 Resistor, SMT1206, 680 CRCW12066800F Vishey
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(Specifications:, 90 W, 85 vac to 265 vac Input Range, 48 V Output)

Ref Des Description Part Number Manufacturer
R9 Resistor, axial lead, 3.6k, 4 W CMF-55-3K600FKBF Vishey
R11 Resistor, SMT1206, 1.2k CRC12061K20JNTA Vishey
R20 Resistor, SMT1206, 2.0k CRC12062K00JNTA Vishey
R21 Resistor, SMT1206, 2.0k CRC12062K00JNTA Vishey
R22 Resistor, SMT1206, 392 CRC12052K10JNTA Vishey
R23 Resistor, SMT1206, 210, 1% CRCW12062100F Vishey
R24 Resistor, SMT1206, 174, 1% CRCW12061740F Vishey
R25 Resistor, SMT1206, 2.05k, 1% CRCW12062051F Vishey
R26 Resistor, SMT1206, 3.3k CRC12063K30JNTA Vishey
R27 Resistor, SMT1206, 7.5k CRC12067K50JNTA Vishey
R28 Resistor, SMT1206, 3.3k CRC12063K30JNTA Vishey
R29 Resistor, SMT1206, 3.01k, 1% CRCW12063011F Vishey
R30 Resistor, SMT1206, 301, 1% CRCW12063010F Vishey
R31 1w, .07 Q resistor WSL251R0700FTB Vishey
R32 1w, .07 Q resistor WSL251R0700FTB Vishey
R33 Resistor, SMT1206, 40.2k, 1% CRCW120640022F Vishey
R34 Resistor, axial lead, 20k, 2W
R35 Resistor, SMT1206, 4.7k CRCW12064K70NTA Vishey
R36 Resistor, SMT1206, 12k CRCW120612K0JNTA Vishey
R37 Resistor, SMT1206, 100k CRCR1206100K0OJNTA Vishey
T1 Transformer, Flyback (Lp 1 mH) SRW42EC-U04H14 TDK
Ul PFC Controller NCP1651 ON Semiconductor
u2 2.5V programmable ref, SOIC TL431ACD ON Semiconductor
u3 Quad Op A MC3303D ON Semiconductor
u4 Optocoupler, 1:1 CTR, 4 pin SFH615AA-X007 Vishay
Hardware
H1 Printed Circuit Board
H2 Connector 171602 Weidmuller (Digi 281-1435-ND)
H3 Connector 171602 Weidmuller (Digi 281-1435-ND)
H4 Standoff, 4-40, alum, hex, .500 inches 8403 HH Smith (Newark 67F4111)
H5 Standoff, 4-40, alum, hex, .500 inches 8403 HH Smith (Newark 67F4111)
H6 Standoff, 4-40, alum, hex, .500 inches 8403 HH Smith (Newark 67F4111)
H7 Standoff, 4-40, alum, hex, .500 inches 8403 HH Smith (Newark 67F4111)
H8 Heatsink, TO-220 590302B03600 Aavid Thermalloy
H9 Heatsink, TO-220 590302B03600 Aavid Thermalloy
H10 Test point, red 5005 Keystone (Digi 5005K-ND)
H11 Test point, black 5006 Keystone (Digi 5006K-ND)
H12 Shoulder Washer 3049K-ND Digi-Key
H13 Insulator 4672 Keystone
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INTRODUCTION Controller Analysis

The NCP1651 can operate in either the Continuous or
Discontinuous mode of operation. The following analysis
will help to highlight the advantages of Continuous versus
Discontinuous mode of operation.

The table below defines a set of conditions from which the
comparison will be made between the two modes of
operation.

In most modern PFC circuits, to lower the input current
harmonics and improve the input power factor, designers
have historically used a boost topology. The boost topology
can operate in the Continuous Conduction Mode (CCM),
Discontinuous Conduction Mode (DCM), or Critical
Conduction Mode.

Most PFC applications using the boost topology are
designed to operate over the universal input AC voltage Taple 1.
range(85-265 Vac), at 50 or 60 Hz, and provide a regulated Po = 90 W
DC bus (typically 400 Vdc). In most applications, the load \;, = g5-265 vims (analyzed at 85 Vims input)
can not operate from the high voltage DC bus,B€aDC Efficiency = 80%
converter isised to provide isolation between the AC source Pin =108 W
and load, and provide a low voltage output. The advantages/o =48 Vdc
to this system configuration are low Total Harmonic Fred=100kHz
Distortion (THD), a power factor close to unity, excellent 'ransformertums ration =4
voltage regulation, and fast transient response on thecontinuous Mode (CCM)
isolated DC output. The major disadvantage of the boost To force the inductor current to be continuous over the
topology isthat two power stages are required which lowers majority of the input voltage range (85-265 Vac) the
the systems &€iency, increases component count, cost, and primaryinductance, Lp needs to be at least 1.0 mH. Figure 1
increases the size of the power supply. showsthe typical current through the primary winding of the

