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FOREWORD

Designing power supplies in a global energy efficiency context

Designing power supplies has always been a challenging task. But just as many of the traditional
problems have been solved, emerging regulatory standards governing efficiency levels are about to start
the cycle over again.

The first phase of this cycle is already well underway and has focused on improving standby power
consumption levels (passive mode). The next phase is tackling the tougher problem of improving active
mode efficiency levels. Government agencies around the world, driven by the US Environmental
Protection Agency (EPA) and its ENERGY STAR® program and by the China National Institute of
Standardization (CNIS), are announcing new performance standards for active mode efficiency for
power supplies.

The standards are aggressive and it will take the joint efforts of manufacturers and their suppliers
(including semiconductor suppliers) to provide solutions that meet the new challenges.

Amidst these trends, power factor correction (PFC) or harmonic reduction requirements as mandated
by IEC 61000—-3-2 stands out as the biggest inflection point in power supply architectures in recent years.
With increasing power levels for all equipment and widening applicability of the harmonic reduction
standards, more and more power supply designs are incorporating PFC capability. Designers are faced
with the difficult tasks of incorporating the appropriate PFC stage while meeting the other regulatory
requirements such as standby power reduction, active mode efficiency and EMI limits.

ON Semiconductor is committed to providing optimal solutions for any given power supply
requirement. Our commitment is reflected in providing design guidance in choosing between many
options for topology and components. In this handbook we have attempted to provide a detailed
comparison between various options for PFC implementation while keeping it in the context of total
system requirements. As new technologies and components are developed, the balance of choice may
shift from one approach to the other, but the methodology used in this handbook will remain applicable
and provide a means for the power supply designer to arrive at the best choice for a given application.

We at ON Semiconductor sincerely hope this book will help you to design efficient, economical PFC
circuits for your products. Please see our Web site, www.onsemi.com, for up-to-date information on this
subject.

www.onsemi.com
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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 in recent years, coupled with availability of lower priced control ICs have made the active PFC solutions more
appropriate in a wider range of applications. When evaluating the PFC solutions, it is important to look at them in the context
of full system implementation cost and performance.

In this handbook, a number of different PFC approaches are evaluated for a 300 W (400 V, 0.75 A) application. An overview
of select single-stage isolated converters including an LED driver is also presented. 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

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7
Chapter 8
Chapter 9
Chapter 10

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

describes the methodology used for comparing different active PFC approaches for a given application (400 V,
0.75 A output). It also briefly introduces the proposed approaches.

contains the design guidelines, discussion and salient operational results for current— and voltage—-mode critical
conduction mode topologies (CrM).

contains the design guidelines, discussion and salient operational results for the Frequency Clamped CrM
topology.

contains the design guidelines, discussion and salient operational results for the current-controlled and
valley-switching frequency foldback mode topologies (CCFF and VVSFF).

contains the design guidelines, discussion and salient operational results for the continuous conduction mode
topology (CCM).

contains the information on the interleaved PFC topology and salient operational results.
contains the information on the bridgeless PFC approach and salient operational results.
contains information on the single stage PFC operation and salient operational results.

provides a detailed analysis of the results obtained from the three different implementations (CrM, FCCrM and
CCM) 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.

http://onsemi.com
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CHAPTER 1

Overview of Power Factor Correction Approaches

Abstract

Designing power factor correction (PFC) into modern switched-mode power supplies (SMPS) has evolved over the past few
years due to the introduction of many new controller integrated circuits (ICs). Today, it is possible to design a variety of PFC
circuits with different modes of operation, each with its own set of challenges. As the number of choices has increased, so has
the complexity of making the choice and then executing the design. In this chapter, the design considerations and details of
operation for the most popular approaches are provided.

Introduction

Power factor correction shapes the input current of off-line power supplies to maximize the real power available from the
mains. Ideally, the electrical appliance should present a load that emulates a pure resistor, in which case the reactive power
drawn by the device is zero. Inherent in this scenario is the absence of input current harmonics---the current is a perfect replica
of the input voltage (usually a sine wave) and is exactly in phase with it. In this case the current drawn from the mains is at
a minimum for the real power required to perform the needed work, and this minimizes losses and costs associated not only
with the distribution of the power, but also with the generation of the power and the capital equipment involved in the process.
The freedom from harmonics also minimizes interference 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,
electrical equipment in Europe and Japan must comply with the IEC61000-3-2. This requirement applies to most electrical
appliances with input power of 75 W (Class D equipment) or greater, and it specifies the maximum amplitude of line-frequency
harmonics up to and including the 39t harmonic. Additionally, many energy efficiency requirements also carry a PFC
requirement such as the Energy Star 5.0 for Computers and Energy Star 2.0 for External Power Supplies, and for TV effective
November 2008.

Definition
Power factor correction is simply defined as the ratio of real power to apparent power, or:

Real Power  (expressed in Watts)

PF = Apparent Power (expressed in VA)

where the real power is the average, over a cycle, of the instantaneous product of current and voltage, and the apparent power
is the product of the rms value of current times the rms value of voltage. If both current and voltage are sinusoidal and in phase,
the power factor is 1.0. If both are sinusoidal but not in phase, the power factor is the cosine of the phase angle. In elementary
courses in electricity this is sometimes taught as the definition of power factor, but it applies only in the special case, where
both the current and voltage are pure sine waves. This occurs when the load is composed of resistive, capacitive and inductive
elements and all are linear (invariant with current and voltage).

Switched-mode power supplies present nonlinear impedance to the mains, as a result of the input circuitry. The input circuit
usually consists of a half-wave or full-wave rectifier followed by a storage capacitor capable of maintaining a voltage of
approximately the peak voltage of the input sine wave until the next peak comes along to recharge the capacitor. In this case
current is drawn from the input only at the peaks of the input waveform, and this pulse of current must contain enough energy
to sustain the load until the next peak. It does this by dumping a large charge into the capacitor during a short time, after which
the capacitor slowly discharges the energy into the load until the cycle repeats. It is not unusual for the current pulse to be 10%
to 20% of the cycle, meaning that the current during the pulse must be 5 to 10 times the average current. Figure 1-1 illustrates
this situation.

http://onsemi.com
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Note that the current and voltage are perfectly in phase, in spite of the severe distortion of the current waveform. Applying
the “cosine of the phase angle” definition would lead to the erroneous conclusion that this power supply has a power factor
of 1.0.

Figure 1-2 shows the harmonic content of the current waveform in Figure 1-1. The fundamental (in this case 60 Hz) is
shown with reference amplitude of 100%, and the higher harmonics are then given with their amplitudes shown as percentages
of the fundamental amplitude. Note that the even harmonics are barely visible; this is a result of the symmetry of the waveform.

Since only the fundamental component produces real power, while the other harmonics contribute to the apparent power,
the actual power factor is well below 1.0. This deviation is represented by a term called distortion factor and is primarily
responsible for the non-unity power factor in SMPS. The general equation governing the relationship between the real power
and apparent power is given by:

Real power expressed in W Apparent power expressed in VA

AN v

(Pin) ='Vin(rms) . Iin(rms)'- Cosg - cos6

Where coso is the displacement factor coming from the phase angle ¢ between the voltage and current waveforms and cos6
is the distortion factor. Incidentally, the power factor of the power supply with the waveform in Figure 1-2 is approximately
0.6.

100% —

80% —

60% —

40% —

20% —

0% —f
1 3 5 7 9 11 13 15 17 19 21
Harmonic Number
Figure 1-2. Harmonic Content of the Current Waveform in Figure 1-1
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For reference, Figure 1-3 shows the input of a power supply with perfect power factor correction. It has a current waveform
that mimics the voltage waveform, both in shape and in phase. Note that its input current harmonics are nearly zero.

Top: Input Voltage Bottom: Input Current
100%
80% —
60% —
40% —
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 20%7
CA)CH: 100V Bms T T L A e o e
L2)CH2: 1 2ASmMS .t it Tt 1 3 5 7 9 11 13 15 17 19 21

Harmonic Number
Figure 1-3. Input Characteristics of a Power Supply with Near-Perfect PFC

Power Factor Correction vs. Harmonic Reduction

It is clear from the previous illustrations that high power factor and low harmonics go hand-in-hand. It is generally thought
that specifying limits for each of the harmonics will do the better job of controlling the “pollution” of the input current, both
from the standpoint of minimizing the current and reducing interference with other equipment. So, while the process of shaping
this input current is commonly called “power factor correction,” the measure of its success in the case of the international
regulations is the harmonic content. In the case of SMPS, usually the displacement factor is close to unity, so the following
relationships between the harmonic distortion and power factor apply.

0 I 2
THD(%) = 100 - P osp=pPF= /1
p:zz 112 1 + THDZ2

Here, THD is the Total Harmonic Distortion which is quadratic sum of the unwanted harmonics over the fundamental that
gives the relative weight of the harmonic content with respect to the fundamental. The second equation uses the absolute value
of THD (not percentage) and demonstrates that THD has to be zero for PF to be unity.

Types of Power Factor Correction

The input characteristics shown in Figure 1-3 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 PFC IC
(Integrated Circuit) and its attendant circuitry in a manner to shape the input current to match the input voltage waveform. This
is the most popular type of PFC used in today’s power supplies, as shown in Figure 1-4. It isn’t the only type, however. There
are no rules demanding that the PFC task be accomplished by active circuits (transistors, ICs, etc.). Any method of maintaining
the harmonics below the regulatory limits is fair game. It turns out that one inductor, placed in the same location as the active
circuit, can do the job. An adequate inductor will reduce the peaks of the current and spread the current out in time well enough
to reduce the harmonics enough to meet the regulations. This method has been used in some power supplies where the large
size of the inductor and its weight (due to its iron core and copper winding) are not objectionable. At higher power levels, the
size and weight of the passive approach become unpopular. Figure 1-5 shows the input characteristics of three different 250 W
PC power supplies, all with the current waveforms at the same scale factor. As shown, the peak current levels in passive PFC
circuit are still 33% higher than the peak currents in active circuits. In addition, while the harmonic levels of the second levels
may meet the IEC61000-3-2, it will fail the more stringent 0.9 PF requirement being imposed by some recent regulations.

http://onsemi.com
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Rectifiers PFC Preconverter Converter
AC ~A J >t
Line i
High — | Bulk
_| Frequency Active H Load
- — Storage
Bypass Power Factor Capacitor
Capacitor Controller P
)|

Figure 1-4. PFC Preconverter Stage

In recent years, market trends (rising cost of copper and magnetic core material and falling costs of semiconductors) have
tilted the balance decidedly in favor of active PFC even in the most cost-sensitive consumer applications. Coupled with the
additional system benefits afforded by the active PFC circuits [1], this seems to be a trend that is likely to continue in the future
and lead to more advanced active PFC solutions becoming available to the designers.

Waveforms: 1. Input current with no PFC
2. Input current with passive PFC
3. Input current with active PFC
4. Input voltage

FCHA4i, 200 MOIt 2.5 M8, . F ottt it

Figure 1-5. Input Characteristics of PC Power Supplies with Different PFC Types (None, Passive, and Active)

Input Line Harmonics Compared to IEC61000-3-2

Figure 1-6 shows the input harmonics of three 250 W PC power supplies, along with the limits according to IEC61000-3-2.
These limits are for Class D devices, which include personal computers, televisions and monitors. The harmonic amplitudes
are proportioned to the input power of these devices. For lighting products, class C limits are applied, which are also
proportional to input power and even more stringent. In the case of other products not used in such high volume, the limits are
fixed at the values corresponding to 600 W input. The performance of the passive PFC, as shown in this graph, just barely
complies with the limit for the third harmonic (harmonic number 3).

10.000
r L]
1.000 ‘\ " —
~\ N N e— |EC61000-3-2 Limit
* = = = = Unit A, Without PFC
0.100 = =T _ _
~ T el =t~ = = = UnitB, Passive PFC
/-‘\/‘ ~ L~
\_// T~ P ™N | ——— unitc, Active PFC
0.010 ™
0.001
3 13 23 33

Harmonic Number

Figure 1-6. Input Harmonics of Three PC Power Supplies Relative to IEC61000-3-2 Limits
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Passive PFC

Figure 1-7 shows the input circuitry of the PC power supply with passive PFC. Note the line-voltage range switch connected
to the center tap of the PFC inductor. In the 230-V position (switch open) both halves of the inductor winding are used and the
rectifier functions as a full-wave bridge. In the 115-V (switch closed) position only the left half of the inductor and the left half
of the rectifier bridge are used, placing the circuit in the half-wave doubler mode. As in the case of the full-wave rectifier with
230 Vac input, this produces 325 Vdc (230 « \2) at the output of the rectifier. This 325 Vdc bus is, of course, unregulated and
moves up and down with the input line voltage.

0.0047 T uF

Inrush Current
Limiter

PFC Inductor

(Thermistor) J_ J_ g
0—/\/ N * * i 470 *
@ 1 Too22 nF
01 Lo 230 Vac uF 325 Vdc to
— § s : =022 oo Forward
1 pr— vy e 115 Vac l Converter
MQ 1
o I . Lo o 410 l
Differential  Common A A T uF T n -
Mode Mode l * * »
Inductor Inductor 0.0047
(L2) (L3) /J; uF

Figure 1-7. Passive PFC in a 250 W PC Power Supply

The passive PFC circuit suffers from a few disadvantages despite its inherent simplicity. First, the bulkiness of the inductor
restricts its usability in many applications. Second, as mentioned above, for worldwide operation, a line-voltage range switch
is required. Incorporation of the switch makes the appliance/system prone to operator errors if the switch selection is not
properly made. Finally, the voltage rail not being regulated leads to a cost and efficiency penalty on the dc-dc converter that
follows the PFC stage.

Critical Conduction Mode (CrM) Controllers

Critical Conduction Mode or Transitional Mode (also known as Borderline Conduction Mode BCM) controllers are very
popular for lighting and other lower power applications. These controllers are simple to use as well as inexpensive. A typical
application circuit is shown in Figure 1-8.

http://onsemi.com
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Figure 1-8. Basic Schematic for a Critical Conduction Mode Converter

The basic CrM PFC converter uses a control scheme (current mode control) similar to that shown above. An error amplifier
with a low frequency pole provides an error signal into the reference multiplier. The other input to the multiplier is a scaled
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.

The signal out of the multiplier is also a full-wave rectified sine wave that is scaled by a gain factor (error signal), and is used
as the reference for the input voltage. The amplitude of this signal is adjusted to maintain the proper average power to cause
the output voltage to remain at its regulated value.

The current shaping network forces the current to follow the waveform out of the multiplier, although the line frequency
current signal (after filtering) will be half of the amplitude of this reference. The current shaping network functions as follows:

Vret

linductor

Iavg

t ————

Figure 1-9. CrM Waveforms

In the waveforms of Figure 1-9, Vref is the signal out of the multiplier. This signal is fed into one input of a comparator, with
the other input connected to the current waveform.

When the power switch turns on, the inductor current ramps up until the signal across the shunt reaches the level of Vref.
At this point the comparator changes states and turns off the power switch. With the switch off, the current ramps down until
it reaches zero. The zero current sense circuit measures the voltage across the inductor, which will fall to zero when the current
reaches zero. At this point the switch is turned on and the current again ramps up.

http://onsemi.com
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As the name implies, this control scheme keeps the inductor current at the borderline limit between continuous and
discontinuous conduction, or critical conduction. This is important, because the wave shape 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 « Rsense) will be at a level of one half of the
reference voltage.

The frequency of this type of regulator varies with line and load. At high line and light load, the frequency is at a maximum,
but also varies throughout the line cycle (high frequency near zero crossing and low frequency near the peak).

Critical Conduction Mode without a Multiplier (Voltage Mode)

A novel approach to the critical conduction mode controller is available in some ON Semiconductor ICs, most recent
example being NCP1607. These chips provide the same input-output function as the controllers described above; however they
accomplish this without the use of a multiplier.

As was explained in the previous section, the current waveform for a CrM controller ramps from zero to the reference signal
and back to zero. The reference signal is a scaled version of the rectified input voltage, and as such can be referred to as k ¢ Vin,
where k is a scaling constant from the ac voltage divider, error amplifier and multiplier in a classic circuit. Given this, and
knowing the relation of the slope of the inductor with the input voltage, the following are true:

k e Vi

linductor

Ipk = k-vin(t) and Ipk =Al = ‘4_f|1_(l) -ton

Figure 1-10. CRM Current Envelope
Equating the peak current for these two equations gives:
K-vin(t) = %ton Therefore, ton = k- L

This equation shows that t,, is a constant for a given reference signal (k * vip). Tosf Will vary throughout the 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.

In the circuit of Figure 1-11, the programmable one-shot timer determines the on time for the power switch. When the on
period is over, the PWM will switch states and turn off the power switch. The zero current detector senses the inductor current,
and when it reaches zero, the switch is turned on again. This creates the same dc output as with the classic scheme, without
the use of the multiplier. The benefit of the voltage mode CrM control is that the multiplier is not needed and the input voltage
sensing network is eliminated. In addition, the current sensing is needed only for protection purpose.

http://onsemi.com
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Figure 1-11. Simplified Schematic of CrM Controller Without Multiplier

Since a given value of on time is only valid for a given load and line condition, a low frequency error amplifier for the dc
loop is connected to the one-shot. The error signal modifies the charging current and therefore, the on time of the control circuit

so that regulation over a wide range of load and line conditions can be maintained.

Frequency Clamped Critical Conduction Mode (FCCrM)

Although the Critical Conduction Mode is widely used in the industry, it has some known limitations. The primary limitation
being the variable switching frequency which reaches peak at light loads and also near the zero crossing of the sinusoid. Some
solutions which clamped the frequency excursion by putting a maximum frequency clamp resulted in the distortion of current
(since the Ton was not adjusted for this) and lower power factor as the inductor entered the discontinuous mode of operation.

This is illustrated in Figure 1-12.

08

0.7

=—|in_DCM with FC —_—

s / ™\
A

lin (A)

0.4 /
03

/

P

sl

0 20 40 60 80 100

AC line Phase

Figure 1-12. CrM Line Current Distortion Due to Frequency Clamping

Recently, a new technique has been introduced which allows true power factor correction even in discontinuous mode

120 140 160 180

(DCM). This technique is summarized in Figure 1-13 and following equations.
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1 1
| tcycle = ton + tdemag |

IcoiL

ton tdemag tDT Time

feycle

Tsw

Figure 1-13. DCM Operating Waveforms
With reference to Figure 1-13, the coil peak current is given by:

vin(t)
lcoil, pk = I ‘ton

The average coil current over a switching cycle (which is also taken as the instantaneous line current for that switching cycle,
since the switching frequency is much higher compared to the line frequency at which the line voltage varies) is given by:

) _lcail,pk fcycle ..
(leaillrgy = —% Ton iin(t)

Combining these equations and simplifying leads to:

00 00

o
iin(t) 7L ToN

From this equation, we can deduce that, if we devise an algorithm that keeps ton « teycle / Tsw COnstant for a given load and
line condition, we can achieve a sinusoidal line current and unity power factor even in the discontinuous mode.
ON Semiconductor has introduced NCP1605 which incorporate this principle.

Despite its benefit of fixed frequency, the DCM is not the ideal mode in all situations as it leads to highest peak current levels.
A comparison of the three different modes of operation is shown in Figure 1-14.

Rating Symbol Unit
AL
Continuous ¢ Always hard-switching
o~ ——_ Conduction Mode * Inductor value is largest
(CCcm) ¢ Minimized rms current
Al
Discontinuous  Highest rms current
Conduction Mode ¢ Reduce coil inductance
(DCM) « Best stability
AL
Critical Largest rms current
Conduction Mode Swigt]chin frequency is not fixed
.
(™) g frequency

Figure 1-14. Comparison of PFC Operating Modes
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A more judicious choice would be to allow the PFC to slide between the DCM and CrM modes seamlessly and extract the
best of both worlds. So, at light loads, when CrM can go to high switching frequency, it is preferable to go into DCM. Similarly,
when the load current is higher, it is desirable to stay in CrM to avoid the high peak currents. This optimization is best depicted
by Figure 1-15. NCP1601 and NCP1605 offer programmable frequency clamp that enables selection of appropriate mode
boundary. As shown in Figure 1-15, the option 3 is the ideal solution as it combines the best of both worlds (low frequency
variation and contained peak currents). More details and results of this mode of operation are provided in Chapter 4.

kHz A CrM Freq
Option 1 Very high Frequency Clamp (FC) — CrM only
\ / Fsw(t) /
Option 2 Low Frequency Clamp — DCM operation only
t
VA
/\Vmp

t
Figure 1-15. PFC Mode Selection Through Frequency Clamping

The NCP1605 contains a number of other features including a circuit that will allow the output voltage to follow the input
voltage. This is called follower boost operation (shown in Figure 1-16). In the follower boost mode, the output voltage is
regulated at a programmed level above the peak of the input voltage. In most cases, the output of the PFC converter is connected
to a dc-dc converter. Many dc-dc converter topologies (e.g. flyback converters) are capable of regulating over a wide range
of input voltages, so a constant input voltage is not necessary. On the other hand, if a topology can not function well over a
wide input range, the follower boost output range needs to be narrowed (if it is used).

Figure 1-16. Follower Boost

Follower boost operation offers the advantages of a smaller and therefore, less expensive inductor, and reduced on-time
losses for the power FET [2]. This is normally used in systems where the lowest possible system cost is the main objective.

Continuous Conduction Mode (CCM) Control

The Continuous conduction mode control has been widely used in a broad range of applications because it offers several
benefits. First, the peak current stress is low and that leads to lower losses in the switches and other components. Also, input
ripple current is low and at constant frequency, making the filtering task much easier. The following attributes of the CCM
operation need further consideration.
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Vrms?2 Control

As is the case with many of the PFC controllers on the market, one essential element is a reference signal that is a scaled
replica of the rectified input voltage, which is used as a reference for the circuit that shapes the current waveform. These chips
all use a multiplier to accomplish this function; however, the multiplier system is more complex than a conventional two-input
multiplier.

Figure 1-17 shows the classic approach to continuous-mode PFC. The boost converter is driven by an average current-mode
pulse width modulator (PWM) that shapes the inductor current (the converter’s input current) according to the current
command signal, V;. This signal, V;, is a replica of the input voltage, Vjp, scaled in magnitude by Vp. Vpyv results from
dividing the voltage error signal by the square of the input voltage (filtered by Cs, so that it is simply a scaling factor proportional
to the input amplitude).

M w5

g
— L Load
Ac m PWM IK— ey
cin > Control '
[0,
Lo
> \4 < 1 >
g N 1 g =
| Mult. Div. |_ A —~VVVv—
Kin [ Ku Vv Ko |y * e
§ EVSIN DIV ERR g
L VREF
- Square

VERR ' KM ' VSIN

KD - Ks - Kf2 - V|N2

_Li. Kf Vi Ks KS Kf2 VIN? =
Ct
; Vi =VDIv:-KM: VSIN =

Figure 1-17. Block Diagram of the Classic PFC Circuit

It may seem unusual that the error signal is divided by the square of the input voltage magnitude. The purpose is to make
the loop gain (and hence the transient response) independent of the input voltage. The voltage squared function in the
denominator cancels with the magnitude of Vg and the transfer function of the PWM control (current slope in the inductor
is proportional to the input voltage). The disadvantage of this scheme lies in the production variability of the multiplier. This
makes it necessary to overdesign the power-handling components, to account for the worst-case power dissipation.

Average Current Mode Control

The ac reference signal output from the multiplier (Vi) represents the wave shape, phase and scaling factor for the input
current of the PFC converter in Figure 1-17. The job of the PWM control block is to make the average input current match
the reference. To do this, a control system called average current mode control is implemented in these controllers [3], [4]. This
scheme is illustrated in Figure 1-18.
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Figure 1-18. Diagram for Average Current Mode Control Circuit

Average current mode control employs a control circuit that regulates the average current (input or output) based on a control
signal lcp. For a PFC controller, Iy is generated by the low frequency dc loop error amplifier (and it is simply the current
equivalent of the signal Vi as depicted in Figure 1-17. The current amplifier is both an integrator of the current signal and an
error amplifier. It controls the wave shape regulation, while the Iy signal controls the dc output voltage. The current Icp
develops a voltage across Rep. For the current amplifier to remain in its linear state, its inputs must be equal. Therefore, the
voltage dropped across Rshunt must equal the voltage across Rcp, since there can be no dc current in the input resistor to the
non-inverting input of the current amplifier. The output of the current amplifier is a “low frequency” error signal based on the

average current in the shunt, and the I¢p signal.

This signal is compared to a sawtooth waveform from an oscillator, as is the case with a voltage mode control circuit. The
PWM comparator generates a duty cycle based on these two input signals.

ON Semiconductor NCP1650 Family

ON Semiconductor offers a line of highly integrated PFC controllers, with a novel control scheme [5]. This chip’s control
circuit uses elements from the critical conduction mode units, as well as an averaging circuit not used before in a power factor
correction chip. The basic regulator circuit includes a variable ac reference, low frequency voltage regulation error amplifier

and current shaping network.

This chip incorporates solutions to several problems that are associated with PFC controllers, including transient response,
and multiplier accuracy. It also includes other features that reduce total parts count for the power converter [6]. The simplified
block diagram of this approach is shown in Figure 1-19. More details of this approach can be found in the references provided

at the end of this chapter.
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Figure 1-19. Simplified Block Diagram of the NCP1650 PFC Controller

In addition to the NCP1650, which works in a traditional boost PFC topology, the NCP165x family also consists of
NCP1652. The NCP1652 allows a single-stage, isolated step-down power conversion with PFC for many low-mid power
applications where the output voltage is not very low and can handle some ripple. As shown in Figure 1-20, the NCP1652 based
flyback converter provides a uniquely simple alternative to two-stage approaches commonly used. The NCP1652 includes all
the relevant significant feature improvements of the NCP1650 and also includes a high-voltage start-up circuitry.
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Figure 1-20. Single Stage PFC Using the NCP1652
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Predictive Control of CCM PFC

The preceding section outlined some of the inherent complexities of CCM PFC control and how NCP1650 helps overcome
some of those complexities. In recent years, a newer control technique has been introduced which greatly simplifies the control
algorithm of the CCM PFC controllers. As incorporated in the NCP1653 and NCP1654 from ON Semiconductor, this
technique is known as predictive control since it uses the sensed current to determine (predict) the required duty cycle instead
of generating the reference signal based on input voltage sensing.

The average inductor current in a system with good PF must be proportional to the input voltage:
Vin

{icail (1) g, = lin(t) ° Vin(t), and doff = m

for CCM operation, where dy is the duty cycle of power switch off time.

Hence doff <iCOi|(t)>T3N

The way the predictive CCM PFC controller works is to control the power switch on time by summing a ramp signal with
a signal proportional to the coil current. As a result, the higher the sensed coil current, lower the on time and higher the off time,
satisfying the relationship above. Figure 1-21 shows the current shaping scheme. Some ramp is summed with a signal

proportional to the coil current.
Iref-ton
Cramp

The power switch stops conducting when Vgm exceeds the current reference. Hence, one can deduct tyn and consequently

Cof-

Vsum = Vsense +

_q_ ton
d()ff—l _T
Iref-TON) — (Cramp-Vief)  Cramp-V
doﬁc=1_(ref S\N) — (Cramp ref)+ ramp-Vsense

Iref-TSW Iref-TSW

Iflref - Tow = Gramp - V€f, 1.8, Irer, Cramp, @nd Vrer also act as the oscillator to control the operating frequency, one can obtain

Vsense .
doff = —=—=—= = k-I t
off Vres coil(t)

which leads to near-unity power factor. More details on this approach are provided in a later chapter.

