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Abstract

A massive using of switched mode power supplies causes a high harmonic pollution of the
line current. The distortion is significant due to a non-linear behaviour of the rectifying
diodes and bulky input capacitor of SMPSs. The behaviour causes short spikes of the line
current, which produces as a consequence low power factor. Therefore, the power factor
correction is gaining importance in the recent two decades. Using power factor correctors
are very likely to happen in the future due to a tightening of the international standards. This
dissertation is devoted to design, optimization, and the evaluation of active power factor
correctors.

Generally, a principle of correctors lies in the storing and releasing of the excessive
energy during line cycles. If the load has a pure resistive character, the output power will
be a constant. Contrary to this, the input power oscillates with double frequency from zero
to maximum power. An average value of the instantaneous input power equals the output
power. Passive power factor correctors are able to absorb the excessive energy and release it
at a suitable time.

Active power factor correctors use a similar principle but they are able to compensate
a full range of the input voltage due to the features of the boost converter. Thanks to these
features the power factor can be corrected up to 0.999. Unfortunately, the high switching
frequencies lead to an enhancement of the electromagnetic emission. Active correctors
reduce the harmonic pollution at the cost of the increasing conductive interference. However,
interferences shall be reduced by additional EMI filter.

This doctoral thesis explores several types of the correctors for the evaluation purposes.
Each prototype is characterized by different features. The main targets of the work are the
comprehensive overview of the topologies and control techniques including methods for
improvements of the correctors. The improvements include SiC Schottky diode, frequency
dithering, and power management. The evaluation of the prototypes gives valuable informa-
tion about the performance and costs. All prototypes are compared with each other and their

benefits are summed up in the conclusion.
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Abstrakt

V soucasné dob¢ zplsobuje masivni pouzivani spinanych zdroji harmonické znecisténi
sit ového proudu. Zkresleni je vyznamné z ditvodu nelinedrniho chovani usmériiovacich diod
a velkého filtra¢niho kondenzatoru na vstupu spinaného zdroje. Toto chovani zpisobuje tizké
impulsy sit'ového proudu, které jsou ptfic¢inou nizkého dciniku. Proto se korekce tuciniku
stava duleZitou predevsim v poslednich desetiletich. Lze predpokladat, Ze korektory tciniku
budou v budoucnu vyuzivany velmi Casto, kvili zpfisnovani mezinarodnich norem. Tato
dizertacni prace se vénuje ndvrhu, optimalizaci a hodnoceni aktivnich korektorti ti¢iniku.
Obecné princip korektoru spociva v ukladani a uvolnovani nadmérné energie béhem cykli
sité.

Pokud mé z4téZ Cisté rezistivni charakter, vystupni vykon bude konstantni. Naopak
vstupni vykon osciluje s dvojnasobnou frekvenci sit€¢ od nuly do maxima. Plati, Ze pri-
mérnd hodnota okamZitého vstupniho vykonu se rovnd hodnoté vystupniho vykonu. Pasivni
korektory tc¢iniku jsou schopné absorbovat nadbyte¢nou energii a uvolnit ji ve spravny cas.

Aktivni korektory uciniku vyuZivaji podobny princip, ale jsou schopné kompenzovat
ucinik v celém rozsahu vstupniho napéti kvuli vlastnostem Boost konvertoru. Diky t€émto
vlastnostem miiZe byt ucinik korigovan az na hodnotu 0,999. BohuZel, vysoké spinaci
frekvence vedou k nértistu emisi elektromagnetického pole. Aktivni korektory tciniku
snizuji droven harmonického znecCisténi za cenu ndrdstu elektromagnetickych interferenci.

Nicméné interference mohou byt redukovany pomoci dodatecného EMI filtru. Dizertacni
prace zkouma nékolik typtl korektorl pro tcely evaluace. Kazdy prototyp je charakterizovdn
riznymi vlastnostmi. Hlavnim cilem prace je komplexni prehled topologii a fidicich technik
zahrnujicich metody pro vylepseni korektort. Tato vylepSeni zahrnuji SiC Schottkyho diody,

rozmitani spinaci frekvence a fizeni vykonu. Evaluace prototypt davd hodnotnou informaci



xi

o vykonosti a ndkladech. VSechny prototypy jsou porovndny mezi sebou a prinosy jsou

shrnuty v zavéru préce.
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Chapter 1

Analysis of Current Status of Issues
Dealt in Dissertation

1.1 Introduction

This doctoral thesis was created as a consequence of the expansion of switch mode power
supplies for powering of consumer electronics and computers. Due to a number of the
connected SMPS to the mains, it is necessary to reduce a harmonic pollution. The advantage
of SMPSs is high efficiency but the rectifier and capacitor at the input take an active and
reactive power. The reactive power is not involved in a conversion of the energy. A ratio
between active and reactive power is determined by the Power Factor number. The power
factor should be improved by an using of passive or active power factor correctors.

Passive PFCs are low-pass filters which are located at the input of conventional switch
mode power supplies. They have a very low cut off frequency therefore these filters are
relatively bulky and heavy. The passive filters do not have an adjustable output. They are not
able to achieve the power factor greater than 0.9. They have a high total harmonic distortion
and their dynamic response is slow. An optimization of the design is very difficult.

Active PFCs use high-frequency shaping techniques. Basically, each topology can be
used for active PFCs. The boost corrector is the most common converter topology since this
topology has a minimum number of components and grounded power switch. Active Power
Factor Correctors are able to correct the power factor up to 0.999. Unfortunately, the using
of APFCs leads to grow the conduction noise. An EMI filter shall be used for a limitation of
the conduction noise which affects the line voltage.

Single phase boost correctors represent an affordable and easy to implement solution for
a wide range of devices. The produces offer complex solutions for interleaved and bridgeless
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topologies which are suitable for wider output power ranges. The typical commercial
solutions use the single boost corrector with continuous conduction mode for medium power
levels. The power levels below three hundred watts level take advantages of the boost
correctors with FCCrM.

This doctoral thesis aims to give a description of the theoretical background of the PF
correction. It includes also an overview of the control techniques and state of the art of the
correctors. The main target is focused on the design and improvements of the active power
factor correctors. The requirements are design and realization of three different prototypes.
The first prototype is based on the single phase corrector with CCM operation and 500W
output power at 230V. The second prototype is characterized by the FCCrM and interleaved
operation. The maximal output power at 230V input power is limited to 600W. The corrector
implies an unique mechanical construction and power management. The third prototype
requirements define a corrector with 1kW output power at 230V It is designed as interleaved
corrector with the CCM current mode and additional power management. All prototypes
shall comply CSN EN 61000-6-4 and CSN EN 61000-3-2 standards.

This thesis gives a comprehensive account of a design process. It includes a compo-
nent selection issue, internal controller blocks description, and perspective ways of the
improvements. There are expressed methods for feature improvements of the correctors as
boost diode replacement, flat profile corrector, frequency dithering, and power management
feature for interleaved correctors. The boost diode replacement analyses a performance of
the different types of the boost diodes. They are investigated at two switching frequencies.
It presents an evaluation and discussion about appropriateness to the particular application.
The flat profile corrector considers a new hardware solution with several advantages. The
construction takes advantage of the embedded components which are installed into printed
circuit board. The height of the corrector thanks to this solution does not exceed 22mm. The
planar inductor was also applied due to reduction of the height of the corrector. The frequency
dithering deals with a opportunity of electromagnetic emission improvements in case of no
layout adjustment. The focus is devoted to the switching frequency modulation. The part
dedicated to the power management feature concentrates on the enabling and disabling of
the interleaved corrector branches. The solution provides performance improvements for
correctors worked under variable operation conditions. Last but not least part of this thesis is
an evaluation and comparison of the prototypes with a commercial solution which is based
on the UCD3138 PFC kit.

The remainder of this doctoral thesis is organized as follows. The first part explains
the theoretical background. It includes mathematical apparatus and physical principle of

the correction. Following parts describe a current state of the development in a field of the
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power factor correctors, their control methods, and current conduction modes. The third part
contains a description of the remarkable innovative topologies and features of the controllers.
The part describes also several pitfalls which is typical for these topologies. The next part
includes a design process of the prototypes, which contains one single phase corrector and
two interleaved correctors. The part covers the corrector improvements. The measurement
verifies a correctness of the hypothesis. The last part of this thesis includes experimental

results, evaluation, discussion, and conclusion.

1.2 Definition of Power Factor and Total Harmonic Distor-
tion

The power factor gives information about the distortion of a line voltage, a line current
and a phase shift between them. Simultaneously, it gives information about the real power
utilization in the power system. The figure 1.1 illustrates relations between an apparent, a real
and a reactive power in linear systems. The figure 1.2 outlines relations between an apparent,
real, displacement reactive power, and distortion reactive power in non-linear systems [39],
[33].

PF — g[—] (1.1)

. VRMS . IRMS -cos 0
Vrms - Irms

PF [—] (1.2)

Where Igys and Vgys are line voltage and line current, 6 is phase shift between them.
Therefore the power factor in linear systems equals to a cosine of the phase shift. However,
in power electronic systems due to non-linear behaviour of the power devices the power
factor representation is not valid. The non-linear loads cause a typical distorted line current.

The figure 1.3 illustrates this situation. A line voltage and a current are distorted therefore it
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shall be used Fourier representation of them [39], [33].

[eo)

i(1) =1Ipc+ Y Lunsin(nwt + 6) (1.3)
k=1
i(1) = Ipc +In1 Y Lnsin(net 4 6) (1.4)
k=2
v(t) =Vpc+ Y Vinsin(nor + 6) (1.5)
k=1
v(t) =Vpc+Vin1 Y, Vinnsin(nor + 6) (1.6)
k=2

Inserting (1.4) [39] and (1.6) [39] into a definition of the power factor (1.2 [39]), it is

obtained a representation of the power factor for non-linear systems.

Y1 VRms  Irmsasin®, Y7 VRms.n Irms.aSin 6,

PF -
Viws -, = V2 1 I
RMS " IRMS \/ Y Vemsn \/ Yio TRps

(1.7)

Where Vrys , and Igys,, are RMS values of the n'" harmonics of the voltage and current
and 0 is phase shift between n’” harmonics of the voltage and current. Generally, the
most of power electronic systems have their input voltage from stable line voltage sources.
Consequently, the equations can be written as ((1.8) and (1.9)) [39], assuming that the line
voltage is a pure sinus and the current is distorted (non-sinusoidal).

v(t) =V sin @t (1.8)

i(f) = i L sin(nowt + 0) (1.9)
k=1



1.2 Definition of Power Factor and Total Harmonic Distortion 5

In the general cases the real power equals to:

P=\/P}e+P AP+ P+ ... (1.10)

Due to an absence of the other voltage harmonics except the first one, the total real power

can be computed by the following equation 1.11 [39].

P = Vguys,1 - Irms,1 - €0s 6 (1.11)

P Vgums,1-Irms, - cos 6,

PF =~
Vims, 1 \/ Lt s

If the equation 1.12 [39] is simplified, it is obtained the following expression 1.13 [39].

(1.12)

The equation is composed of two factors kg;s; and kyjs).

I
PF = REL - €08 01 = kyig 'kdisp (1.13)

Irms
Where 0 is a phase shift between a voltage and a fundamental component of the line current.
Irps,1 18 @ RMS value of the fundamental component of the line current, Igys is a RMS value
of the total line current [39].
kgis: 1s a distortion factor which is defined as a fraction of the fundamental component of
the line current and the total line current (contains all harmonics).

Irms 1

kaist = = distortionfactor (1.14)

Irms
kaisp factor describes an angle between the line voltage and the fundamental component of
the line current.

kaisp = cos 01 = displacement factor (1.15)

A further important parameter is a total harmonic distortion of the line current 7H Di,

which is defined as follows:

—1 (1.16)

Conventional SMPSs use a rectifier with a bulky capacitor. As result the line current is
characterized by a high pulsation 1.3. THDi comes over 70% and PF is poor, it does not
exceed 0,67. The equations (1.14) and (1.16) [39] demonstrate that the power factor and
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Fig. 1.3 Voltage and current waveforms.

total harmonic distortion are connected together. If the power factor is near unity, the total
harmonic distortion is very small [39], [33].

1.3 Energy Balance

The function of the APFCs is based on the cycles of a storing and a releasing energy. This
situation is described in the figure 1.4. An energy balance is explained by an ideal situation,
1.e. the power factor equals to one. The line voltage and current are sinusoidal and they are
in phase. They can be expressed by the following expressions (1.17 and 1.18) [39].

v(t) =V, - sinnot (1.17)
i(t) =1L -sinnwt (1.18)

The equation (1.19) [39] represents the instantaneous input power.
pin(t) = v(t) -i(t) = Vi - Iy - sin® ot (1.19)

The average input power can be computed by the following equation 1.20 [39].

o Vm'lm
2

Pin (1.20)
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As it is clear from the equations 1.19 and 1.20, the instantaneous input power is defined in
the equation 1.19 [39]:
Pin(t) = Py - (1 —cos2mt) (1.21)

The instantaneous input power consists of the real power, i.e. the average power and
the alternate component. This component has a twice line frequency. The principle of the
power factor correction is to store the excessive input energy when the input power is greater
than the output power and release the stored energy at the right moment when the input
power is smaller than the output power. The equation (1.22) [39] represents the instantaneous
excessive input energy. The energy is stored in the storage components, i.e. inductors and

capacitors, and it is released at the right moment [39].

N 2(01

Wex(t) -(1—sin2e;7) (1.22)

1.4 History of Power Factor Correction

Nowadays, we are dependent on many electric devices. The most of them consists of non-
linear components, which are silicon diodes, transistors, etc. If the non-linear loads are
connected into the power grid, they causes a non-linear line current. Consequently, the
voltage distortion is propagated due to the non-zero system impedance. This power system

pollution is a crucial problem.
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The first regulation of the power factor was established at the end of the nineteenth
century. The British Lighting Clauses Act of 1899 concerns of the power system disturbances
which were caused by a flicker of incandescent arc-lamps.

The second mention of the power factor correction was during the sixties of the twenty
century when large consumers begin to correct a poor power factor by the VAR compensator.