ON Semiconductor's NCP1651 (www.onsemi.com) flyback transformer. During the switch on period, this

offers a unique alternative for Power Factor Correction cuyrrentflows in the primary and during the switcH-efme,
designs, where the NCP1651 has been designed to contrat flows in the secondary.

a PFC circuit operating in a flyback topology. There are
several major advantages to using the flyback topology.
First, the user can create a low voltage isolated secondary
output, with a single power stage, and still achieve a low
input current distortion, and a power factor close to unity. A
second advantage, compared to the boost topology with a
DC-DC converter, is a lower component count which
reduces the size and the cost of the power supply. TIME
Traditionally, the flyback approach has been ignored for
PFC applications because of the perceived limitations such
as high peak currents and high switch voltage ratings. This
paper will demonstrate the novel control approach
incorporated ithe NCP1651 design, coupled with advances (1.414-Vinsin 6 -ton-2) )

Figure 1.

Therefore, the peak current can be calculated as follows:

S . lpk = lavg + L

in discrete semiconductor technology that have made the p

flyback approach very feasible for a range of applications.

0 Semiconductor Components Industries, LLC, 2004 100 Publication Order Number:
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where: 300
_ 1414 - Py )
lavg = Vinsin 8 (a2
N 1.414 - Vipsin 6
Ton = T/({D) - C———y ) +1) a3 200
p 0 —_
<
For the selected operating condition: E
Ton = 6.15 us (eq. 4) 100
_1414-113 |, 1.414-85-6.15-2 _ 5
Ipk = Zg5 = + T = 3.35A (eq.5)
The analysis of the converter shows that the peak current ;_A
operating in the CCM is 3.35 A. 0

0.1 05 1.0 1.5 2.0

Discontinuous Mode (DCM)

In the discontinuous mode of operation, the inductor
current falls to zero prior to the end of the switching period
as shown in Figure 2.

FREQUENCY (MHz)
Figure 3. Continuous Conduction Mode FFT

Referring to Figure 3 at the 100 kHz switching

frequency, the FFT is 260 mA, and th&d harmonic
(200 kHz) is 55 mA.

Ve o
lavg 3.0
TIME 20
Figure 2.

(A

To ensure DCM, Lp needs to be reduced to approximately

100uH. 10
Vin sin 6 - 1.414 - o
|pk = L
P (eq.6)
85 sin 90 - 0
ipk = £:414-85.50 90518 _ 6 73 2 0.1 05 1.0 15 2.0

The results show that the peak current for a flyback FREQUENCY (MH2)

converter operating in the Continuous Conduction Mode is

about one half the peak current of a flyback converter

operating in the Discontinuous Conduction Mode. Refer to Figure 4, at 100 kHz the FFT is 2.8 A, and the
The lower peak current as a result of operating in the CCMsecond harmonic (200 kHz) is 700 mA.

lowers the conduction losses in the flyback MOSFET.

Figure 4. Discontinuous Conduction Mode FFT

Results
Current Harmonics Analysis Fromthe result of our analysis it is apparent that a flyback
A second result of running in DCM can be higher input PFC converter operating in CCM has half the peak current,
current distortion, Electromagnetic Interference (EMI), and and one tenth the fundamental (100 kHz) harmonic current
a lower Power Factor, in comparison to CCM. While the compared to a flyback PFC converter operating in DCM.
higher peak current can be filtered to produce the sameThe results are lower conduction losses in the MOSFET and
performance result, it will require a larger input filter. secondary rectifying diode, and a smaller input EMI filter.
A simple Fast Fourier Transform (FFT) was run in On the negative side to CCM operation, the flyback
(ORCAD) Spice to provide a comparison between the transformer will be larger because of the required higher
harmonic current levels for CCM and DCM. The harmonic primary inductance, and the leakage inductance will be
current levels will affect the size of the input EMI filter higher affecting efficiency because of the leakage
which in some applications are required to meet the levelsinductance energy that must be absorbed during the
of IEC1000-3-2. In the SPICE FFT model, no front end controller off time.
filtering was added so the result of the analysis could be
compared directly.
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Some of the advantages to operating in DCM include A second transformer was wound with the entire 74
lower switching losselsecause the current falls to zero prior primary turns (two layers), then the 19 turn secondary, the
to the next switching cycle, a smaller transformer, and in measured leakage inductance increased tquk37 The
general the smaller transformer should result in a lowerreason for the increased leakage inductance was poor
leakage inductance and less energy to be absorbed in theoupling between the primary and secondary.

snubber. Once the leakage inductance is reduced, verify that the
) voltage spike at turn off (Vspike) will not exceed your
Transformer Turn Ratio MOSEET VDS.