<4— Vref
(Current Reference)

<4— Ramps

«4— Sensed Coil Current

Figure 1-21. Predictive CCM Control Waveforms
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Advanced Approaches for PFC

The major control algorithms (CrM, CCM and DCM) and their combinations allow many options for the designers. In
addition to these, the search for higher efficiency and modularity has lead to advanced architectures being utilized for the
leading edge applications. These approaches are getting into the mainstream applications only now. However, given their
highly advanced nature, the designer has to be careful about staying clear of any intellectual property (IP) implications when
considering these approaches. In this handbook, two such advanced approaches are presented in later chapters.

The bridgeless PFC solutions arose from the recognition that the diode bridge at the front-end of any PFC typically
contributes 2% power losses at full load, low line. If the bridge can either be eliminated or combined with other functions, these
losses can be averted. With this in mind, many topologies have been presented in the industry publications and also have been
used in some of the higher end applications (UPS being one of them) in the past few years. The bridgeless solutions involve
distinctly more complex control and also require acute awareness of the grounding loops when implementing them. Most
known implementations involve moving the boost inductor to the ac side of the bridge and replacing the lower diodes of the
rectifier bridge with switches in order to replicate boost converters for each leg.

Another recent trend is to apply the interleaving concept to the PFC circuits. In interleaving operation, a single converter
is replaced by 2 or more paralleled converters each operating out of phase so that the ripple current when summed at the output
or input has a cancelling effect and results in lower filtering requirements. Other benefits of interleaving are modularization,
heat dispersion and ability to optimize cost/performance of a smaller module which is much easier due to component
availability. Against this, there are potential negatives such as higher component count and a more complex control function.

Component Selection for PFC Circuits

The basic PFC boost converter is one of the simplest converter types (along with buck and buck-boost converters) around.
Consequently, the number of components required for power stage is minimal — one inductor, one power switch, one diode
and one output capacitor. So, when adding an active PFC circuit to an existing power converter, the component requirements
are not very complex. Additional components such as the input bridge and EMI filter are already existent in all ac connected
power converters.

While the power stage is simple, the component selection is by no means trivial and there are many critical choices to be
made while optimizing the design for required performance. Given the recent trend for higher efficiency, the component
selection plays an even more significant role and it has been shown that a proper component selection alone can boost the PFC
efficiency by 2-3% for a given topology.

PFC Inductor

The PFC inductor (also referred to as boost inductor or coil or PFC choke), is very important to the operation of the PFC
circuit. It must be designed to prevent saturation and consistently provide good power factor. The value of inductance is selected
based on commonly available equations. For CCM, the value of inductor tends to be higher than the value for the DCM or CrM
operation. However, that does not mean that the size of the inductor is always higher for the CCM operation. The size depends
on the inductance value and the rms current through the inductor. The key consideration is in selecting the right core material
and winding size for a given inductor. The higher peak-peak current ripple means that the core losses are higher for the CrM
operation. It is often more difficult to use a cheap powder iron core for the CrM operation and achieve the required efficiency.
The other key consideration is the type of core. Toroids are the most popular because they offer low cost, but if the number
of winding turns is high, a bobbin based winding may facilitate easier winding. Some advanced designs use this approach with
Ferrite cores to get better flux control.

PFC Diode

The choice of PFC diode plays a crucial role in the efficiency and EMI performance of a CCM boost converter. At the instance
of the boost switch turn-on, the diode is carrying significant current in the CCM operation. Since this diode is a high voltage
diode, it typically suffers from reverse recovery phenomenon (forced by slower recombination of minority carriers) which adds
to the losses and ringing. It is important to use ultrafast diodes (preferably with soft recovery characteristics) to mitigate this
problem. In recent years, alternative rectifier solutions based on more advanced materials have been proposed, but cost
constraints limit their applicability in mainstream applications. For the CrM or FCCrM operations, the requirement is different
since the diode always turns off at zero current and hence there are no reverse recovery issues to be faced. In these applications,
the important criterion is to optimize the forward drop of the diode to improve efficiency. ON Semiconductor has recently
introduced PFC diodes (MURS550 series) for these applications.
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PFC Switch

The choice of PFC switch is based on the cost vs. performance trade-off. The recent advances in MOSFET technology has
helped in moving this trade-off more quickly in the direction of higher performance. With a 500 V or 600 V FET, the important
issue is to select the FET with right level of Rgs(on) to get low conduction losses without increasing switching losses
significantly. Blindly selecting the lowest available Rgs(on) FET will not yield the highest efficiency and will actually increase
the cost of implementation. Of equal importance is effective MOSFET drain capacitance. This capacitance must be charged
and discharged every switching cycle. Choosing a MOSFET with low capacitance will reduce switching losses and increase
efficiency.

Current Sense Resistor

The current sense resistor is another important contributor to conduction losses and it is important to minimize the voltage
drop across it at full load. In higher end designs, this is achieved by employing current sense transformers. However, in more
typical designs, the choice of current sense resistor is dictated by the requirements of the PFC controllers. Many controllers
require a fixed 1 V signal and that leads to contribution of about 1% losses. In many of ON Semiconductor’s PFC controllers,
through negative sensing scheme, the current sense signal is user programmable and hence can be optimized further.

Conclusion

The number of choices available to the PFC designer has grown significantly over the past few years. This is due to the
increased interest in complying with IEC61000-3-2 and its derivatives, coupled with an enthusiastic spirit of competition
among the semiconductor suppliers. The end users reap increasing benefits as PFC becomes better and more cost effective.
Power Supply designers benefit from the increasing capability of these IC controllers, with more options available to execute
the designs.

On the other hand, the designer’s job has become more complicated as a result of the plethora of design approaches at his
fingertips. Just surveying them is difficult enough, but understanding each of them well enough to make an informed,
cost-effective choice is a big challenge. It has been an objective of this chapter to increase the designer’s awareness of this trend
and to provide some insight into the details. In the remaining chapters of this handbook, we expand on the individual approaches
and attempt to provide benchmarking that will make this selection easier.
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CHAPTER 2
Methodology for Comparison of Active PFC Approaches

There are many different driving factors for designing PFC circuits as outlined in Chapter 1. Depending on end
applications requirements and the prominent driving factors, the choice of a PFC circuit will vary. Until very recently, only
one or two topologies have been widely utilized for PFC implementations. For higher power circuits, the traditional topology
of choice is the boost converter operating in continuous conduction mode (CCM) and with average current mode control
(ACMC). For lower power applications, typically the critical conduction mode (CrM) boost topology is utilized. As the range
of circuits and applications incorporating PFC has expanded, the need for more diversified PFC solutions has grown. Many
of the emerging solutions use variations of the established topologies, while some truly novel techniques have also emerged.

It is often difficult to provide an instantaneous answer to the question: “Which approach is the most suitable for a given
application or power range?” The answer depends in part on the design priorities and various trade-offs. However, the other
part of the answer lies in benchmarking of different approaches for a given application. In this handbook, results of such
a benchmarking effort have been presented with detailed analysis. Previous version of the PFC handbook by
ON Semiconductor (published in 2003) also presented similar benchmarking, but the technology enhancements since then
have shifted the basis of comparison somewhat.

The choice of a correct application is critical in carrying out such a benchmarking study. It is commonly accepted that
at power levels below 200 W, the CrM approach is more appropriate, while for power levels above 300 W, the CCM approach
is admittedly sensible. However, in the market, there is no dearth of power supplies which implement CCM at lower power
and CrM at higher power — ultimately, it is the designer’s comfort factor that counts. The power range of 200-300 W
represents the gray area where either approach could be used. As a result, it is most pertinent to evaluate the performance
of different approaches somewhere within this power range. A 270 W (output) power level was chosen as a target
application. Also, since most applications are required to operate over universal input voltage (88-264 Vac, 50/60 Hz), that
was chosen as the input voltage range. All the systems were designed to a hold-up time (line drop-out) specification of 16 ms
(1 line cycle). The output voltage for the benchmarking is chosen to be 385 Vdc which is commonly used for the universal
input PFC applications.

Choice of Approaches

From the approaches described in Chapter 1 and other available approaches, following were identified as the suitable
candidates for this benchmarking. The accompanying figures for each approach depict the complete system implementation
including input filtering.

1. Critical Conduction Mode (CrM) boost converter with fixed output voltage. As shown in Figure 2-1, this approach
creates a fixed (385 V) output voltage at the PFC output using NCP1607 — a new voltage mode CrM controller
from ON Semiconductor.

| F1 P1 -
85-265 V EMI filter for PFC Boost 385V
50/60 Hz . .
AC Input variable freq Front-end using DC out
P ripple NCP1607 ——

Figure 2-1. Critical Conduction Mode PFC

2. Frequency Clamped Critical Conduction Mode (FCCrM) boost converter with variable output voltage. As shown in
Figure 2-2, this approach uses the Frequency Clamped CrM (where the DCM and CrM approaches are judiciously
mixed), to generate the 385 V dc output. NCP1605 is used as the PFC controller.

| F2 P2 -
85-265 V EMI filter for PFC Boost 385V
50/60 Hz .
AC Input clamped freq Front-end using DC out
P ripple NCP1605 ——

Figure 2-2. Frequency Clamped Critical Conduction Mode PFC
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3. Continuous conduction mode boost converter with fixed output voltage. As shown in Figure 2-3, this approach
creates a fixed (385 V) output voltage using a CCM boost topology. The NCP1654 is used as the PFC controller for
this approach.

F3 P3

85-265 V EMI filter for PFC Boost 385V
50/60 Hz . ;

AC Input fixed freq Front-end using DC out
P ripple NCP1654

Figure 2-3. Continuous Conduction Mode PFC

4. Interleaved converter with fixed output voltage. Since there is an increasing level of interest in interleaving of PFC,
additional benchmarking is provided for the interleaved converter in the same power range as shown in Figure 2—4.

F4 P4

85?)75(? ?—l\z/ EMI filter for Interleaved PFC Boost 385V

AC Input clamped freq Front-end using DC out
P ripple NCP1631

Figure 2-4. Interleaved PFC

Test Methodology

All the above PFC approaches (P1-P4) were designed, built and characterized. Each converter went through minor
modifications in order to achieve local optimization without making major 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 (Vi = 85 to 265 Vac, zero to full load)

2. Line and load regulation

3. Input current total harmonic distortion (THD), individual harmonic contributions, and power factor
4. Power Conversion Efficiency (Vi = 100, 115, 230 Vac, Poyt = 20%, 50% and 100% of full load)

The test set-up is depicted in Figure 2-5 below.

Power
Analyzer
Pin, Vin, lin
PF, THD
ot 4@_0_
Sense+
O— AC Source Unit
AC Line 0-300 Vac Under Load §
o— 2 kVA Test
Sense-
Out- O

Figure 2-5. Test Set-Up for Performance Measurements

Equipment used for measurements

AC Source: Chroma AC Source (6520)

Power Analyzer: YOKOGAWA Precision Power Analyzer (WT21)

Load: Chroma Electronic Load (63105) was used

\oltmeter: Agilent Digital Multimeter (34401A)

Current Meter: Current measurement were done by the Agilent Digital Multimeter (34401A)
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The circuits were tested utilizing an isolated ac source with input voltages ranging from 85 to 265 Vac. Input parameters
were measured with the power analyzer. They included input power (Pin), rms input voltage (Vin), rms input current (lin),
power factor level (PF), and total harmonic distortion (THD). All the measurements were made after the circuit was
thermally stabilized by operating it at full load and 100 Vac input for 30 minutes.

The output voltage was measured directly at the output sense pins using a Kelvin sensing scheme. There was virtually no
current flowing through the sense leads and therefore no voltage drop that can cause an erroneous reading. On the contrary,
measuring output voltage across the resistor load can cause a wrong reading as voltage drops occur between the UUT and
the load, the voltage drop varying with the amount of current flowing. The load current was measured using the current meter
built in the Agilent Digital Multimeter.

The tests were conducted in similar settings for all the boards. However, it should be realized that there is always an
element of inaccuracy in PFC power measurements due to the nature of these measurements. This inaccuracy is more
pronounced at lighter load conditions, so the reader is advised to take this into account whenever interpreting the results
presented in this handbook and also those taken in any lab environment.

Criteria for Comparisons

The comparisons were carried out between the performances of circuits P1-P3. These are summarized in Chapter 10. 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 structures depend on many factors. However, the comparisons take into account relative costs
of different approaches and provide details of the trade-offs involved. The size comparison is based on comparison of the
sizes of major power train components for the different approaches.

Trend Chart/Effects on Variations in Conditions

While all the comparisons are made based on identical input and output conditions to provide a true comparative picture,
in real life, different applications will have varying requirements. In such cases, one approach or topology may be more
suitable for a given application than others. Following variations in operating or applications conditions are explored in
Chapter 10.

1. Cost/complexity as a function of power

2. Efficiency as a function of power

3. Filter cost/complexity as a function of power

4. Single Line condition (instead of universal line operation)
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CHAPTER 3
Critical Conduction Mode (CrM) PFC

PFC Converter Modes

The boost converter is the most popular topology used in PFC applications. It can operate in various modes such as
continuous conduction mode (CCM), discontinuous conduction mode (DCM), and critical conduction mode (CrM). This
chapter provides the analysis of the CrM operation using the NCP1607. As shown in Chapter 1, in this mode the inductor
current reaches zero before the start of the next cycle and the frequency varies with line and load conditions. One benefit of
CrM is that the current loop is intrinsically stable and there is no need for ramp compensation. In addition, the inductor current
reaching zero every cycle causes the diode to turn off without reverse recovery losses and enables the use of a less expensive
boost diode without performance penalties. Similarly, the MOSFET turn-on can be at a low voltage, which reduces switching
losses. This chapter contains the background, design details, and results of a CrM PFC converter. It should be noted that the
critical conduction mode is also known as boundary conduction mode (BCM), borderline conduction mode (BCM), and
transition conduction mode (TCM). It is also mistakenly referred to as discontinuous conduction mode. The true DCM PFC
is different and only recently introduced by ON Semiconductor and is covered in Chapter 4.

Basics of CrM Operation

The overview of the CrM operation is provided in Chapter 1. This chapter presents a detailed view of the basic operation.
The power switch ON state and OFF state are the two fundamental states of operation for a CrM converter. Figure 3—1 shows
the idealized circuit diagrams and waveforms for each state. A few key equations for understanding the operation of the CrM
converter are derived next. The first relationship is derived from the triangular nature of the inductor (coil) current waveform.

Diode Bridge Diode Bridge lcoil
—_—i
- Icoil - I T L l g |
Vin TVout
_ | 1 N
L
The Power Switch is ON The Power Switch is OFF
Caoil T Critical Conducti
e — ritical Conduction
Current Vine) e el T Vour - VIn() Mode: next current
L T b cycle starts as soon
.,«-f"'"'## ICOIL-PK \-\NH\ as the core is reset
~_}
e T o
e S -

Figure 3-1. States of Operation in Critical Mode Conduction PFC

cail, pk

2

Iin(t):<|coil>1—3,v =

Where lj,(t) is the low (line) frequency instantaneous value of the input current, which is equal to the averaged switching
frequency inductor current <lgsij>tsw. Using this equation and the input voltage and current relationship for unity power factor,
it is determined that the on time of the switch is constant for a particular line voltage and load current condition [1]:

_Z'Rn'L

t
Vac?

on

As described in chapter 1, this relationship is the basis of the voltage-mode control of the CrM PFC converter. Traditional
CrM controllers use current-mode control and industry contains many pin and function compatible, low-cost devices from
various semiconductor suppliers. The key common attributes of these controllers are:
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® Feedback error processing using a transconductance error amplifier in order to accommodate the overvoltage
protection (OVP) function that is critical to PFC operation. Some devices use alternative techniques for OVP
detection and managed to retain the use of traditional error amplifier for feedback processing. Pins 1 and 2 are used
for this function.

e Multiplier input (Pin 3) that senses the scaled instantaneous input voltage information to create the reference signal
for the current waveform.

® |nstantaneous current sense input (Pin 4) that is connected to the PWM comparator and protection circuits.

® A zero current detection (ZCD) input (Pin 5) that senses when the inductor current reaches zero and causes the driver
to turn on.

® \/cc (Pin 8), Ground (Pin 6) and Driver (Pin 7).

The reasons for success of this function set and pinout are easy to explain, in a very compact package, these features included
all the necessary control functionality for the current mode CrM PFC. In addition, the layout is made easy by separation of noise
sensitive signals (pins 1-4) and higher noise generation pins (pins 6 and 7). By buffering the driver between Vcc and ground,
optimum noise protection is achieved.

NCP1607 — Industry Pin Compatible Voltage Mode CrM Controller
The voltage mode CrM offers certain benefits compared to the current-mode CrM operation, namely:

1. There is no requirement to sense the input voltage through a resistive divider. In addition to reducing component
count, it also reduces the power consumption at light or no load conditions. This is a critical feature for compliance
with low standby power requirements.

2. The current sense signal is used for protection only and is not used by the PWM comparator. This is beneficial near
the input voltage zero crossing where the current sense signal amplitude is low and the possibility of noise injection
negatively affecting the circuit performance is high.

3. The lack of a multiplier eliminates a common source of inaccuracies in the circuit.

These benefits make it advantageous to convert from current-mode to voltage-mode control. Due to the popularity and
designer familiarity with the traditional CrM controllers, it is important that all the desirable attributes of the current-mode
controllers be retained. ON Semiconductor’s NCP1607 and NCP1608 accomplish this objective by retaining the pin out and
functionality of the current mode controllers while offering the benefits of the voltage-mode control.

As shown in Figure 3-2, the only change required to convert from current-mode controllers to the NCP1607 or NCP1608
is to modify the components connected to pin 3. The input voltage sense resistors are removed and the multiplier filter capacitor
is modified to match the design equation for the timing capacitor for voltage-mode control. All other functionality is retained
in the NCP1607 and NCP1608. In many cases, parametric and protection features are enhanced such as the OVP threshold
accuracy or the floating pin protection. The NCP1607 incorporates a traditional error amplifier with dynamic OVP sensing
based on the feedback path current. The dynamic OVP sensing enables the designer to program the overvoltage threshold. The
NCP1608 incorporates a transconductance error amplifier with fixed OVP sensing from the feedback voltage. The advantage
of the transconductance error amplifier is that the overvoltage fault is sensed independently of the error amplifier dynamic
operation. Both the NCP1607 and NCP1608 offer a low peak current sense threshold (typically 0.5 V) for additional power
savings as desired by designers. Additionally, open loop protection (UVP) is provided by both controllers. Finally, the
controllers enable the shutdown of the output driver if the FB pin is pulled to ground. The NCP1607 enables the designer to
shut down the output driver if the ZCD pin is pulled to ground. More details of the NCP1607 and NCP1608 operation are found
in [2] and [3] respectively.
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Figure 3-2. Converting from Current-Mode Control to the NCP1607

Design Steps with 270 W Example

The systematic design procedure for CrM PFC using the NCP1607 is performed to illustrate the design of a 270 W CrM PFC
converter used as a basis for comparison (design P1 described in Chapter 2).

Step 1: Define the Key Specifications

Equipment used for measurements

Minimum Input voltage (Vacy | ): 88 Vac (this is usually 10-12% below the minimum typical voltage, which can be 100 Vac
in many countries).

Maximum Input voltage (Vacy): 264 Vac (this is usually 10% above the maximum typical voltage, which can be 240 Vac in
many countries)

Line frequency (f_ng): 50 Hz/60 Hz (This is usually specified in a range of 47-63 Hz and for calculations such as hold-up
time, the lowest value specified is used for the calculation)

Output Voltage (Voyut): 385 V (This value is at least greater than 1.414 « Vacy and is typically between 385 and 400 V for
universal input operation)

Maximum output voltage (Vout(max)): 415 V (This value is usually 7-10% above the Vo value and is determined by the
accuracy of the OVP threshold of the PFC controller — conversely, the selection of the PFC controller must be made based on
this specification if it is determined by other component stress levels and derating factors).

PFC maximum output power (Poyt): 270 W (This is the specified output power for the PFC stage. It is important to factor in
the follow-on stage efficiency when specifying this parameter — it will always be higher than the specified maximum system
output power)

Minimum switching frequency (fsw(min)): 40 kHz (This parameter helps set the value of the boost inductor. Choosing it too
low increases the inductor size and choosing it too high leads to very high frequency operation near zero crossing and at light
loads)

Output voltage ripple (Vripple(p-p)): 20 V (This parameter is often specified in percentage of output voltage, 5% is a very
typical specification)

Hold-up time (thoig-up): 16 ms (This parameter specifies the amount of time the output remains within a specified limit during
line drop-out. One line cycle is typically specified. For PFC alone, this spec is not applicable, but the PFC output capacitor is
the single largest determinant of the hold-up time)

Estimated efficiency (n): 93% (This parameter is an initial estimate that is used to size the power stage components. A high
level of accuracy is not needed for the design procedure).

http://onsemi.com
33



PFC Handbook

Step 2: Design the Boost Inductor (PFC Coil)

The (maximum) peak inductor current is calculated using:

2-3/2-R,, _2:4/2:270 _9a3A
n-Vac,  0.93-88

coil, pk(max) —

The rms current is calculated using:

) — ICOil,pk(max) _ 9.33
N T

The boost inductor design is calculated using the equation below (generally low line presents the worst case situation, but
the following equation should also be applied for the high line condition) :

Vv
n-Vac,’ (% —Vac,) 0.93-88° -(@—88)

> V2 - V2 — 225 uH
V2V, Py fomn /2 -400-270-40000

I =3.81A

L

For this design a 250 uH inductor is chosen, which results in a minimum frequency of 36 kHz. This design uses a Ferrite
core (PQ3230, PC40 material) in order to reduce the core losses and litz wire (0.1¢ ¢ 80) to reduce the skin effect (where current
flows only in the periphery of the conductor) and hence the conduction losses.

When designing the inductor, the flux density has to be taken into account. The first point is to keep the flux density low to
prevent core from saturation. The ferrite cores have low saturation flux density, 0.25 to 0.5 T, which is temperature dependent.
The second point is to get a trade-off point between the usage of flux density and the hysteresis power loss. Based on the lab
experience, targeting the peak flux density around 0.25 T seems reasonable:

Icoil,pl(max)L 104 _ 933A250/,t 104

<0.25T
AN 1.67cm’ -N

B=

N =55.86

For this design, a 56-turn winding is implemented using Litz wire as indicated above. The inductor includes a secondary
winding to sense the zero current detection (ZCD). The turns ratio for this winding is calculated in Step 4.

Step 3: Select the Timing Capacitor

The voltage mode CrM circuit (NCP1607) operates by setting a fixed on time over the line cycle. This on time changes with
the line and load conditions. The on time will be at its maximum value at low line and full load (as that is the time maximum
energy has to be transferred to the output). The timing capacitor connected to pin 3 adjusts the maximum on time. The equation
for the maximum on time is:

2-L-P, 2-225-107°-270

T =
ON (max) 77 'VaCLL2 093882
Next, the value of Ct is calculated using following equation:

Ct> | charge * Tongmag _ 297-107°-16.87-10°°

Veaitr) 2.9
Where Icharge and VEagitf) are the datasheet specified values for the Ct charge current and the error amplifier peak and valley
voltages respectively. To ensure that the desired maximum on time can be delivered, the specified maximum and minimum

values are used for the numerator and denominator respectively. Based on above calculations, a standard value of 1.8 nF is used
in the present design.

=16.87 us

=1.727nF
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Step 4: ZCD Network Design

During the switch off condition, a voltage of (Vyyt-Vin) is across the boost inductor. As the current reaches zero, this voltage
starts collapsing and ZCD winding senses this event. In order to ensure fail-safe operation, the turns ratio of ZCD winding is
selected such that the reflected (Vout-Vin) Voltage is above the ZCD threshold under all conditions as shown in the equation:

Ng _ Vo ~\/2Vac,,) (385-1.414-264)
NZCD VZCDH 23

=5.06

The resistor Rzcp (R125) is selected to limit the current into the ZCD pin. If it is selected too low, the current may trigger
the ZCD shutdown feature. So, the value of Rz¢cp is given by:

V2 Vac, N, 1414264

—7.02=295kQ
le ve  Ng 2510

RZCD -

In the design, a 56 k< resistor is used. The value of Rzcp is finalized empirically to get the lowest switching losses.
The resistor and parasitic (or real) capacitance on the ZCD pin create a short delay circuit that allows the drain voltage of the
FET to fall after ZCD condition is reached. If the switch turn-on condition matches the valley of the drain voltage, the switching
losses are minimized.

Step 5: Set FB, OVP, and UVP Voltages

The design of the feedback components Rgg1 and Rggo determine the nominal output voltage, the undervoltage protection
threshold, and the overvoltage protection threshold. Rgg1 sets the overvoltage protection by the following equation:

RF — Vout(max) _Vout _ 415-385 -3MQ
o lovp 1-107°

Reg1 is selected as three 1 MQ resistors (R130, R131, and R132) due to the high output voltage.

The NCP1607 includes Floating Pin Protection (FPP) that protects the system if the FB pin is floating. FPP is implemented
with a pull-down resistor (Rpg shown the NCP1607 datasheet). The inclusion of Rgg is compensated by adjusting Rrg».
The parallel combination of Rrg and Rrg, form an equivalent resistor Rgq that is calculated using:

25-Reg _ 2.5-3-10°
Vou—25 385-25

out

=19.61kQ

REQ=

Reg"Reg  19.61-4700

= =19.7kQ
Reg —Req  4700-19.61

Regz =

Reg2 is selected as a standard value of 19.6 kQ (R134).
Finally, the UVP threshold is given by:

Res1 + Reg Vo = 3000+19.61

_ .0.3=46V
uvp 19.61

Vout (uv) =
Re
Q

The NCP1607 detects an undervoltage fault when the output voltage is less than Voutuv) and disables the output driver. This
feature also protects against open feedback path conditions (missing Rrg1).

Step 6: Power Stage Components (MOSFET, Diode, and Current Sense Resistor)

The power stage components are designed based on their current and voltage ratings. The inductor design is covered in step 2.
The MOSFET is selected based on peak voltage stress (Vout(max) + margin) and rms current stress:
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I — 2.POUI . 1_8'\/5 .\/a'CLL _ 2'270 1_8'\/5'88 —324A
M (rms) — o . - . . \ . =9.
3 vac, \T 3wV,  /3.093.88\7 3.7-385

Using a 600 V, 0.19 ©2 MOSFET and assuming that Rgs(on) increases by 80% due to temperature effects, the conduction
losses are:

— 2 — 2 —
Poa = (rms) Rds(on) =3.24°-019:1.8=36 W

While switching losses are difficult to predict without the details of switching waveforms and diode recovery characteristics,
it is assumed that for a CrM PFC, the switching losses are less than the conduction losses. One component of the switching
losses that is easily predicted is the capacitive turn-on losses:

2 _
Poscan =5 " OS5 /25 -V . f =0.666-780-1072 -5-(385)"° -36000 = 0.71W

The nonlinear nature of the capacitance is accounted for in the equation above. As mentioned in step 4, the ZCD network
design in reducing the Vg, from the nominal voltage of 385 V to a much lower value and reduce the losses even more. For CrM
operation, the conduction losses dominate. The lowest economically feasible Rgsiony MOSFET is chosen. For this design,
the 20 A, 600 V FET with 0.19 ohm Rgs(on) Was chosen.