In the seventies and eighties of the twenty century, the first technical standards IEEES519-
1981 and IEC 555-2 were adopted. The technical standards provide a technical reference
for designers and manufactures. The creation of these norms caused a rapid research and
development of power factor correctors. Researchers and industry were stimulated by the
new movement of the SMPSs which let develop low-cost and effective devices.

The power electronic systems for reducing of the harmonic pollution were rapidly used

in the nineties due to a massive development of the power semiconductor devices [39], [6].



Chapter 2

Current Status of Power Factor

Correction

At present, a technical standard CSN EN 61000-2-3 [42] regulates the power factor in the
power systems. The standard is divided into six parts. The first part describes general
considerations, definitions, and terminology. The second part deals with a description and
a classification of the environment levels and compatibility. The third part shows emission
and immunity limits. This part determines harmonic emissions of the equipment so that the
compliance of a norm and emissions permitted from other equipment shall not exceed the
electromagnetic compatibility level.

The standard defines four main classes which are called A, B, C, and D. The class A
includes symmetric 3-phase equipments, household appliances except of devices which were
identified as class D, stationary power tools, dimmer for bulbs, and audio devices. The class
B includes portable power tools and unprofessional arc welders. The lighting equipment
regulations are included in the class C. The class D contains televisions, personal computers
and their monitors. Each class has different limits of electromagnetic emissions. The standard
defines also measuring circuit, power supply, and other circumstances.

The fourth part explains testing methodologies, and measurement techniques. The fifth
part contains installation and mitigation guidelines. The last part includes miscellaneous
issues.

There is a 8OPLU S certification which determines that the power supply has the efficiency
over 80% and power factor is over 0.9. The 80PLU S performance specification is divided

into six subclasses (see in the tabular 2.1) [34].
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Table 2.1 80 plus definition [34].

% rated Load | 10% || 20% |  50% | 100% |
80 Plus - || 82% || 85%/PF=0.9 | 82%
80 PLus Bronze || - || 85% | 88%/PF=0.9 || 85%
80 Plus Silver - || 87% || 90%/PF=0.9 || 87%
80 Plus Gold - || 90% | 92%/PF=0.9 | 90%
80 Plus Platinum || - || 92% | 94%/PF=0.9 || 92%
80 Plus Titanium || 90% || 94% | 96%/PF=0.9 || 94%

L
N
PEC - E) Single-stage E Mainstream |
[ PFC with = Converter
Stage S Accurate < Stage
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. Regulation 5
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Fig. 2.1 System configuration.

2.1 System Configuration

This section is devoted to the configuration of APFC and SMPS. Basically, there are three
power system configuration which are two stage, single stage and parallel stage converters.
The configuration have influence on a correction performance, efficiency, output voltage

regulation, and control complexity [39].

2.1.1 Two Stage Converters

This system configuration includes two stages which are cascaded. The first stage creates
APFC. The APFC stage provides voltage conversion from AC line with the 85 —265 VAC
voltage range to the 390 VDC output voltage and forces a line current to be sinusoidal in

phase with the line voltage. In other words, the stage is used as a pre-converter. The output
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Fig. 2.2 Single-stage APFC.

voltage creates an intermediate voltage with a second harmonic pollution for a downstream
converter. The converter creates the second stage. It provides a tight voltage regulation to the
determined level.

This configuration is preferred due to independent design issues, two independent control
systems, a system stability, and a easy implementation. The disadvantages are a double
conversion, an overall efficiency, a reliability and costs. In spite of this facts, it is the most

popular type of configuration in an industrial and commercial share [39].

2.1.2 Single Stage Converters

The conventional approach of the PF regulation is inserting of the APFC between a rectifier
and a downstream DC/DC converter. It occurs the double conversion which is not an energy
efficient. A single-stage APFC integrates both converters into one which is usually Flyback.
The converter offers an output voltage regulation, galvanic isolation and PF correction [39],
[33].

A component count reduction and an efficiency improvement are the main advantages.
A bulk capacitor is connected only on the secondary side of the transformer contrary to the
conventional Flyback converter. There is only a small 1nF capacitor on the rectifier output
so that it does not cause a PF degradation. Single-stage correctors are able to operate under
DCM, CrM and CCM modes.

The PF correction is disturbed due to the compensation of input voltage fluctuations. The
feedback bandwidth is in range from 10 to 30Hz for the correctors. As a result, a response to
the load changes is slow. If the POL converter on the output is used, the slow response is not
a crucial problem. APFCs do not also need the bulk capacitor with great capacitance when
the POL converter is used. The output voltage ripple can be reduced by the POL converter.

If the line voltage goes up or the load goes down, it worsens PF due to the fact that it is

dependent on a duty cycle of the corrector and a non-linear characteristic of the transformer



12 Current Status of Power Factor Correction

° L
N N c R
St
\l/ Vline ] T LU Vout
N A

Fig. 2.3 Schematic diagram of the passive power factor corrector.

magnetic core. After all, the PF factor can be kept above 0.9. The single-stage topology based
on Flyback converter is suitable solution for low power converters, LED power supplies and
small NTB adapters [33], [30], [31], [28].

2.1.3 Parallel Stage Converters

The main drawback of the two stage converters is a double conversion of the power during a
full period of the line voltage. Conventional two-stage converters use an one power path. In
the case of parallel ones, the power paths are two. The main converter process an average
energy from a line to the load. The APFC stage operates only during 32% of the line period.
This stage is capable of accumulating the excessive energy and releasing the stored energy in
the appropriate moment. The advantage is a high efficiency of the system due to the fact that
only 32% of the input power is processed twice. The main disadvantage is a complex design
and construction of the correctors. [39]

2.2 Passive Power Factor Correctors

Passive power factor correctors consist of passive components as the name suggest. Basically,
they are simple low pass filters. The passive correctors are most frequently placed between a
rectifier and a downstream converter. Unfortunately, they have a poor ability of the correction,
large weight and volume, a dependence the output voltage on the input voltage, slow dynamic
response and difficult design optimization. The most popular passive power factor corrector
schematic diagram is shown in the picture (2.3) [39], [33]. Its transfer function and input

impedance is below:
1

B S2-LF-CF—|—S[]}—IZ—|—1

H(s) 2.1)
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The inductor can be in front of or behind the rectifier. The second case is preferable due

Zin(s) =Ry - (2.2)

to a higher frequency of the current an inductor weight can be radically reduced. Passive
power factor correctors are used to correct a poor PF in the low cost and the low power
applications [39], [33], [36].

2.3 Active Power Factor Correctors

APFCs emulate pure resistive electric loads, i.e. the input current and voltage are sinusoidal
and in phase. The basic principle is based on a PWM modulation of the line current which
changes an input impedance of the corrector by a storing and a releasing the energy of
accumulative components. Basically, every switch mode power topology can be used to
correct the power factor but only few are suitable. The most widely used topology is a Boost
converter (2.4). The Boost converter has a minimal component count, a grounded power
switch, a good efficiency, a power factor correction ability, a constant output voltage and a
wide input voltage range. These features are eligible for many power systems in the world.
The second most used converter is Flyback which is used for low power application (lighting,
NTB adapters, etc.) [39], [33], [36].

2.4 Boost Converter

Various topologies can be used for power factor correctors. The Boost converter is preferred
due to the variable input voltage. Generally, these converters are designed for the 85 — 265
VAC input range. The output voltage of the converter is usually set to 390 VDC. Other
advantages of the Boost converter are a grounded power switch, less EMI, and lower power
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switch current [39], [33]. The equation (2.3) [39] represents a transfer function.

1
H(s)= d (2.3)

L
L 2
Sz'd_/lz'COUT+S';Jg_L+1

The input impedance is given by the expression 2.4 [39].

Ly
2 L 72
s 2% -Cour +5- % +1

s-Rp-Coyr +1

Zin (S) = dlz . RL . (24)
Other APFC topologies are also based on the Boost converter. They are called interleaved
and bridgeless topologies which are discussed in other chapters. These topologies have an

improved efficiency, smaller dimensions, and better heat dissipation due to a distribution of
the losses into more components.



Chapter 3
Current Conduction Modes

This chapter is devoted current modes which are used in APFCs. The modes decide about
features of the corrector. These modes are divided according to current waveform as well as
in the case of conventional power converters. The figures 3.1 provide a better understanding
of the different modes. All of them have one limitation due to the better graphical illustration.
The frequencies are not consistent with the reality. Whereas, the ratio between a real line
frequency and a switching frequency of the corrector is for example 4000. The ratio in the
figures with the waveforms is 10 — 14.

There are four basic modes which are Continuous Conduction Mode (CCM), Discontinu-
ous Conduction Mode (DCM), Critical Conduction Mode (CrM), and Frequency Clamped
Critical Conduction Mode (FCCrM). The next sections describes all these modes and their
features [33], [45].

3.1 Continuous Conduction Mode

CCM is the most common mode in APFCs. CCM is characterized by an absence of the
decrease current to zero within one switching cycle. As a result, the line current swings
around the sinusoidal average value. The switching frequency is fixed. This feature simplifies
an EMI design and a setting of the compensation network. CCM reduces effectively an
input current ripple and an input current peak. Thanks to this feature the mode is suitable
in the wide power range. In the other hand, a power transistor and a diode rectifier have
to withstand a greater current stress due to the hard-switching conditions. It puts a great
demands on the parameters of the power stage. As a consequence, Boost diodes shall be
provided by SiC Schottky Barrier Diodes due to their advantageous properties. The mode
requires also a higher value of the inductance than other ones. It has an impact on the costs
[33], [45].
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Fig. 3.1 Typical waveforms of current modes, a) CCM, b) CrM, c) DCM, d) FCCrM.
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3.2 Discontinuous Conduction Mode

DCM use is limited to the special cases and as a part of FCCrM. When the converter operates
under DCM, a waveform of the current can be splitted into three parts. The first part is
characterized by the rising of the current , the second one by the falling to zero and last by
the dead time. Due to the short rise times the correctors are a higher input ripple and peak
current, a significant THD, and EMI. Therefore DCM is usually used in the cases which
require constant switching frequency. It is especially in FCCrM when the line voltage drops
to a low voltage close zero where CrM causes an unacceptably high switching frequency.
The most frequently use is in FCCrM mode which combines DCM with CrM [33].

3.3 Ciritical Conduction Mode

CrM plays an important role in modern APFCs. The mode is suitable especially for low
power and low cost correctors. The switching frequency is variable in a comparison to CCM.
The critical conduction mode is a special case of DCM. This mode is characterized by an
activation of the power switch when the inductor current drops to zero (quasi-resonant mode).
It allows to use lower quality and cheaper power components (Boost diode, transistors, etc.).
The main disadvantages are variable switching frequency, greater input peak and ripple
current, and high switching frequency at the low voltage on the input [33], [45].
L(7)

Iin(avg) = ) (3.1

The switching frequency depends on the input voltage and input power. Two relations are
important for this kind of control. The first one (3.1) [33] is derived from the triangular shape
of the inductor current. As a result, the on-time depends only on the line voltage and load.
The second one (3.2) [33] defines the on-time.

L _ 2Pl
on —
Vazc

(3.2)

Advantages of CrM include simple control circuits, easy design, low price, good power
factor, total harmonic distortion, small switching losses, good efficiency in the low power
devices, and no silicon carbide diode due to a soft switching. On the other hand, the
corrector has higher peak current, higher electromagnetic interference, and variable switching
frequency. The Critical Conduction Mode is suitable for application up to 250 Watts [33],
[45], [22].
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3.4 Frequency Clamped Critical Conduction Mode

As the name suggests, the mode is based on the CrM. Due to the fact that the switching
frequency of the CrM is inversely proportional to the instantaneous line voltage this mode is
inconvenient at the low voltage conditions. Theoretically, when the input voltage is zero the
switching frequency reaches infinite value. Practically, the switching frequency can increase
to 1M Hz therefore the switching frequency shall be clamped at an appropriate functional
limit.

The practical limits are clamped between 50 and 500kHz. The lowest limit is set at a peak
value of the line voltage and light load conditions. The 50kHz value is usually selected due
to an audible noise restrictions. The top limit 500kH?z is selected with respect to hardware
limitations. The figure 3.1 illustrates the borders between CrM and DCM. When the voltage
is low the corrector works under DCM and its switching frequency is kept at constant value
500kHz. Conversely, at the top voltage region the corrector operates at CrM. The switching
frequency is variable at this operation conditions [33].



Chapter 4

Control Methods

This chapter is devoted to control methods of APFCs. APFCs are a kind of SMPSs which
include two control loops. A voltage loop provides an output voltage regulation. A current
loop is used for a line current shaping. The control system is complex and includes often
multiplier which causes a higher manufacturing costs. Due to this fact there are some methods
which do not include a multiplier. Next sections describe several common control techniques

and their main features.

4.1 Average Current Control

Average Current Control is the most widely used control technique. The control circuit
contains two control loops 4.2. An input current is shaped by the feed forward loop, which
is wideband. An output voltage is regulated by a voltage feedback loop. It is narrowband
contrary to the feed forward loop. The error amplifier OA; keeps constant output voltage and
reduces harmonic distortion. The /., current signal is created by the block "Multiplier and
Divider" and it is equivalent to the line voltage. The voltage drop of resistor Ry, is almost
the same as the resistor R, voltage drop. The current flowing through the resistor Ry, is
proportional to the input current. This signal is a sum of the current flowing through the
transistor O and the diode D5 when the transistor is in the off-state. This signal forces the
resistor Ry, current to offset a voltage increase of the resistor R.,. This technique keeps the
input current and voltage in the same shape and phase [39], [36], [21], [33].

The block "Squared" solves the main problem of the average current control. The problem
is a compensation of the line voltage increment. When the voltage goes up, the voltage
divider gives an increased voltage reference for the feed forward loop. This increment must
be compensated by the feed forward loop because the voltage feedback loop has a too slow

response. When the line voltage goes up, the current must goes down. If both go up, the input



20 Control Methods

on_
wosreTor ML |

Fig. 4.1 CCM waveform.