The flyback transformer turns ratio affects several the MOSEET in our application has a VDS rating of

operating parameters, the secondary side peak current angyg V, to provide a safety margin of at least 100 V VDS
the MOSFET drain to source voltage (VDS) during the |, qer worst case conditions:

controller off time, refer to Figure 8 for the application

. Vspike:
schematic.
. Vspike= VDS = Vinargin= Vin maxe 1.414 - (\§ + Vy)
The peak secondary current is: 800 — 100 — 265 1.414 — (48 + 0.7) 4 = 130 V
Ipk prime n

) o o In our application the snubber circuit was designed to
Where n is the transformer turns ratio, in our application it the VDS of the MOSFET to 130 Vpk. Refer to Figure 5
n=4. for the VDS waveform. The energy stored in the transformer
Using the analysis for CCM versus DCM, the peak leakage inductance is:

secondary current is: E=_lepc
CCM =3.34+ 4 = 13.4 Apk
DCM = 6.23 4 = 24.9 Apk Tek s 3. AN h|I||'|I|'I

It's clear from the analysis that the higher the turns ratio,
there is a higher corresponding secondary side peak currer [
resulting in higher conduction losses in the output rectifier. i

A second effect of the turns ratio is the MOSFET VDS. ’
The MOSFET VDS during the off time is: |

Vpk = Vinmaxe 1.414 + (\§ + V§) n + Vgpike |
where:

Vin max = 265 Vrms
V, = the output voltage
Vs = the forward voltage drop across the output diode

Vgpike= The voltage spike due to the transformer leakage

inductance |
e _ _ _ ) W TIRE W 21 7011
The turns ratio in this equation determines the output 0045 T8
voltage reflected back to the primary,(¥ Vs)n. Figure 5.

A second effect of the turns ratio is the transformer

leakage inductance, which effects Vspike. The leakage The above analysis and examples illustrate the effects of
inductance is related to the coupling between the primaryine transformer turns ratio on the secondary side peak
and the secondary of the transformer. As the turns ratiogirents in the PFC and the MOSFET VDS at turn off.

increasethere are more turns on the transformer, and unlesscgreful attention should be taken when trading off turns
the designer is careful in their core geometry selection and, o primary inductance and duty cycle.

winding technique, the result will be a higher leakage
inductance. Output Voltage Ripple

To minimize leakage inductance, a core with a wide A second consideration when using a flyback topology for
windingwindow should be used; this will reduce the number PFC is that the output voltage ripple contains (on the
of primary and secondary layers. In addition, interleaving secondary of the transformer) two components, the
the primary and secondary winding will increase the traditional high frequency ripple associated with a flyback
coupling. Anexample will help to illustrate the point. In our converter, and the rectified line frequency ripple (100 or
application the transformer required 74 primary turns (two 120 Hz).
layers) and 19 secondary turns (a single layer). TheThe high frequency ripple can be calculated by:
manufacturer of the transformer wound 45 primary turns,
then the 19 turn secondary, and then the remaining 29 AV = /AVcap? + Vesr? (ea. 7)
primary turns. The result was a measured leakage
inductance of 9.QH.
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|Oav . dt
| ‘I’ (eq. 8)
_'p* 'ped
|0avg = 2
AVegr = lpk - esr
esr p (eq. 9)
AVegr = 13.38 - 0.015 = 0.20 V

where:

n = transformer turns ratio

Ipk = peak current (secondary) (13.38 Apk)

Iped= pedestal of the secondary current (10.5 Apk)
Co = output capacitance (30QQotal)

esr = output capacitor equivalent series resistance (0.015 )

d; = Toff (3.92u)
13.38 + 10.5

_ 2
AV = 3000

_V = 0.0156 V

-3.92 (eq. 10)
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1.00

o
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/ |
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45 135 180

Figure 6. Output Ripple Envelope

Hold-Up Time
If the secondary output voltage is used for a distributed
bus, the designer may elect to size the output capacitor for

Solving eq. 7 the high frequency ripple component on the hold-up times, versus ripple. If so the output capacitors can

output is:
AV = /0.01562 + 0.202 = 0.20 V
The low frequency portion of the ripple:
_ lpk- dt
Co

Po
lavg = Vo

(eq. 11)