The boost diode is a simple selection for CrM since there are no reverse recovery issues. The goal is to choose the correct
voltage rating (Vout(max) + margin) and lowest forward voltage drop available. The average diode current is the same as the
output current (Ig = Pout/Vout = 270/385 = 0.7 A). The losses are simply I4*V+. The peak current of the diode is equal to the
inductor peak current (9.33 A). The chosen diode is the MURB860, which is an ultrafast rectifier with 8 A average and 16 A
repetitive peak current rating and 600 V reverse voltage rating.

The current sense resistor is calculated using the peak current and the current sense voltage threshold.

=—=" =——=0.0536Q
R = e 9.33

In this design, Rsense (R100) is selected as 0.04 Q, which provides 33% margin over the maximum peak current.
The dissipation in the sense resistor is calculated using:

Preesnse = | 71 (rms) * Repnse = 3.247-0.04 =0.42W

Step 7: Output Capacitor Design
The output capacitor is designed considering three factors: output voltage ripple, output current ripple, and the hold-up time.
The output voltage ripple is calculated using:

P

out

-C

V. =
rPpie(ee) 2.7 - fline out 'Vout

The capacitor rms current is calculated using:

B 32'\2'Poit _(Pom)z
contrms) \ 9.7 -Vac| Vo, 1 ? Vou

However, it is common to size the value of the capacitor based on the hold-up time that is calculated using:

_ C:out '(Voit _anin)
hold—up — 2.p

out

t
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In this case, a 220 uF capacitor is selected to satisfy the conditions above. The peak-peak ripple is 10 V, the rms current is
1.87 A, and the hold-up time is 18.6 ms (for Vpmin = 320 V).

These major design steps enable the functional prototype to be built and tested. In addition to these steps, other common steps
such as Vcc generation, feedback compensation, and inrush limiting are required to complete the design. These steps are not
covered here as they follow conventional methods.

Circuit Schematic and Bill of Materials

BD001

D101

3] GBUB0S 1N5406
L101 L100 D100
MURB60
! PO3230 >H—g oPFC
1L i VIVIYY Rl ouTt
c103—L-cto1 c102 < R120 —
T 1nF T047;,\F T1;,\F 301k r R126 — 10
()
2 PFC 39 I SPP20NGOC3
002 FG_ "Coot 1C100 —
o =1 A Ri27 i
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C006 DRV o1
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Figure 3-3. Schematic of NCP1607 Based PFC Converter
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Table 3-1. Bill of Materials for CrM Board

Reference Quanity Part
BD001 1 GBU806
C001, C002, C103, C104 4 1nF
C005, C101 2 0.47uF
€006 1 0.33uF
C102, C122 2 1uF
C110 1 220uF
ci11 1 102PF/5T
C120 1 2.2nF
C121 1 100uF
Cl124 1 0.01uF
C125 1 0.1uF
C126 1 220pF
D100 1 MUR860
D101 1 1N5406
F001 1 FUSE 5*20 (Axial Lead)
IC100 1 NCP1607
LO01, LO02 2 CHOKE (EMI Choke)
L100 1 PQ3230
L101 1 CHOKE (Power Choke)
Q100 1 SPP20N60C3
R001, RO02, RO03 3 330k
R100 1 0.04
R105 1 22
R120, R121 2 30k
R122 1 143k
R125 1 56k
R126, R127 2 39
R128 1 10.2k
R129 1 10
R130, R131, R132 3 1IMEG
R133 1 10k
R134 1 19.6k
TB1 1 AC inlet
ZD100 1 1N4733A
ZD101 1 IN4745A
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Results and Analysis

The results for the 270 W design based on the NCP1607 are shown in Table 3-2 below.

Table 3-2. Performance Results for the 270 W PFC Based on NCP1607

ON Semiconductor

Output
Vin Pin Vo lo Power
(Vac) (W) V) (A) (W) Po Efficiency PF THD
100 28.91 386.97 0.071 27.43 10% 94.88% 0.954 18.2
42.24 387.04 0.104 40.40 15% 95.63% 0.971 14.4
56.93 387.10 0.141 54.59 20% 95.89% 0.970 11.7
141.59 387.24 0.350 135.60 50% 95.77% 0.996 5.9
287.10 387.30 0.704 272.53 100% 94.93% 0.998 3.7
115 28.57 386.88 0.070 27.06 10% 94.72% 0.927 23.1
41.96 386.97 0.104 40.20 15% 95.80% 0.960 15.8
56.62 387.02 0.141 54.49 20% 96.24% 0.972 14.4
140.57 387.16 0.350 135.56 50% 96.44% 0.993 8.0
283.52 387.28 0.700 271.19 100% 95.65% 0.998 4.0
230 28.63 387.21 0.071 27.57 10% 96.29% 0.533 100.0
42.18 387.04 0.105 40.82 15% 96.78% 0.642 100.0
55.64 387.07 0.140 54.10 20% 97.23% 0.762 74.1
137.85 386.89 0.349 135.00 50% 97.93% 0.892 30.5
275.48 387.06 0.699 270.63 100% 98.24% 0.970 12.3

As shown in Table 3-2 the efficiency of the circuit is nearly 95% at 100 Vac and full load. The efficiency is comfortably
higher than 95% for all other line conditions between 15% and 100% load. The wide load range where the efficiency is high
is attributable to low switching losses for the CrM operation. The THD at high line and full load is measured to be 12.3% with
a PF of 0.97. This is within the allowable range of the IEC61000-3-2 harmonics requirements as depicted in Figure 3—4. The PF
and THD performance at light load and high line is not that great for this board. The reasons for this are the distortions applied
by the propagation delays.
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Figure 3—-4. Harmonic Content of NCP1607 Based PFC Converter at Full Load and 75 W

The no load power consumption of the circuit is given in Table 3—3. As shown, the no load losses are higher at low line. The
no load losses are greater at low line because of the large difference between the input and output voltages. The large difference
between the input and output voltages requires increased switching to boost the input voltage up to the output voltage..

Table 3-3. No Load Power Consumption

Pin

Vin (W)
100 Vac 1.084
115 Vac 0.974
230 Vac 0.526

The efficiency optimization involves component tuning. For example, the diode and the MOSFET selections are made using
different combinations and the results are compared. For this design, two types of diodes are evaluated. The MUR550, which
is a diode designed for CrM and FCCrM applications and MURB860, which is a standard 600 V ultrafast rectifier. In addition,
the MOSFET was changed from 20 A to 15 A and its effect was observed. The results are shown in Table 3—4.

Table 3—-4. Efficiency Change as a Result of Major Component Changes

100 Vac 115 Vac
100% load 1ISAFET 20 AFET 100% load 15 AFET 20 AFET
5 A diode (MURS550) 93.5% 94.4% 5 A diode (MUR550) 95.1% 95.6%
8 A diode (MURB860) 94.9% 8 A diode (MURB860) 95.7%
20% load 15 AFET 20 AFET 20% load 15 AFET 20 AFET
5 A diode (MUR550) 95.0% 95.7% 5 A diode (MUR550) 95.7% 96.1%
8 A diode (MURB860) 95.9% 8 A diode (MURB860) 96.2%
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From Table 3-4, it is clear that the combination of the 8 A diode and 20 A FET provides the highest efficiency results.
However, at 115 Vac, the difference between performance results is not large. The impact of the FET on efficiency performance
is easy to explain. The conduction losses scale with Rgs(on) and increase significantly as the FET Rgs(on) increases. By contrast,
the efficiency difference between the MUR550 and the MURS8G60 is not easy to explain.

The relevant operating waveforms of the circuit at full load and 115 Vac input are shown in Figure 3-5. Here, Ch1l is the input
voltage (the captured waveform is taken at the peak of the input votlage), Ch2 is the inductor current, which shows the CriM
nature of the circuit, Ch3 is the Vds of the main FET, and Ch4 is the Vgs.

TekStop | C : ]
4
: : : : : : Ch1 Mean
4 136V
Tttt i i bt bend Sed  Chd Freg
. . . ; . . 50.55kHz
P s : s
Chi[ 50.0V  |WiF] 2.00 A GWM4.00us| A Ch1 £ 162V
ch3[ 100V  [Chd[ 10.0V & 24 Jun 2008
50.80 % 17:53:29

Figure 3-5. Operating Waveforms at Full Load, 115 Vac

The switching frequency of the CrM varies over a wide range with line, load, and the phase angle. Figure 3—6 shows these
variations at the peak of the line voltage for low line and high line operations. Also included in the figure are the measured
values at some corners. As shown there, the theoretical low line frequency range is 36 kHz to 360 kHz from full load to 10%
load. The measured full load frequency matches the theoretical value closely. However, the measured frequency at light load
and low line is much lower than the theoretical value. This difference can be ascribed to the internal propagation delays and
forward drops which make the actual values different from idealized values used in calculations. The actual frequency being
much lower than calculated value is good news from the viewpoint of EMI and light load efficiency. However, the propagation
delays also lead to higher distortion in the input current waveform which reduces the PF and increases THD.

Similar results are plotted for the zero crossing instances in Figure 3—7. The difference in the calculated and measured values
is apparent and is attributed to the same factors described above. One interesting difference between the two plots is that for
zero crossing, the low line frequencies are lower compared to the high line values, while the sinusoid peak shows exactly
opposite behavior. At high line, the peak is higher, so the frequency range from zero crossing to sinusoid peak will be wider.
Thus, even starting from a smaller number at the peak, it goes to much higher peak during one-half line cycle.

In general, the zero crossing distortion is increased for CrM operation at high line. This is because the theoretical frequency
is never reached due to inherent circuit propagation delays. The result is that the PF decreases and THD is increases.
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Figure 3-6. Frequency Variation at the Peak of the Sinusoid in CrM PFC
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Figure 3-7. Frequency Variation at Zero Crossing in CrM PFC
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Following figures provide the graphical representation of the data shown in Table 3-2.
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Figure 3-8. Efficiency Performance Over Line and Load
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Figure 3-9. Power Factor Performance Over Line and Load
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CHAPTER 4
Frequency Clamped Critical Conduction Mode (FCCrM) PFC

Introduction

The Critical Conduction Mode (CrM) described in Chapter 3 offers many advantages, especially for low power applications.
However, the results and the characteristics also showed some limitations of the approach at light load conditions. The
prominent limitation was that the frequency range of the converter varies significantly over line and load conditions. In the
design example used in Chapter 3, at high line and full load, the frequency will go from 14.5 kHz at the peak of the sinusoid
to 480 kHz near the zero crossing. At lighter loads, this frequency range gets even wider. Theoretically, the frequency has to
go to a few MHz to achieve the PFC under light load and high line conditions. However, in practice, the inherent delays within
the controllers and in surrounding circuits limit the switching frequency (also, some CrM controllers such as the NCP1605 offer
frequency clamp mechanisms to limit the frequency excursion). Limiting of the switching frequency helps limit the EMI
generation and also cuts down the magnetic core losses and filter requirements. However, they come at a price of distortion
in the power factor, especially near the zero crossings, where the frequency tends to get to its highest level. Thus, a designer
always faces a trade-off between keeping the maximum frequency too low and letting it go high.

This difficulty has led to development of a new control approach called the Frequency Clamped Critical Conduction Mode
(FCCrM).

Basics of FCCrM Operation

The overview of the FCCrM operation was already provided in Chapter 1. Here, let us take a more detailed view of the basic
operation. Since the key differentiation between the CrM and FCCrM is when the converter operates in fixed frequency mode
(DCM), we will examine that in detail. The operation in the CrM follows what was described in Chapter 3. There are three
fundamental states of operation in DCM — Boost Switch ON state, OFF state with current conduction and OFF state with no
current conduction. Figure 4-1 provides the idealized circuit waveforms for these states. A few key equations for the
understanding the operation of the DCM mode can be derived next. The first relationship was derived from the nature of the
inductor (coil) current waveform in Chapter 1:

Vi t
lint) = —énl(_t) '(ton'—CLTSC/I;)

| tcycle = ton + tdemag' |

IcoiL

ton tdemag toT Time

teycle

Tsw

Figure 4-1. States of Operation in Discontinuous Conduction Mode PFC

This relationship between the input current and input voltage points to a PFC control algorithm that can be implemented to
make the quantity (ton * teycle/ Tsw) constant over a line cycle (for a given set of line and load conditions). This is achieved by
including a switched amplifier block as shown in Figure 4-2 that integrates two different values to equal the error amplifier
input voltage. This results in:
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V _ Tsw 'Vcontrol
ton — t
cycle

Where Vcontrol 1S the voltage at the error amplifier output which represents the line and load conditions and Vg, is the voltage
presented to the timing comparator that sets the on time. Since the timing comparator controls the on time such that it is
proportional to Vign, we get:

t -t
t oV and ¥ v

on ton T control
sw

which is constant over a line cycle.

This yields the desired power factor algorithm. This algorithm is patented and incorporated in two of ON Semiconductor’s
offerings — NCP1605 and NCP1631. The NCP1605 is an advanced feature set controller. NCP1631 is an interleaved FCCrM
PFC controller, which will be depicted in Chapter 7. In this design, the advance feature set of NCP1605 was used and it is
described in the next section.

Vton PWM

Vcontrol o I3 Comparator

/ Timing
i S2 Capacitor
—> Vton during cycle
—> 0V during dead-time J:‘ Saw-Tooth
—> (Vton ¢ dcycle) in average
Coil Current —Oo VDT
Isense o———|  Monitoring for

Dead-Time High During Dead-Time
Detection

Figure 4-2. DCM PFC Algorithm to Modulate on Time

NCP1605 — Advanced Feature Set FCCrM Controller

Figure 4-3 shows the block diagram of the NPC1605 PFC controller. It has many features to ease and optimize the
implementation of PFC in the system.
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Figure 4-3. Block Diagram
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The block diagram helps identify key functional improvements of the NCP1605 which are described below.

e The high voltage input (pin 16) which allows Vcc to be derived directly from the PFC bulk output by charging the
Vcc capacitor through an internal current source. [Not used in this design]

e A separate OVP/UVP pin (pin 14) that allows independent protection feature desired in some applications.

e A latched shutdown input (pin 13) that can be used to protect against catastrophic faults. [Not used in this design]

e A PFCOKI/reference output (pin 12) that can be used for sequencing the second stage to start after PFC is operational.
[Not used in this design]

® An Oscillator/Sync input that helps set the maximum switching frequency. When the coil current has not reached
zero, the switching period is automatically extended to enable CrM.

® The current sense resistor is put in the return path to sense the true inductor current. Hence the ZCD winding is not
required.

e The light load operation is improved by including a cycle-skip function driven by input on pin 1. [Not used in this
design]

e \Window comparators to speed up the transient response when output voltage goes outside specified limits.

® Brown-out detection (pin 2) to turn-off the circuit when input voltage is too low.

Design Steps with 270 W Example

The step-by-step design procedure for FCCrM PFC using the NCP1605 is applied next to illustrate the design of a 270 W
FCCrM PFC used as a basis for comparison (design P2 described in Chapter 2).

Step 1: Define the Key Specifications

Minimum Input voltage (Vac): 88 Vac (this is usually 10-12% below the minimum typical voltage which could be 100 Vac
in many countries).
Maximum Input voltage (Vacy): 264 Vac (this is usually 10% above the maximum typical voltage which could be 240 Vac
in many countries)

Line frequency (f_ing): 50 Hz/60 Hz (This is often specified in a range of 47-63 Hz and for calculations such as hold-up time,
one has to factor in the lowest value specified)

Output Voltage (Vout): 385 V (This value has to be above 1.414 « Vacy, and is typically between 385 and 400 V for universal
input operation)

Maximum output voltage (Vout(max)): 415 V (This value is usually 7-10% above the Vot value and is determined by the
accuracy of the OVP level of the PFC controller — conversely, the selection of the PFC controller has to be made based on this
specification if it is determined by other component stress levels and derating factors).

PFC maximum output power (Poyt): 270 W (This is the specified output power for the PFC stage. It is important to factor in
the follow-on stage efficiency when specifying this parameter — it will always be higher than the specified maximum system
output power)

Minimum switching frequency (fswmin)): 40 kHz (This parameter helps set the value of the boost inductor. Choosing it too
low increases the inductor size and choosing it too high leads to very high frequency operation near zero crossing and at light
loads)

Maximum switching frequency (fsw(max)): 65 kHz (This parameter helps set the value of the oscillator capacitor and whenever
CrM frequency tries to go above this value, the converter enters the DCM mode.

Output voltage ripple (Vripple(p-p)): 20 V (This parameter is often specified in percentage of output voltage, 5% is a very
typical specification)

Hold-up time (thoid-up): 16 ms (This parameter specifies the amount of time the output will remain valid during line drop-out.
One line cycle is typically specified. For PFC alone, this spec is not applicable, but the PFC output capacitor is the single largest
determinant of the hold-up time)

Estimated efficiency (1): 93% (This parameter is an initial estimate that is used to size the power stage components — high level
of accuracy is not needed for the design procedure).
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Step 2: Design the Boost Inductor (PFC Coil)

The (maximum) peak inductor current is the same as the CrM, since the converter operates in CrM for the most stressful
condition (low line, full load). This current is given by:

2:2-P, 2-42-270

IcoiI pk(max) — = =0.33A
| nVac,  0.93-88

The rms current is given by:

| Icoil,pk(malx) _ 933 — 381A

coil,rms(max) — \/g - 2.45

The boost inductor design (which is also similar to the CrM design) is given by the equation below (generally low line
presents the worst case situation, but the following equation should also be applied for the high line condition) :

n Vec,’ '(\\//"%t—VaCLL) 0.93-88 -(3\’/8;_88)

L > - -
J2v,, P, - f 2 -385-270-40000

In the design under consideration, a 250-uH inductor was chosen, resulting in a minimum frequency of 36 kHz. In order to
facilitate direct comparison with CrM, an identical inductor was chosen and used for both CrM (Chapter 3) and FCCrM
(Chapter 4).

In the absence of a need to make a direct comparison such as in this handbook, it would have been advisable to push the
minimum frequency higher for a FCCrM application. The benefit of this would be smaller inductor requirement as indicated
in the equation above. In a normal CrM operation, this would have created a very high maximum frequency, but because of
frequency clamping, this situation is averted in the FCCrM operation. Other point to note is that with CrM and FCCrM, the
turn-on switching losses are averted, so the switching loss penalty of increasing the switching frequency is not that severe.
However, the inductor still has core losses which are function of switching frequency and these should be kept in mind while
increasing the switching frequency.

25 uH

sw(min)

Step 3: Select the Oscillator Capacitor

The oscillator capacitor sets the maximum frequency. In this case, the maximum frequency is chosen to be 65 kHz. Choosing
a maximum frequency very close to the minimum frequency calculated in the above step lets the converter operate in CrM for
only a brief operating range. All other times, the converter will operate in DCM. In this case, this choice was made intentionally
for two reasons. First, it demonstrates the functionality of the FCCrM in the widest range of operating condition and second,
it allows the FCCrM circuit to operate as close in frequency to the CCM solution to make the comparisons between the two
modes more relevant.

The value of Cyg is derived using following equation:

Cosc=— 9w __5q.1gue - 10010

2-AV + f gy 2-1-65000

Where Icharge and AV are the datasheet specified values for the Cosc charge current and the oscillator voltage swing

respectively. Based on above calculations, 2 capacitors (270 pF and 470 pF) in parallel are used in the present design to have
the required capacitance.

—20-10™% =750 pF

Step 4: Current Sense and ZCD Design

The current sense signal across the sense resistor is actually a negative voltage. However, insertion of a resistor between
Rsense and pin 5 of the NCP1605 allows that signal to be converted into a current. The value of Rggnge is chosen to minimize
its impact on efficiency at low line, full load (here, 0.1 €2 is chosen). The equation for Rqcp is given by:

Rocp — Icoil,pk 'Rsense _ 9.33-0.1

= =3.6kQ
| 250-107°

pin5(max)
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The ZCD design in the NCP1605 is eased because the inductor current is sensed through pin 5. The current into pin 5 is
reflected and sourced out of pin 6 through termination resistor Rzcp. The value of Rz¢p should be about 3 times the value of
Rocp- A natural hysteresis is provided by the offset resistor that is tied to the DRV pin (Rpry). This resistor should be about
3 times the value of Rzcp. The final component values are:

Rzcp = 12 kQ, Rpry = 33 kQ

If a further optimized efficiency is preferred, a ZCD circuit that is similar as the one in NCP1607 application schematic would
be useful. This circuit is to add the ZCD winding on PFC choke (Nzcp), and insert one diode (e.g. 1N4148) and one resistor
(Rzcp1) between the ZCD winding and pin 6. During the switch off condition, a voltage of (Mgut-Vin) is across the boost
inductor. As the current reaches zero, this voltage starts collapsing and ZCD winding senses this event. The turns ratio of ZCD
winding is selected such that the reflected (Vout-Vin) voltage is above the ZCD threshold under all conditions as shown in the
equation:

N R
_J2vae, )Ny R
(\/out HL) NB f RZCD + RZCDl

> VZCDH

Assume Rzcps has 2 times higher resistance of Rzcp.

Ny _ (V. —v2Vac, )  (385-1.414-264)
Ncp Ryep + Recos Ry 0.1-3+0.3

VZCDH ) R f
ZCD

=195

The Nzcp would be then above 56 turns / 19.5 = 2.87 turns. Choose 3 turns as Nzcp.

The resistance of Rzcp1 and parasitic capacitance on the pin 6 create a short delay circuit which allows the drain voltage
of the FET to fall after ZCD condition is reached. If the switch turn-on condition matches the valley of the drain voltage, the
switching losses are minimized. The final component value of Rzcpy is:

RZCDl =24 kQ

Step 5: Set FB, OVP and UVP Levels

The NCP1605 provides 2 separate pins for the feedback and OVP/UVP functions. Using a single feedback chain consisting
of RouT1, RouT?2 and RoyTs, these functions can be accomplished. The equations are given by:

V _ ROUTl + ROUT2 + ROUT3 V andv _ ROUTl + ROUT2 + ROUT3 V
out + ref out(max) — ref
I:QOUTZ ROUTS ROUTZ

Since there are only two equations and three unknown quantities, we have the freedom to choose the impedances to achieve
the right trade-off between noise susceptibility when very high impedances are chosen and high standby current when low
impedances are chosen. In this case, RoyT2 is chosen as 24.3 kQ and from there, the RoyT1 and RoyTs are calculated to be
4.0 MQ and 1.82 k< respectively.

Finally, the UVP level is given by:
Vouwy) =0.12+V,

out (max)

=0.12-415=49.8V

This is the output voltage below which the NCP1605 will enter under-voltage protection and shut down output pulses. This
feature also protects against an open feedback path.

Step 6: Select the On-time Capacitor (C;) and Offset Circuit

The C; capacitor on pin 7 can offer multiple functionalities in NCP1605. By dimensioning it correctly, the follower boost
operation can be programmed to take effect at a given power level. However, in this particular case, the follower boost function
is not desired, so the C; capacitor is sized to provide full power at low line. The equation for required capacitance for no follower
boost is:
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c 120 Vg -L-Py,  120-107°-2.57-250-10° - 270

t 2 2 = 703 nF
n -Vac?, 0.93-88
Where V(s is the NCP1605 internal reference (2.5 V) and 120 u represents the internal constant of NCP1605 when the C;
charge current is made proportional to the feedback voltage squared.

A known issue with any fixed on-time circuit is that the on-time at high line (especially at light loads) is extremely small
- in the 200-500 ns range. Such small on-times are susceptible to propagation delay changes and circuit variations.
Additionally, it presents a unique problem to the NCP1605, since there is an intervening circuit that is used to create the VVton
that corresponds to the on-time. The accuracy of this circuit suffers when on-time is small. A trick is to add an intentional offset
on the on-time to change its functional range. This offset is externally introduced by inserting a resistor Roffset between C¢
pin and ground and tying a resistor Rdrv2 from the gate drive output to the junction of C; and R4. To achieve accurate Vo,
the resistive divider of Rdrv2 and Roffset should form an offset of 400-500 mV when the switch is on. On the other hand, since
NCP1605 implements the skip mode feature, a lower offset could be trimmed depending on the required accuracy of V. In
the present design, with choice of Rdrv2 = 4.7 kQ and Roffset = 56 Q, the offset is 0.18 V for 15 V Vcc.

Once the offset is applied to the C; pin, its effective range becomes narrow. Without offset, it is full 1 V, but the offset reduces
itby 0.18 V in this case. As a result, in order to achieve the same on-time, the C;value has to be revised up by same ratio. Hence,
the new C; value is given by:

C,(nom)  7.03

- =8.57nF
1-V,, 1-0.18

C, (offset) =

For ensuring no follower boost operation, a higher value of C; (10 nF) is used in this application.

Step 7: Power Stage components (MOSFET, Diode and sense resistor)

The power stage components are designed based on their current and voltage ratings. The inductor design is already covered
in step 2. The MOSFET is selected based on peak voltage stress (Vout(max)+margin) and rms current stress:

2Py |, 82Vac, _ 2-270 /1—8'ﬁ'88:3.24A
V3 -Vac,, 3wV, 309388\ 3-7-385

Using a 600 V, 0.19 ohm FET, will give conduction losses of (assuming that Rgs(on) increases by 80% due to temperature
effects):

IM(rr’r‘s) =

— 2 — 2 —
Pod = vy - Resgony = 3-24°-0.19-1.8=3.6 W

While switching losses are harder to predict without getting into the details of switching waveforms and diode recovery
characteristics, etc., it can be assumed that for a FCCrM PFC, the switching losses will be lower than the conduction losses.
One component of the switching losses that can be predicted is the capacitive turn-on losses.

P, = % -Coss,; /25 -V1® . f =0.666-780-1072 -5-(385)"° -36000 = 0.71W

sw,cap

Here, the nonlinear nature of the capacitance is taken into account. However, as mentioned in step 4, the ZCD network design
can help in reducing the Vyp, from the nominal voltage of 385 V to a much lower value and reduce the losses even more. For
the CrM, the conduction losses dominate, hence, lowest economically feasible Rgsiony MOSFET is chosen. In this design, the
20 A, 600 V FET with 0.19 ohm Rgs(on) Was chosen.