L
Vin i. NTlv\ o i Vouto
W— Ds
IError Amplifier(zA1 T iQ—Driver H|—4_.
cp Q
>?:'VDPWM 1
Ao B l Rep .._||Cz_C:._2.. e cF
t
] 1 3 Rinlb Vi' 1 _ ou
Multiplier R,
&
N Divider [°B
A*B

e C Cﬁomp R )

Rin2b AC 11 out

5, %, S Verro -
) 4 quared @
Error Amplifier OA, — Routz
Ish
Rsh l

Fig. 4.2 Block diagram of the average current control.
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power increases too. As a result, the output voltage can overshoot the right value. The block
"Squared" multiplies the output signal of the low pass filter by itself. It is proportional to the
amplitude of the line voltage. It creates a signal for the denominator of the block "Multiplier
and Divider". As a result, the reference V; signal is negatively proportional to the line voltage,

i.e. when the line voltage increases, the current decreases and vice versa.

4.1.1 Signal Creating for Transistor

The saw-tooth generator determines the switching frequency of the power transistor. The
switching frequency range is usually selected from 60 to 200kHz. The generator has two
outputs. The first one generates the saw-tooth signal, the second one creates short pulses for
the flip-flop setting. The signal activates a power transistor at the beginning of an every cycle
of the saw-tooth generator. The power transistor is turned off when the saw-tooth signal
crosses the error voltage from the error amplifier OA;. The technique forces the right current
shape through the resistor Ry;,. The negative feedback of the error amplifier OA| keeps
the voltage between inputs at the same value. The amplifier OA| integrates the difference
between the voltage drops across the R, and Ry, resistors. The resistor R, voltage drop is
always bigger than the Ry, resistor voltage drop in spite of the feedback, which regulates
these voltages. The difference between the voltage drops creates the error voltage signal
which has a positive convex shape. This signal is compared with the saw-tooth signal.

The signals are illustrated in the figure 4.3. At points A and C the saw-tooth signal crosses
the error voltage from OA; when it has a higher value. Therefore an on-time of the transistor
is longer than the on-time at point B when the error voltage reaches the lower value. The
on-time of the transistor depends on the input voltage; the longest on-time is around the
regions A and C, the shortest on-time is placed around region B. This technique creates the
PWM signal for the transistor, which is amplified by the power driver. As a result, it forces
the input current to follow the input sinusoidal voltage [39], [36], [21], [33], [8].

4.1.2 Output Voltage Regulation

The output voltage regulation is based on the feedback which compares the output voltage
with the reference voltage. The output signal from the multiplier is an undistorted rectified
sinusoidal signal with an offset. Its amplitude is proportional to the output voltage of the
amplifier OA,. If the output voltage goes up, the error voltage Vgrro goes down. As a result,
the error voltage Vggr1 decreases as well. Consequently, the saw-tooth signal crosses the
error voltage VEgg earlier in every duty cycle. Thus, the output voltage V,,; reaches the right
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value. The V; signal contains information for keeping the output voltage at the constant value

as well as information for the input current shaping [39], [36], [21], [33].

4.2 CrM with Current Control

This section describes a control method which is used for the correctors operating under
CrM. The current mode control block diagram is shown in the figure 4.4. The error amplifier
OA; compares the output voltage with the voltage reference (V. r). The error signal gives
information about the output voltage and it is connected to the first input of the multiplier
[33], [57].

The second input is connected to the transducer of the rectified input voltage. The
multiplier output provides a rectified sinusoidal signal; its amplitude is influenced by the error
signal from the error amplifier. The signal is a reference for the input current modification.

Its amplitude depends on the output power; it keeps the right value of the output voltage.
If the transistor is switched on, the inductor current increases as long as the voltage drop
across the Ry, resistor does not reach the boundary of the reference signal. Once the voltage
drop across the resistor reaches the reference boundary, the comparator will flip and the
transistor is switched off . Consequently, the current falls to zero and the cycle starts again
[33], [57].
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The current sensing is realized by the measuring of the inductor voltage. If the inductor
voltage is zero, the current stops flowing. The transistor turns on again thus the current begins
to increase again.

Basically, the control technique keeps the inductor current at the boundary between
continuous and discontinuous modes as it shows the figure (4.4). Due to knowledge of the
exact waveform shape the average line current equals to the half value of the peak current.
The voltage drop across the shunt resistor (Ry;,) equals to the multiplier output signal divided
by the factor 2.

The frequency is variable, it is proportional to the line voltage and load. If the line voltage
is high and the output power is low, the switching frequency has a maximum value. The
switching frequency is variable during the half period of the line frequency. It is the highest
at a low voltage, the smallest at peak [33], [57], [22].

4.3 CrM with Voltage Control

The voltage mode control is a newer approach for the correctors with CrM, which does not
need a multiplier. The block diagram is shown in the figure 4.7. A waveform of the inductor
current increases from zero to the reference signal; then it falls back to zero. The waveform is
similar to the current mode control (4.6) [33], [9], [22]. The reference signal is a scaled-down
version of the rectified line voltage. It is a product of the input voltage and the k constant ,
which is the constant of the voltage divider. The following two equations for the peak current

are based on the knowledge of the line current waveform [33], [9], [22].

Lk = k- Vin(t) 4.1)
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Ly =Al = % “ton 4.2)
It regards following equations.
Vin(t
k- Vip = %() ton (43)
ton==k-L (4.4)

The equation 4.4 shows that the transistor on-time (#,,) is constant for the product of the k
constant and the inductance L. Whereas the off-time is variable within a half period of the
mains. As a result, the transistor switching frequency is variable.

The transistor on-time depends on the line voltage amplitude and the load. An advantage
of the voltage control technique is that it does not need the multiplier. The voltage drop
across the Rgh resistor needs to be detected only for an over current protection. The CrM
mode is provided by the constant on-time of the transistor [33], [57], [27], [29], [22].

Vin
I(t) = A -t 4.5)

The peak inductor current (/) [57] depends on the input voltage. The constant k is

variable within a half period of the line voltage.
Vin

Ika - f . ton (46)
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Thus, the on-time is defined in the next equations (4.7) [57].

L-1r,
Vin

4.7)

ton =

If the transistor is open, the current flows via the boost diode into the bulk capacitor and the
load. The transistor off-time depends on the peak current Iy, , the output voltage V,,,; and the
pk

input voltage Vj,. The off-time is derived from the equation 4.8 [3], [22].

Vour — Vi
I(t)=1Ip, — (% -toff) (4.8)

Finally, the off-time is determined by the equations (4.9) and (4.10) [57], [22].

Vour — Vi
0=1I, — % toff 4.9)
LI,
foff = ——o— (4.10)
Y Vou — Vi
The cycle period is provided by a summing (4.7) and (4.10) [57], [22].
Vout
T=L1I, 6 ——2 (4.11)
P Vi (Vous — Vi)
Then there are defined the following dependencies.
. Ika .
iin(t) = 7 = V2 Iy - sin ot (4.12)
Vin(t) = V2 - Vye - sin ot (4.13)
I, =2-V2 I sinot (4.14)
I, —2-v2. 5
Lo =2 - — - sin ¢ 4.15)
VCIC

The cycle period (equation 4.16) can be redefined by an inserting (4.13) and (4.15) into
4.11) [57], [22].

P v,
T:L-z-\fz-v—"’-smwt- out (4.16)

ac V2 Ve -sin@t - (Vous — Vi)
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If the equation (4.16) [57] 1s simplified, the expression 4.17 is obtained [22].

2.L-P. -
T=_——_" Vou (4.17)
Vac'(‘/()ul_‘/i)

As is clear from (4.17), the frequency is derived from the next equation.

= Vae (Vou = Vin) (4.18)
2-L- Pm : Voul
Similarly, for the frequency it is also valid the following relation (4.19) [57].
f V2 Vou =2V -sinot 4.19)

_2LPm V()ut

It can be written as the next equation (4.20), where are two factors. The first one depends on
the line voltage and the load, the second one can be called as a modulating factor. It affects
the switching frequency during the half period of the line frequency [57], [22].

2 V. . .si
f V. <1_\/§ Vac smwt) 420)

_Z'L'Pin Vout

4.4 Variable Frequency Peak Current Control

A variable frequency peak current control is not a widespread control strategy. Its main
benefits are an improved efficiency and an simple control circuit. The figure 4.8 depicts a
basic block diagram. The output voltage error signal v,,(¢) is connected to the multiplier
where it is multiplied by the av (¢) signal which represents an instantaneous input voltage.
As aresult, the i.,,,; command is provided by the multiplier output. The command signal can

be expressed by the following equation [39].

lemd = OV] (t) 'Verr(t) (4~21)

The command signal is compared with a sensed current (i;(¢)). In other words, the
result signal ensures a timing of the transistor so that the line current waveform would be
equivalent to the line voltage. The current sensing is provided by the shunt resistor (Ryy).
The current feedback signal keeps the line current waveform so that the signals from the
shunt resistor (Bi1(¢)) and multiplier output (i.,,s) would be equivalent. The control strategy

is available with a fixed on-time or off-time of the transistor [39].
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Fig. 4.8 Block diagram of the variable frequency peak current control.
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The constant on-time control is characterized by the command signal which creates a
bottom envelope of the line current. The transistor is switched on at ¢ = #;, if the line current
drops to the command signal. It is determined by the expression (Bi;(tx) = icma(tx)). The
transistor is released at t = #; + T,,,. The waveform is described in the figure 4.8.

The second alternative is the constant off-time control which makes a top envelope of the
line current. At = t;, if the i.,,q(#;) command signal equals to Bi(f;), the the transistor is
turned off. The transistor is reactivated after the T, sy time expires (f = tx + Tp,7) [39].

4.5 Constant Frequency Peak Current Control

The variable frequency peak current control makes complicate a design of the EMI filters
due to its variable switching frequency. The constant switching frequency has an impact also
on the harmonics reduction. The block diagram (4.9) shows a basic principle of the control
technique. The technique is similar as the variable frequency peak current control besides a
saw-tooth generator which stabilizes the command signal.

The transistor is activated at time t = n- T;. At time stamp ¢ = t,, the sensed current
Bii(t,) equals to iz (t,) due to the transistor is opened. The line current decreases until the
switching cycle expires. Then the new cycle (n + 1) starts and the process continue the same
way.

These rules are applied by the block diagram. The backbone part consists a R-S flip-flop
with constant clock pulses. The R-S flip-flop plays crucial role for a realization of the
control technique. On the other hand, the circuit causes unstable behaviour if the duty cycle
overcome 50% which shall be solved by a stabilizing signal of the generator. The solution is
based on the subtracting of the stabilizing signal from the raw command signal.

Due to the strategy is capable regulating the input current and the switch current as well.
The control strategy can be used for buck type topologies. This definition is also valid for the
previous control technique.

The advantages are ability to control average current through the transistor, improved
switching noise immunity, enhanced dynamic response, elimination of the current compensa-
tor which is necessary in the average current control, improved stability and reliability due to
low gain in the feed forward loop and pulse-by-pulse current limitation.

Unfortunately, the strategy still requires three sensed signals (input voltage, peak current
,and output voltage). The multiplier is an essential part of the control method. In the
comparison with average current control it is characterized by a higher input current ripple at
the high line or light load condition. As a consequence, the distortion of the line current is

significant at this condition [39].
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4.6 Hysteresis Control

The hysteresis control belongs into the current control techniques. This control (4.10) requires
two reference signals ij.,,g and i;¢,g Which form up and down envelopes of the inductor
current. A narrow hysteresis zone causes a small input ripple current and a high switching
frequency. The variable switching frequency is proportional to the hysteresis zone and the
input voltage changes due to it causes design issues with the EMI filter. The contradictory
requirements determine that the hysteresis band shall be designed by a respecting of the
component parameters and low line ripple current.

The method is based on a comparison of the sensed line current with the top and bottom
reference limits. If the sensed current Bi;(f) > ijema(t), the comparator C1 resets the R-S
flip-flop. Conversely if the Bi;(¢) signal is equal or smaller than ij.,,4(t), the comparator C2
sets the R-S flip-flop. The switching cycles are described in the figure 4.10. The cycle starts
at time #; which is characterized by the equation Bi)(¢) = ijuq(2). The power MOSFET is
activated and current goes up. At the time #; + 1 the line current reaches to top envelope
which is determined by the ij,,,4(¢) reference signal. Than the transistor is switched off.

The hysteresis control is characterized by several advantages as easy implementation,
improved stability, speed of response, and system reliability. The main drawback is the wide
switching frequency range which can be eliminated by a control technique based on the
constant switching frequency. Unfortunately, the improvement leads to increase a complexity
of the control system [39].

4.7 Charge Control

A charge control technique can be used for buck-delivered topologies which are distinguished
by a sensing of the switch current instead of the total current in the case of boost-derived
topologies. In this control method is used the fact that the average switch current during
a switching cycle corresponds to the total charge through the transistor. The charge gauge
is provided by the capacitor-switch network. The current transformer ensures a current
sense function. The secondary side of the transformer charges a capacitor. If the transistor
current rises, the charge of the capacitor increases as well. Generally, the capacitor voltage is
proportional to the charge.

The transistor is switched off when the capacitor voltage equals to the command signal.
Simultaneously, the capacitor is reset by a switch and the process can start again. Accordingly
the power transistor is closed and the switch which reset the capacitor is opened by the clock

pulse.
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The advantages are average transistor current control capability, improved switching
noise immunity, enhanced dynamic response, and current limitation. The disadvantages are
sensing input and output voltages which synthesize the command signal. After than the
multiplier is still a principal unit of the control system and also potential occurrence of the

sub-harmonic oscillation [39].

4.8 Non-linear Carrier Control

This control technique is characterized by a sensing of the output voltage. Through the
conversion ratio between the input and output voltages it possible to recover the input voltage.
As a consequence, information is used for the current shaping. The main reason why this
control method was developed due to it does not need a multiplier. As a result, the control
circuitry can be significantly simplified [39].

4.9 Capacitor Voltage Control

This control method uses the fact that the phase shift between the line current and capacitor
voltage is proportional to peak values of line current and voltage. Unfortunately, the rea-
lization of the delta control system is not simple due to the phase shift is negligible. As a
consequence, the small variation of the capacitor voltage causes a enormous variation of the
inductor voltage and simultaneously of the line current. Therefore the control technique is
influenced to the parameters drift and fluctuations [39].