AV

(eq. 12)
lavg
0.637

|pk =

__ 9% _
ok = 750637 ~ 2924

If the output voltage ripple is divided into °Lihcrements
over one cycle (189 the sinusoidal ripple voltage with
respect to phase angle is:

P

AV = 5837 Vgsin § €. 13
Co - 18 - fline
To calculate the total output voltage ripple:
Vripple total = eq. 7 + eq. 13.
AVripple total = /AVcap2 + AVesr2
P
+ W\%sine (eq. 14)
Co - 18 - fline

In Figure 6, the output voltage ripple as a function of
phase angle is plotted. The results show that as long as

capacitor(s) with low esr are used, that the output voltage

ripple will be dominated by the low frequency ripple
(100 Hz or 120 Hz).

be calculated by:
2-Pg-th

= - (eq. 15)
Vhom?2 + Vmin?2

Co
where:
Pout = the maximum output power
th = the required hold-up time (we selected one cycle of the
line 60 Hz, 16.67 ms)
Vom = the nominal 48 Vdc output
Vmin = 36 Vdc
Co = 2-90-16.67
482 — 362
In the above calculations for output voltage ripple and

hold-up time, it is a coincidence that the same value of
output capacitance was selected in both cases.

= 3000 uF (eq. 16)

NCP1651 Features

The NCP1651 internally provides all of the necessary
featureghat are typically seen in a PFC controller, plus some
features not normally found. For examtile NCP1651 has
a high voltage start—up circuit, which allows the designer to
connect pin 16 of the NCP1651 directly to the high voltage
DC bus, eliminating bulky and expensive start—up circuitry.

After power is applied to the circuit, a high voltage FET
is biased as a current source to provide current for start—up
power. The high voltage start-up circuit is enabled and
current idrawn from the rectified AC line to charge thed/
cap. When the voltage on the¥/cap reaches the turn on
Eoint for the UVLO circuit (10.8 V nominally), tre&art—up
circuit isdisabled, and the PWM circuit is enabled. With the
NCP1651 enabled the bias current increases from its
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standby level to the operational level. A divide—by-eight cycle the counter is advanced to 8, and the chip will be
counter igreset to the count of 7, so that on start—up the chipallowed to start at this time. Refer to Figure 7.
will not be operational on the first cycle. The secongV

Vee

\
i
\
l
STARTUP  OFF i
ENABLE ON }
i
\
\

OUTPUT ENABLE

ENABLE DIS

(.
-
| >> | B
MAX — — — o — — — — — A= | R
CORRENT ¢ | | N L |
T~ S
FB/SD 05V — — — — — &K ______ }L ________ fC_ J
SHUTDOWN — | ]

START-UP CURRENT LIMIT SHUTDOWN START-UP
SEQUENCE
Figure 7.
In addition to providing the initial charge on they The purpose of the divide—by-eight counter is to reduce

capacitor, the start circuit also serves as a timer for thethe power dissipation of the chip under overload conditions
start—-up, overcurrent, and shutdown modes of operation.and allow it to recycle indefinitely without overheating the
Due to the nature of this circuit, this chip must be biased chip.
using the start—up circuit and an auxiliary winding on the It is critical that the output voltage reaches a level that
power transformeittempting to operate this chip off of a allows the auxiliary voltage to remain above the UVLO
fixed voltage supply will not allow the chip to start. turn—off level before the ¥c cap has discharged to 9.8 V
In the shutdown mode, the-¥ cycle is held in the 7 count  level. If the bias voltage generated by the inductor winding
state until the shutdown signal is removed. This allows for fails to exceed the shutdown voltage before the capacitor
a repeatable, fast restart. See Figure 6 for the timingreduces to the UVLO under voltage turn—off level, the unit
diagram will shut down and go into a divide—by—eight cycle, and will
The unit will remain operational as long as thecV  neverstart. If this occurs, the M capacitor value should be
voltage remains above the UVLO under voltage trip point. increased.
If the Vcc voltage is reduced to the under voltage trip point,
operation othe unit will be disabled, the start-up circuit will CONCLUSION
again besnabled, and will charge the-¥ capacitor up to the
turn on voltage level. At this point the start—up circuit will
turn off and the unit will remain in the shutdown mode. This
will continue for the next seven cycles. On the eighth cycle
the NPC1651 will again become operational. If thecV
voltage remains above the undervoltage trip point the unit
will continue to operate, if not the unit will begin another
divide-by-eightcycle.

It will ultimately be up to the designer to perform a
trade—off study to determine which topology, Boost versus
flyback, Continuous versus Discontinuous Mode of
"operation will meet all the system performance
requirements. But the recent introduction of the NCP1651
allows the system designer an additional option yielding a
less expensive, smaller solution.
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Figure 8. CCM Application Schematic
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