The boost diode is a simple selection for FCCrM since there are no reverse recovery issues to worry about. The goal is to
choose the correct voltage rating (Vout(max) + margin) and lowest forward drop available. The average diode current is the same
as the output current (lq = Pout/Vout = 270/385 = 0.7 A). So, the losses are just l4 « V. The peak current seen by the diode will
be the same as the inductor peak current. The diode chosen here is the MURS550 which offers lower forward drop by trading
off on the reverse recovery characteristics.
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Step 8: Output Capacitor Design
The output capacitor is designed considering 3 factors: output voltage ripple, output current ripple and the hold-up time.
The output voltage ripple is given by:
P

out-

Cou 'V

out out

Viipple(p-p) =

2. - f

line
The capacitor rms current is given by:

32-4/2-P?

9.7 -Vac Vo, 1 2

_(Pout )2

out

ICout(rms) =

However, almost always, the size and the value of the capacitor is determined by the hold-up time which is given by:

C ut '(\/oit _anin)
2-P

out

thoId—up =

In this case, a 220-uF capacitor was chosen that satisfies the conditions above. The peak-peak ripple is 10 V, the rms current
is 1.87 A and the hold-up time is 18.6 ms (for a 320 V Vpin)-

These major design steps allow the functional prototype to be built and tested. In addition to these steps, other common steps
such as Vcc generation, brown-out detection, feedback compensation and inrush limiting are also needed to complete the
design. These steps are not covered here as they follow conventional methods.

Circuit Schematic and Bill of Materials
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Figure 4-4. Circuit Schematic of NCP1605 Based PFC Converter
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Table 4-1. Bill of Materials for the NCP1605 based PFC Converter

ON Semiconductor

Quantity Reference Description Part Number Manufacturer
1 C1 0.47 uF / 275 V type X2 F1772-447-2000 VISHAY
1 C2 0.47 uF / 275 V type X2 F1772-447-2000 VISHAY
1 C3 1 u, 400 V, High Ripple, Polypropylene Cap ECWF4105JL Matsushita
1 C4 180 uF 450 V 2222 159 47181 BC Components
1 Cho 0.22 uF / 50V K224K20X7RF53H5 VISHAY
1 Ccomp 0.68 uF / 50V K684K20X7RF53H5 VISHAY
1 Coscl 270 pF /50 VvV K271K15X7RF53H5 VISHAY
1 Cosc2 470 pF /50 V K471K15X7RF53H5 VISHAY
1 Ct 10nF/50V K103K15X7RF53H5 VISHAY
1 C9 0.1 uF/50V K104K15X7RF53H5 VISHAY
1 C8 22 uF/25V 2222 013 36229 BC Components
1 DB1 600V, 8.0 A bridge diode GBU8J VISHAY
1 D1 5.0A, 520V MURS550PF ON Semiconductor
2 D2 1N4148 1N4148 VISHAY
Dzcd 1N4148 1N4148 VISHAY
1 F1 5 A fuse, Time Delay Fuse (FST 5x20) 0034.3124 SCHURTER
1 IC1 FCCrM PFC controller NCP1605 ON Semiconductor
1 L1 250 uH (56 turns to 3 turns)
1 L2 4 A, 2 x6.8mH, CM choke B82725-J2402-N20 EPCOS
1 L3 150 uH, 5 A, WE-FI series, DM choke 7447055 Waurth Elektronik
1 Q1 20 A 600 V MOSFET SPP20N60C3 Infineon
2 Rbola Resistor, Axial Lead, 3.6 M, 1/4 W, 1% CCF503M60FKE36 VISHAY
Rbolb Resistor, Axial Lead, 3.6 M, 1/4 W, 1% CCF503M60FKE36 VISHAY
1 Rbo2 Resistor, Axial Lead, 62 k, 1/4 W, 1% CCF5062K0FKE36 VISHAY
1 Rdrv1 Resistor, Axial Lead, 33 k, 1/4 W, 1% CCF5033K0FKE36 VISHAY
1 Rdrv2 Resistor, Axial Lead, 4.7 k, 1/4 W, 1% CCF504K70FKE36 VISHAY
1 Rocp Resistor, Axial Lead, 3.6 k, 1/4 W, 1% CCF503K60FKE36 VISHAY
1 Rdrv2 Resistor, Axial Lead, 56, 1/4 W, 1% CCF5056R0FKE36 VISHAY
2 Routla Resistor, Axial Lead, 2 M, 1/4 W, 1% CCF502MO00FKE36 VISHAY
Routlb Resistor, Axial Lead, 2 M, 1/4 W, 1% CCF502MO00FKE36 VISHAY
1 Rout2 Resistor, Axial Lead, 1.82 k, 1/4 W, 1% CCF501K82FKE36 VISHAY
1 Rout3 Resistor, Axial Lead, 24.3 k, 1/4 W, 1% CCF5024K3FKE36 VISHAY
1 Rsense Resistor, Axial Lead, 0.1, 3 W, 1% LVRS3 series LVRO3 R1000 F E12 VISHAY
2 Rzcd Resistor, Axial Lead, 12 k, 1/4 W, 1% CCF5012KO0FKE36 VISHAY
R2 Resistor, Axial Lead, 12 k, 1/4 W CCF5012KO0FKE36 VISHAY
1 Rzcd1l Resistor, Axial Lead, 24 k, 1/4 W, 1% CCF5024KO0FKE36 VISHAY
1 R1 Resistor, Axial Lead, 91 k, 1/4 W CCF5091KO0FKE36 VISHAY
1 R4 Resistor, Axial Lead, 10 k, 1/4 W CCF5010KO0FKE36 VISHAY
1 R5 Resistor, Axial Lead, 10, 1/4 W CCF5010ROFKE36 VISHAY
1 TB1 AC inlet connector GSF1.1201.31 SCHURTER
1 TB2 DC output plug socket 20.101/2 (order code 3044531) IMO
1 TB3 Vcc connector plug socket (ordeprh/clf)gglszésja_%sn) WEIDMULLER
HS1 Heatsink (2.9 °C/W) SK481 100mm Fischer elektronik
Q1 Isolator TO220 3223-07FR-43 BERGQUIST
D1 Isolator TO220 3223-07FR-43 BERGQUIST
3 DB1 Clip for heatsink (TO220) THFU 1 Fischer elektronik
Q1 Clip for heatsink (TO220) THFU 1 Fischer elektronik
D1 Clip for heatsink (TO220) THFU 1 Fischer elektronik
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Results and Performance Curves

The results of the NCP1605 based design described above are shown below.

Table 4-2. Performance Results of the 270 W NCP1605 PFC

Vin (Vac) Pin (W) Vo (V) Io (A) Poovt‘etf“(’\t,v) Pout Efficiency PF THD
100 28.63 388.24 0.070 2721 W 10% 95.05% 0.972 4.6
4252 388.19 0.105 4077 W 15% 95.89% 0.987 43

56.41 388.17 0.140 5432 W 20% 96.29% 0.992 43

140.88 387.96 0.350 135.84 W 50% 96.43% 0.998 2.9

284.04 387.64 0.700 271.40 W 100% 95.55% 0.996 75

115 28.58 388.28 0.070 2721 W 10% 95.21% 0.956 6.2
42.40 388.23 0.105 40.77 W 15% 96.15% 0.977 3.9

56.25 388.19 0.140 5432 W 20% 96.56% 0.987 3.4

140.29 388.04 0.350 135.87 W 50% 96.85% 0.997 2.7

281.60 387.77 0.700 271.44 W 100% 96.39% 0.997 6.1
230 29.26 400.11 0.070 28.06 W 10% 95.90% 0.734 186
42.35 389.76 0.105 41.05 W 15% 96.94% 0.825 136

55.77 388.58 0.140 5437 W 20% 97.49% 0.877 96

138.25 388.19 0.350 13501 W 50% 98.30% 0.969 6.7

276.11 388.07 0.700 27161 W 100% 98.37% 0.988 7.2

As shown in Table 4-2 the full load efficiency of the circuit at 100 Vac input is comfortably above 95%. The efficiency shows
even better performance at light load (96.29% at 20% load). These are derived from the low switching losses and frequency
clamping associated with FCCrM approach. The PF and THD at high line, full load are 0.988 and 7.2% respectively — which
are quite good. At lighter load, the PF does go down, but not very significantly. Another interesting result to note is that the
high line full load efficiency crosses 98%.

The harmonic analysis shown in Figure 4-5 shows that the converter passes class D limits easily. The data for the 75 W input

condition were captured as shown in Figure 4-6 also show positive result.
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Figure 4-5. Harmonic Spectrum of 270 W FCCrM Converter at Full Load
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Figure 4-6. Harmonic Spectrum of 270 W FCCrM Converter at 75 W Load

Another key attribute to measure is the no load power drawn from the line at various input conditions. Table 4-3 shows these
measurements. These measurements indicate that the no load input power is quite low for the FCCrM due to the frequency
clamping and is also independent of the input voltage level.

Table 4-3. No Load Power Consumption

Vin Pin (W)
100 Vac 0.125
115 Vac 0.118
230 Vac 0.131

The other areas of optimization for FCCrM investigated included the choice of optimal boost diode and also the optimization
of the ZCD feature to get valley switching and minimize turn-on losses. It should be remembered that the relatively high rms
current means that the trade-off of Rds on vs. switching loss is not an option and hence the 20 A MOSFET was not modified.
By changing the boost diode from the 8 A, 600 V ultrafast diode (optimized for CCM) to 5 A, 520 V diode (MUR 550,
optimized for CrM/FCCrM), the efficiency improvement at 100 Vac and full load was 0.22%. Next, by fine tuning the ZCD
circuit to achieve precise valley switching, another efficiency improvement of 0.56% at 100 Vac and full load was achieved.
The final results shown in Table 4-2 incorporate these enhancements. Figure 4-7 depicts the effects of the ZCD optimization
effect. In the left figure, the switch turns on prior to Vds going to its valley and hard turn-on results in higher switching losses.
By adding the ZCD delay (Nzcp = 3 turns, Rzcp1 =24 k€, and Dzcp = 1N4148), the VVds can be brought to near zero as shown
in the right waveform and the efficiency is improved. Here, Ch1 is the input voltage, Ch2 is the inductor current, Ch3 is the
Vds waveform and Ch4 is the gate drive waveform.
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Figure 4-7. Turn-On Waveforms with (Left) No ZCD Delay and (Right) Optimized ZCD Delay
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The Figure 4-8 shows the switching waveforms of the converter at full load and 115 Vac input. Here, Ch1 is the input voltage,
Ch2 is the inductor current, Ch3 is the Vds waveform and Ch4 is the gate drive waveform. As seen here, the switching frequency
is about 47 kHz.
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Figure 4-8. Switching Waveforms at Full Load, 115 Vac Input

Another critical contribution of the FCCrM circuit is the frequency clamping. As indicated in step 3, the maximum frequency
chosen is 65 kHz. So, the frequency variation is limited compared to pure CrM operation shown in Chapter 3. As shown in
Table 4-4, the frequency stays clamped at 62 kHz (close to the designed value). As a result, the light load operation is always
in fixed frequency mode. Even at high line, full load and zero crossing, the frequency clamping comes into place. However,
at other full load conditions, the converter operates in the CrM mode, keeping the peak currents in check. The frequency at
peak and zero crossing appears to be the same for low line and full load conditions. This may be attributable to measurement
error margins. Typically, the low line frequency variation between the peak and the zero crossing is not that much, so the
measurement errors make them look the same.

Table 4-4. Frequency Variation in FCCrM Application

Full load (0.7 A) 10 % load (0.07 A)
Peak Vin Zero Cross Peak Vin Zero Cross
(kHZ) (kHZ) (kHZ) (kHZ)
88 Vac 35.2 37.6 59.8 61.9
264 Vac 25.3 62.2 618 62.5
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The results from Table 4-2 are plotted in graph form in figures below.
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Figure 4-9. Efficiency Plot for FCCrM PFC
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Figure 4-10. Power Factor Plot for FCCrM PFC
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CHAPTER 5

Current-Controlled and Valley-Switching Frequency
Foldback Modes

Introduction

In general, power supplies do not permanently operate at the maximum power they are designed for but only for short periods
of time. Hence, specifying the full-load performance is not sufficient for effective power savings. Instead, “green
requirements” like the 80 PLUS® initiative [1] address the actual operating conditions by also dictating minimum levels for
either the averaged efficiency or for the efficiency ratios at different loading situations: for example 10%, 20%, 50% and 100%
of nominal power.

As a result, medium and light-load efficiency ratios have become critical points to address. Reducing the switching frequency
is a popular option to improve efficiency under these conditions. Extremely efficient at very low power, this solution must be
carefully implemented at intermediate power levels. The Current-Controlled and Valley-Switching Frequency Foldback
techniques are emerging techniques that optimally control the operating frequency for maximized efficiency performance
across a range of loads.

Why New Schemes?

It has been seen that Frequency Clamped Critical Conduction Mode (FCCrM) circuits improve the averaged efficiency by
limiting the switching frequency that otherwise runs away at light load. Current-Controlled and Valley-Switching Frequency
Foldback approaches do not only contain the switching frequency but further reduce it to values as low as 30 kHz when
switching losses are dominant, for a further optimized efficiency.

As detailed in [2], a reduced frequency leads to less switching losses but increases conduction losses. More specifically,
(Pcond)DCM = (Pcond)CrM ' \/a

Where for a given operating point:

° (Pmnd)DCM are the conduction losses with the reduced frequency (DCM operation)

o (P are the conduction losses exhibited in CrM operation

SW.CrM

f . .
ea=z—"=1is the ratio between the CrM frequency by the (reduced) DCM frequency
SW.DCM
Hence, reducing the switching the frequency can be counterproductive if done when the rms current flowing within the PFC
stage is too high. Also, frequency reduction must be well controlled. If not, an excessive reduction would degrade efficiency.
Practically, it is interesting to reduce switching frequency when, in CrM, switching and conduction losses are substantially
equal, with an optimal benefit when a nearly equals the following omay term:

a — (PSN) crM
mex {Pcondj CrM

Where (Psw)crv designates CrM switching losses.

Regarding the frequency reduction impact, losses analysis and experimental data further show [2] that:

o \When conduction losses are higher or in the same range as the switching losses, frequency foldback increases losses.
This is what happens when large rms currents circulate through the converter like in heavy load, low line conditions
of a PFC stage.

® \When conduction losses are slightly smaller compared to switching losses, a limited reduction of the frequency is
desired. It must remain limited however. Otherwise the benefits on the switching losses is totally cancelled or cannot
compensate for the increase of conduction losses. This case corresponds to line and load conditions leading to
a medium current within the converter...
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e \When conduction losses are very low compared to switching losses, frequency reduction dramatically lowers overall
losses. The switching frequency must then be reduced when the line current is small.

In other words, frequency foldback is preferred when conduction losses are small compared to switching losses, that is, when
the line current is low. More specifically, the lower the current is, the lower the optimal frequency.

The line current is hence an information of choice to detect when and how much the switching frequency is to be reduced.
Based on this, Current-Controlled Frequency Foldback (CCFF) targets this optimal frequency control by forcing the DCM
operation and by adjusting the dead-time as a function of either the instantaneous line current or an averaged form of it.
Valley-Switching Frequency Foldback (VSFF) is a simplified version where the only line current magnitude is considered for
frequency control.

It is worth noting that both CCFF and VVSFF offer valley switching in all operating modes.

Next chapters will detail how these two options operate.

Current-Controlled Frequency Foldback (CCFF)

Targeting light-load efficiency requirements, ON Semiconductor has released the NCP1611 and NCP1612 PFC boost
controllers which operate in a so-called Current Controlled Frequency Fold-back (CCFF) mode. In this mode, the PFC stage
operates in traditional Critical conduction Mode (CrM) when the line current exceeds a programmable value. Conversely,
when the current is below this preset level, the switching frequency decays down towards about 20 kHz as the line current
reduces to zero [3] - [4].

Practically, these controllers monitor the line voltage and an internal computation generates a current. This current is pined
out to a FFcontrol pin which, together with an external resistor, builds a signal representative of the line current. When this
voltage (Vrrcontrol) €xceeds the internal 2.5-V internal reference (Vrgeg), the circuit operates in critical conduction mode. The
external resistor hence controls the minimal line current for CrM operation. Conversely, if the FFcontrol pin voltage
(VEFcontrol) is below 2.5V, a dead-time is generated that approximately equals (66 us - (1 = (VErcontrol / VREF)))- BY this
means, the circuit forces a longer dead-time when the line current is small and a shorter one as the line current is larger. In
addition, the circuit skips cycles whenever the FFcontrol pinis below 0.65 V to prevent the PFC stage from operating near the
line zero crossing where the power transfer is particularly inefficient.

The CCFF operation is summarized by Figure 5-1.

WS

(CrM operation)

FFcontrol Pin Voltage
(signal representative of the line current)

VREF =25V

T/ fow = 20 kHz —\ f\/\NV\

Skipping Area
Drive Pulses (near line zero crossing)

et

Figure 5-1. Current-Controlled Frequency Fold-back
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Clamping the switching frequency of a CrM PFC boost normally leads to a distorted line current since traditional current
shaping schemes assume a critical conduction mode operation. This traditional limitation is solved in the NCP1611 and the
NCP1612 in the same way as in Frequency Clamped Critical conduction Mode (FCCrM) circuits from ON Semiconductor
(NCP1605 for instance): a circuitry (designated Vton processing block) is integrated and modulates the on time to compensate
for the presence of dead-times. This block is based on an integrator (see data sheet for more details) whose time constant is
nearly 100 us for a proper switching ripple filtering.

High Current
No Delay — CrM

Low Current
The Next Cycle is

Delayed
< >
Timer Delay
Lower Current
Longer Dead-time
B TimeereIay -

Figure 5-2. CCFF Operation

As illustrated in Figure 5-2 and Figure 5-3, under heavy line current conditions, a CCFF boost stage is intended to operate
in CrM. When the line current reduces, the controller enters discontinuous conduction mode operation. By the way, even in
DCM, the MOSFET turn-on is stretched until its drain-source voltage is at its valley for an optimal power saving.

The CCFF technique further leads to a stable operation without hesitation between valleys.

Near the Top
of the Line
Sinusoid

Intermediate
Level of the Line
Sinusoid

Near the Line
Zero Crossing

Figure 5-3. Operation @ 230 V, 160 W Near the Line Zero Crossing of the NCP1612 Evaluation Board.
The MOSFET Drain-source Voltage is in Red, the Blue Trace Showing the MOSFET Current.
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CCFF Flattens the Efficiency Over Load Characteristics

Tests have been carried on the NCP1611 evaluation board [5]. This is the slim (< 13 mm) PFC stage designed to provide
160 W from a wide mains line shown in Figure 5-4.

Figure 5-4. Wide Mains, 160 W PFC Stage

This board is designed to run in CCFF. However, it can be easily operated in CrM by forcing the line current representative
signal above 2.5 V. It has the effect to disable the CCFF frequency foldback characteristic. Also, the skip-cycle capability
inherent to CCFF operation can be disabled by preventing the line current representative signal from dropping below 0.65 V.
Finally, this versability allows for testing three modes: CrM, CCFF and non-skipping CCFF, allowing perfect apples-to-apples
comparison performed on the same application schematic with similar external power components.

A fair comparison also requires avoiding configurations which exagerate the affects in one mode when a better tailored
solution is possible. This board is designed to be either self-powered or powered by an external voltage source. For efficiency
measurements, the second option is preferred because the consumption of the charge pump implemented to feed V¢ in the
self-powered option is proportional to the switching frequency. Keeping it would dramatically affect the light-load CrM
efficiency. For instance, it was measured at high line, 20% of the load, that this charge pump would contribute a 1% efficiency
loss in CrM while it did not significantly affect CCFF performance.

A large current charges the bulk capacitor when the PFC stage is plugged in. The board keeps the in-rush current under control
with the help of a NTC. This NTC has been shorted for efficiency measurements.

Figure 5-5 reports efficiency ratios measured at low and high line over a large power range (from 5% to 100% of full load).
The right-hand side of the CCFF efficiency curves resembles that of a traditional CrM PFC stage. In the left-hand side, the
efficiency normally drops because of switching losses until an inflection point where it rises up again as a result of the CCFF
operation. As previously detailed, CCFF makes the switching frequency decay linearly as a function of the instantaneous line
current when it goes below a preset level. The CCFF threshold was set to about 20% of the line maximum current at low line,
to nearly 45% at high line as confirmed by the aforementioned inflection points observed in Figure 5-5.

Recall that CCFF works as a function of the instantaneous line current: when the signal representative of the line current
(generated by the FFcontrol pin) is lower than 2.5 V, the circuit reduces the switching frequency. This is the case near the line
zero crossing whatever the load is. Hence, switching frequency reduces at the lowest values of the line sinusoid even in heavy
load conditions. That is why efficiency is also improved when the load is high, at least at high line where CCFF has a higher
impact since the line current is less.

When the instantaneous line current tends to be very low (below about 5% of its maximum level in our application — refer
to [3]), the circuit enters a skip-cycle mode. In another words, the circuit stops operating at a moment when the power transfer
is particularly inefficient. Compared to the skip-free CCFF operation, skip-cycle mode further improves the efficiency in light
load (2% increase at high line and 5% of the full load).
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More generally, Figure 5-5 illustrates that CCFF significantly improves efficiency below 20% of the load at low line while
more dramatic benefits start to occur below 50% of the load at 230 V.

It should be noted that the total harmonic distortion is affected by the skip-cycle mode function. Even if it remains relatively
low, skip mode should be inhibited when superior THD performance are targeted. Refer to the NCP1611/2 evaluation board
for PF and THD data.

98.0 98.0 M‘
96.0 M S 96.0 /f/ /
94.0 j /- 94.0 ] /
92.0 92.0 & . —
’\a @ / CrM operation is instable at these
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L L
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84.0 1 -= Not Skipping CCFF [— 84.0 -= Not Skipping CCFF [—
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80.0 80.0
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Load (%) Load (%)
115 V/60 Hz 230 V/50 Hz

Figure 5-5. Efficiency Over the Load Range at Low- and High-line Conditions

Finally, these data confirm that CCFF maintains high efficiency ratios over an extended power range, in both low and
high-line conditions. More specifically, for loadings ranging from 5% to 100%, efficiency remains above 94% if skip-cycle
mode is enabled while the efficiency floor (obtained at 5% of the load) drops to 92% when skip-cycle mode is disabled.

It is well known that CrM systems generally fail to operate continuously at high line, light load because of the high operating
switching frequency. Instead, they enter burst mode. This often occurs in the range and below 20% of the load when operating
at the highest line levels. Figure 5-5 illustrates that reducing switching frequency solves this limitation. Thus, it should be noted
that CCFF further offers the possibility to have a stable operation down to extremely low power levels.

CCFF PF and THD Performance

As mentioned before, CCFF NCP1611 and NCP1612 controllers modulate the on-time to compensate for the presence of
dead-times. Such a circuitry is already embedded in Frequency Clamped Critical conduction Mode (FCCrM) controllers from
ON Semiconductor (NCP1605 for instance). It provides a proper current shaping over the whole load range, whether the circuit
operates in CrM or DCM. High performance can be obtained even in light load as illustrated by Figure 5-6 which reports the
performance of the wide-mains, 160 W NCP1612 evaluation board ([6]) at 100% and 20% load for low- and high-line.
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Figure 5-6. NCP1612 Evaluation Board — Performance with Respect to IEC61000-3-2 Class D Specification

Valley-Switching Frequency Foldback (VSFF)

VSFF is a CCFF simplified version where switching frequency characteristic is controlled by the line current magnitude
rather than by its instantaneous value or an averaged form of it. No signal representative of the rectified line current is generated.

Instead, the line is sensed and the monitored signal is fed-forward to make the control signal proportional to the line current
magnitude.

More specifically, the line current of a traditional PFC boost converter is dependent on the line voltage:
iIine(t) = k() : Vcontrol : Vline(t)

Where:
® ijine(t) is the instantaneous line current
® \iine(t) is the instantaneous line voltage

® kg is a constant accounting for the circuitry managing the duty-ratio control (for instance, the inductor value,
the timing ramp and PWM constants for a voltage mode controller)

® Veontrol IS the control signal provided by the error amplifier.
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Integrating over the line period, it comes:
IIine,rms = kO * Veontral Vline,rms *
Feedforward can consist in making the kg factor inversely proportional to the squared line rms voltage:
Ky
2
(Vline,rms)

Doing so, the power expression becomes independent of the line magnitude for an eased loop compensation, the open loop
being constant over the line range:

k0=

I:)in,avg = kl ' Vcontrol

A “first-order” feedforward can also be performed where kg factor is simply made inversely proportional to the line rms
voltage:

ko = k2

Vline,rms

)

This feedforward approach limits the open-loop variations over the line range. In addition, substitution of equation (*) into
equation (**) leads to:

I line,rms

Vcontrol - k
2

The control signal is then representative of the line current magnitude. This signal is hence used to control the dead-time.
Finally, the major difference between CCFF and VSFF is the signal used to control the frequency. For the rest, the operation
is same.

Vin IL L1 D1 V'Eii'k
> AAAS D}
Rcsl §
AC Li Veontrol Rib1 §
ine
? ? CS/ZCD 4
.—E
FANRRYAN
GND | | FB N
EMI = G - B Chuk == | LOAD
Filter " Res2 § DRV 3— VCC
—
X = o
Rz — Rib2 §
Cz T T CP Rsense %

Figure 5-7. Generic Application Schematic for the NCP1602 6-pin Controller that Embeds the VSFF Technique

The NCP1602 from ON Semiconductor incorporates this architecture. Extremely compact, this 6-pin circuit does not exactly
perform the “first-order” feedforward here above described. It simply detects two line ranges (low-line and high-line) and
changes kg of equation (*) accordingly. This 2-step feedforward automatically sets an optimal gain at low-line and another at
high-line for both compensation and VVSFF operation ([7]). As a result, there is a Vgontrol threshold and at low-line and another
one at high-line.
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Figure 5-8. The System Enters and Leaves DCM in Accordance with the Vgntro) Level

When the line current drops below the Vgontrol threshold, the switching frequency starts to decrease as illustrated by
Figure 5-8. This characteristic is in-built in such a way that the frequency does not exceed 150 kHz at the nominal low- and
high-line voltage levels to help pass EMI specification (frequencies below 150 kHz are generally not considered by the most
common standards).

As sketched by Figure 5-8, an hysteresis prevents the system from “hesitating” between DCM and CrM when the line current
is near the DCM/CrM threshold. The frequency characteristic is further designed so that the system operates at frequency just
above the audible range when in very light load.

Details of operation can be found in [7].

Design Procedure with a 160 W Example

Figure 5-9 presents the generic application schematic of a CCFF PFC stage. The step-by-step design procedure of a CCFF
PFC stage is for instance detailed in [8] and will not be described here. Actually, power components selection is very much
the same as for a Frequency Clamped CrM solutions, since the switching frequency spread is under control. In addition, the
CCFF must be programmed by selecting the current level below which the frequency is reduced. Equations and an Excel
spreadsheet exist and let the designer make this setting relatively easily.
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Figure 5-9. Generic Application Schematic

Same statement is valid for VSFF designs. Even, with the NCP1602 as the controller, the dimensioning is particularly
straightforward. Most of the functions are inbuilt to optimally cope with a large variety of applications, including the current
level below which the frequency starts to reduce. Design work is hence reduced to a minimum.
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Conclusion

Frequency foldback is necessary to optimize the efficiency and the THD performance of a PFC stage over the load range.
However, the operating point below which frequency reduction occurs and the frequency span must be carefully selected to
maintain efficiency in spite of increased conduction losses. Based on this, both CCFF and VVSFF architectures were designed
to optimally manage the frequency foldback operation. CCFF mode is more flexible by offering a precise setting of the
frequency foldback characteristic. More compact, VSFF automatically offers a frequency control to efficiently drive most
applications.