4.10 Inductor Voltage Control

An inductor voltage control strategy uses the fixed ideally 90° phase shift between the line
voltage and the inductor voltage. The strategy is simpler than the Capacitor Voltage Control
as well as the final implementation. The inductor voltage is influenced by the perturbation of
the phase shift. Whereas the fluctuation of the magnitude of the reference plays negligible
role. As a result, the control strategy has a strong ability to keeping line voltage and current
in the same shape and phase [39].






Chapter 5

Perspective Topologies and Control
Strategies

This chapter describes a perspective solution of APFCs. The standard correctors use a
boost converter due to great efficiency and simple design. Correctors require low serial
resistance and high quality Q inductors which are generally used in conventional SMPSs.
Power transistors used in correctors shall be selected according to a high output voltage of
the correctors. The reliability of the transistors is improved by a voltage margin which is
usually one half of the output voltage. The high voltage and current rating cause an enhanced
gate capacity of the transistor. Therefore the controllers include frequently a power driver
which is able to feed the gate capacity by a high current. Consequently, the switching time
is minimized and losses as well. Correctors requires a fast rectifier "Boost" diodes which
take advantage of the silicone carbide Schottky barrier diodes. The power range of the
single boost topology is approximately limited to 2 kW due to this fact the new perspective
topologies were developed. The correctors are called bridgeless and interleaved [33].

The control loop should be optimized for a performance of the PF correction. There are
many control techniques but the most widely used technique is the average current control
which was described in the previous chapter. A development of new sophisticated control
methods can bring a better correction performance. An optimization of the control loop
during voltage and load changes is the next challenge which can be provided by the digital
adaptable control. The compensation of the control loop shall be adjusted on the fly for a
maximal performance at various conditions (light load, high line or low line). Modern digital
control circuits allow to set several digital filters for an optimization of the control loops [33].

The chapter is divided into three sections. The first section is devoted to bridgeless
correctors. The second one describes a principle of interleaved topology. Finally, the last one

is dedicated to the differences between analog and digital controllers.
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Fig. 5.1 Basic schematic diagram of the bridgeless corrector.
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5.1 Bridgeless Topology

The drawback of the simple boost topology is losses in the rectifier which form approximately
50% of the overall corrector losses. The bridgeless topology reduces the rectifier losses to
a minimum. The bridge rectifier is removed. Two diodes are replaced by transistors for
efficiency improving. The efficiency of the APFC increases by 1 —2%. The optimization is
based on the two-phase utilization of the bridge rectifier [33], [32], [26].

The input current is given by the expression (5.1) [33].

P
Iy = =22 (5.1)
The average current through the diodes is defined in the equation 5.2 [33].
2 2
Ip= " Ty = = V2 Iy (5.2)
/4 /4
The rectifier losses are derived from the equation 5.3 [33].
2-V2-P,
PM:2.Vj..M (5.3)

The basic schematic diagram is shown in the figure 5.1. If the positive voltage is present,
the first cell is active. The second cell is active during negative part of the sinusoidal
waveform. MOSFET transistor of the inactive cell stays switched off whereas the current
flows to the voltage source through the body diode. This diagram shows a principle of the

converter. The practical using is limited by some drawbacks. The first one is a floating supply



5.1 Bridgeless Topology 37

>
AD, AD,
L,
_’_l_
_____ __’________.i
1
: Cout:: U RL'
-‘_.!._.-___-’- _____ N e — _‘________I
i N Y < !
DD, Qf.’ Q’éf?‘
1
KB 5{92& De, €15) % D,
: P ! . i
<4 < ——

Fig. 5.2 Two-phase bridgeless corrector (cell 1 - active).

voltage. It is not suitable for the most of the APFC control circuits which need to measure
the input voltage to the reference ground. The second one is a measuring of the inductor
current. The last one is generation of the excessive noise due to the high dV /dt. It is caused
by the voltage change from 0 volts, when the transistor Q5 is switched on, to V{;, yqx), When
the transistor Q; is switched on [33], [18].

The bridgeless corrector with two identical cells solves all issues. Each cell includes
inductor, diode,and grounded transistor. If the positive voltage on terminal A is present (5.2),
the diode Dy is closed, the diode D3 conducts and connects the B terminal to the common
ground. The first cell is active, the second one is inactive. If the negative voltage on terminal
A 1s present, the situation is vice versa.

A considerable amount of the current flows through the Dy » diodes that complicates
a sensing of the current through the converter. It is caused by a low impedance of the
inductor and body diodes of the transistors at line frequency. The current sensing is solved
by a combination of the resistor connected between the common ground and anodes of the
diodes D3, D4 and a couple of the current sense transformers which is connected between
the drain of the transistors and the boost inductors. Three current sense transformers are
other possibility. The bridgeless topology is suitable for medium and high power APFCs
[33], [32], [26], [18].
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Fig. 5.3 Schematic diagram of the two-phase interleaved corrector.

5.2 Interleaved Topology

The interleaved corrector connects two or more single correctors into one. Each branch
operates out of the phase of other one. This topology is often used in the cases where it is
required a flat profile of the designed APFC. Therefore the interleaved correctors are suitable
for notebook adapters and LCD televisions or monitors. The simple boost corrector operates
under frequency clamped critical conduction mode (FCCrM) is used up to 300W. Two-phase
interleaved converters expand the operation range up to 600W. The correctors which operate
under CCM enhance the operation range to more than 2kW of the input power. Two-phase
interleaved correctors decrease significantly input ripple current and input peak current which
is half in comparison to single phase correctors. Total losses of the interleaved and single
phase correctors are almost identical [33].

An interleaving improves a dissipation of the losses into more power components. Other
advantage is using smaller or less powerful components. Interleaved correctors extend
significantly an utility range of the FCCrM. An advantage of FCCrM is good efficiency of
the corrector and lower costs due to no expensive SiC boost diode, smaller inductor and
cheaper transistor [33], [12], [58], [24], [19].

If the corrector cells operate out of phase, the input ripple current is dramatically reduced
(the figure 5.4). The line current waveform is similar to the CCM waveform. An output
capacitor current is reduced as well. Thanks to this feature the capacitor can be replaced by

another one with a smaller capacitance, volume, and price [33].
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Fig. 5.4 Input ripple current cancellation.

Each corrector cell is phase shifted by 180° to each other for a reducing of the ripple
current. An out-of-phase switching is crucial for the ripple current cancellation of correctors
operated under CrM or FCCrM modes. The interleaving requires a precise timing of the
control system. The "Master-slave" control technique is one possible solution. The master
branch works normally as a single corrector, the slave one is phase shifted by 180°.

Another solution is described in the figures 5.5 and 5.6. Both corrector branches work
independently under CrM or FCCrM respectively. A control of the switching is based on a
tracking of the triangular V,,. signal. If the signal crosses the Vrg threshold value during the
falling edge, the signal CLK1 or CLK? is generated [33], [12], [58], [19].

Discontinuous Conduction Mode

The ferromagnetic core is demagnetized during the signals CLK1 and CLK?2. The inductor
current drop to zero and the new switching cycle can immediately begin [33].

Critical Conduction Mode

In this mode, the ferromagnetic core is not demagnetized during clock signals. If the signal
CLK1 or CLK?2 respectively is high, the inductor current is still flowing. The continuous
conduction mode is characterized by a closing of the transistor when the clock signals are
high. Under critical conduction mode, the transistors get close when the CLK signals are
changed from high to low, that is when the inductor current goes to zero. The pulse duration

is identical for each branch. The demagnetization period fgemqg (5.4) [33] is dependent on
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Fig. 5.7 Input current ripple.
the t,, pulse duration, input voltage, and output voltage [33].

vV
Z‘demag =Tlon- v = (54)

out — ‘/l
The inductor currents are same in the case of a neglecting of the induction and time

tolerances but they are phase shifted by 180°. A possible imbalance is determined by the
equation (5.5) [33]:
)
L L

The basic schematic diagram shows a parallel connection of two single phase correctors

(5.5)

(5.3). I, I, Ip1, and Ip, current waveforms are same as the single phase corrector current
waveforms. Each individual branch creates a same ripple current which is equivalent to the
ripple current of single phase correctors. However, a total input ripple current and a diode
ripple current are substantially suppressed due to the out of phase operation [33].

A principle of the ripple current cancellation is shown in the figure 5.4. If the input
voltage equals to one half of the output voltage, the ripple current equals to zero. An opposite
situation occurs when the input voltage is zero or when it reaches the output voltage value
[33], [11], [19].

When the phase shift between branches is 180° and % > 0.5, the next equation determi-
nes the input ripple current. y

Nin(pkfpk) 2 ) Vout B 1

= : (5.6)
, Vin
I; v
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If the expression % < 0.5 1s valid, the equation 5.7 [33] defines the input ripple current.

Al 1—2. Ju
in(pk—pk) _ VYom (5.7)
I; 1— g2

If both branch intervals are not overlaid, the maximal value of the line current (when the
line voltage is minimal) can be computed by the following relation (5.8) [33], [19].

16v/2- P2
Lijne = \/ out (5.8)

or- VacLL : Vout : n2

The I}, current value goes down by 30% in comparison with the single phase corrector.
The output capacitor current drops even by 50%. The output capacitor current is derived by
the equation 5.9 [33], [19].

162 - P? P2
IcoutZ\/ V2 Py ( ) (5.9)

o - VacLL : Vout : n2 B Vout

For conventional single phase converter it is defined by the next equation (5.10) [33],

[19].
32y/2- P2 P
97r'VaCLL'V0ut'n VOW

The interleaved correctors are perspective type of APFC. They can be used for correctors
with a flat profile, NTB adapters, and LCD power supplies [33], [19].

5.3 Analog vs Digital Control

Analog control circuits offer a simply compact solution for the power factor correction 5.8.
Analog control circuits require a minimal count of external components. A design of the
correctors is simple and features are quite good. The main drawbacks of the analog control
circuits are fixed control technique and parameters, no data logging capability, and limited
adaptability to power line variations and load changes.

The vast majority of analog circuits use the average current control. Advantages are small
outline package of the control circuits, minimal number of the external components, low cost,
and fast application development. The UCC28180 is a typical analog control circuit which
has a 8-pin outline package and integrated 1.5A peak gate output. Therefore the circuit does

not need any external power driver. The controller operates under the average current control
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without an input voltage sensing which reduces a count of external components. The current
sensing requires only a small-value shunt resistor [54].

Consequently, the power dissipation is very low which is important for high power
correctors. The switching frequency is variable from 18kHz to 250kHz. Additionally, the
controller contains over current and over voltage protection, under voltage lock out and open
loop detection [54].

Digital control circuits customize correctors to the specific application. A compensation
can be adjusted depending on power line or load conditions. Digital control circuits are
usually equipped by communication interfaces. They offer calibration features, trimming,
fault monitoring, etc.

Digital control circuit representatives are ADP1047 and enhanced version ADP1048. The
ADP1047 allows to work in single phase operation, ADP1048 is designed for interleaved
or bridgeless operation. Both versions have an advanced input power metering capability,

inrush current control, frequency range from 30kHz to 400kH z, output voltage adjustment,
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Fig. 5.10 Microcontroller control system.

switching frequency spread spectrum for improved EMI. The average current control is used
for a controlling PF correction [2].

The control technique is not changeable. A programming is carried out by a graphical
user interface. APFCs are usually based on the conventional single boost topology which has
a programmable loop compensators for the optimum harmonics reduction. Analog signals
are converted into digital number via internal ADCs. Parameters can be adjusted and reported
by PMbus. This feature improves performance across a wide range of loads and input line
voltages [2].

Digital control provided by programmable microcontrollers allow to design an user
control program which can be more innovative and optimize a corrector performance. There
are special microcontrollers which are designed for the power converter control. They are
equipped by lots of peripherals, timers, comparators, ADCs, communication interfaces, and
digital power peripherals. Advantages of these microcontrollers are fully programmable
digital controller, data logging capability, control loop optimization, communication inter-
faces, multi-channel controller, password protected control program, program debugging.
Disadvantages are complex control system, expensive, higher power consumption of the
control circuits, longer implementation time [2].

The UCD3138 microcontroller is a suitable candidate for the fully programmable APFC.
It is a digital controller which is appropriate for lots of topologies. Supported topologies are
active clamp forward converters, two switch forward converters, hard switched full bridge
and half bridge converters, single APFCs, interleaved APFCs, bridgeless APFCs and LLC
half and full bridge converters. The microcontroller is based on a 32-bit ARM7TDMI — S
RISC architecture [55], [49].

The major controller equipment are digital power peripherals. They provide high speed
control loops. These peripherals consist of dedicated error analog to digital converters, digital
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compensation filters and digital PWM outputs. The controller includes a 12-bit general
purpose ADC with 14 channels, several timers, communication ports and interrupt subsystem
[55], [49].

The microcontroller includes several special features as a light load burst mode, syn-
chronous rectification, LLC and phase shifted full bridge switching mode, input voltage
feed forward, copper trace current sense, ideal diode emulation, constant current and power
control, peak current mode control, flux balancing, current sharing, soft start, and others [55],
[49].






Chapter 6

Prototypes and Measurement Setup

6.1 Design of Prototypes

This chapter consists of basic functional subsystems which are used in all designed correctors.
These subsystems provide power supply, soft-start, and discharge of the output bulk capacitor.
Other part of the chapter is devoted to measurements which were performed on corrector
prototypes. The part includes general information, connection description, standards, etc.
Experimental result are presented in following chapters.

6.2 Power Supply Subsystem

The power supply circuitry is usually provided by an auxiliary winding of the downstream
converter. Due to the absence of this converter, it was used an additional power supply. In
this cases there are three possible solutions. First of them is auxiliary winding on the power
inductor of the corrector. This solution is combined with suitable current control which
also use current transformer. This choice is cheapest one due to the minimal component
count. However, the circuitry reaches only limited accuracy of the supply voltage regulation.
Next two possibilities are intended especially for laboratory correctors which are stand alone
(without downstream converter). First one uses isolated Flyback converter and second one
uses Buck converter which can be supplied directly from rectified AC line or from the output
of the corrector, i.e. from a bulk capacitor voltage. It was chosen the non-isolated Buck
converter which is powered directly from AC line by a separate bridge rectifier 6.1 [35].
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Fig. 6.2 Schematic diagrams of the inrush current limiters.