CCFF and VCFF solutions are recommended for applications ranging from 0 to 500 W.

Following Figure 5-10 and Figure 5-11 give an overview of the CCFF and VSFF frequency characteristic with respect to
that obtained with the traditional critical conduction mode. Practically, these plots illustrate the frequency variation over one
half-line cycle at 115 V rms, for three load levels (20%, 50% and 100% of the full power) of a 160 W PFC stage.

CrM -f,,, within the ac line sinusoid CCFF —f, within the ac line sinusoid
200 - - 200 200 - 200
< 150 XX‘ ™~ " 150 < CrM operation at || 5 150 I ‘\ 150 <
I > i i I b
X 100 100 < the sinusoid top . = 100 100 <
z / \ < || The closer we are = I/ \ <
“ 50 \ 50 to the line zero = 50 \ 50
0 ' ' ' ) crossing, the 0 ' ' ' Vo
0.00 0.79 157 2.36 3.14 lower the 0.00 0.79 157 2.36 3.14
ot frequency ot
CrM -f,,, within the ac line sinusoid CCFF —f, within the ac line sinusoid
400 - 200 400 - 200
3 S .2 z ~l  Sa S
X 200 100 . X 200 - 100
- / \ £|| same behavior Z }/ \\ £
“100 AN 50 with an extended || + 100 \ 50
0 ' ' ' v 0 DCM region 0 ' ' ' v o
0.00 0.79 1.57 2.36 3.14 0.00 0.79 157 2.36 3.14
ot ot
CrM -f,,, within the ac line sinusoid CCFF —f, within the ac line sinusoid
600 - - 200 20% load 600 - 200
500 \/ 150 500 A~ 150
T 400 )y N S| Permanent DCM T 400 )y N S
< 300 yd N\ 100 ¢ operation < 300 / AN 100 ¢
%200 S i %200 >
b H Frequency still «
100 / \ 50 q Y 100 / TN \ 50
o AN o further reduces o Ce——\ o
000 079 157 236 314 near the line zero 000 079 157 236 314
ot crossing. ot

Figure 5-10. CCFF with Respect to CrM at Three Different Load Levels
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Figure 5-11. VSFF with Respect to CrM at Three Different Load Levels
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CHAPTER 6
Continuous Conduction Mode (CCM) PFC

The continuous conduction mode (CCM) PFC has been around for many years and as indicated in [1], average current mode
control is the most convenient way of achieving CCM PFC. The traditional average current mode controllers and their
improvements have been described before [2]. More recently, predictive CCM PFC controllers have been introduced as
described in Chapter 1. This section walks the reader through the design of a continuous conduction mode boost PFC circuit
utilizing the NCP1654 predictive PFC controller, which has 65 kHz, 133 kHz, and 200 kHz operating frequency versions. The
description here is restricted to major design choices and their analyses. More in-detail designs are provided in the products’
datasheets and application notes.

CCM Introduction

The CCM operation is more popular at higher power levels as it has minimal peak and rms currents. In comparison with the
CrM operation, the peak currents can be 50% lower and rms currents can be 25% lower. This reduces the stress in power FET,
diode and inductor. In addition, the filtering is easier as the current through the boost inductor is more continuous. Finally, the
switching frequency remains constant for the CCM operation, so the boost inductor design and EMI filter design are easier.

However, traditional control algorithms and circuitry for CCM PFC have always been more complex and 16-pin controllers
with significant number of external components were common in the CCM applications for a long time. In recent years, the
predictive control method has resulted in a simplified approach being available and NCP1653 and NCP1654 are examples of
such simple methodology for CCM PFC.

NCP1654 — Simplified CCM PFC Controller

Housed in a DIP8 or SO8 package, the NCP1654 minimizes the number of external components and drastically simplifies
the PFC implementation. It also integrates high safety protection features that make the NCP1654 a driver for robust and
compact PFC stages (e.g. input power runaway clamping circuitry). Following features make the NCP1654 a unique solution:
Flexibility to operate in traditional or follower boost mode
Low power consumption and shutdown capability
Key safety and protection features including:

Maximum current limit — directly applicable to the inductor current
Feedback network failure protection (Under voltage protection/shutdown)
Brown-out detection and shutdown to prevent thermal overheating
Output overvoltage protection

Overpower protection and shutdown

Thermal shutdown

Improved output voltage regulation accuracy (compared to NCP1653)

The block diagram of NCP1654 is shown in Figure 6-1.
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Figure 6-1. NCP1654 Block Diagram
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Design Steps with 270 W Example

The step-by-step design procedure for CCM PFC using the NCP1654 is applied next to illustrate the design of a 270 W CCM
PFC used as a basis for comparison (design P3 described in Chapter 2).

Step 1: Define the Key Specifications

Minimum Input voltage (Vac): 88 Vac (this is usually 10-12% below the minimum typical voltage which could be 100 Vac
in many countries).

Maximum Input voltage (Vacy): 264 Vac (this is usually 10% above the maximum typical voltage which could be 240 Vac
in many countries)

Line frequency (fuinge): 50 Hz/60 Hz (This is often specified in a range of 47-63 Hz and for calculations such as hold-up time,
one has to factor in the lowest value specified)

Output Voltage (Mout): 385 V (This value has to be above 1.414  Vacy, and is typically between 385 and 400 V for universal
input operation)

Maximum output voltage (Vout(max)): 415 V (This value is usually 7-10% above the Vot value and is determined by the
accuracy of the OVP level of the PFC controller — conversely, the selection of the PFC controller has to be made based on this
specification if it is determined by other component stress levels and derating factors).

PFC maximum output power (Poyt): 270 W (This is the specified output power for the PFC stage. It is important to factor in
the follow-on stage efficiency when specifying this parameter — it will always be higher than the specified maximum system
output power)

Switching frequency (fsw): 65 kHz (This parameter helps set the value of the boost inductor). For the NCP1654, the frequency
is set internally with 3 options, which are 65 kHz, 133 kHz, and 200 kHz. The 65 kHz is the common choice for easier EMI
compliance, while 133 kHz and 200 kHz are chosen for applications needing lower profile or smaller inductor.

Output voltage ripple (Vripple(p-p)): 20 V (This parameter is often specified in percentage of output voltage, 5% is a very
typical specification)

Hold-up time (thoig-up): 16 ms (This parameter specifies the amount of time the output will remain valid during line drop-out.
One line cycle is typically specified. For PFC alone, this spec is not applicable, but the PFC output capacitor is the single largest
determinant of the hold-up time)

Estimated efficiency (1): 93% (This parameter is an initial estimate that is used to size the power stage components — high level
of accuracy is not needed for the design procedure).

Step 2: Design the Boost Inductor (PFC Coil)
The (maximum) peak inductor current is the about half the value of the corresponding value in CrM and FCCrM. This does
not take into account the peak to peak ripple due to non-infinite inductor value. This current is given by:
2., 2270
Py Vac,  0.93-88

I =4.67A

Similarly, ignoring the contribution of the p-p ripple (which can be shown to contribute less than 10% to the rms value for
most selections), the rms current in the inductor is given by:
L Py 270

coil,rms = =33A
™ p-Vac, 0.93-88

Unlike the CrM and FCCrM topologies, there is no minimum or maximum inductance value equation for the CCM PFC
(except that to maintain the CCM operation, the ripple should be less than 100% p-p). The inductor value selection is somewhat
iterative and is determined based on the peak current, ripple current, output ripple voltage, components stress and losses, as
well as board space. Typically, higher inductance value will reduce ripple and stress levels, but use up significant board space.
In contrast, lower inductance value will increase the ripple and peak currents, but will have benefits of smaller size and lower
current at diode turn-off — as will be shown in the results section, this lower diode turn-off current results in significant
improvement of diode switching characteristics and efficiency.
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A first approximation of the inductor value L can be obtained with the following equation:

L _ VaCLL2 X 1 _ \/E * VaCLL
_Z.I%.fSN.POUt.’? VOLII

Where:

e L =inductance value
® % = ratio of allowable pk-pk ripple current to peak current in the inductor (25-45% typical)

The following chart helps in defining a range of inductances based on the allowable ripple current. It is recommended to use
a value of inductance that falls within the 25-45 % range of input current ripple. In this particular design, p-p ripple value
applied was 45% and it resulted in the inductor value of 650 uH. The resultant modified peak current is 22.5% above the
calculated value above (4.67 « 1.225=5.72 A).
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Figure 6-2. CCM Inductance Value as a Function of p—p Ripple

Step 3: Design the Power Stage Components

The power stage components are designed based on their current and voltage ratings. The inductor design is already covered
in step 2. The bridge diode should be selected based on peak inductor current rating and will have the power dissipation given

by:

P _ 4\/5 . Vf . I:)ou'( zl 8 Vf . Pout
pridee m Nac, 7@ . Vac, 7

The MOSFET is selected based on peak voltage stress (Vout(max) + margin) and rms current stress:

P

| Py 842 Vac, 270 8288 _, 4
e = e Y 3V 09388\ 3385 oA
n-vac, \© 3wV,  093-88\" 3.7-385

Using a 600 V, 0.19 ohm FET, will give conduction losses of (assuming that Rys(on) increases by 80% due to temperature
effects):

P

con

2
o = e Rugony = 2812-0.19-1.8=2.7 W
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While switching losses are harder to predict without getting into the details of switching waveforms and diode recovery
characteristics, etc., one component of the switching losses that can be predicted is the capacitive turn-on losses.

Py = % -Coss,, -1/25 -V1® - f =0.666-780-10" -5-(385)"° -36000 = 0.71W

sw,cap

Here, the nonlinear nature of the capacitance is taken into account. The other switching losses of the FET are dependent on
the choice of boost diode, switching speeds and the choice of snubbers in the circuit. In the CCM circuit, the diode recovery
losses often dominate the switching losses and hence, the choice of FET is less critical in this application.

The choice of boost diode is more critical in the CCM applications. As mentioned before, the diode current at its turn-off
is non-zero unlike the CrM application. As a result, there is significant reverse recovery phenomenon that leads to dissipation
in the diode and the FET. One option is to use advanced rectifiers such as SiC diodes and such. However, they are expensive
and their higher forward drop offsets some of the gains of reduced switching losses. For this application, a soft recovery boost
rectifier (LQAOBTC600) was used and it worked well due to its softer recovery characteristics and additional snubbers were
not necessary. The average diode current is the same as the output current (Ig = Pout/Vout = 270/385 = 0.7 A). So, the diode
conduction losses are lq « V¢ (generally less than 1 W). The peak current seen by the diode will be the same as the inductor peak
current (4.67 A).

Step 4: Output Capacitor Design

The output capacitor is designed considering 3 factors: output voltage ripple, output current ripple and the hold-up time.
The output voltage ripple is given by:

P

out-

-C

Viiopte(o-p) =
ripple( p—p) 2.7 - fline out 'VOUt

The capacitor rms current is given by (assuming a resistive load):

| 3242 P2, _(Pout)2
2V

Cout (rms) =
\ 97 -Vac Vo, 1 out

[o]

However, almost always, the size and the value of the capacitor are determined by the hold-up time which is given by:

t _ Cout '(Vozut _anin)
hold—up — 2.P

out

In this case, a 220 uF capacitor was chosen that satisfies the conditions above. The peak-peak ripple is 10 V, the rms current
is 1.83 A and the hold-up time is 20.82 ms (for a 330 V Vin).

Step 5: Set FB, OVP and UVP Levels
The OVP level in the NCP1654 is set at 5% above the nominal Vy; given by

Vouove =105% -V,

out,nom
As the nominal output voltage is set at 385 V. The OVP level is:

V., ove =105% -385 = 404V

o]

The choice of feedback resistors does not play a critical role in setting the OVP level. As a result, the feedback divider values
are selected as follows.
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First, choose the value of the lower resistor, Rsy_. There is a trade-off between the noise immunity and the power losses when
choosing RspL. In this application, we select 23.2 kQ as Ry that leads a 108 uA feedback current and 42 mW losses. The value
of upper resistor Ry is then given by:

R _ Vout _VREF
U —~ \,

v ’ beL
REF

Where:

® Vrer is the internal reference voltage for Vgt feedback (2.5 V typical).
® Rypu = Rpur + Rouz is the total feedback resistor placed between Vyt and FB pin.

In this case, Vot is 385 V and R is 23.2 k€, one must then select the following Ry resistance:

385-25

Ry, = -23.2kQ = 3.549 MQ

The feedback string is implemented using two equal resistors Repy1 = Ripu2 = 1.8 MQ.

The Under-Voltage Protection (UVP) function has 2 purposes.

e Open Loop Protection - Protect the power stage from damage at feedback loop abnormal, such as Vi, is shorted to
ground, the feedback resistor Ry is open, or the FB pin is left open.

e Shutdown mode - Disables the PFC stage and forces a low consumption mode. This feature helps to meet stringent
stand-by specifications. Power Factor being not necessary in stand-by, the PFC stage is generally inhibited to save the
pre-converter losses. To further improve the stand-by performance, the PFC controller should consume minimum
current in this mode.

The UVP level in the NCP1654 is set when Vi, is below 8% of Vrgr, the device is shut down. The device automatically starts
operation when the output voltage goes above 12% of Vggr. In normal situation of boost converter configuration, Vs, has to
be greater than 12 % of VRrer to enable the NCP1654 to operate. For this case, the UVP level is set at:

VOULUVP =12%-V =12%-385 =46V

out,nom

It is around 32 Vac input, which is much lower than the minimum input voltage, i.e. 85 Vac, and is ok for start-up.

Step 6: Input Voltage Sensing

The NCP1654 monitors the input voltage, Vin, which is the rectified AC line sinusoid for brown-out, over-power limitation
(OPL), and PFC duty cycle modulation. This sensing circuit consists of:

Rpou and Ry are dimensioned to adjust the threshold of brown out protection. Because of the safety consideration, it is
recommended to split this upper side brown out resistor into 2 or more resistors.

Cpgo that forms a low pass filtering together with Ry to get the average value of input signal. A time constant in the range
of around 5 times the Vj, period should be targeted to make Vo substantially constant and proportional to the mean input
voltage as the rule of thumb:

Vi = ()
I:\)boL + I:abou

The NCP1654 starts to operate as Vo exceeds 1.3 V and keeps operating until Vg goes below 0.7 V. The 600 mV hysteresis
prevents the system from oscillating.

Rbou *+ RpoL should be relatively high impedance to limit the current drawn and the associated losses. Please note however
that given the bias current of the brown-out comparator (0.5 wA maximum), it is recommended to set the current flowing
through Rpoy and RpgL to be in the range or higher than 5 uA at low line. In this application, we use 82.5 k€2 for Ry, which
leads to a bias current of:
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o/  _
82,5k ~ S-OHA

Second, select Rpoy according to Vye on, the minimum AC input voltage to start PFC, which comes from:

Rb _ \/Evac,on _VBOH
oU

VBOH

RboL

In this application, 75 Vac is targeted as Va¢ on. Hence,

_V2-75v —13v
1.3V

R, .82.5kQ ~6.65 MQ

Here Rpou is split into 2 parts, Rpou1 and Rpoy2 both equal to 3.3 MQ for a total of 6.6 M2 resistance.
Third, select Cgp to make the time constant be around 5 times Ty, the cycle time of Vj, by
9Ty,

Rool

In this application, Tyjin is 10 ms since the ac input line is 50 Hz. So. Here 0.47 uF is selected because it is the closest
normalized value.

_5-10ms
B0 82.5kQ

Ceo

0.6 uF

Fourth, check Vacegf, the PFC brown-out off threshold of AC input voltage.

V — VBOL
ac,off 2\ /E fBO
K BO ° 11— 3

7T ’ fline

Where Kgg is the scaling factor formed by Rpoy and Ry and fgo is the corner frequency of the BO filter.

In this application,

Vac,of'f = 07 = 64.8Vac

0.0123- 22, 1. A2Hz.
7T 3:-50Hz

which seems acceptable. By reducing CBO, one can increase this level and vice versa. Note that this calculation result is just
a reference since it doesn’t include the voltage drop on the current loop, i.e. EMI filter and bridge diode etc.
Step 7: Current Sense Circuit

The current sense signal across the sense resistor is actually a negative voltage. However, insertion of a resistor between
Rsense and pin 3 of the NCP1654 allows that signal to be converted into a current. The value of Rgenge is chosen to minimize
its impact on efficiency at low line, full load (here, 0.1 Q is chosen). The equation for R¢g is given by:

Icoil,pk ’ Rsense _ 467 01
- -6
I pin3(min) 185-10

R, = = 2.52kQ
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R adjusts the maximum power the PFC stage can supply given the chosen output voltage level. By choosing Ry high
enough, you can force the “Follower Boost Operation”. Use the following equation to select Ry:

Ryf = 70% - n—22Res AVcontroL " VREF 0 = 45440
‘/5 : Rsense : KBO : VoutLL - P out, max

In this example, follower boost is not utilized, so the V1 value is same as Vyt and plugging in the other values results
in a R value of 45.4 kQ2 - a 47 kQ2 value is used. The value of Cy is chosen so that the Ry Cp time constant is at least 5 times
the switching period. Based on this, the Cy value is calculated to be 1 nF.

Additional design steps such as feedback compensation, Vcc generation follow conventional methods and are not covered
here.

Circuit Schematics and Bill of Materials

The circuit schematic of the CCM PFC converter described in the design steps above is provided in Figure 6-3. The Bill of
Materials follows in Table 6-1.

—l/
3
ES

@

0. .
_|9
9
i

TB1
- R6

% A h A
R7 [
R9 < Ic1 o
NCP1654 “Sg
GND DRV +15 V

R13

— VM VCC

R10

cs FB cs
R12

J_ — BO vContrm—I'\Nv—_L __L -~
gl e |

Figure 6-3. Circuit Schematic of the CCM PFC Circuit Based on NCP1654
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Table 6-1. Bill of Materials for CCM PFC Circuit Based on the NCP1654

Quantity | Reference Description Part Number Manufacturer

1 C1 0.47 uF / 275 V type X2 F1772-447-2000 VISHAY

1 C2 0.47 uF / 275 V type X2 F1772-447-2000 VISHAY

1 C3 0.1 u, 400 V, High Ripple, Polypropylene Cap ECWF4104JL Matsushita

1 C4 180 uF 450 V 2222 159 47181 BC Components

1 C5 0.22 uF / 50V K224K20X7RF53H5 VISHAY

1 c7 0.47 uF / 50V K474K20X7RF53H5 VISHAY

1 C9 0.1 uF / 50V K104K15X7RF53H5 VISHAY

1 C6 1nF/50V K102K15X7RF53H5 VISHAY

1 C10 100 pF/50V K101K15X7RF53H5 VISHAY

1 C8 22 uF/25V 2222 013 36229 BC Components

1 C12 22uF/50V B32529D5225J EPCOS

1 DB1 600V, 8.0 A bridge diode GBU8J VISHAY

1 D1 8.0 A, 600 V MSR860G ON Semiconductor

1 D2 1N4148 1N4148 VISHAY

1 F1 5 A fuse, Time Delay Fuse (FST 5x20) 0034.3124 SCHURTER

1 IC1 CCM PFC controller NCP1654 ON Semiconductor

1 L1 650 uH GA3199-AL CoilCraft

2702.0010A Pulse

1 L2 4 A, 2 x6.8mH, CM choke B82725-J2402-N20 EPCOS

1 L3 150 uH, 5A, WE-FI series, DM choke 7447055 Waurth Elektronik

1 Q1 20 A 600 V MOSFET SPP20N60C3 Infineon

2 R1 Resistor, Axial Lead, 1.8 M, 1/4 W, 1% CCF501M80FKE36 VISHAY
R2 Resistor, Axial Lead, 1.8 M, 1/4 W, 1% CCF501M80FKE36 VISHAY

2 R9 Resistor, Axial Lead, 3.3 M, 1/4 W, 1% CCF503M30FKE36 VISHAY
R13 Resistor, Axial Lead, 3.3 M, 1/4 W, 1% CCF503M30FKE36 VISHAY

1 R10 Jumper Jumper

1 R3 Resistor, Axial Lead, 23.7 k, 1/4 W, 1% CCF5023K7FKE36 VISHAY

1 R4 Resistor, Axial Lead, 10 k, 1/4 W CCF5010K0FKE36 VISHAY

1 R5 Resistor, Axial Lead, 10, 1/4 W CCF5010R0FKE36 VISHAY

1 R6 Resistor, Axial Lead, 0.1, 3 W, 1% LVRS3 series LVRO3 R1000 F E12 VISHAY

1 R7 Resistor, Axial Lead, 3.6 k, 1/4 W 1% CCF503K60FKE36 VISHAY

1 R8 Resistor, Axial Lead, 47 k, 1/4 W CCF5047KOFKE36 VISHAY

1 R11 Resistor, Axial Lead, 82.5 k, 1/4 W, 1% CCF5082K5FKE36 VISHAY

1 R12 Resistor, Axial Lead, 12 k, 1/4 W, 1% CCF5012KO0FKE36 VISHAY

1 TB1 AC inlet connector GSF1.1201.31 SCHURTER

1 TB2 DC output plug socket (order igdle()é/()z44531) IMO

1 TB3 Vcc connector plug socket (ordsrlv(lzsogglszcl)?_%sn) WEIDMULLER
HS1 Heatsink (2.9 °C/W) SK481 100mm Fischer elektronik
Q1 Isolator TO220 3223-07FR-43 BERGQUIST
D1 Isolator TO220 3223-07FR-43 BERGQUIST

3 DB1 Clip for heatsink (TO220) THFU 1 Fischer elektronik
Q1 Clip for heatsink (TO220) THFU 1 Fischer elektronik
D1 Clip for heatsink (TO220) THFU 1 Fischer elektronik
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Results and Performance Curves

The operating results of the NCP1654 based design described above are shown in Table 6-2.

Table 6-2. Results of the 270 W CCM PFC Using NCP1654

Vin (ac) Pin (W) Vo (V) lo (A) Output Power (W) Po Efficiency PF THD%

100 28.44 382.78 0.070 26.97 10% 94.83% 0.975

41.56 381.95 0.104 39.80 15% 95.76% 0.984

56.07 381.79 0.141 53.88 20% 96.10% 0.991

139.59 381.40 0.350 133.65 50% 95.75% 0.996

280.91 381.26 0.701 267.10 100% 95.08% 0.998 4.6
115 28.70 383.03 0.072 27.39 10% 95.43% 0.968

42.15 382.18 0.105 40.31 15% 95.64% 0.981

55.52 381.83 0.140 53.42 20% 96.22% 0.985

138.41 381.43 0.349 133.28 50% 96.30% 0.994

278.29 381.30 0.700 266.77 100% 95.86% 0.997 4.6
230 27.67 382.63 0.069 26.55 10% 95.97% 0.757

42.04 382.31 0.106 40.63 15% 96.65% 0.858

55.33 382.13 0.141 53.78 20% 97.21% 0.905

136.59 381.64 0.350 133.71 50% 97.89% 0.978

272.60 381.36 0.701 267.15 100% 98.00% 0.991 7.2

From the information in Table 6-2, we can confirm that the full load efficiency at 100 Vac is above 95%. In addition, even
at 20% load (which is a key performance criterion from regulatory viewpoint), the efficiency is above 96%. These results are
achieved with a combination of optimal component choices and careful layout of the PCB. It can also be observed that the power
factor remains above 0.9 for high line (230 Vac) at loads down to about 50 W (20%). The THD of the circuit at full load and
high line is measured at 7.2% which is quite respectable.

The input harmonic spectrum for 230 Vac and full load is shown in Figure 6—4 against class D limit and it is shown that the
circuit comfortably passes the IEC61000-3-2 requirements. Similar result was observed with the load reduced to 75 W.
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\ —ClassD
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Harmonic Number

Figure 6—4. Harmonic Spectrum of the 270 W CCM Converter

Some of the design trade-offs involved in component choices are illustrated next using changes in two key components and
how they impact the efficiency at critical points. In the above design, the MOSFET used is a 20 A, 600 V (0.19 ) and the boost
diode is 8 A, 600 V. By experimenting with 15 A, 600 VV FET and 3 A, 600 V diode from the same vendors/component class,
following result variations are obtained at 100 Vac input. Similar performance changes are observed at the 115 Vac input.
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Table 6-3. Impact of Component Variations on Efficiency (100 Vac)

100% load 15AFET 20 AFET
3 A diode 94.82% 94.99%
8 A diode 94.89% 95.08%
20% load 1I5AFET 20 AFET
3 Adiode 95.88% 95.91%
8 A diode 96.06% 96.08%

The results of Table 6-3 offer interesting insight into the trade-offs involved in component selection for PFC circuits. First,
it is interesting to note that the efficiency change when going from [15 A FET, 3 A diode] combination to [20 A FET, 8 A diode]
combination results in about 0.25% efficiency improvement at full load (0.2% at 20% load). This implies that the gains in the
conduction losses made by going to bigger FET are offset by the increased switching losses associated with higher Coss.
Depending on the costs of the available devices and efficiency targets, Table 6-3 offers an interesting set of options for selecting
right components and optimizing the design. In another set of experiments, the boost diode was replaced with a different
category of diode (Q series to X series) resulted in efficiency drop of about 0.5% at low line and 20% load.

Finally, a change in the inductor value from 650 uH to 250 uH was tried. Such a drastic reduction in inductor value takes
the circuit closer to DCM at lighter loads and the power factor gets worse as shown in Table 6—4. However, since the ripple
value gets bigger, the inductor current at the diode turn-off instance is significantly below its peak and average values. The result
of this is that the diode recovery effects are not as bad and the efficiency and EMI improve. For a given design requirement,
this may be a good trade-off to make. Comparing with Table 2, the efficiency improves by 0.2% at full load and by about 0.33%
at 50% load (at 100 Vac). However, the 20% load efficiency reduces by about 0.27% - this is caused by higher ripple in the
inductor causing additional core losses.