6.3 Soft-start Subsystem

If the corrector is connected to the line, the bulk capacitor is charged by significant inrush

current. Its value exceeds several times the nominal current value. There are several inrush

current limitation methods. The easiest way is using a NTC thermistor which is characterized

by a high resistance when it is in cold state and low resistance at the hot condition. When

the corrector is connected to the mains, the inrush current is significantly reduced due to

the high resistance of the thermistor. The high resistance of the thermistor leads to increase

the thermistor temperature. The resistance drops to a low value and a negative feedback

stabilizes the temperature of the thermistor [54]. There are several connections one of them

uses a classical wire-wound resistor with a timer relay, NTC thermistor with a timer relay

and a standalone NTC thermistor.
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Fig. 6.3 Schematic diagram of the bulk capacitor discharge circuitry.

6.4 Bulk Capacitor Discharge Circuitry

The bulk capacitors represents a massive energy storage which is essential for proper function
of the APFC. The bulk capacitors are charged during operation of the corrector at 390
VDC. This high voltage conditions is life dangerous, for safety and legal reasons the energy
stored in the capacitors shall be discharged in determined time. The time is specified in the
regulations which are subject to set important features of the switching converters.

There are several discharging circuits. The simplest solution is made of resistor or
resistors which is connected in parallel with bulk capacitor. This solution is simple, cheap
and reliable. However, the disadvantage is high power losses at the normal operation and
long discharging time. The value of the resistors shall be selected as a compromise between
fast discharging time and acceptable losses. In the practise the discharging resistor is still the
most favourite solution.

In spite of this fact, an active discharge circuit brings many advantages. The schematic
diagram of the active discharge circuit is shown on the figure 6.3. The circuit is deactivated
when the line voltage is present (Vgarr = 15V), i.e. when the corrector is in the normal
operational conditions. Therefore the losses are during the normal operation significantly
reduced.

When the line voltage is not present the Q; transistor is opened. Thanks to this condition
the current flows through the R3 and R; resistors and ZD; diode. The current creates a
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sufficient voltage drop across the R, resistor for a opening of the Q; transistor. The ratio
between resistors is set so that a final voltage on the capacitors after a remission of the
transient condition would be 50V which is a life safe value. The advantages are a faster
discharging time and minimal losses during normal operation of the corrector.

The experimental results were obtained from a single Boost corrector. As 6.4 and 6.5
figures show that the discharging time is approximately 10s which is a sufficient result. The
figures give information about final output voltage which is 33.5V. A maximal dissipative
power of the resistors was measured 22.4W. The dissipative energy during transient was
43.66J. As dissipative components were used four parallel resistors with SW power rating

which is sufficient due to short discharging duration.

6.5 Performance Measurement

A performance measurement was carried out according to the block diagram 6.6. An input
voltage for the corrector is provided by variable transformer with galvanic isolation. The
variable transformer allows change the line voltage to 110V. The APFC was tested at 110V
and 230V due to the line voltages of the different countries [33].

The power quality analyser HIOKY 3198 was connected between the variac transformer
and APFC. The power quality analyser supports measurement of the individual harmonic
amplitudes, power measurement and also PF, THD, etc. APFC was loaded by a resistive load
which was created from serio-parallel connection of resistors with 10W rating. Each branch
consists of 6 resistors, the number of branches is 18.

As a result the maximal power of the load was limited to 910W. The switching of the
individual branches was provided by a relay box. The resistive load requires an active cooling
by the ventilator with a 240m?> /h air flow.

The measurement begins to set the input voltage to 110V. After then, the resistor load
was increased step by step to a rated output power of the corrector. The same approach was
applied also for 230V input voltage. The input power was measured by the harmonic analyser
as well as PF. The output voltage and current were measured by the digital multi-meters.

The efficiency of the corrector was calculated by the equation 6.1. PF data was obtained
directly from the HIOKY 3198 harmonic analyser.

Vi -
n= w -100[%] 6.1)
IN

The data obtained during the measurement was post-processed into two graphs. The first

one depicts the dependence between efficiency and input power. The second one shows the
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Fig. 6.6 Block diagram of the performance measurement.

PF correction performance during the measurement. Each curve is for different input voltage

thereby the two line conditions were emulated.

6.6 Harmonic Content According to CSN EN 61000-3-2
Standard

As part of the performance measurement is a harmonic content of the input current. The har-
monic content of the line current was measured by the power quality analyser HIOKY 3198.
The analyser provides a table of current amplitudes of the harmonic order. The investigation
was applied for three different power levels 100W, 300W and 500W. The power levels was
used for each examined corrector. The measurement process started a setting the resistive
load to an appropriate value for the examined power. Comparable data was provided by
a launch of the analysis on the power quality analyser. Measured data includes a table of
amplitudes which were compared with permissible current limits.

The standard defines four classes for electrical equipment. The experimental results were
compared with limits defined in a D class which includes personal computers, televisions, etc.
The D class has the most strict current limits. The class defines two limits for a line current.
First one is permissible current per watt which was used for comparison with measured data

due to this value reflects the power. In other words, the limit is dependent on the power [42].
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Second limit defines a maximal permissible harmonic current which is constantly greater

than the previous one. As a result, the column graph with the limits was compiled. The

amplitudes of the current is summed in the table 6.1 [42].

Table 6.1 Table of the limits defined according to EN 61000-3-2 2006 standard.

Harmonic order Current limit || Permissible current per watt || Permissible harmonic current

n [mA/W] [A]

3 3.4 23

5 1.9 1.14
7 1.0 0.77
9 0.5 0.4
11 0.35 0.33
13 0.296 0.2100
15 0.257 0.1500
17 0.226 0.1324
19 0.203 0.1184
21 0.183 0.1071
23 0.167 0.0978
25 0.154 0.0900
27 0.143 0.0833
29 0.133 0.0776
31 0.124 0.0726
33 0.117 0.0682
35 0.110 0.0643
37 0.104 0.0608
39 0.099 0.0577

6.7 EMI Conductive Measurement

Electronic device have to meet EMI limits which are defined in the CSN EN 61000-6-4 [44]
or CSN EN 61000-6-3 [43] standards. The standards define quasi peak and average limits for
commercial and industry devices as well. The measurement was performed in the certified

EMC laboratory. LISN was connected to the line. The artificial network provides a power

output for DUT and measuring output which is connected to the spectrometer.

As a measuring equipment was used Rohde and Schwarz spectrometer. DUT was placed

on the wooden table, the input was connected EMI filter and the output to a resistive load.

The load was set to S00W output power. The Schaffner filter [40] terminals was connected to
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the artificial network. The chassis of the filter was pressed on the copper sheet as well. This
connection emulates a conductive connection between them inside a case.

The grounding issue of the measurement plays a crucial role on the experimental results.
A grounding between the artificial network, filter and DUT can be provided several ways. The
grounding solved by the flexible cable are suitable for testing devices which has no additional
grounding point on the chassis. The grounding only via flexible cable bring worse emission
result at the highest frequencies due to a high impedance of the cable copper core. When
the device has dedicated grounding point on the chassis, the connection shall be provided
by a wide conductor which represents a lower impedance for high frequency currents. The
grounding between the artificial network and DUT was provided for all measurement by the
flexible cable.

6.8 Thermal Measurement

An evaluation of the prototypes contain a thermal analysis which helps to determine a
maximal available output power. The thermal images were performed by a FLIR infra-
camera. The thermal images of each APFC include 4 figures when the active cooling is
enabled and the same number of pictures at the passive cooling.

The process is composed of two levels of the scanning. Overall view of the prototype
helps to recognise a source of the heat. The particular thermal images are focused on the
components which have a higher temperature and power losses as well. An attention was paid
to a bridge rectifier, NTC thermistor, power MOSFETs, boost diodes and power inductors.



Chapter 7

Single Boost Active PFC

The first prototype is based on the single Boost topology which is controlled by a specialized
control circuit UCC28180.

The controller UCC28180 is a power factor controller with Average Mode Control
technique. The current shaping is provided without an AC sensing network. This solution
eliminates a count of external components. The controller contains two control loops. The
first one is wide band and provides the input current regulation. The current loop does not
use the reference source derived from the AC line voltage. The shaping reference source uses
a harmonic oscillator. The compensation network shall be connected to the ICOMP pin [54].

The second one serves the output voltage regulation. It has a slower response due to it
has to be resistant to the line frequency ripple of the output voltage. As a reference it is used
the 5V inner voltage source. The controller operates under CCM with the fixed switching
frequency which can be set in a wide range from 18 to 250kHz. The frequency depends on a
value of the resistor connected to the FREQ pin [54].

7.1 Power Stage Design

The selection of the power stage components is determined by a design requirements which
are summarized in table 7.1.
First calculation 7.1 [54] find out the output current of the corrector at the nominal output

power.
POUT(max) 500
IOUT(max) = Vour = 390 = 1.282A (7.1)
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Table 7.1 Requirements for a prototype based on the UCC28180 controller.

Design Parameter H Min H Typ H Max H Unit ‘
Line Voltage [Viye| 85 - 265 \Y%
Output Voltage [Vour] - | 390 - \Y
Line Frequency |fie] 47 - 63 Hz
Switching Frequency [f,] - 200 - kHz
Output Power [Poyr] - || 500 - W
Efficiency at nominal power [n] || 92 - - %

The input RMS current of the corrector is defined by next equation 7.2 [54] at the nominal
output power Poyr (max)» minimal line voltage Vyy i,y and assumed power factor PF.

Pour(max)y 500
N Vixmin) - PF 0.92-85-0.99

IINrms(max) -

= 6.458A (7.2)

In case of the inductor current ration should be used the peak value of the line current 7.3
[54].
I (max) = V2 IiNrms(max) = V2 6.458 = 9.1334 (7.3)

The average value of the input current is determined due to the sinus wave by following
equation 7.4 [54].

2 2
IINavg(max) = E 'IIN(max) = ; : 9133 = 5814A (74)

7.1.1 Bridge Rectifier

The bridge rectifier blocking voltage must overcome the maximal input voltage with voltage
margin 100V at least. The maximal repetitive current of the rectifier have to handle inrush
current during starting sequence. The dissipation power in the bridge rectifier is defined by
equation 7.5 [54].

PsRIDGE = 2 Vi(bridge) * IiNavg(max) = 2+0.95-5.814 = 11.047TW (1.5)

7.1.2 Input Capacitor

Assuming of the input capacitor requires to define the input current ripple and high frequency
input voltage ripple. The input current ripple Al;, . is determined as 40% of the peak input
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current value 7.6 [54].
Lippie = Alvippie * IiN(max) = 0-4+9.133 = 3.653A (7.6)

The calculation of the high frequency voltage ripple requires the amplitude of the minimal

line voltage which is defined as follows.
Vinrectified = V2 -85 = 120.208V (7.7)

The acceptable high voltage ripple is determined as 7% of the minimal line voltage amplitude
[54].
VINripple = AVINripple : VINrectified(min) =A0.07-120.208 = 8.415V (7.8)

The estimated capacitance of the input capacitor is based upon input current ripple 1 e
high frequency voltage ripple Vin,ippie and switching frequency as well.

Iripple . 3.653
8- fswVinripple ~ 8-2€°-8.415

Ciy = = 271.316nF ~ 270nF (7.9)

The 270nF standard film capacitor was used with 275VAC voltage rating.

7.1.3 Boost Inductor

The inductor current rating is determined by a summing of the peak input current and the
input current ripple divided by the factor 2 due to the input current ripple is superimposed
onto the sinusoidal rectified input current. The equation 7.10 [54] defines the peak inductor
current.

L; :
ripple _ g 133 4 ? = 10.95A (7.10)

ILpeak(max) =1y (max)

When the peak inductor current is defined, the minimal inductance can be found out by the
next equation 7.11 [54].
_ Vour-D-(1-D) _ 390-0.5-(1-0.5)

Linin >= >= —133452uH  (1.11
Fow rippe 265.3.653 H (710

If It is assumed the minimal inductance to 200 H, the maximal inductor ripple current can
calculated as follows [54].
_ Vour-D-(1-D) 390-0.5-(1-0.5)

Iripple(real) - fSW Ly 265 De—4 =2.438A (7.12)
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The duty cycle is dependent on the instantaneous value of the line voltage and the nominal

output voltage [54].

Vour - VINrectified(min) . 390-120.208

=0.692 7.13
Vour 390 (7.13)

Dyax =

Based on the previous calculations it was selected the power inductor with 5S00uH maximal
inductance. The current rating of the inductor reaches 12A. The inductor is built on the

ET D44 ferite core with a multicore copper winding.

7.1.4 Switching Element

The selection of the power transistor plays crucial role on the overall efficiency. The converter
trend prefers MOSFET transistors for their fast switching times. The main parameters which
have to be taken into account are a breakdown voltage, forward current, gate capacity, and
maximal dissipative power. The breakdown voltage must be selected based on the maximal
output voltage and voltage margin for the higher reliability. The margin reaches 100V
at least but appropriate value is half of the nominal output voltage therefore are suitable
transistors with 500 or 600V breakdown voltage. The higher breakdown voltages are also
inappropriately due to higher Rpg,,, parameter. The second important parameter is a drain
current through the transistor which is defined in the equation 7.14 [54].

Ip =
VINrectified(min)

POUT(max) ) \/2 _ 16- VINrectified(min) (7 14)

3n-Vour

When the numbers are inserted into previous equation, it is obtained particular drain current
7.15 [54].

=5.053A (7.15)

500 \/ 16-120.208
b 2= —— o

~ 120208 37-390

Based on the calculation was selected a SPP20N60C3 MOSFET transistor. The dissipative
power of the transistor generates conductive and switching losses. The conduction losses
7.16 are determined by the multiplication of the Rpg(,,) at 125 °Cand the squared RMS drain

current of the transistor [54].

Pconp =1p - Rps(on 125 = 5.053%-0.4 = 10.213W (7.16)
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Equation 7.17 [54] shows an estimation of the switching losses based on rise time, fall time

and output capacitance of the transistor [54].

Psw = fsw - [0.5 Vour 'IIN(max) . (Ir +tf) +0.5-Cpss - VgUT] (7.17)

The estimation is based on the known parameters and transient waveform between the

switching states. The dissipation energy has triangular shape [54].
Pow =2€°-10.5-390-9.133 - (5¢ 7% +4.5¢7°) +0.5-780e'2.390%] = 15.25W  (7.18)
Total losses are found by summing of conductive and switching losses 7.19 [54].
Prorar = Pconp + Psw = 10.213 4+ 15.25 = 25.463W (7.19)

The parasitic parameters of the connection can cause an inappropriately behaviour of the
corrector. The parasitic parameters should be eliminated by proper layout design. However,
there is a gate resistor which provides a reduction of the ringing and decreases the switching

losses in the driver. A resistivity is usually selected from 1 to 22Q.

7.1.5 Boost Diode

An estimation of the boost diode losses 7.20 [54] are based on the same principles which
were used in the switching transistor calculations. As a Boost diode it was used SiC diode
(C3D04060A).

Porope = Vri2sc - louT (max) +0-5 - fsw - Vour - Orr (7.20)
Pprope =0.9-1.282+0.5-2¢> -390 - 24¢~° = 2.0898W (7.21)

7.1.6 Output Capacitor

A selection of the capacitor is characterized by an output power, allowed voltage ripple and
hold up requirements. The capacitor hold up time is defined as follows torpupr = 1/ flinemin
and the hold up voltage is determined to 300V [54].

2 Pout(max) ‘tHoLpup  2-500-21.28¢3

2 2 - 2 2
Vour =VournoLpup(min) 3907 —300

Cour = = 342.673UF ~ 4T0uF (7.22)
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The suitable current ripple of the corrector is determined as 5% of the output voltage.
VoutrippLE < 0.05-Voyr = 0.05-390 = 19.5V (7.23)

The next calculation shows that the chosen capacitor with 470uF capacity fulfil the 5%
requirement of the voltage ripple. The equation 7.24 verifies the value of the output voltage

ripple [54].

lout . 1.282
2702+ fuNE(min) - Cour  2T-2-47-470e—6

VourrippLE < =4.618V (7.24)
Besides the capacity of the capacitor is also important current rating of the capacitor. The
current rating of capacitors is usually defined as low frequency and high frequency current
rating. The low frequency current requirement is defined by the following equation 7.25 [54].

The current rating gives information about a filtering capability of the rectified line frequency

[54].
IOUT(max) _ 1.282

I —
COUTLF \/i \/E

The high frequency current rating specify the high frequency filtering performance.

= 0.907A (7.25)

16-V, 16-390
ICOUTHF:IOUT(max)‘\/ OUT __ _ 1282\ |——— =3.0094 (7.26)

37/ 2ViN(min) 3m-v/2-85

The rating is sometimes defined as one parameter. The total RMS current is determined by

next expression 7.27 [54].

Icourrmstorar = \/ Rovrir + Bovrnr = V 0.907% +3.0092 = 3.143A (7.27)

7.2 Timing

A choice of the suitable timing plays crucial role for the selection of other components. The
selected switching frequency has influence on efficiency of the corrector and electromagnetic
emissions interference. A equation for calculation of the Rrrg timing resistor has a non-
linear character which is shown in the equation 7.28 [54].

Sryp-Rryp-RINT

R — (7.28)
FREC fsw-Rint +Rryp- fsw —Rryp- fryp




7.3 Soft-start Circuitry 61

Inserting numbers and required switching frequency it is assumed the frequency setting
resistor 7.29. The resistor value can be estimated also by a using of the graph from the
datasheet [54].

6.5¢*-3.27¢* - 1€°
Rrreo = =10.397kQ ~ 10kQ  (7.29
FREQ ™ (265 1€6) + (3.27¢*-2¢5) — (3.27¢* - 6.5¢%) (7.29)

7.3 Soft-start Circuitry

The controller includes also a soft start circuitry which handles a ramping function for a
smooth increasing of the duty cycle. When the one fault condition or standby mode is present,
the VCOMP pin is pulled low.

The releasing of this conditions leads to a rapid driving of the VCOMP pin to 1.5V . After
the this initial process, the driving is provided by a constant current source 40iA which
provides the start-up ramp.

The ramp signal grows linearly up to 85%. The soft-start duration can be parametrized
by the compensation network at the VCOMP pin. The soft-start source is deactivated when
the VSENSE voltage reaches to of the 98% nominal value [54].

7.4 Protection Circuits

The controller contains several internal protection circuits. The protection circuits cover
a supply under voltage lock-out, output over voltage protection, open loop protection at
the voltage loop and current loop, open loop protection of the ICOMP pin, under voltage

protection at the output, and cycle-by-cycle over current protection [54].

7.4.1 Under Voltage Lockout

The under voltage lockout protects the device to low voltage supply voltage conditions. The
protection is activated at the supply voltage drop to 9.5V. The hysteresis gap is around two
volts therefore the device is enabled at 11.5V [54].

7.4.2 Over Voltage Protection

The over voltage protection distinguishes two levels of protection. The first is activated when
the voltage on the VCOMP pin overcomes 107% of the nominal value. In this case, the
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Fig. 7.1 Schematic diagram of controller protections.
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VCOMP pin is pulled low. The second is enabled when the Vsgysg reaches 109% of the
nominal value, the GD output is promptly disabled. Once the VSENSE voltage decreases to
102%, the GD output is enabled [54].

7.4.3 Open Voltage Loop Protection

When the voltage on the VSENSE pin is not present, the voltage error amplifier produces
a maximal value of the error voltage. As a result, the GD output creates the PWM signal
with maximal duty cycle. Therefore the controller is equipped by the open loop protection
which protects the device against this situation. If the VSENSE voltage drops below 0.82V,
the controller is pulled to standby mode. The PWM generation is stopped and the current
consumption decreases to 2.95mA. This feature can be enabled also by an external switch
which pulls the VSENSE pin to low [54].

7.4.4 Open Current Loop Protection

Similar situation exists at the ISENSE pin. When the voltage on the ISENSE pin is not
present the internal pull-up resistor provides 0.085V. This voltage causes a transition the
device into standby mode. The ICOMP pin is also protected when the voltage drops below
0.2V. The controller includes over voltage and under voltage protection of the output. If
the output perturbation exceeds 5% of the nominal value, under voltage or over voltage are
detected. Due to the slow response of the output voltage regulation EDR is activated and
it speeds up the regular response. During the EDR the transconductance is increased by
factor five and charging or discharging of the compensation network get faster. The EDR 1is

disabled during a soft-start and fault conditions [54].

7.4.5 Over Current Protection

The over current protection uses a sensing of the inductor current by the R;sgysg resistor
which is connected between bridge rectifier and system ground. As a result, the voltage
is negative. The signal is internally amplified by factor —2.5. Thanks to this the signal
becomes positive and more suitable for the next processing. There are two levels of the
protection which are a soft over current protection and cycle-by-cycle peak current limiter.
The soft over current protection protects the corrector against an overloading. The soft over
current does not disable the PWM output. When a voltage on the ISENSE pin exceeds the
—0.285V border, the error voltage amplifier output is pulled low by the 4 — kQ resistor. As a
consequence, the voltage loop setting is changed so that the duty cycle decreases.
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The cycle-by-cycle peak current limiter allows to avoid the saturation of the power
inductor. The hard protection is activated when the voltage on the ISENSE pin overcomes
—0.4V. The activation of the peak current limiting causes the turn off the PWM output. An
enhanced noise immunity is provided by the feature of the protection which is leading edge
blanking [54].

The value of the current sense resistor must correspond to the soft over current protection
threshold. Whereas, the triggering of the protection under normal operation is permissible.
The resistor has to withstand the 10% overloading of peak current [54].

Vsoc(min) —_ 0.259
T peakiman)- 1.1 10.96- 1.1

RSENSE = =0.021Q =~ 22mL (730)

The power rating of the current sense resistor is computed at the low line by the next equation
7.31 [54].
PRSENSE = I pms(may) - RsENsE = 6.4587-0.022 = 0.918W (7.31)

If the voltage across the current sense resistor increases over the peak current limit, the peak
current limitation is activated and it is given by next equation 7.32 [54].

VPCL(max) . 0.438
Rsense  0.022

Ipcr = =19.94 (7.32)
The voltage on the pin ISENSE is limited by the clamp diode to the range 0 to —1.1 volts. The
clap diode provides the protection of the ISENSE input during the non-standard operation
(inrush current) [54].

7.5 Gate Driver

The gate driver 7.2 should have a capability of the driving of a source-gate capacitance of the
power MOSFETs or IGBTs owing to short transition times. Due to the fact that the most of
the power MOSFETSs have the maximal source-gate voltage limited to 20V, the gate drivers
are clamped typically at 15.2V. If UVLO is activated, the gate driver is disabled.

The connected gate resistor helps for a ringing reduction which is caused by the parasitic
inductance of the traces and the source-gate capacity of power transistors. The resistor is
used for rise and fall time limitation. As a consequence, EMI is also reduced. The resistor
allows to eliminate losses in the driver. The gate of the transistor is recommended to pull
down by the 10kQ resistor [54].
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Fig. 7.2 Schematic diagram of the gate driver.
7.6 Output Voltage Set Point
The output voltage is set to 390V according to the next equation 7.33 [54].
Vrer R 5-1e°
Rppy = —FEEIDFBL 27 2¢ 13 04kQ ~ 13kQ (7.33)

Vour —Vrer  390—5

When the output voltage overcomes by 5% of the nominal value, the over current
protection is activated. The transconductance of the amplifier is immediately increased. It
causes fast decreasing of the output voltage under the regulated value. The threshold for
sensing pin can be computed by the following equation 7.34 [54].

Vovp = 1.05-Vgegr =1.05-5=15.25V (7.34)

The output voltage has to reach the voltage specified in the equation 7.35 [54] so that the soft

over voltage protection can be activated.

Rep+Rep _ 5 o5 104131

Ko e = 4107V (7.35)

VouTtova = Vovp-
If the transient event causes the output voltage overshoot which exceed by 9% of the
nominal voltage level, the hard over voltage protection will be activated. A voltage threshold

of the hard over voltage protection is estimated as follows (the equation 7.36 [54]).
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R R 1€+ 1.3¢%
VouTowy = 1.09- Vigr - % —~1.09-5- % — 426.4V (7.36)

The under voltage protection is computed by the following equation 7.37 [54].

R R 1e® +1.3¢*
VouTuy = 0.95 Vagp - FBLERFB _ 95,5 7€ T12€ _ 391 gy (7.37)
R FB2 1.384

A voltage of the divider is affected by a noise therefore it should be applied an appropriate
filter capacitor. The filter should have up to 10LLs time constant which does not crucial affect
on a response time of the voltage control loop. It was selected a standard capacitor with

680pF value which was estimated by the expression 7.38 [54].

T le™

CvSENSE Rrm 136 69pF ~ 680p (7.38)

7.7 Current Loop

The current loop includes three main parts which are power stage with current sense resistor,
current error amplifier stage, and pulse width modulator 7.3.

A voltage drop across the current sense resistor has a negative value. The signal is
internally inverted and averaged by a current error amplifier. The ICOMP pin is connected
to the output of the error current amplifier. The signal at this output represents the average
inductor current.

The compensation is provided by the external capacitor connected to the ICOMP pin. A
gain of the transconductance amplifier is not linear. It is controlled by the VCOMP voltage.
When one of the inadequate mode is activated the 3V voltage source is connected to the input
of the amplifier [54].

A PWM modulator is responsible for PWM generation which is amplified by the gate
driver. A main aim of the modulator is a creation of the PWM signal for the transistor. The
modulator compares the ICOMP voltage with the periodic ramp signal.

As a result, the leading edge of the modulated signal is produced which is high in case
of the ramp signal overcomes the voltage on the ICOMP pin. The slope of the ramp signal
depends on the VCOMP voltage and it is non-linear.

The PWM signal begins always at low, the internal clock is used as a trigger. The signal

remains low at least a minimum off-time. After, the off-time period of the ramp signal grows
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linearly. When the signal equals to the voltage on the ICOMP pin, the on-time pulse is
generated. The on-time interval is terminated at the end of the switching cycle.

The ICOMP signal is proportional to the inductor current. The control loop regulates the
ICOMP signal to reproduce the sinusoidal reference voltage. As a consequence, the average
line current will be also sinusoidal.

The output of the modulator is connected to the gate driver. The gate drive is capable of
amplifying the PWM signal for suitable voltage and current level for power transistor. The
driver is able to shut down as well if the protections are activated [54].

The compensation process begins with a current loop, afterwards it focused to a voltage
loop. The current loop compensation is influenced by a inner loop variables. The inner loop
variables (M7, M,) depend on the power stage setting and controller constants K and Kr¢.
The K constant equals to 7 and the K is inversely proportional to the frequency 7.39 [54].

Krg = fsiw = 2—165 = 5¢7° (7.39)

The calculation of the inner loop variables (equation 7.40 [54]) is performed at the

nominal input voltage and output power.

I V2 _.25.R Ky 1.282-390%-2.5-0.022-7
My M2 = OU Tyyax OUT2 SENSE K1 _ 9 - : :0.1821
nVa - Kro 0.92-2302.5¢— s
(7.40)

When the multiplication of M| and M, is known, the value is compared with a graph of
dependence of the VCOMP on the factor. The graph can be found in the documentation of
the controller. In the graph can be found an operational point of the controller [54].

1.282-390%-2.5-0.022 -7 v
My -M2 = —0.182— 7.41
: 0.92-2302-5¢ 6 LLs (7.41)

The operational point is determined at the intersection of the value 0.182 and the curve

which represents dependence between MM, and VCOMP. From this investigation it is
obtained that the VCOMP voltage is approximately 2.2V. Based on this finding can be
derived the individual value of the M| and M,. The calculation of the loop factor is dependent
on the VCOMP operational point [54].

The non-linear current loop gain factor M is particular solution at the 2.2V VCOMP
calculated by the equation 7.42 [54].

M; =0.313-VCOMP —0.401 =0.313-2.2 -0.401 = 0.288 (7.42)
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The non-linear PWM ramp slope factor M, at 2.2V VCOMP is determined by the equation
7.43 [54].