Table 6-4. Impact of Reducing the Inductor Value in CCM

Vin (ac) Pin (W) Vo (V) o (A) Output Power (W) Po Efficiency PF THD%
100 28.55 383.71 0.071 27.09 10% 94.90% 0.966 13.6
41.97 382.58 0.105 40.13 15% 95.62% 0.977 12.2
56.52 382.06 0.142 54.16 20% 95.83% 0.982 12.2
139.08 381.53 0.350 133.62 50% 96.08% 0.992 9.3
280.26 381.31 0.700 267.05 100% 95.29% 0.996 59
115 28.97 383.66 0.072 27.54 10% 95.06% 0.969 12.0
42.29 382.67 0.106 40.54 15% 95.85% 0.972 11.9
55.75 382.16 0.140 53.60 20% 96.14% 0.978 11.8
138.42 381.59 0.350 133.48 50% 96.43% 0.989 11.6
277.90 381.35 0.700 266.93 100% 96.05% 0.996 5.1
230 27.70 382.70 0.070 26.60 10% 96.02% 0.731 23.0
41.08 382.45 0.104 39.77 15% 96.82% 0.839 155
55.43 382.14 0.141 53.88 20% 97.21% 0.893 12.4
136.72 381.61 0.351 133.83 50% 97.89% 0.954 15.7
272.05 380.29 0.701 266.58 100% 97.99% 0.980 13.9
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The results from Table 6-2 are plotted in the following figures for understanding performance over line and load.
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Figure 6-5. Efficiency Performance of the 270 W CCM Design

‘?—/_;—
// 100 Vac
/ —7115Vac
/ —230Vac
0% 20% 40% 60% 80% 100%

Output Power

Figure 6-6. Power Factor Performance of the 270 W CCM Design
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CHAPTER 7
Interleaved PFC

Interleaved PFC is an emerging solution that becomes particularly popular in applications where a strict form factor has to
be met, for instance, in low profile notebook adapters or in LCD TVs. This section will consider the interleaving of two FCCrM
PFC stages that efficiently address the 300 W application of our interest. Interleaving CCM PFC stages is also possible.
However, this option should be devoted to much higher power applications (above 1 kW) and will not be detailed here.

This section will give an overview of the interleaved PFC characteristics and will deal with the main design steps. Practical
results are given as obtained with the NCP1631. More detailed information is available at www.onsemi.com (see references).

Introduction

Interleaving consists in paralleling two “small” stages in lieu of a bigger one, which may be more difficult to design.
Practically, two 150 W PFC stages are combined to form our 300 W PFC pre-regulator. This approach has several merits like
the ease of implementation, the use of smaller components or better heat distribution.

Also, Interleaving extends the power range of Critical Conduction Mode that is an efficient and cost-effective technique (no
need for low t,; diodes). Furthermore, if the two stages are operated out-of-phase, the current ripple is significantly reduced.
In particular, the input current looks like a CCM one and the rms current within the bulk capacitor is dramatically reduced.

Interleaving Method

When designing a CrM or FCCrM interleaved PFC, maintaining an out-of phase operation is the main difficulty. This is
because the switching frequency is not fixed and a nominal operation requires the MOSFET turn on to be delayed until the very
moment the valley is detected. Hence, each phase must beat at its own rhythm and at the same time stay synchronized to the
other branch, thus requiring a sophisticated control circuitry.

In the traditional master/slave approach, the master branch operates freely, while the other phase is controlled to follow with
a 180° phase shift. The challenge is to drive the slave branch so that it never enters CCM nor exhibits undesired dead-times

[1].

The NCP1631 utilizes an interactive-phase option where the two branches operate independently, in CrM, inherently
preventing risks of undesired dead-times or continuous conduction mode sequences. Still, the two phases interact with each
other for out-of-phase operation. It is worth noting that the NCP1631’s unique interleaving technique (which will be described
in this chapter) substantially maintains the wished 180° phase shift between branches in all conditions including start-up, fault
or transient sequences.

More generally, the NCP1631 integrates a dual MOSFET driver for interleaved, 2-phase PFC applications. It drives the two
branches in so-called Frequency Clamped Critical conduction Mode (FCCrM) where each phase operates in Critical
conduction Maode (CrM) in the most stressful conditions and in Discontinuous Conduction Mode (DCM) otherwise, acting as
a CrM controller with a frequency clamp (given by the oscillator). According to the conditions, the PFC stage actually
transitions from DCM to CrM (and vice versa) with no discontinuity in operation and without degradation of the current shape.
Traditional CrM control methods fail to offer this integrity of current shape, even though some of them transition to DCM
through use of frequency clamping.

The NCP1631 capitalizes on its FCCrM operation mode to manage the out-of-phase operation by the simple means of an
oscillator. As sketched by Figure 7-1, the oscillator voltage swings at twice the frequency of each branch. When it reaches its
4-V lower threshold, the circuit generates a clock signal alternatively for phase 1 or phase 2.

There are two possible cases to consider:

1. The cycle time of the inductor current is shorter than two oscillator periods. When the clock signal is generated, the
inductor of the branch corresponding to the clock is demagnetized (the inductor current has already reached zero) and
a new cycle can immediately start. We have a fixed frequency DCM operation mode in each branch as depicted by
the right side of Figure 7-1. Out-of-phase operation is naturally obtained as the result of the interleaved clock signals.
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2. The inductor current is not at zero when the clock signal corresponding to the inductor branch occurs. The circuit
would enter Continuous Conduction Mode (CCM) if the MOSFET turned on in that moment. Instead, the next
conduction phase is delayed until the core is reset and the inductor current reaches zero. The clock signal remains
high for this waiting period and the MOSFET turns on as soon as the coil current has reached zero. In other words,
critical conduction mode (CrM) operation is obtained. The oscillator keeps on discharging for the waiting period,
reducing the oscillator frequency and delaying the occurrence of the next clock signals. It can be analytically shown
that an appropriate selection of the oscillator charge and discharge currents leads to stable out-of-phase operation as
depicted by the left side of Figure 7-1.

{5V}
\bin4 - / ~ /4I_IV\ > ) 2
/ />< / / — /< /\/- /4
Phase 1 [ \ _ // .
\ /
SN \'\_ \ l jl \ ]
CLK1 ~ \ A AN
- ]
SNeit forf Vad ) } l‘
emag O \
DRV1 phasgl / // / \\ /
/ '\\
= \ ]
CLK2 N ~
Wait for /0 /
de f
DRV2 s 7 7
CRM Operation DCM Operation

Figure 7-1. Interleaved Clock Generation

As a voltage mode controller, the NCP1631 forces the MOSFET on-time to be identical in both branches. The
demagnetization time that only depends on the conduction time and on the line and output voltages is then the same in both
(tdemag =ton VV—TV)
branches as well out —*in J Hence if we neglect the tolerance in the timing circuitry that adjusts the on-time
in response to the control signal for each circuit, the current cycle duration is the same in the two branches even if their
respective inductors do not have the same inductance.

Finally, the only source of current unbalancing is the inductor tolerance. One can easily show that the current sharing is
governed by the following equation:

Iin(branchl) _ Lyranch2

linoranch2)  Lbranch1

Where:
® lin(branch1) and lingoranch2) are the averaged input currents drawn by phase 1 and phase 2 respectively

® Lpranch1 and Lyranchz are the inductance values of phase 1 and phase 2 respectively

Practically, if the inductance dispersion is in the range of +5%, the possible current imbalance is less than £10%.

Housed in a SOIC16 package, the NCP1631 also offers many other useful features. In particular, the circuit adapts its
frequency clamp to optimize the PFC stage efficiency over the line/load range: below a programmable load level, the frequency
linearly decays as a function of the power to maintain high efficiency levels even in very light load (frequency fold-back).

A NCP1631-driven PFC stage also eases the design of the downstream converter by providing it with a narrow range dc
voltage. With this goal, the circuit features a “pfcOK” output pin to disable the downstream converter until the bulk capacitor
is charged and no fault is detected. In addition, the NCP1631 dramatically reduces the output voltage deviations during abrupt
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load or line transients (when the low bandwidth of the PFC loop normally causes large overshoot and undershoot problems)
by:

® Dedicating one specific pin for an optimal programming of the Over-Voltage Protection level

e Drastically speeding-up the regulation loop when the output voltage is 4.5% below its desired level (dynamic
response enhancer).

As a matter of fact, the downstream converter can be optimally designed since the PFC stage provides it with a very narrow
voltage range.

Finally, the NCP1631 protections (maximum current limitation, in-rush current detection, under-voltage protection,
brown-out detection...) protect the system from most possible over-stresses and make the PFC stage extremely robust and
reliable.

Main Merits of Interleaved PFC

The simplified schematic of Figure 7-2 shows the two paralleled channels. The first branch absorbs a current Iy anch1 and
provides the output with Ip 1. The other branch draws lpranch2 and generates Ipo. These currents are similar to those exhibited
by a classical one-phase FCCrM PFC stage. However, we will see that as a result of the out-of-phase operation, the total current
absorbed by the interleaved PFC (lin(totaly O Figure 7-2) and the total current provided by the boost diodes (Ip(tota)) Of
Figure 7-2) have a significantly reduced ripple compared to that obtained with conventional one-phase PFC stages.

Vin Vout
AC Line T lin(total) |br2£10h1 ’ b1 T
EMI I
Filter DRVL
| [ Ibranch2 - D2
4 - DR]_Vl Y ID(total)
1 NCP1631 | |
T | LoAD
Rsense l DRV2 T ;
. ANA—— : :

Figure 7-2. Simplified Schematic of an Interleaved PFC Stage

1. The input current ripple is minimized:

lbranch2

time

Figure 7-3. The Total Current Exhibits a Reduced Ripple
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The inductor current within each branch exhibits a large ripple (CrM operation) but as illustrated by Figure 7-3 and detailed
in [2], out-of-phase operation results in a very small ripple on the total current drawn by the PFC stage. In fact, there is no ripple
at all when the input voltage is half of the output voltage (the up and down-slopes being the same) and goes to a maximum value
(100% of the averaged current — peak to peak) when Vi, is near zero or close to Vyt (see Figure 7-4).

More specifically, assuming a permanent CrM operation (no frequency clamp — (1)) and a 180- phase shift, one can compute
the input current ripple as follows:

(2 .Vin)_l
AIin(pk—pk) — Vout if V;n >0.5
lin Vin_ Vout
Vout
1_(2 Vln}
Alin(pk—pk) _ Vout ¢ Vin _os
lin ]__Vi out
V,

out

V.

n
The following figure summarizes the ripple variations as a function of (V"“t ]
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Pk to pk ripple (%0)
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Figure 7-4. Peak-to-Peak Ripple of the Input Current as a Function of the Line Magnitude

As a matter of fact, the input current looks similar to that of a CCM PFC in the sense that the current ripple is small.
2. The ripple of the current that feeds the bulk and the load is minimized:

As shown by Figure 7-5, still assuming a CrM operation, the 180° phase shift reduces the ac content of the total current
delivered by the 2 branches to the bulk capacitor and the load (Ip ¢otar) Of Figure 7-2). This is because the two phases exhibit
interleaved refueling sequences. Furthermore, if the input voltage is less than half of the output voltage, there is no overlap at
all between the two-branch refueling intervals. This characteristic leads to a dramatically reduced rms current within the bulk
capacitor at low line conditions in wide mains applications, for an easier, cheaper and more robust design.

L. The current ripple increases if the PFC stage operates in DCM as a result of the dead-times. However, the PFC stage is designed
to operate in CrM in the most severe conditions, the frequency being only clamped when the line current is relatively low. Thus,
FCCrM does not alter the benefits in term of input and output current ripple.
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In the wide mains case (no overlap between the refueling times of the two phases), the maximum rms value of the global
refueling current can be expressed as follows:

| _\/ 16-v/2 -P4,
D(rms) —

2
9-7 VacLL Vour

The rms current is thus 30% lower (divided by /5) when compared to what is obtained in traditional CrM or FCCrM
operation.

Similarly, the rms current flowing through the bulk capacitor is also diminished. Assuming a constant load current, we can
obtain a good approximation of this current using the following equation:

2
lcout(rms) = 16 \/E “Pout _(Pout )2
out(rms
97 VacrL Vour 1 2 Vout

Whereas, in a traditional CrM or FCCrM PFC, we would have:

2
lcout(rms) = 32 \/E “Pout _(Pout )2
out(rms
97 VacrL Vour 7 2 Vout

S AN AN AN A
= NN N e

Figure 7-5. Reduction in the AC Content of the Refueling Current as a Result of Interleaving

Design Steps with the 300 W Example

A 300 W interleaved PFC consists of two 150 W parallel CrM (Chapter 3) or FCCrM (Chapter 4) stages. Hence, the main
task lies in their dimensioning. As the main steps in designing a CrM or FCCrM PFC boost have already been covered in this
handbook, this chapter will mainly focus on the aspects that are specific to interleaving.

Step 1: Define the Key Specifications

Minimum Input voltage (Vacy | ): 88 Vac (this is usually 10-12% below the minimum typical voltage which could be 100 Vac
in many countries).

Maximum Input voltage (Vacy): 264 Vac (this is usually 10% above the maximum typical voltage which could be 240 Vac
in many countries)

Line frequency (fuine): 50 Hz/60 Hz (This is often specified in a range of 47-63 Hz and for calculations such as hold-up time,
one has to factor in the lowest value specified)

Output Voltage (Mout): 390 V (This value has to be above 1.414  Vacy and is typically between 385 and 400 V for universal
input operation)

Maximum output voltage (Vout(max)): 415 V (This value is usually 7-10% above the Vot value and is determined by the
accuracy of the OVP level of the PFC controller).
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PFC maximum output power (Pqyt): 300 W (This is the specified output power for the PFC stage. It is important to factor in
the follow-on stage efficiency when specifying this parameter — it will always be higher than the specified maximum system
output power)

Clamp frequency (fsw(min)): 130 kHz per phase leading to a 260-kHz clamp frequency for the interleaved PFC. The clamp
frequency is key when dimensioning the boost inductors that must be large enough to force CrM operation in the most severe
conditions (full load). The higher fy(min), the lower the inductance can be.

Output voltage ripple (Vripple(p-p)): <27 V (This parameter is often specified in percentage of output voltage, +£3.5% maximum
in our case)

Estimated efficiency (n): 94% (This parameter is an initial estimate that is used to size the power stage components - high level
of accuracy is not needed for the design procedure).

Step 2: Design the Boost Inductor (for each branch)

As already seen in the CrM and FCCrM sections, the (maximum) peak and rms inductor currents within one branch are:

P
27 [ Fout
| _ \/—( 2 )_2\/5'150—513A
coil,pk(max) = n -Vac, | T 094-88
And:
| leoit,pk(max) :5'13 =2.09A

coil,rms(max) = \/g \/E

As discussed in chapter 4, the boost inductor design is given by the equation below (where fsy(min) is the clamp frequency):

Vogt —Vac,;) 0.94-882 -(ﬂ—SS)

2

=>. =
B P V2 -390-150-130k
\/E Vout '(Zut]'fsw(min)

n Vac > (

L =127 uH

Finally, a 150-uH / 6-A pk / 2.5-A rms inductor was selected.

Step 3: Design the Power Stage Components

The power stage components are designed based on their current and voltage ratings. The inductor design is already covered
in step 2. The bridge diode should be selected based on peak inductor current rating and will have the power dissipation given

by:

P =2 Vi Pow Vi 300 oo
"9t m vac, g 88 0.94

Assuming a forward voltage of 1 V for each diode (Vy = 1V), the bridge approximately dissipates 6.5 W.
For each branch, the MOSFET is selected based on peak voltage stress (Vout(max) + margin) and rms current stress:

2. Pout
2 842 Vac . 2150 8:1/2-88 _
IM(rms) = - 1= = 1- =1.79 A
NYRZH 3. Voy  +/3-0.94-88\" 3-7-390
Using a 550-V, 250-mQ FET, per branch, each MOSFET will give conduction losses of (assuming that Rps(on) increases by
80% due to temperature effects):

P

Ci

2 2 ~
ond = Im(ms)? *Ros(on) =1.792+0.25-180% =1.44 W

One Infineon IPP50R250 MOSFET per branch was used in this design.
Two IPP50R250 placed in parallel would cause the same conduction losses in a conventional CrM or FCCrM PFC stage.
Switching losses are difficult to predict accurately. They are not computed here.
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One can simply note that whether a traditional or an interleaved PFC is used, the switching event occurs under the same voltage
stress. The only difference is in the current magnitude that is half in one branch of the interleaved PFC compared to that of the
conventional PFC. Thus, assuming that the switching times are the same in both cases and remembering that the interleaved
PFC consists of two branches:

o |f the same MOSFETSs are used (one in a traditional PFC, 1 per branch in an interleaved one), the global switching
losses would be the same in the two solutions

® In practice, they should be lower in interleaved PFC because of the use of a smaller MOSFET per phase leading to
less parasitic capacitance and higher transition speed.

Interleaved PFC requires two boost diodes (one per branch). As explained in the FCCrM chapter, there are no reverse recovery
issues to worry about. Simply, they must meet the correct voltage rating (Vout(max) + margin) and exhibit a low forward voltage
drop. Supposing a perfect current sharing, the average diode current is the half of the load current

Id total P
(Idl =gz =—(2 ) N _\0/“‘ =0.38 A

(Id(total) Vi J
out . S0, the losses are just 2 per diode. For each phase, the peak current seen

by the diode will be the same as the corresponding inductor peak current.

Step 4: Output Capacitor Design

The output capacitor is designed considering 3 factors: output voltage ripple, output current ripple and the hold-up time.
The output voltage ripple is given by:

P

out-
21 'fline 'Cout Vout

Viipple(p-p) =

The capacitor rms current is given by (assuming a resistive load):

2 2
| _\/ 16'\/§'Pout _(Pout )
Cout(rms) —

2
97 VacrL Vout 1 Vout

However, almost always, the value of the capacitor is determined by the hold-up time which is approximated by:
2 2
_ Cout '(Vout _Vmin)

tholdfup - 2.P
out

The hold-time being not considered here, a 100-uF capacitor was chosen to satisfy the other above conditions. The peak-peak
ripple peaks to 24 Vp, at full load (50-Hz line) (3% of Vo) and the rms current is 1.34 A.
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Step 5: Current Sense Circuit
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Figure 7-6. Current Sense Block

The NCP1631 is designed to monitor a negative voltage proportional to the inductor current. Practically, a current sense resistor
(Rcs of Figure 7-6) is inserted in the return path to generate a negative voltage proportional to the total current absorbed by
the two branches. The circuit incorporates an operational amplifier that sources the current necessary to maintain the CS pin
voltage null (refer to Figure 7-6). By inserting a resistor Rocp between the CS pin and Rcs, we adjust the pin9 current as

follows:

~(Res lin )+ (Rocp “lcs ) =Vping =0
Where I, is the total current drawn by the two phases of the interleaved PFC stage.
Finally the current Ics absorbed by pin9 is proportional to the inductor current as shown by the following equation:

los =g = —CS_ 1,
CS ~ 'pin9 — R in
OCP

The circuit compares Ics to an internal 210-uA current reference for a cycle by cycle current limitation. Hence, the
Over-Current protection trips when:

| _Roce
Res

210 uA

In,max

Finally, the ratio (Rocp / Rcs) sets the over-current limit in accordance with the following equation:

in,max

210 pA

Rocp _
Res

As we have two external components to set the current limit (Rocp and Rcs), the current sense resistor can be optimized to
have the best trade-off between losses and noise immunity. Following procedure is used to arrive at the trade-off:

Calculate the maximum current drawn by the two branches:

As shown in [2], the following equations give the total current that is absorbed by the interleaved PFC

2\/— |navg)max' 1

|n max

|n max

_ Vout,nom (Vm e L_ < out nom
(V'n rms L_ 4. out,nom — (\/E '(Vin,rms L_ ))
2\/_ Pin.avg )max . Vout,nom i (V l > OUt nom
6/'” ms )_L 4 V2 - (\/In ms )_L inrms ||
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Where:
® (Mnrms)LL IS the lowest level of the line rms voltage.
® (Pinavg)max is the maximum level of the input power.
® \out,nom IS the nominal level of the output voltage (or the output regulation voltage)
V,

_ outnom _ 390
((\/in,rms)u_ss =h "ok _138]

In our case,
Hence:

2\/— |n ,avg )nax J1- Vout,nom
lin,max
6/|n rms L_ 4 - Vout,nom ~ (\/5 '(Vin,rms l,_ ))

navg )nax 4% =320 W

Assuming (assuming a 94% minimum efficiency), it comes

320
|n max — \/— =6.5 A

(390 (f 88))

Selecting Rocp and Rcs:
If we neglect the input current ripple, the Rcs losses are given by the following simplified equation:

2
Pin,av
pRCS B RCS (ﬁ

One can choose Rcs as a function of its relative impact on the PFC stage efficiency at low line and full power. If o, is the relative
percentage of the power that can be consumed by Rcs, this criterion leads to:

(Pm avg )m
a '(Pin,avg )-nax =Res (Vln rms )m:(

Finally:
2
Res =a - (V )“
[
And:
Rocp =Rcs %

Generally (a = 0.2%) gives a good trade-off between losses and noise immunity (0.2% of the power is lost in the Rcg at
low line). Lower levels can be set when superior efficiency ratios are targeted. In this case, a special attention is to be paid to
the PCB layout.

This criterion leads to the following Rcg value:
882
Reg =0.2% -—— =50 mQ
cs * 320
This selection results in the following Rocp resistor:
6.5 A
210 pA
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A 1.8-kQ resistor is selected for Rocp that gives a 15% margin in the over-current level.

When an over-current event is detected, the NCP1631 decreases the conduction time in both branches as a function of the excess
current for a gradual response in case of a moderate over-current and a sharp reaction in a severe situation. This method detailed
in the data-sheet [3] avoids risks of discontinuity in the operation because of “normal” transients that would trigger the OCP
function.

Application Schematic

. M Vout
lms . lcw |
680nF T 100nF in
Vin
1
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pfcoK MURS50

100nF N
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R24 1k 100 pF/25V
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The circuit latches off if Vcc
exceeds 17.5V

Figure 7-7. Application Schematic

The presented application is that of the NCP1631 demo-board detailed in [4]. It was populated so that it must be fed by a 15-V
external power source. However, it is possible to add the elements necessary to have it self-powered: start-up resistors and
charge pump.

The boards is equipped with two 150-uH, PQ2620 inductors.

The MOSFETS are IPP50R250 from Infineon.

The boost diodes are axial MUR550 from ON Semiconductor. These Ultra-Fast diodes are specifically designed for CrM or
FCCrM PFC.

The latch off capability is highlighted in schematic. Thermal protection could utilize the NCP1631 latch off capability.
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Bill of Materials

Table 6-1. Bill of Materials for CCM PFC Circuit Based on the NCP1654

Tolerance/ Substitution
Reference Qty Description Value Constraints Footprint Manufacturer Part Number Allowed
CcM1 1 CM Filter, 4 A 2*6.8 mH 4 AI250 V Through-hole EPCOS B82725-A2402-N1 No
c2 1 Electrolytic Capacitor 100 uF 450 V Through-hole BC Components 222.215.937.101 No
C5 1 X2 Capacitor 100 nF 275V Through-hole RIFA PHE840MB6100MBO5R1 No
C6 1 X2 Capacitor 1uF 275V Through-hole RIFA PHE840MD7100MD50R0 No
C10, C16 2 Y Capacitor 4.7 nF 275V Through-hole Murata DE1E3KX472MA5B No
C15 1 Ceramic Capacitor 220 pF 5%, 50 V SMD, 1206 Yes
C18 1 X2 Capacitor 680 nF 275V Through-hole EPCOS B32923A2684M No
C20 1 Ceramic Capacitor 150 nF 10%, 50 V SMD, 1206 Yes
C22, C27 2 Ceramic Capacitor 1nF 10%, 50 V SMD, 1206 Yes
C25 1 Ceramic Capacitor 1uF 10%, 50 V SMD, 1206 Yes
Cc28 1 Ceramic Capacitor 220 nF 10%, 50 V SMD, 1206 Yes
C30, C33 2 Ceramic Capacitor 100 nF 10%, 50 V SMD, 1206 Yes
C32 1 Electrolytic Capacitor 100 uF 25V Through-hole Yes
C34 1 Ceramic Capacitor 100 nF 10%, 50 V SMD, 1206 Yes
D6, D14, D15 3 Diode D1N4148 Through-hole Philips 1N4148 Yes
D3 1 LED 3 mm 2.4V/2 mA Through-hole Vishay TLLG4400 Yes
D4, D5 2 Boost Diode MURS550 5A, 500V Axial ON Semiconductor MURS550APFG No
D16 1 Standard Recovery Diode, 1N5406 3 A, 600V Axial ON Semiconductor 1N5406G No
D21 1 Zener Diode, 18 V 18V Through-hole NXP BZX79-C18 No
HS1 1 Heatsink, 2.9°C/W 2.9°C/IW AAVID 437479 No
THERMALLOY
L4 1 DM Choke, WI-FI Series 150 uH/5 A 20%, 5 A Through-hole Waurth Electronics 7447076 No
Q1,Q2 2 PNP Transistor 2N2907 TO92 ON Semiconductor P2N2907AG No
R2, R6 2 Axial Resistor, 1/4 W 1kQ 1% Through-hole Yes
R1 1 Axial Resistor, 1/4 W 1.8 kQ 1% Through-hole Yes
R7, R17 2 Axial Resistor, 1/4 W 22Q 1% Through-hole Yes
R11, R20 2 SMD Resistor, 1206, 1/4 W 10 kQ 1% SMD, 1206 Yes
R14, R15 2 SMD Resistor, 1206, 1/4 W 22 kQ 1% SMD, 1206 Yes
R16, R21 2 Axial Resistor, 1/4 W 0Q 1% Through-hole Yes
R18 1 Axial Resistor, 1/4 W 560 kQ 1% Through-hole Yes
R23 1 Axial Resistor, 1/4 W 820 kQ 1% Through-hole Yes
R24 1 Axial Resistor, 3 W, £1% 50 mQ 1% Through-hole Vishay RLP30R050 No
R25, R40 2 SMD Resistor, 1206, 1/4 W 27 kQ 1% SMD, 1206 Yes
R31, R32, R38, 8 Axial Resistor, 1/4 W 1800 kQ 1%, 1/4 W Through-hole Yes
R39, R41, R42,
R43, R44
R33 1 SMD Resistor, 1206, 1/4 W 18 kQ 1% SMD, 1206 Yes
R34 1 SMD Resistor, 1206, 1/4 W 270 kQ 1% SMD, 1206 Yes
R36 1 SMD Resistor, 1206, 1/4 W 33 kQ 1% SMD, 1206 Yes
R37 1 SMD Resistor, 1206, 1/4 W 4.7 kQ 1% SMD, 1206 Yes
R45 1 SMD Resistor, 1206, 1/4 W 0Q 1% SMD, 1206 Yes
R46 1 SMD Resistor, 1206, 1/4 W 120 kQ 1% SMD, 1206 Yes
R121, R122, 3 SMD Resistor, 1206, 1/4 W 680 kQ 1% SMD, 1206 Yes
R123
Ul 1 Diode Bridge KBUBK General KBUBK No
Semiconductor
u2 1 Interleaved PFC Controller, NCP1631 - S016 ON Semiconductor NCP1631 No
SOIC-16
X1, X5 2 PFC Inductor 150 uH - CME OF9120 No
2 TO220 Isolators Bergquist 3223-07FR-43 Yes
5 Board “legs” RICHCO TCBS-801 Yes
F1 1 Fuse 4A 250 vV Shurter 34.3123 Yes
Temporised
X4, X6 2 MOSFET IPP50R250CP 550 V TO220 Infineon IPP50R250CP No

NOTE: All devices are Pb-Free.
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Results and Performance Curves
Evaluation Board Manual [4] details the performance of the presented 300 W interleaved PFC stage.
The main results are however reported here.