281

6.5¢4

M, = IsW - 0.1203. (VCOMP —0.5)> =

6.5¢4

1%
-0.1223-(2.2-0.5)% = 0.64m (7.43)

If the individual loop factor M| are multiplied by M>, the product is comparable to the
number derived from the equation 7.44. The difference is caused by an inaccuracy during
identification process from the chart. For more accurate result is necessary provide an

additional iteration loops [54].

Vv
M -M; =0.288-0.64 = 0.184“— (7.44)
s

The selection of the Cjcopp capacitor plays crucial role on the stability of the current loop,
phase lag, and final THD of the line current. The capacitor creates a current averaging pole
which is placed at SkHz. The capacity determined according to the equation 7.45 [54].

gmi-Mi  0.95¢73-0.288
K| 2 fiavg  7-2m3e3

Cicomp = —1.24 ~ 1.2nF (7.45)

It was chosen a standard capacitor value 1.2nF. Due to the fjay is determined to
5183.9Hz as is shown in the equation 7.46 [54].

gmi-Mi  0.95¢7%.0.288
K '27TCIC0MP B 7-2m1.2¢7°

The total transfer function, which includes power stage, modulator gain, and error

Jiave = =5183.9Hz (7.46)

amplifier gain, is determined by the next representation 7.47 [54].

Gew(f) = K1 -2.5-Rsense -Vour 1 (7.47)
"~ Kpo-M;-M,-L _s()>Ki-Cicomp '
Fo-Mi-My-Lpst  g(f) Ao
7-2.5-0.022-390 1
= . 7.48
Gerlf) = 570.288-0.64 -2 7 o) P2 (7.48)
0.95¢3-0.288

For the graphical verification of the current loop setting is used Bode plots (figure 7.4
[54]).
Gerag(f) =20-1og(|Ger(f)]) (7.49)
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Fig. 7.4 Bode plots of the total open current loop gain with compensation.

7.8 Voltage Loop

The voltage loop is responsible for the output voltage regulation. The output voltage is
sensed by the voltage divider. The voltage drop across the low resistor matches the internal
reference voltage. The low bias current at the VSENSE pin allows to apply a high impedance
sensing of the output voltage which reduces a power dissipation of the voltage divider. In
a high-noise environment the filter capacitor should be connected to the down resistor in
parallel [54].

The transconductance error voltage amplifier creates an error voltage based on the
comparison of the feedback voltage on the VSENSE pin and internal 5V-reference voltage
source. The amplifier output serves the current to the compensation network so that the
output of the error amplifier matches the correct VCOM P voltage for the system. Due to the
amplifier is a transconductance type, the impedance of the resistor-capacitor network creates
the output impedance of the error amplifier. The network component selection plays a crucial
role for the regulation in the full operation range of the APFC. The total capacity connected
to the VCOMP pin determines the soft-start duration [54].

If the fault or standby conditions are present, the output of the error amplifier is pulled low.
The capacitors of the compensation network are discharged to the initial value. The delay
depends on the time constant of the compensation network. The controller enables several
discharging paths which do not need a presence of the supply voltage. It takes advantage, if
the supply voltage is removed quickly. It allows to avoid the inappropriate behaviour of the

corrector [54].
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Fig. 7.5 Block diagram of the voltage loop circuit.

The error amplifier stage includes also EDR function which is capable of changing the
transconductance parameter to 280uS. The function will be activated if the perturbation at
the output reaches 5% value of the nominal voltage. The increased gain helps to improve
the speed of the feedback response of the loop. When the perturbations exceed 107% of the
nominal value, the 4kQ resistor is connected to the VCOMP pin. The resistor pulls the pin
to low. If the output voltage grows above the 109% of the nominal value, the gate driver
is shutting down. The gate driver is released when the output voltage decreases below the
102%-border of nominal voltage [54].

The voltage feedback attenuation Grp is determined by the next equation 7.50 [54].

Rrp> 1.3¢
" Repi+Repy 16+ 1365
The non-linear gain variable M3 is determined as follows 7.51 [54]. The M3 variable is
dependent on the VCOMP voltage as well as M| and M, variables. The equation 7.51 [54] is
valid for VCOMP voltage in range 2V to 4.6V

GrB =0.013 (7.50)

2 5
My = 658 - (0.1148-VCOMP? —0.1746 - VCOMP +0.0386) (7.51)
e
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After insertion all variables into the equation 7.51 [54] it is derived a value of the M3

gain variable.

Ma— 2ed
37 6.564

Vv
-(0.1148- 2.22-0.1746-2.2+ 0.0586) = O.7lm (7.52)

The power stage is characterized by the frequency pole fpwaps. The equation 7.53 [54]
shows a definition of the power stage pole.

1 1
SowMps = e v Ve Covr . ymT25 0000300 2200z (7:53)
2~ SENSE QU ZOUT 2T TS G7880,64-230
2 -U. -U. .
KFQ‘M] .MZ'VIN(nom)

The transfer function of the power stage is defined in the equation 7.54 [54].

M5 Vour 0.71-390
G (f) = MMp T _ 02880641 _ 1502.279 (7.5
27 fpwmps 27-1.226 77703

Where M| and M, was defined in the previous chapter and Voy 1 equals 390V. The equation
7.55 [54] shows a determining of the voltage loop transfer function which consists of the

voltage feedback gain and the gain of the modulator with power stage.

Gvir(f) = Grp-Gpwmps(f) (7.55)

Finally, the open loop gain without the error amplifier gain is graphically represented by
Bode plot (figure 7.6). The figure shows that the gain of the loop is 7.5dB at 10Hz. This
value is used for the next calculations and for final compensation of the error amplifier.

GyLap(f) = 20log(|GvL(f)]) (7.56)

The voltage error amplifier compensation network includes zero at fzer, and pole at f.
The zero is placed at the pole frequency fpwaps of the modulator with the power stage gain.
The calculation of the zero is shown in the equation 7.57 [54].

1

= (7.57)
Feero 27 - Rycomp - Cvcomp

The pole of the compensation network is estimated to 20Hz. It is used for rejecting high

frequency noise and compensating of the gain amplitude roll off. The equation 7.58 expresses
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Fig. 7.6 Bode plots of the total open loop gain of the voltage loop without compensation.

the definition of the compensation network pole.

1

277 . Bvcomp-Cvcomp-Cvcomr_p
Cvcomp-Cvcomp_p

Spote = (7.58)

The final transfer function of the voltage loop error amplifier is calculated according the next
expression 7.59 [54]. The transfer function is adjusted by a selection of the components

connected to the error amplifier output.

gmv- (1+5(f) - Rvcomp - Cvcomp)
(Cvcomp +Cvcomp_p) -s(f) - (1 +s(f)- (RVCOMP'CVCOMP'CVCOMPP> )

Gea(f) = (7.59)

Cvcomp+Cvcomp_p

The selection of the components is related to the figure 7.6 [54]. The investigation of the
graph shows that the gain of the transfer function at 10Hz equals to 7.5dB. Generally, there
are two capacitors. When it assumed that the parallel capacitor (Cycomp,) is significantly
smaller than the series one (Cycomp). The capacitor is calculated by the next equation 7.60
[54]. The calculation is based on the fact that the gain reaches to unity value at fy. The zero

of the transfer function is placed at fpwps.

v —6__10
8mv " Fowmips _ 56e " 1.226

10%%’@.271.]0‘, - 10% .27+ 10

Cvcomp = =17.85uF (7.60)

The calculated value of the Cycoprp capacitor is suitable for the real component due to

the size of the component. The capacitor has to withstand a maximum acceptable voltage at
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the VCOMP pin, which is 7V. The selected capacitor has to fulfill the 10V voltage rating,
large capacitance and the smallest package as possible. The final selection is based on the
trade-off. The choice is the capacitor with 4.7uF, 10V voltage rating and 0603 package size
[54].

The calculation of the Rycopyp resistor is based on the equation 7.57 [54] for the zero
calculation and its modification into the next one 7.61. It was selected the 27k€ standard

resistor.

1 1
27 fzero : CVCOMP - 2w-1.226- 4.78_6

Ryvcomp = — 27.62kQ ~ 27kQ (7.61)

Similarly, the parallel capacitor Cycomp p can be found by modification of the pole
calculation 7.58 [54].

Cvcomp
Cvcomp p = (7.62)
= 27 fpote - Rvcomp - Cvcomp — 1

4.7¢°6
C — — 294.73nF ~ 330nF 7.63
VCOMP_P = 5 730 -2.7¢% 4.7 6 — 1 " " (7.63)

Finally, the total closed loop transfer function can be defined as a multiplication of three

factors. First factor is related to the gain of the voltage divider, second one defines the

parameters of the power stage, and last one is determined by the error amplifier stage [54].

Gvriowal(f) = Gra(f) - Gpwmps(f) - Gea(f) (7.64)

The graphical interpretation of the closed loop transfer function is provided by the next
representation 7.65. As a result, it can be compiled the Bode plots (figure 7.65) for evaluation
a stability criterion. From Bode plots it can be found that the crossover frequency of the
corrector and phase margin. The crossover frequency is placed at approximately 20Hz and
the phase margin reaches 60 degrees. However, the final tuning of the loop compensation is
based on the behaviour of the prototype [54].

Gv LiotaldB (f) = 20[0g(|GVLtotal (f) |) (7.65)
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Fig. 7.7 Bode plots of the total closed loop gain and phase of the voltage loop.

7.9 Layout and Visualisation

The prototype board is made from a two layer PCB with dimensions 114x106mm. The top
and bottom layout patterns are shown in the figures 7.8 and 7.9. The next two figures are
devoted to 3D models of the board. The last figure shows a photo of the hardware realization.
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Fig. 7.8 Layout of the corrector - top view (1:1 scale).
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Fig. 7.9 Layout of the corrector - bottom view (1:1 scale).
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Fig. 7.10 3D model - top view.
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Fig. 7.11 3D model - bottom view.
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Fig. 7.12 Single boost corrector.
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Fig. 7.13 Forward characteristics of the diodes.

7.10 Impact of Boost Diode Selection on Overall Efficiency

of Active Power Factor Correctors

The chapter focuses on a selection process of boost diodes for APFC based on the Boost
converter. The choice of the suitable boost diode plays crucial role for an efficiency of APFC.
The main aim of the chapter is devoted to theoretical and experimental comparison of the
diodes. It was compared two ultra fast silicon diodes optimized for CCM, soft-switching
ultra fast rectifier and silicon carbide Schottky Barrier Diode (SBD).

This chapter focuses on performance various boost diodes working under CCM which is
a common mode in APFCs. The instantaneous inductor current does not drop to zero within
an one half period of the line voltage. This behavior, in other words hard-switching, requires
very fast boost diodes. Regardless of this fact, the mode has several advantageous properties
which are smaller peak line current, low line current ripple, constant switching frequency and
simplified design of the EMI filter associated with it. The theory of the correctors operate
under CCM is described in the chapter 3.1 [20].
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Fig. 7.14 Structural layout of the diodes, a) PIN ultra fast diode, b) pure Schottky, c¢) Junction
Barrier Schottky.

7.10.1 Boost Diodes Comparison

APFCs based on the boost converter are usually designed for a high output voltage. The
switching frequency of the commercial APFCs are frequently around 60kHz. The shrinking
trends force producers to develop APFCs with switching frequencies over 200kHz. This
application requires fast switching diodes with low reverse recovery charge and high blocking
voltage. Schottky diodes based on the silicone substrate reach maximal 250V blocking
voltage therefore they are not suitable for this application. For this application are usually
used ultra fast silicon PIN diodes. Unlikely, these diodes are characterized by worse dynamic
parameters than silicon Schottky diodes and their forward voltages are large. A silicon
carbide substrate offers excellent thermal conductance, high breakdown electric field, and
wide band gap [15], [4].

In the PIN ultra fast Si diodes, the diode structure 7.14 a) is organized as a sandwich
structure with very poorly doped semiconductor region between the p-type semiconductor
and the n-type semiconductor regions. The heavily doped regions allow construct ohmic
contacts. The thickness of the poorly doped region affects a maximal reverse voltage of the
diodes. Unfortunately, on-state resistance and reverse recovery charge grow hand in hand
with the thickness of the intrinsic region. Advantage of the PIN diodes is their low leakage
current. The leakage current strongly depends on the die temperature [15], [7], [20].

Due to the high leakage current of the pure Si Schottky diodes they can be apply up to
250V reverse voltage. The Schottky barrier is created by merger of the metal contact and the
n-type region. The structure is shown on the picture 7.14 b). These diodes have extraordinary
dynamic features and low forward voltage drop.

Owing to very low intrinsic concentration of carriers in the SiC substrate, silicon carbide
devices allow operate under high temperature conditions (experimentally up to 600°C,
theoretically up to 800°C). Unfortunately the current polymer packages are not able to

overcome the 200°C temperature. This situation may be changed by Ceramic packages



7.10 Impact of Boost Diode Selection on Overall Efficiency of Active Power Factor
Correctors 83

TEEEE

N- epi

N+ substrate
L ___________________|

Fig. 7.15 Structural cross section of the Junction Barrier Schottky under reverse voltage.

called LTCC (Low Temperature Co-fired Ceramics) in the future. The excellent thermal
conductivity of the substrate improves the heat transfer to the case. The high breakdown
electric field strength of the SiC substrate opens a possibility of the construction of the high
voltage diodes with a flat profile [15].

The main benefit of the SiC Schottky Barrier Diodes is excellent dynamic performance
and mainly their negligible thermal drift. SiC SBDs have the ultra low junction charge Q..
Thanks to this fact the switching losses are significantly suppressed [41].

The combination of the pure Schottky and PIN diode structures brings forth Junction
Schottky Barrier Diodes. The structure on the picture (7.14 c) creates an adding of the p-type
wells into n-type semiconductor of the “pure Schottky diode structure”.

The hybrid structure obtains the forward properties of the pure Schottky diodes and the
reverse characteristics of the PIN diodes. Consequently, the structure behaves like pure
Schottky diodes when the forward voltage is present and like PIN diodes when the reverse
voltage is present. Thanks to this, the structure has low forward voltage drop and very low
total junction charge Q.. Detail of phenomenon at the reverse voltage is on the figure (7.15.
The presence of depletion regions around p-type wells considerably reduces the leakage
current [15].