Figure 7-8 shows the input current at low and high line. As expected, the input current looks like a CCM one. At high line,
the frequency clamp slightly increases the input current ripple.

The bottom waveforms are magnified views. The drive signals are shown to check that the 180° phase shift is properly
obtained. At low line (left), the branches operate in CrM. At high line they operate in DCM (right) as attested by the oscillating
current near the valley since the frequency clamp is set to 130 kHz at nominal load (at a lower level at light load as dictated
by the frequency foldback function to improve the efficiency). It is worth reminding that the NCP1631 like other FCCrM
circuits, automatically modulates the MOSFET conduction time to still exhibit near unity power factor in DCM. PF and THD
performance are detailed in [4].

Full load, 90 V,,.
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3o - -

in

' GOE 100V o Ms5.00ms F=s00my — ] “Tho 200V & M5.00ms 7 —600mv
Ch3  5.00 V&R EiE 2.00 VOR

Zoom

_ |Fulioad, 230 Vi, |

Iy oty 2 AVel)

s DRV oo E

T M Z2.00ps Ch3 F 3.62V 4

EF' 0.0V & Ch2 0.0V 1 M2.00us Ch3 J 7.60V V Thi
Ch3  2.00 ve

Figure 7-8. Typical Waveforms at Full Load
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Figure 7-9. Efficiency versus Load

As shown by Figure 7-9, the efficiency characteristic over load is particularly flat.

This is because the interleaved PFC limits the weight of the conduction losses at full load by sharing the stress between two
branches. At light-load, the frequency clamp and the frequency fold-back functions mitigate the switching losses and hence,
effectively limit the efficiency decay usually observed at light load.

These efficiency performances were obtained using the typical frequency fold-back characteristic. When superior light-load
efficiency ratios are required, the frequency fold-back can be tweaked. For instance, application note AND8456/D [5] teaches
how to abruptly drop the switching frequency by adding a simple resistor, when the power goes below a programmed level.
Figure 7-10 shows that such a technique can further improve the efficiency at 10% and 20% of the load by forcing a 20-kHz
operation at these power levels. The PFC stage keeps running in CrM at 50% and 100% of the load as necessary for an efficient
operation.
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Figure 7-10. Tweaking the Frequency Fold-back Characteristic can Help Improve the Light-load Efficiency
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CHAPTER 8
Bridgeless PFC

Introduction

The need for higher efficiencies from the PFC stage has led the circuit designers to look closely at all sections of the circuit
and develop possible lower loss alternatives. One section that contributes significantly to the losses is the input bridge rectifier.
As aresult, the alternatives to eliminate the diode bridge or convert it into a dual-use circuit have been explored for many years.
This elimination/conversion of diode bridge brings about its own set of challenges. This chapter provides a more in-depth look
at the bridgeless techniques and works through a design example for an 800 W bridgeless PFC converter.

Why Remove the Bridge?

Dg
SmEw ﬁ
AC EMI 1 PFC
Line Filter I Stage
O—
Dz*T
-l- -~

Figure 8-1. The Input Current Flows Through Two Diodes

Figure 8-1 portrays the diode bridge that is usually inserted between the EMI filter and the PFC stage. This bridge rectifies
the line voltage to feed the PFC stage with a rectified sinusoid input voltage. It is well known that as a result of this structure,
the input current must flow through two diodes before being processed by the PFC boost stage:

® For one line half-wave, D1 and D4 conduct (red arrows of Figure 8-1)
® For the other one, D2 and D3 convey the current (blue arrows of Figure 8-1)

As a matter of fact, two diodes of the bridge are permanently inserted in the current path. Unfortunately, these components
exhibit a forward voltage that leads to conduction losses.

The mean value of the current seen by the bridge is the line current averaged over one half-line cycle. Hence we can write
the following equation:

<|bridge>TLne = <|in(t)>TLne =— " lingme
2 2
The line rms current can be easily expressed as a function of the power and of the line voltage:
Iin(rms) = L
n- Vin(rms)
Where:

® Py is the output power
® 7 is the efficiency
® Vin(rms) is the rms line voltage

Since two diodes permanently see the average input current, the bridge consumes a power that can be computed as follows:

2\/5 " Pout

l:)bridge =2 Vf | <Ib”dge>lne =2 Vf ‘ n-m:- Vin(rrm)

2
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Finally, if we assume a 1-V forward voltage per diode and computing the losses at the usual low line rms voltage (90 V),
it comes:

In other words, an input bridge consumes about 2% of the input power at low line of a wide mains application. Hence, if one
of the series diodes could be suppressed, 1% of the input power could be saved and the efficiency could for instance, rise from
94% to 95%. Also, the major hot spot produced by a traditional diode bridge would be eliminated with the benefit of an
improved reliability of the application.

“Basic” Bridgeless Architecture

Switching Cell When
PH2 is High Q1 is Off

PHL |
T
AC
Line
L
PH2

Switching Cell When
PH1 is High Q2 is Off

Figure 8-2. “Traditional” Bridgeless Solution

Figure 8-2 portrays a classical option for bridgeless PFC. There are two switching cells. Each of them consists of a power
MOSFET and of a diode:

o The first cell (Q1, D7) processes the power for the half-line cycle when the terminal “PH1” of the line is high and is
in idle mode for the rest of the line period.

® The second cell (Q», Dy) is active for the other half-wave when “PH1” is low compared to terminal “PH2".

The line and the PFC inductor are placed in series and the arrangement they form is connected to the switching nodes of the
two switching cells. The input current is processed by the switching cell that is active for the considered line half-wave. The
MOSFET of the inactive cell has a role anyway, since its body diode serves as the current return path. Compared to
a conventional PFC stage, the losses due to the bridge are saved but the body diode of the inactive MOSFET conducts the coil
current. Finally, this structure eliminates the voltage drop of one diode in the line-current path for an improved efficiency.

However, the above architecture presents the following inconveniences, resulting from the fact that the line is floating with
respect to the PFC stage ground (as opposed to the conventional PFC, where the line is connected to PFC ground):

e Certain PFC controllers need to sense the input voltage. In this structure, a simple circuitry cannot do the job.
e Similarly, the coil current cannot be easily monitored.

Besides these difficulties in the circuit implementation, EMI filtering is the main issue. When “PH1” is high, the negative
terminal “PH2” is attached to ground by the Q, body diode. Hence, the application ground is connected to ac line as it happens
in a conventional PFC. Now, when “PH2” is high, the MOSFET Q, switches and the voltage between the line terminals and
the application ground pulses as well. More specifically, the potential of the “PH2” node nearly oscillates between 0 (when
the MOSFET is on) and the PFC output voltage (when the MOSFET is off). This large “dV/dt” leads to an increased
common-mode noise that is difficult to filter. This is probably the major drawback of the above solution ([1] and [2]).

Two-Phase Approach

Figure 8-3 portrays another option for bridgeless PFC. This solution was proposed by Professors Alexandre Ferrari de Souza
and Ivo Barbi [3]. As shown in Figure 8-3, there is no full bridge. Instead, the ground of the PFC circuit is linked to the line
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by diodes D, and D5 and each terminal feeds a PFC stage. Hence, the solution could be viewed as 2-phase PFC where the two
branches operate in parallel:

® For the half-wave when the terminal “PH1” of the line is high, diode D1 is off and D, connects the PFC ground to the
negative line terminal (“PH2”). D, grounds the input of the “PH2 PFC stage” branch that thus, is inactive and the

“PH1 PFC stage” processes the power.
® For the second half-line cycle (when “PH2” is high), the “PH2 PFC stage” branch is operating and “PH1 PFC stage”

that has no input voltage, is inactive.

MM N
PH1 PFC ,_I
PH1 Stage J q_
T = PH2 PFC
AC @ PH2 Stage
Line T
)

DRV
A
D2 D1

Figure 8-3. Two-Phase Architecture

Ik

Figure 8-4 gives an equivalent schematic for the two half-waves. Similarly to the traditional bridgeless structure presented
in the previous paragraph, this architecture eliminates one diode in the current path and hence improves the efficiency.

One other interesting characteristic of this structure is that the PFC stage that is active, behaves as a conventional PFC boost
would do:

e \When the “PH1” terminal is positive (see Figure 8—4a), diode D1 opens and D5, offers the return path. The input
voltage for the “PH1” PFC stage is a rectified sinusoid referenced to ground.

® For the other half-wave (see Figure 8-4b), when “PH2” is the positive terminal, D, offers the return path. Diode D2
is off and sees a rectified sinusoid that inputs the “PH2” PFC stage. Again, we have a conventional PFC where the
input voltage and the boost are traditionally referenced to ground.

PH1 PFC Stage
PHL

PHL
& bd A a PH2 PFC Stage
o Ac Line PH2

AC Line PH2 I
DRV /A

x

—
x I +
Dy DRV /A =

b) Terminal PH2 is the High One

L

D3

m
r

a) Terminal PH1 is the High One

Figure 8-4. Equivalent Schematic for the Two Half-Waves

It is also worth noting that the two-phase structure does not require any specific control scheme to switch between the phases.
The MOSFETSs of the two branches are referenced to ground and they can be permanently driven even when their phase is in
idle mode. The MOSFET of the inactive branch would then be turned on and off with no function, but:

o At the benefit of a simplified circuitry since there is no need for detecting the active phase and for directing the drive
signal to the right MOSFET according to the half-line cycle.

® At the price of the additional losses due to the inactive MOSFET drive. The loss is not very high anyway since the
voltage across the MOSFET is null when its input voltage is zero. Hence, the gate charge to be provided is
approximately halved compared to that of the active MOSFET.
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Figure 8-5. Operation for the ”PH2” Half-Wave

One should however note that the current does not necessary return by the D1 and D, diodes only. Figure 8-5 portrays (in
blue and red) the “expected” current path when “PH2” is high (the same analysis could have been done for “PH1” high):

® The blue path is supposed to be the current path when the MOSFET is on
® The red one, that of the current when the MOSFET is open.

Actually, a large portion of the current flows as indicated in black irrespective of the MOSFET state. This is because the body
diode of the supposedly inactive MOSFET provides the current with another path. Since the coil presents low impedance at
the line frequency, we have two diodes in parallel and the current is shared between them in inverse proportion of actual
impedance of the paths.

Phase 1 current (5 A/div) '5 ms/div

L eememmmeny,

A
'..ﬁ':. ':—:.f \ -

) ) bl bl X H H \
. /\ o /\ o /\\ Part of the active

JE— phase current flows
S W — 0A through the inactive
<
: \; ( \/ ) «—+— | MOSFET and caill
: : '§-—a—"

Phase 2 current 5 Adlv)
Figure 8-6. Part of the Current Flows through the Supposedly Inactive MOSFET and Coil

Figure 86 portrays the input current for each branch. One can see on this plot that a negative current takes place through
the body diode during the *“inactive” half-wave. The main inconvenience of this behavior is that the input current cannot be
sensed by inserting a Rsensg resistor in the supposed return path (as shown by Figure 8-5) since part of the current takes
another route. A better alternative is to insert current sense transformers as detailed in the “step 6” part of the next section.

Design Procedure with an 800 W Example

The step-by-step procedure of an 800 W bridgeless PFC is described in this section with reference to Figure 8-7, which
highlights the main parts of the design.

Step 1: Key Specifications

Minimum Input voltage (Vacy | ): 88 Vac
Maximum Input voltage (Vacy): 264 Vac

Line frequency (f_ng): 50 Hz/60 Hz (47-63 Hz)
Output Voltage (Mout): 385 V
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Maximum output voltage (Vout(max)): 420 V

PFC maximum output power (Pgyt): 800 W

Switching frequency (fsw): 100 kHz

Output voltage ripple (Vripple(p-p)): 15 V

Hold-up time (tholg-up): 16 ms (330 V being the permissible minimal level at the end of the hold-up time)
Estimated efficiency (1): 95%.

Branch 1

PH1 NmT_H
Current Sense
Transformer =
| I A1+ Bulk
. O EMI T i
AC Line Capacitor
QO Filter : }
Branch 2
Current Sense
D, Dy Transformer

Ds
In-rush

Current
| I ' Detection
¢ — (optional)
l RSENSE=

RETURN

RETURN

..Hw__w_*_n_
[T

Input Voltage
Sensing

A CS

One Control Circuitry

Figure 8-7. Simplified Application Schematic of Bridgeless Converter

Step 2: Power Components for each PFC Branch

Each PFC branch (branch 1 and branch 2) is designed to handle full power for half the line cycle. Hence, the design of
components (power FET, boost inductor and boost diode) follows the methodology described in Chapter 6 for CCM operation.
However, the fact that each branch is active for one half-line cycle only, improves the heating distribution. Also, the rms current
being halved in each branch, the power components does not need to be as large as those of a conventional PFC. Resultant
choices for each branch are:

® Boost diodes (1 per branch): CSD10060 (10-A, 600-V SiC diode from CREE)
® Power MOSFETS (2 per branch): SPP20N60 from Infineon (20-A, 600-V, 0.19-Q)

e Inductors (1 per branch): 200-uH / 9.7 Arms / 16-Apk / 5 App coil (ferrite core)
Part Name:  PFC-Choke LDU80025
Part Number: 203860 (J-Lasslop)

Step 3: Bulk Capacitor Selection

The PFC bulk capacitor is common to both branches as shown in Figure 8-7. Its selection follows the common methodology
based on the 3 factors: Output voltage ripple, output current ripple and hold-up time. These three factors have to be computed
as it would be computed in a conventional CCM PFC. Two 330-uF, 450-V capacitors are used considering these factors.

Step 4: Input Voltage Sensing:

The input voltage needs to be sensed by the PFC controller for feed-forward (NCP1653, NCP1654) and for brown-out
protection (NCP1654). As shown by Figure 8-7, two diodes are used that re-construct the rectified line voltage from the two
branches that can then be monitored by the circuit. Our prototype is driven by the NCP1653. As detailed in [4], the input voltage
sensing network is to be designed so that it feeds pin3 with a 15-uA dc current at low line. If the NCP1654 is used, the ripple
of the voltage applied to the brown-out pin must be adjusted to program the desired line brown-out levels as shown in [5].
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Step 5: Current Sense Circuit and Inrush detection

As described in the previous section, a simple current sense resistor cannot sense the MOSFET current. Thus, the MOSFETs
current has to be monitored using current sense transformers. Here, two current sense transformers are used (one in series with
each FET branch). The chosen current sense transformer is rated for 20 A and has 50:1 turns ratio (WCM 601-2). The current
delivered by the boost diodes must also be sensed to provide the controller with a signal representative of the total current
flowing through the coils. This can be done with the help of a third current sense transformer.

In our designs, however, another option is chosen in order to detect inrush current. A current sense resistor is inserted in the
bulk capacitor return path that monitors the current that re-fuels the bulk capacitor, i.e.:

® in-rush currents during the start-up phase or in over-load situations
o the current provided by the boost diodes in normal operation

Due to that, the MOSFET and the input bridge are referenced to the “RETURN” potential instead of ground. The voltage
between the RETURN and ground potentials is the negative voltage developed across the Rsensg resistor. If this voltage
becomes too large (during in-rush sequences for instance), the MOSFETS’ source potential may dramatically drop and some
accidental MOSFET turn on may follow. That is why the voltage across the Rsgnsg resistor is limited by a diode.

This diode must be able to sustain the in-rush current and its forward voltage must be high enough so that the Rsgnse Voltage
is not clamped until the current largely exceeds its permissible level in normal operation. Otherwise, the clamping diode would
prevent the Rsense Voltage from becoming high enough to trigger the over-current protection.

The secondary of the two current sense transformers and the Rsense voltage are combined to provide the circuit with
a current proportional to the input current for over-current limitation and duty-cycle control.

Figure 8—8 summarizes the current sensing circuitry:

PH1/ mn
1N4148
Ns/Np=50 ||§ % Ij %
ADl1
DRV
°r
RETURN RETURN
PH2/- N
1N4148
Ns/Np=50
|| <3.3> é 2k2
+ -5 <
- 2/ =33me|
AD2 N MOSFET = MOSFET | To Current
DRV, q 33m e |DIODES (N_> Sense Pin
- p
AAAm
e 33m = 2k2
RETURN q

Figure 8-8. Details of the Current Sense Circuits

In our configuration, the current sense transformers and the current sense resistor provide a voltage that in both cases is linked
to the sensed current by the same coefficient (33  1073). That is why R4 and Ry, of the detailed circuit schematics in
Figure 8-10 on page 103 have the same value. R4 and Rp4 adjust the current sourced by the circuit to maintain the current sense
pin to zero. This current is proportional to the sensed current. If the current sense transformer and the current sense resistor
had different coefficients, R4 and R4 would have to be adapted so that the same current leads to the same current sunk from
the controller current sense pin, this absorbed current having to reach 200 wA when the maximum input current is exceeded.
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Step 6: Control Circuitry

As already mentioned, the two-phase bridgeless PFC does not require any complex control circuitry. A single NCP1653 PFC
controller directly drives the two branches. The NCP1653 is a compact 8-pin PFC controller that operates in continuous
conduction mode. As it directly adjusts the conduction time as a function of the coil current, there is no inner current loop to
be compensated for an eased design. Alternatively, NCP1654, a derivative of NCP1653 with additional features such as
brown-out protection and better line regulation can be used (see [4] and [5]).

Results and Performance Curves

Figure 8-9 shows the annotated picture of the 800 W prototype.

Bulk Capacitors
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Provided by the Current
Sense Transformers

Heatsink Cooling
Down the Diodes
Bridge, the MOSFETs
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Buck Converter
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(NCP1012)
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Figure 8-9. Photograph of the Evaluation Board
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Circuit Schematics
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Figure 8-10. Application Schematic
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The performance of the board is captured in following waveforms and graphs. Figure 8-11 shows the typical waveforms
(line current, output voltage, current sense signal and rectified input voltage) for one branch at two line voltage conditions.

line (10 A/div) | 90 Vims ; 230V,
] line (10 Aldiv)

Vout i Vout
AT I S 0 B SR S-S (- e SR e S S S S S S,

CS (negative sensing)

Vin1 (input voltage for branch i) 7
! . ’ Vin,l
- M- - -\ e . 1 ___|'. | ]
Chi 100V M5.00ms F 1.0V Chi 100 V Ch 2L M5.00ms I 3.6V
[Ch 3] 100V Ch3 100V

Figure 8-11. Typical Waveforms at Low Line (Left) and High Line (Right)

Plots of Figure 8-11 portray typical waveforms at full load (Ioyt = 2.1 A). “CS” is the negative voltage provided by the
current sense transformers. It is representative of the current flowing into the MOSFETs of the two branches (“CS” is the
common output of the two current sense transformers). As expected, the input voltage of the “PH1 PFC stage” (*Vin,1”) is
a rectified sinusoid for one half-line cycle and null for the other one. The line current is properly shaped.

Figure 8-12 provides a magnified view at the top of the line sinusoid. The switching frequency is 100 kHz. The signal
“Veense” (identical to “CS”) is a negative representation of the MOSFET current. The current sense transformers are wired so
that only the current drawn by the MOSFET drain is monitored (possible current flowing in the opposite direction cannot be
sensed).

The waveforms are similar to those of a traditional CCM PFC.
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Figure 8-12. Magnified Views of Figure 8-11 Plots

Thermal Measurements

The following results were obtained using a thermal camera, after a 1/2 hour operation. The board was operating at a 25°C
ambient temperature, without fan. These data are indicative.

For the bridge, the MOSFETSs and diodes, the measurements were actually made on the heat-sink as near as possible to the
components of interest.

http://onsemi.com
104



Measurement Conditions:

ON Semiconductor

Vin(rms) = 88V lout =2 A
Vout = 381V THD = 9%
Devices Bridge |MOSFET1| Diodel | Coill | MOSFET2 | Diode2 Coil2 Bulk Capacitor| CM EMI coil
Temperature (°C) 85 95 77 47 86 80 48 40 45
Efficiency and Total Harmonic Distortion
100 20
98 230 Vims
15
g — 120 Vims 90 Vims
S 96 . - i
0 ' S
z \goims o 10—\
= T ——
O 04 ~. £ DN
L B 3 230 Vrms
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Figure 8-13. Efficiency Performance

Load Range

Figure 8-13 portrays the efficiency over the line range, from 20% to 100% of the load.

The efficiency was measured under following conditions:

e The measurements were made after the board was operated at full load, low line for 30 minutes

o All the measurements were made consecutively without interruptions

PF, THD, lin(rms) Were measured by a power meter PM1200

Vout Was measured by a HP 34401A multi-meter

The input power was computed according to: Pinavg) = Vin(rms) * lingrms) * PF
e Open frame, ambient temperature, no fan

Reviewing Figure 8-13, it can be noted that:

® Like in a conventional PFC, the efficiency is higher at high line.

Vin(rms) Was measured directly at the input of the board by a HP 34401A multi-meter

Figure 8-14. Total Harmonic Distortion Over the

® At low line (90 Vi), full load, the efficiency is in the range of 94% without a fan. When measured @ 100 Vyms

input, full load efficiency of 95% was recorded.

e The light load efficiency is very good. For instance, at 20% of full load, efficiency is in the range of or higher than
96%. One of the reasons for this lies in the fact that a bridgeless PFC requires relatively low Qg MOSFETs compared

to a conventional PFC for the same efficiency target at full load.

Figure 8-14 portrays the THD at 90, 120 and 230 Vs over the load. One can note that the total harmonic distortion remains
very low even in high line, light load (<15%) where the line current is small and more sensitive to all the sources of distortion

like the system inaccuracies and mainly the EMI filter.
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Conclusion

A bridgeless PFC based on the two-phase architecture has several merits among which one can list the ease of control or the
absence of high frequency noise injected to the line (eased EMI). In this chapter, the basics of the bridgeless architecture along
with a summary design procedure are covered. The designed prototype has been tested at full load (800 W output) without a
fan (open frame, ambient temperature). In these conditions, the full-load efficiency was measured in the range of 94% at 90
Vims and as high as 95% at 100 Vyns. The THD remains very low. A NCP1653 or NCP1654-driven two-phase bridgeless PFC
is a solution of choice for very efficient, high power applications.

It should be noted that when traditional topologies (CCM/CrM/FCCrM boost) are scaled up to high power levels such as
800 W, they encounter several design challenges related to component size and dissipation. Hence, topologies such as
two-phase bridgeless or interleaved, which spread the heat dissipation and offer other benefits, make a lot of sense. Further
information on bridgeless PFC can be found in AND8392 [7] from ON Semiconductor.

Please note that a 300 W bridgeless PFC has been recently experimented. An application note is available on the
ON Semiconductor website that details this application [9].
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CHAPTER 9

Single Stage, Isolated Power Factor Correction

Introduction

Applications that require an isolated, regulated output voltage or current along with input power factor correction typically
involve a two stage conversion process as depicted in Figure 9-1. This scheme is composed of an input boost or bridge-less
power factor corrector stage which converts and pre-regulates the input line into a nominal 400 Vdc bus. This bus then provides
the input voltage for a conventional dc-to-dc converter which can be any appropriate topology. For lower power applications
of 100 W and less, a flyback converter is commonly used.

+
AC _ | EMI 2 ”ﬂ:l'_t_,oc

input Filter Boost T Main output
PFC = = Converter

Figure 9-1. Conventional Two-Stage Conversion

With a few performance compromises, a simpler technique to develop an isolated regulated dc output voltage or current can
be implemented in which the power factor corrector and main converter sections are merged into a single conversion,
The advantage of this approach is reduced parts count and the potential to improve efficiency and power density in lower power
applications. The block diagram is shown in Figure 9-2.

+
AC 5 EMI ”g:E [ » DC

input Filter Main output
Converter

Figure 9-2. Single Stage Conversion with NCP1652

In this single stage PFC converter, the most useful power circuit is the flyback topology or an equivalent buck-boost
derivation. The flyback stage not only handles the output voltage regulation and input to output isolation functions, but can
provide power factor correction as well. The circuit essentially functions as a conventional boost PFC converter with the output
being derived from an isolated secondary winding on the boost choke rather than using a high voltage diode directly after the
choke as in the conventional high voltage boost mode. The dc input to the converter following the ac bridge rectifier is
a full-wave rectified sine wave, operating at twice the line frequency (100 or 120 Hz) instead of a pure dc voltage. The normal
input “bulk” capacitor following the bridge rectifier must be reduced to a value of 1 uF or less so that the capacitive input filter
does not have any significant effect on the power factor. The value of this capacitor should be sufficient to provide a low
impedance at the converter’s switching frequency, but small enough to offer very high impedance at the ac line frequency.

Single Stage Converter Characteristics

The single stage, isolated PFC converter can be configured from the conventional buck-boost derived flyback topology. The
operational mode can be in discontinuous conduction mode (DCM), critical conduction mode (CrM), or continuous conduction
mode (CCM). The most common operational mode for lower power circuits is CrM because of the overall control simplicity
and ease of implementation of synchronous output rectification for lower voltage outputs (<12 VVdc). The ON Semiconductor
NCL30000 PFC controller is particularly well suited for the lower power applications of 50 W or less which includes LED
lighting applications as well as small power adapters. The CrM operational characteristics will be similar to any conventional
critical conduction mode boost PFC or flyback converter, namely the switching frequency will vary with line and load, and
recovery losses in the output rectifier will be negligible due to the secondary flyback current going to zero prior to re-activation
of the main power switch. This latter characteristic makes it straightforward to implement MOSFET synchronous rectifiers
in designs where low output voltages require minimal conduction losses in the output rectifier. The ON Semiconductor
NCP4304 is particularly well suited for secondary side synchronous rectifier control.
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Continuous conduction mode however, can offer significant advantages for applications that require fixed frequency
operation; this is especially true for output voltages of 15 Vdc or higher where the use of synchronous rectification yields
marginal efficiency improvements. In CCM the peak MOSFET current can be significantly less than in CrM resulting in lower
MOSFET switching losses, particularly at power levels above 75 W. CCM operation also reduces the high frequency output
capacitor ripple current, and the overall conversion efficiency is generally higher. The NCP1652 controller is designed
particularly for CCM operation and also provides a second gate drive output for the implementation of an active clamp snubber
for even higher power applications where voltage spikes caused by the flyback transformer’s leakage inductance energy can
become a significant issue.

The single stage PFC conversion process, regardless of the operational mode, has a few compromises over the traditional
two-stage conversion scheme of Figure 9-1. They are as follows:

1. As with any power factor corrector circuit, the gain bandwidth of the control loop is very low, typically in the
10-30 Hz range. This is necessary, otherwise the control loop would attempt to regulate off the line variations of
the input and this would result in poor power factor. As a consequence of the low bandwidth, transient response to
load step changes will be compromised although dc regulation will be excellent. For adapter applications where
point-of-load regulation (POL) is utilized anyway, the slow transient response is inconsequential.

2. Because the loop cannot regulate away the line ripple, it will appear as a ripple component on the output. Therefore
sufficient output capacitance must be utilized to keep the line ripple component minimized for the specific
application. As mentioned previously, the use of downstream POLSs in the system should preclude excessive output
capacitance since the ripple will be attenuated sufficiently by the POL regulators. In constant current LED
applications, the low frequency ripple will even be less of an issue as long as the peak current requirement for the
LED is not violated.

3. Due to the lack of a large input bulk capacitor, the converter has no significant inherent hold-up time other than that
provided by the stored energy in the transformer and the output capacitors.

4. The power factor for the single stage converter tends to degrade with increasing line and decreasing load due to
factors related to the duty cycle [D/(1-D)] transfer function and non-linearity effects in the magnetics, however, for
most typical line and load conditions the PF will be above 0.90.

5. Just like any flyback topology, the effects of leakage inductance in the main power transformer will have a direct
impact on performance, EMI, and overall efficiency. The transformer should be wound with proper wire sizing to
minimize AC losses due to skin effect, and winding layers should be kept to a minimum to avoid proximity effect
and winding self-capacitance. In most cases with off-the-shelf cores, the primary will require 2 layers so it is best to
use the “sandwiched” secondary construction where half the primary is wound first, then the secondary, and then
the second half of the primary over the secondary. The primaries are then connected in series externally. This
construction will help minimize the leakage inductance of the magnetic structure. Under no circumstances should
windings be wound in different layers and then paralleled. This construction will result in high circulating currents.
Windings requiring multiple strands of wire should be wound “multifilar” and constrained to two layers or less.
Moreover, the leakage inductance effects will be more prominent the lower the secondary output voltage due to the
coupling effect of the primary to the secondary turns.

Despite these tradeoffs, the single stage, isolated PFC converter is an efficient and very cost effective solution for offline
LED power supply units, notebook adapters and similar applications needing compact size with minimal parts count. For LED
driver applications, an additional current feedback loop with output current sense resistors can be implemented to provide a
constant current, constant voltage (CCCV) characteristic. The ON Semiconductor NCS1002 dual op amp plus reference is well
suited for such applications.

Design Example using the NCL30000

An implementation of a CrM/DCM single stage PFC converter based on the compact SO-8 packaged NCL30000 is shown
in Figure 9-3. This circuit is optimized for driving high brightness LEDs with constant current control but could be modified
for fixed voltage output by changing feedback to a constant voltage configuration. As shown, this circuit provides up to 15 W
at a constant 350 mA which is typical for many high brightness LEDs and is capable of powering 4 to 17 white LEDs from
a source spanning 90 to 305 Vac.
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Figure 9-3. Schematic of a 15 W High Power Factor Single Stage LED Driver
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The key to high power factor performance in a CrM single stage converter is maintaining fixed on-time over a half cycle
of input sine wave. The pulse width is determined by average AC input voltage and power delivered to the load. This control
method is explained in detail in the ON Semiconductor NCL30000 datasheet. Switching frequency will vary with input voltage
and output load. The zero current detection feature built in to the NCL30000 controller ensures CrM operation by initiating
a switching cycle only when the current in the flyback transformer is depleted. The primary inductance of the flyback
transformer sets the switching frequency range for a given set of input voltage and output load conditions.

Energy delivered by a single stage converter follows the input sine wave shape starting at zero, reaching a peak, and then
falling to zero every input half cycle. Output ripple amplitude is determined by the output filter capacitor. An open load circuit
protects the output capacitor in the event the load is disconnected by providing feedback to the NCL30000 controller.

The LED driver shown in Figure 9-3 provides tight current regulation and high efficiency driving 12 white LEDs over the
range of 90 to 305 Vac as shown in Figure 9—-4. LED current varies less than 1% over the input voltage range. Efficiency is
greater than 81% for 115 — 230 Vac applications at nominal load.

400 84%
390 83%
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~
~
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4 340 gy

330 7%

—@—LED Current .

820 = W - Efficiency 6%

310 75%

300 74%

90 115 140 165 190 215 240 265 290 315
Input Voltage (Vac)

Figure 9-4. Line Regulation and Efficiency Driving 12 LED Load (Vf = 37 Vdc)

Figure 9-5 shows the power factor is maintained above 0.9 and harmonic distortion is less than 13% over the input range
of 90 to 305 Vac with a 12 LED load (Vf = 37 Vdc).
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Power factor is also a function of loading for a given application. Figure 9-6 shows the effect of load on the LED driver at
115 Vac input. Note the input current distortion reaches a minimum near 43 V which is about 15 W output. Power factor reaches
a maximum at this same load point. Out of phase line current due to EMI filter capacitors is constant at a given input line voltage,
but is a larger percentage of the total line current at lighter loads and has a greater effect on power factor. Figure 9-6 shows
this reduction in power factor at light loads.

IEC 61000—-3-2 Class C requirements establish the maximum allowable harmonic content for input current in lighting
applications. Two limit categories are based on input power draw above or below 25 W. This example driver draws less than
25 W input and must meet requirements only at the third and fifth harmonic of input current as a percentage of fundamental
line current draw as shown in Table 9-1 below.

Table 9-1. Line Current Harmonics and IEC 61000-3-2 Limits

Third Harmonic Fifth Harmonic
Input Fundamental
(Volts) (Amperes) Reading Limit Reading Limit
115 0.13 6.95% 86.0% 0.61% 61.0%
230 0.07 9.91% 86.0% 2.21% 61.0%

Table 9-1 above shows the harmonic content of line current is well below the required levels. Note that requirements for
lighting applications equal to or greater than 25 W must meet more restrictive levels which extend up to the 40t harmonic of
input current fundamental.

The NCL30000 provides a single stage CrM/DCM solution for driving constant current in LEDs. A power factor greater
than 0.9, THD performance of less than 20% across line, high efficiency, and tight regulation over a wide operating range are
demonstrated in a circuit with few external components.

Design Example using the NCP1652A

Figure 9-7 shows the schematic of a 19 V, 5 A single stage PFC converter utilizing the NCP1652A controller. This power
supply design is intended for laptop and notebook adapters requiring up to 100 W output. The flyback transformer was
designed with a high primary inductance (600 uH) to force the circuit to operate in “deep” CCM. This mode reduces the peak
MOSFET current and output capacitor rms ripple current for maximum efficiency. The SO-16 and SO-20 packages provide
additional pins for additional control features including brownout detection, feed-forward compensation, over-current
protection, and a latch input for overvoltage and/or over-temperature protection. The loop gain, multiplier bandwidth and other
control parameters can also be tailored to fit the intended application. Design details for this 19 V adapter supply and a similar
48V, 2 A output power supply intended for telecom and LED applications can be found in ON Semiconductor application
notes AND8397 and AND8394 respectively at ON Semiconductor’s website.

A version of the NCP1652A intended specifically for LED lighting applications is the NCL30001 [12]. This controller is
identical to the NCP1652A but without the “OUT B” drive output. Applications using this controller in constant voltage,
constant current (CVCC) LED lighting power supplies is shown in application notes AND8427 [13], AND8470 [14], and
design note DN06068 [15].
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Notes:

1. Crossed schematic lines are not connected.

2. Heavy lines indicate power t
3. Z2/D9 is for optional OVP.

races/planes.

5. L2 is Coilcraft P3221-AL or equivalent.
6. L3 is Coilcraft RFB0807-3R3L or equivalent.

7. Q1 and D8 will require small heatsinks.

4. L1 is Coilcraft BU10-1012R2B or equivalent.

Figure 9-7. 90 W Adapter, Single Stage Converter Schematic

NCP1652 90 Watt PFC Adapter Supply
19 Vout, 90-265VAC Input (Rev 6)

The 19 V, 90 W adapter circuit of Figure 9-7 achieved an average efficiency approaching 90% and a power factor greater
than 0.9 for typical operational loads. The data below compares the key parametric results at different line and load conditions.
Power factor, THD, and efficiency measurements were taken at loads of 25%, 50%, 75% and 100% at both mains voltages.
The efficiencies were averaged per Energy Star criteria. The results are shown in the table below.

Table 9-2
Load 100% 75% 50% 25%
Vin = 120 Vac THD = 6.6 4.5 7.2 11.4
PF = 0.995 0.993 0.986 0.948
Eff = 88.0 88.9 89.8 89.1 Eff avg = 89%
Vin = 230 Vac THD = 7.1 10.3 13.8 14.6
PF = 0.975 0.951 0.901 0.713
Eff = 89.9 89.4 90.4 87.1 Eff avg = 89.2%

Note that for either AC line value, the efficiency easily exceeded the 87% minimum Energy Star requirement for adapters.
At no load the input power consumption was less than 500 mW for either 120 or 230 Vac line conditions. The light load
efficiency was as follows:

Table 9-3
Output Load 05w 1.0W 1.7W
120 Vac in 57% 69% 73%
230 Vac in 47% 59% 69%
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Figure 9-8 below shows the output voltage profile for the 19 V adapter at supply turn-on with no load and with full load
indicating a controlled voltage rise with no overshoot that is sometimes typical with slow control loops.
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Figure 9-8. Turn-on Profiles

Figure 9-9 below displays the 120 Hz output ripple that passes through the converter. The ripple amplitude is strictly a
function of the output capacitance and output load on the power supply since the regulation loop bandwidth is necessarily less
than the ripple frequency to assure high power factor.
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Figure 9-9. Output Ripple

Some Final Comments

Single stage power factor corrected switch mode topologies provide designers with a new tool to develop power supplies
when the requirements call for high power factor and compact size and the application can allow some amount of line ripple
on the output waveform. In addition to what has been highlighted with these CrM and CCM topologies, it is important to be
aware of the limitation in applying these topologies for lower output voltages. Traditionally when the output voltage is 12 volts
and less, the efficiency can be enhanced by the use of synchronous output rectifiers instead of convention PN or Schottky
diodes. Synchronous output rectifiers are not, however, wholly compatible with continuous conduction mode (CCM)
operation.

This is because CCM or DCM operation will almost always transition into the other depending on the load situation. At light
load CCM will transition to DCM, and with DCM operation, the startup and over-current conditions usually revert to CCM
for fixed frequency converters. As a result of these two different modes of operation, the required gate drive signal to the
synchronous MOSFET must be based on different sensing criteria for each mode which causes additional circuit complexity.
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The “problem mode” is CCM because there has to be a delayed timing sequence to the sync MOSFET to prevent simultaneous
conduction overlap with the main primary side MOSFET. Even though the necessary timing sequence can be achieved, one
critical issue still remains. When the sync MOSFET is turned off just prior to the main primary MOSFET coming on, the
intrinsic body diode of the sync MOSFET must carry the still flowing continuous flyback current. This parasitic body diode
usually has very poor recovery characteristics and when the main MOSFET turns on, the body diode is force commutated off
and significant reverse current will flow in the body diode during the recovery process. This current along with the associated
circuit reactive parasitics generates large voltage spikes and ringing on the sync MOSFET and main MOSFET during this
transition. This usually necessitates the addition of larger snubbers and/or TVS clamping circuits to avoid MOSFET failure.
In many cases, the added circuit cost and dissipative issues are generally not worth the increased cost and circuit complexity.
So, if synchronous rectification is desired, the control technique to use is critical conduction mode (CrM) where all of the
critical switching transitions can take place simultaneously when current in both the primary side and synchronous MOSFETs
are zero. In this case no timing sequencing is required and a simple secondary current detection scheme is all that is necessary
for effective synchronous rectifier control. Unlike DCM or CCM implementations, CrM does not have any load dependent
mode transition, and currents are always zero when switching transitions takes place. For further information on these circuits,
please view the detailed applications notes and data sheets available from ON Semiconductor.

http://onsemi.com
116



ON Semiconductor

References

[1] NCP1652/D: Device Data Sheet
[2] AND8394/D: A 48V, 2 A High Efficiency, Single Stage, Isolated Power Factor Corrected Power Supply for LED
Drivers and Telecom Power (NCP1652)
[3] AND8397/D: A 90 Watt High Efficiency Notebook Adapter Power Supply with Inherent Power Factor Correction
(NCP1652)
[4] AND8124/D: 90 W, Universal Input, Single Stage, PFC Converter (NCP1651)
[5] AND8147/D: An Innovative Approach to Achieving Single Stage PFC and Step-Down Conversion for Distributive
Systems (NCP1651)
[6] AND8209/D: 90 W, Single Stage, Notebook Adaptor
[7] TND317/D: 90 W Notebook AC/DC Adapter Reference Design
[8] DN06069/D: NCP1028: Single Stage, Off-line, Isolated 12 V, 800 mA Converter with High Power Factor
[9] AND8470/D: A 25to 55V, 0.7 to 1.5 A, Single Stage Power Factor Corrected Constant Current Offline LED
Driver with Flexible Dimming Options
[10] AND8427/D: A Constant Current Adjustable 0.7 Ato 1.5 A, Up to 55 Vdc Single Stage Power Factor Corrected
LED Power Supply
[11] NCL30000/D: Power Factor Corrected TRIAC Dimmable LED Driver — Device Data Sheet
[12] NCL300001/D: High Efficiency Single Stage Power Factor Corrected LED Driver — Device Data Sheet
[13] AND8427/D: A Constant Current Adjustable 0.7 Ato 1.5 A, Up to 55 Vdc Single Stage Power Factor Corrected
LED Power Supply (NCL30001)
[14] AND8470/D: A 25t055V, 0.7 to 1.5 A, Single Stage Power Factor Corrected Constant Current Offline LED
Driver with Flexible Dimming Options (NCL30001)
[15] DNO06068/D: NCL30001, NCS1002: Up to 28 V, 3.3 A Constant Current Offline High PF LED Driver

http://onsemi.com
117



CHAPTER 10

Detailed Analyses and Comparisons

This chapter provides a detailed analysis of the results obtained with the three topologies for power factor correction where
direct comparison is applicable. These topologies are Continuous Conduction Mode (CCM), Critical Conduction Mode
(CrM) and Frequency-Clamped Critical Conduction Mode (FCCrM). Comparative analyses and rankings are provided for
the topologies for given criteria.

Comparison Methodology

As discussed in Chapter 2, the comparisons between different topologies are necessary to answer the question of how these
topologies perform for a given application. However, the methodology and basis for comparison have to be kept fully under
control in order to make meaningful comparisons. If that is not done, the results would come out different and could be
misleading.

In order to keep the number of variables as low as possible, the comparisons between the 3 topologies were made with
a single power stage PCB. This PCB shown in Figure 10-1 was originally designed for the NCP1654 (CCM) PFC and hence
the NCP1654 circuitry was on-board. For the FCCrM and CrM topologies, a daughter card using the NCP1605 and the
NCP1607 respectively were made and connected to the main board as shown in Figure 10-2. The flexibility of NCP1605
allows it to be used for pure CrM mode or in the FCCrM mode depending on the choice of the Cygc capacitor that sets the
maximum frequency. For FCCrM, the Cygc choice was set to 730 pF for a maximum frequency of 65 kHz. For CrM, there
was an option to use the NCP1605 in pure CrM mode by changing Cqsc to 100 pF (max frequency to 400 kHz), however,
a true CrM controller (NCP1607) was used for more definitive comparisons.

5
i
2
58
E5
51
i3

Figure 10-1. Picture of NCP1654 Demo Board Used for Comparisons

The daughter card for FCCrM (NCP1605) shown in Figure 10-2 was modified from the board used in the application note
AND8281. For CrM (NCP1607), the daughter card was modified from the board used in the application note AND8353.
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Figure 10-2. Picture of Daughter Board Used for FCCrM Application

This methodology ensured that the same power traces and layout are used for all the topologies. In addition, the
consistency of measurements was maintained to make the comparisons more meaningful. The only components that were
changed (as needed) for different topologies were the FET, diode and the power inductor and the control circuit. The
summary of these choices is shown in Table 10-1 with appropriate comments.

Table 10-1. Component Comparisons for PFC Options

TO-220 Package

TO-220 Package

TO-220 Package

Attribute P1-CrM P2 - FCCrM P3 - CCM Comments
250 uH 250 uH 650 uH
9.33 Apk 9.33 Apk 5.42 Apk Despite the higher inductance value, the
Inductor PQ3230 Core PQ3230 Core RM14 Core CCM inductor size is not much greater than
11.5 cm? 11.5 cm? 20.4 cm2 the other options.
37.7 cm3 37.7 cm3 61.3 cm3
600 V 600 V 600 V
Power 99 mQ Rps(on) 99 mQ Rps(on) 190 mQ Rps(on) In CCM, relatively higher Rpson) (and lower
Switch IPP60R099CP IPP60R099CP SPP20N60C3 cost) FET can be used

TO-220 Package

TO-220 Package

TO-220 Package

Gggr\a/faésg Slz,lgr\a/faés; MerngOPCl g(':Ahottky CrM and FCCrM allow use of Ultrafast
Power Diode MURS50 MURB50 LQAO8TC600 diodes but CCM requires a low Qrr diode for

good efficiency

Frequency

Frequency range of FCCrM offers the

Range 20-400 kHz 22-67 kHz 65 kHz Fixed advantage of CCM without the diode
9 recovery issues
Control V-mode V-mode l-mode Dictated by controller design — performance

can be optimized around each

Inductor (Lp)

Based on the results in Table 10-1, it may appear at first that the CrM and FCCrM represent the best solution, considering
the low inductance value. As mentioned earlier however, this inductor is subjected to larger flux swings as its peak-to-peak
current and frequency vary over the line and extra care has to be given to the selection of the magnetic core. Furthermore,
P1 and P2 are exposed to much larger inductor currents and will typically require larger gage wire to handle the current
capacity. When designing the inductor it is also very important to minimize DCR in order to reduce conduction losses.
Strictly comparing the P1 and P2, the FCCrM is better as it subjects the inductor to lower frequency variations.
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It should also be noted that one major FCCrM merit is the possibility to use smaller inductors compared to those required
by traditional CrM circuits. Since FCCrM clamps the switching frequency, there is no need for a large inductor to pull down
the CrM switching frequency range and smaller inductors can be used without any significant efficiency reduction. This
study is however based on the same inductor for CrM and FCCrM approaches for the sake of consistency.

The CCM boost inductor needs a higher inductance. Thanks to its lower flux density swing, the CCM topology could use
a low loss core material such as KoolMu or MPP. In FCCrM or CrM, because the flux density swing is high, the core loss
dominates. It is therefore necessary to choose Ferrite to reduce the core losses. In this test, we still use Ferrite core for the
CCM topology for a more fair comparison, because the Ferrite’s core losses are minimal.

Power Switch

For CrM and FCCrM, a lower Rps(on) and new generation MOSFET (IPP60R099CP) was used, that allowed conduction
loss reduction without increasing switching losses. However, as was shown in Chapters 3 and 6, the CCM topology is less
sensitive to the MOSFET change to a higher Rps(on) value, so it was implemented using a FET that is twice the Rpgon)
(SPP20N60C3) from older generation. This is understandable because the rms and peak currents are lower in CCM and
hence, when a higher Rps(on) FET is used, the conduction loss increase is not that significant. On the other hand, the lower
Coss of the FET will result in lower switching losses. For the CrM, the conduction loss is a dominant factor at heavy load
while the turn-on losses are low. So, the CrM and FCCrM take benefit from a low Rpg(on) power switch.

Power Diode

The diode choices were made based on the appropriate technology and availability of components. For CCM, for example,
the diode choice is more critical — this led to the selection of the LQAO8TC600 from QSpeed. Similarly, the FCCrM topology
was able to utilize a lower current, lower voltage diode (MUR550) without impacting the efficiency. That same diode was
tried in the CrM topology.

Results

Figure 10—3 summarizes the results for the PFC stages. It can be seen that the three topologies offer a high efficiency. The
CCM solution is however a bit worse at low line, full load as a consequence of higher switching losses. FCCrM provides
a slightly better efficiency under most conditions than the other two. The CrM performance is similar to the FCCrM at low
line, full load but declines at light load and high line as a result of the switching frequency taking off. In terms of power
density, the dominant factor was the inductor, and it is larger for the CCM topology. All other aspects of the designs are
similar. From a cost perspective, the higher cost of the CCM PFC inductor and diode is likely to be offset by the lower cost
of the power MOSFET, leading to a very comparable cost metric at these power levels. Detailed cost analysis is not within
the purview of this study as it depends on many other commercial considerations.

The next three figures have a graphical representation of the efficiency observed at different power levels and different
input voltages.

100 Vac Input
97.5

97.0
S
< 96.5 //’0:/‘\. —e— NCP1605 FCCrM
§ 96.0 y. —=— NCP1607 CrM
S o055 [ \ —A— NCP1654 CCM
= T

95.0

94.5 f

0 50 100

Output Load (%)

Figure 10-3. Efficiency Performance at 100 Vac
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115 Vac Input

Output Load (%)

97.5

97.0
s 95 $ 2
e>/‘ /// \ —e— NCP1605 FCCrM
§ 96.0 + r —s— NCP1607 CrM
'S }l —aA— NCP1654 CCM
=
o 955

1/
95.0 1
94.5 |
0 50 100
Output Load (%)
Figure 10-4. Efficiency Performance at 115 Vac
230 Vac Input
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’\a 050 /
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96.5

96.0 }
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Figure 10-5. Efficiency Performance at 230 Vac
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The THD data are plotted in Figure 10-6 and the corresponding PF and THD table is given in Table 10-2. Table 10-3
further gives the PF performance at mid-load. The THD and PF data indicate that all the three topologies yield low harmonics
and high power factor which will comfortably meet the existing IEC61000—-3-2 and Energy Star requirements. However,
amongst the three topologies, the CCM consistently provides better power factor and lower harmonic distortion. This can
be attributed to the fixed frequency, the lower current ripple operation and the total absence of dead-time (1). Also, the EMI
filter that influences the performance was optimized for the CCM topology. The FCCrM topology yields THD and PF
performance which is very comparable to the CCM topology. At low line, the data are slightly worse, but that can be partly
attributed to the daughter board set-up. Finally, the CrM topology seems to perform slightly better at low line, but deteriorates
at high line — this can be attributed to much higher frequency variation at high line compared to low line. Since the THD
performance is typically measured at high line, it is apparent that both CCM and FCCrM topologies give superior
performance for THD compared to the CrM topology.

Table 10-2. Total Harmonic Distortion Comparison

crM FCCrM ccM
vin PF THD (%) PF THD (%) PF THD (%)
100 0.997 7.2 0.996 7.5 0.998 5.2
115 0.996 7.9 0.997 6.1 0.998 4.9
230 0.980 15.9 0.988 7.2 0.993 6.3

(1) In CrM and FCCrM, the MOSFET does not turn on immediately when the inductor current reaches zero but after the short dead-time
necessary for the MOSFET drain-source voltage to drop to its valley (for reduced turn-on losses). This dead-time and the small resonant

current that takes place are sources of distortion.
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Figure 10-6. Total Harmonic Distortion Comparison
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Table 10-3. Measured Power Factor for Different Line and Load Conditions

ON Semiconductor

—p— CrM
= FCCriM
CCM

Input Voltage
Load V) CrM FCCrM CCM
50% 100 0.996 0.994 0.996
50% 115 0.993 0.995 0.994
50% 230 0.892 0.945 0.978
100% 100 0.998 0.994 0.998
100% 115 0.998 0.992 0.997
100% 230 0.970 0.967 0.991

Trends and Projections

While the results in these sections have provided a good direct performance comparison between different topologies for
PFC, they are for a specific application and power level. As we look for broader range of power and applications, some
general observations and priorities can be made which are useful guidelines in selecting the appropriate topology for that

power level and application.

Applicability of PFC Topologies

In addition to the efficiency, there are many other attributes that can dictate the choice of the most appropriate PFC
topology. Following table (Table 10-4) provides the comparison of the different topologies with respect to the key design

attributes.
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Table 10-4. Ranking of PFC Topologies for Different Attributes

Single Follower

CrM FCCrM CCM Interleaved Bridgeless Stage Boost
LOW Proflle *kkk *kkk *kk + *kkk —_ *kkk
EM I *kk *kkk *kkk + *kkk —_ *kk
Isolation +
Efficiency *kkk *kkk *kkk + + Jo—— .
Compactness Fkkk Fkkk Fkkk — Fekokok + o
HOId'Up T|me *kkk *kkk *kkk *kkk *kkk —_ —_
Trans|ent Response *kkk *kkk *kkk *kkk *kkk *% kkkkk
Harm0n|c Performance *kkk kkkkk kkkkk *kkkk kkkkk *kk *kkk
Relative Cost *hkk *hkk Kk Kk _ + °
High Power Capability ok ok ek ok + - ok

+ indicate a major strength
- indicate a major limitation

 are for major benefits that may affect the downstream converter design

Also, depending on end application segments, certain topologies are more preferred than others. Following Table 10-5
highlights the choices of PFC circuits for different topologies.

Table 10-5. Application Based Preferences of PFC Topologies

Power Range (W) Preferred Topology 1 Preferred Topology 2 Preferred Topology 3
Notebook Adapter 75-150 FCCrM CrM Single Stage
ATX Power Supply 200-500 CCM FCCrM CrM
Server Power Supply 400-1000 CCM Interleaved Bridgeless
Flat TV Power Supply 100-500 FCCrM Interleaved CCM
Lighting 10-100 Single Stage FCCrM CrM
Telecom Rectifier 1000+ Bridgeless CCM Interleaved
On-Line UPS 500+ Bridgeless CCM

Suggestion only — Make final choice after careful consideration.

Tables 10-4 and 10-5 are indicative as specific requirements or particular embodiment of the considered topology can
change the ranking. For instance, the need for a superior efficiency, may lead to prefer the bridgeless or interleaved topology
to the CCM one in server applications. Similarly, the need for compactness may cause the FCCrM or CCM solution to be
adopted in lieu of the CrM option for adapters.

Summary

The above comparisons yield some interesting information and the following observations can be made for the three

different control modes:

CrM

® Pros: Good efficiency for power levels below 300 W.

® Cons: Wide frequency, bigger PFC choke, a differential mode choke is needed to reduce the input current ripple
and EMI. This differential mode choke introduces more losses that affect the overall efficiency.

FCCrM

® Pros: At power levels below 300 W, FCCrM PFC can have the same efficiency as CrM at low AC line and an even
better efficiency at high line. Furthermore, additional benefits include a smaller choke (verified in our testing) and
a substantial EMI and THD improvement thanks to the frequency clamp.

® Cons: Its complexity makes it difficult to understand how to control the on time (but it has been done inside the
controller). A differential mode choke is also needed to reduce the input current ripple and EMI, which affects the

overall efficiency.
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CCM
® Pros: Fixed frequency, lower EMI filter, and a smaller ripple on the input and output stage which creates little
stress for the input filter and output capacitor. Therefore this control mode is more suitable for high power
applications.
® Cons: This control mode exhibits higher switching losses due to the Qrr of the boost diode. In this control mode,
the boost diode therefore becomes a critical component of the PFC stage.

CCM seems to produce a lower efficiency than FCCrM and CrM at 270 W. It is however important to note that the
efficiency was measured with an EMI stage tailored for the CCM solution (keep in mind that the NCP1654 demo-board is
used for the three topologies). The CrM and FCCrM topologies would require a bigger differential mode choke that would
lead to some additional losses.

Based on the results, it can be said that the FCCrM topology offers the best alternative for the given application. However,
the other topologies also yielded very good efficiency and THD performance and can certainly be made to work in the
applications without any problems.
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