The application of the SiC Schottky Barrier Diodes in the APFC operates under CCM
leads to increasing of the efficiency regardless of the growing switching frequency which
allows to shrink the passive components of APFCs. Consequently, the total costs of the
APFC with SiC Schottky diodes can be similar maybe even lower. They have the high voltage
blocking capability and the low leakage current. A crucial advantage is that the parameters
are almost independent on the steepness of the forward current and the temperature of the
die [1], [17].

Junction Schottky Barrier Diodes merge advantageous properties of both PIN and pure
Schottky structures. Junction Schottky Barrier Diodes based on the SiC substrate are suitable
for high voltage and high switching frequency. The worthwhile application sectors are
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several. One feasible application can be APFCs with high output voltage (400V) and
switching frequencies above 200kHz [17], [10], [20].

7.10.2 Conduction losses

Conduction losses depend on the forward voltage drop and the forward current. These losses
can be computed by the following expression 7.66 [54], [20].

PD_cond = lou - VF (7.66)

Where 1, is the output current, which is adequate to the average diode current; Vr is the
forward voltage drop across the diode. Specifically for the C3D10060 (equation 7.67) (SiC)
at 230VAC input voltage, 400V DC output voltage and S00W output power thus the output
current is 1.25A. The computation gives the most accurate estimation of the losses. Any
other estimation based on the power loss integration are not so suitable owing to the variable
duty ratio within one half cycle period of the AC line [20].

Pp cona = 1.25-1.006 = 1.2575W (7.67)

Similarly for next diodes 12R06DI (7.68), APU3006 (7.69) and FFPF30UA60S (7.70)

Pp cona = 1.25-1.088 = 1.36W (7.68)
P cona = 1.25-0.82 = 1.025W (7.69)
Pp cona = 1.25-0.892 = 1.115W (7.70)

Table 7.2 Diode Parameters

| % | €3D10060 || 12R06DI || APU3006 || FFPF30UA60S
Ve[V 600 600 600 600

Ir[A] 10 7 30 30

0,/ QclnC] 25 180 580 360
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Fig. 7.16 Graph of the conduction losses.

Switching losses

Equation (7.71 [54], [20]) represents the switching losses in the diodes. Where O, is reverse

recovery charge, Voyr 1s output voltage and fsw is switching frequency.

Pp 5w =0.5-0r-Vour - fsw

Pp gy =0.5-25-1077-400-2-10° = IW
Pp gy =0.5-180-1077-400-2-10° = 7.2W
Pp gy =0.5-580-1077-400-2-10° = 23.2W

Pp_sw=0.5-360-10"7-400-2-10° = 14.4W

Total losses can be acquired by sum of conduction and switching losses.

Protal = PD_cond + PD_sw = 2.2575W

Ptotal - PD_cond +PD_SW = 8.56W

Ptotal - PD_cond + PD_sw =24.225W

(7.71)

(7.72)
(7.73)
(7.74)

(7.75)

(7.76)

(7.77)

(7.78)
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Fig. 7.17 Graph of the switching losses.

Protal = Pp_cond + Pp_sw = 15.515W (7.79)

7.10.3 Experimental Results

The measurement was carried out on two different APFCs. Both of them worked under CCM.
First APFC uses UCC28180 control circuit and their switching frequency was 200kHz.
Second APFC is controlled by UCC28019. The switching frequency of this circuit was
65kHz. The selected diodes for the measurements are shown in the table 7.2. These diodes
were deliberately chosen due to their different parameters. The C3D10060 diode is SiC
Schottky Barrier Diode. Two diodes (12R06DI and F F PF30UA60S) are ultra fast diodes
suitable for hard-switching. The last diode (type APU3006) is soft-switching ultra fast
rectifier optimized for APFCs worked under discontinuous or critical conduction mode.
APFCs were powered by an isolated variable transformer. An input voltage was kept at 230V
The measured data demonstrates that the diode selection plays crucial role in case that the
switching frequency is more than 200kHz. The diode selection for lower frequencies up to
100kHz is advisable to select mainly by the costs of the diodes due to negligible dependence
on the overall performance [20].
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Fig. 7.22 Block diagram of the frequency dithering.

7.10.4 Discussion

This chapter demonstrates the advantages of SiC Schottky Barrier Diodes against ultra
fast Si diodes. The main finding of this study is that the SiC Schottky Barrier Diodes are
preferred for switching frequencies exceeding 200kHz. The ultra fast diode optimized for
soft-switching was failed during the test due to this diode type is not applicable in the APFC
with CCM.

The experiment simultaneously shows that the SiC diode application in the APFCs with
frequencies up to 100kHz is unfounded. All results are summarized in the figures (7.18, 7.19,
7.20, and 7.21).

From the outcome of this investigation it is possible to conclude that the SiC Schottky
Barrier Diodes can improve the efficiency of the APFC working with the switching frequen-
cies above 100kHz. Although these diodes improve a performance at lower frequencies their
use due to higher costs are not profitable. The obtained data shows that the diodes optimized

for soft-switching are not appropriate for the hard-switching application.

7.11 Sweeping of Switching Frequency - Frequency Dither-
ing

The CCM current mode with average current control provides a power factor correction
function at the constant switching frequency. Generally, the constant switching is popular
due to an easy feedback compensation and design of the EMI filters. In the some special
cases is preferable a variable switching frequency. The main reason, why the variable
frequency is applied, is an inadequate performance of the input EMI filtering or in most
cases it can save costs for a serial production due to using cheaper EMI filters [38]. The

process begins with final APFC. The EMI input filter is inadequate if the constant switching
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Measure P1:freq(C1) P2:mean(C1) P3:max(C1) P4:min(C1) P5:--- PB:--- P7:--- P8---
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status A v v v
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Fig. 7.23 Measured waveform of the frequency dithering output.

frequency is used. A selection of the filter is focused on the lower quality filters with a
wider suppressing bandwidth. This type of filters can significantly reduced the costs. An
inconvenience of this solution is that the SMPS will not be in compliance with regulation.
When the variable switching frequency is used, the signal spectrum is spread into the wider
bandwidth conversely the amplitudes of the harmonics which are reduced.

Due to the UCC28180 controller does not include a dithering circuitry, it is necessary
to solve this issue by an external circuit. It was used a relaxation oscillator (in the figure
7.22) for providing of a suitable signal. The signal causes a voltage changes on the Rrrgro
resistor. In other words, the relaxation oscillator provide a current sink or source for an
internal current source. As a result, the switching frequency of the corrector is variable in the
determined range.

The frequency dithering is characterized by a dither magnitude and rate. The dither
magnitude determines a range of the switching frequency of the corrector. It is set to 0.31V.
The rate defines a frequency of the variation. In this case it was used 5.93kHz. It means the

change from minimum to maximum frequency takes 84.32us [38].
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7.12 Bill of Material

This section is devoted to a costs estimation for the prototype of the corrector. Price column
includes all components in the row. The estimation is used for a final comparison of the
prototypes. The total costs for the prototype with UCC28180 controller reaches 86.73 €.
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Table 7.3 Simple bill of the material part 1 (UCC28180).

Designator Type Quantity | Price
[€]

ARK1, ARK2, ARK3 ARK power connector 2-pin 3 1.4

Cl, C2, C4, C5, C9,| SMD ceramic chip capacitor 100nF | 22 0.86

C10, Cl11, C15, C16, | 0603

C18, C19, C20, C21,

C22, C23, C24, C25,

C26, C27, C28, C29,

C30

C3 SMD radial electrolytic capacitor | 1 0.23
10uF /50V

Co6 THT radial electrolytic capacitor | 1 0.24
LuF /350V

C7 SMD radial electrolytic capacitor | 1 0.25
10uF /50V

C8, C17 SMD tantal capacitor 2.2uF /35V | 2 0.42
1411

C12,Cl14 THT foil capacitor 470nF /275VAC | 2 1.08

C13 THT radial electrolytic capacitor | 1 4.81
470uF /450V

C31, C32,(C33 SMD ceramic chip capacitor | 3 1.8
100nF /630V 2512

D1, D7, D9, D10 Universal diode BYD3TM | 4 0.44
1000V /1A

D2 Ultrafast diode 600V /1A | 1 0.36
MURS160—-13 - F

D3 Bridge rectifier 600V /10A | 1 1.32
KBPC1006

D4 Universal diode 1000V /3A 1N5408 | 1 0.29

D5 SiC Schottky diode C3D10060 1 4.03

D6 Schottky diode 40V /1A FMKA140 | 1 0.02

D8 Transil 550V P4SMAS50A 1 0.48

D11, D12, D13, D14, | Universal diode 1N4148 8 0.64

D15, D16, D17, D18

F1 Fuse 10A/250V + fuse holder 1 0.5

FN1 EMI filter Schaffner FN402 -6.5— | 1 10.48
02 250V /6.5A

K1 Electromechanical relay RM50 — | 1 0.98
3011 —85—1012

L1 Power inductor 1mH /260mA | 1 1.06
DR127-102-R

L2 Power inductor ET D44 1 6
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Table 7.4 Simple bill of the material part 2 (UCC28180).

Designator Type Quantity | Price
[€]

P1 Male header 5x2 1 0.49

P2 Male header 3x1 1 0.12

Q1 Power MOSFET STHG30N60E 1 5.93

Q2 Power MOSFET /RFRC20PBF 1 0.87

Q3,04,Q5 Power MOSFET SQ2360EES 3 0.99

R1, R2, R3, R4, R13, | SMD chip resistors 0603 25 0.97

R14, R16, R24, R25,

R26, R27, R28, R29,

R32, R33, R34, R35,

R36, R37, R38, R42,

R43, R47, R48, R49

R5, R7,R12, R15, R17, | SMD chip resistors 1206 15 1.17

R19, R20, R21, R22,

R23, R30, R31, R44,

R45, R50

R6, R8, R18, R46 SMD power resistor SMFSW33KJ | 4 3.58

R9, R39, R41 SMD chip resistors 10Q2 2512 3 0.3

R11 SMD chip resistor 0.022Q 2512 1 0.55

R10 Inrush NTC termistor 250V /5A 1 0.8

R40 SMD chip resistors 0.01€2 2512 1 0.45

Ul Analog comparator | 1 1.09
TLV3201AIDCKR

U2 LinkSwitch LNK304 1.26

U3 Low Drop Voltage Regulator 0.81
LE33CD

U4 Current shunt monitor INA214 1.28

U5 PFC controller UCC28180 1.16

U6 Analog comparator 2.44
ADCMP608BKSZ — R2

VARI1 Varistor S14K275 1 0.23

ZD1,7ZD2,7D3,7D4 | Zener diode TZM5248B — GS08 | 4 0.72
18V /0.5W

Heatsinks Customized heatsink profiles 2 3

PCB PCB 114x106mm(1.21dm?) 1 20.83

Total 86.73
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7.13 Experimental Results

7.13.1 Performance Measurement

The measurement was performed by the block diagram described in the section 6.5. The figure
7.24 a) describes an efficiency of the corrector and correction performance. The efficiency
reaches 96.5% at 230V input voltage and 93.5% at 110V. Both values are investigated at
500W input power. The second figure 7.24 b) shows a correction performance in a full
operation range. The power factor at 50W input power reaches 0.95 in case of 230V line
voltage and 0.985 in case of 110V line voltage. The PF curve for 110V reaches its peak at
200W. Whereas the PF peak at 230V line voltage is shifted to the 300W input power and
reaches the 0.996 value.
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7.13.2 Harmonic Content According to CSN EN 61000-3-2 Standard

The corrector has to comply harmonic order limits for the line current. The measuring
setup uses a same equipment and connection as the performance measurement (the figure
7.24). Experimental results investigate a harmonic content at three input power values. The
measurement was performed at 100W, 300W, and S00W. The results are displayed in the
figure 7.25. All figures include a harmonic order current limit which is calculated according
to the CSN EN 61000-3-2 standard [42] which defines two limits for D class.

The first limit is related to current over the power (mA per W). Therefore the curve
have to respect the power which is used during the measurement. The second limit defines
absolute limit for the standard. In this case it was used only first rule for comparison the
measured data and limits. The comparison shows that the experimental results fulfilled the
limits which are set by the standard. If the figures are compared each other, the figure a)
represents the worse correction due to the low input current. The last figure shows a typical
behaviour of the correctors at high line and high load which is increment of the 3”¢ harmonic
current [42].
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7.13.3 Conductive EMI Test

The conductive EMI tests were carried out regarding to the section 6.7. The measurement
was performed into two hardware configuration of the correctors. The first option is the
corrector which is optimized for highest efficiency. The corrector operates with 200kHz
switching frequency, 4.7 gate resistor, high-speed MOSFET transistors without snubber and
frequency dithering. The efficiency reaches 96,5% at 230V and 94% at 110V line voltage.

The using MOSFET transistors with 4.7 gate resistor causes a short edges of the
switching waveforms and low switching losses. This setup has a direct impact on the EMI
performance. The figure 7.26 a) includes narrow peaks at multiples of the fundamental
frequency. Due to the short rise and fall times the high frequency content is rose. Several
peaks overcome the limit line for EMI standard EN 61000-6-3.

Second option of the corrector is characterized by a reduced switching frequency to
100kHz. The gate resistor was replaced by 10€2 gate resistors. The transistor is equipped by
a snubber circuit. MOSFET transistor was replaced by IGBT transistor. The amplitudes of
the harmonic content is reduced by a frequency dithering in the range 90 to 110kHz. Both
cases use same EMI filter Schaffner FN2090-10-06 [40].

Second figure shows the experimental results at the second hardware setup. The graph
includes flat and smaller peaks of the harmonics 7.26 b). The spectrum is continuous in
the full scale. The limit for standard CSN EN 61000-6-4 [44] is fulfilled. The more strict
standard CSN EN 61000-6-3 [43] is not fulfilled due to the overcomes of measured data. The

better results can be reached by following complete revision of the layout.
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Fig. 7.27 Thermal image of the APFC based on UCC28180 which operates at 500 W output
power with active cooling, a) top view, b) isometric view, ¢) thermal image of the rectifier
bridge, d) thermal image of the MOSFET transistor and power inductor.

7.13.4 Thermal Measurement

A thermal measurement was performed according to the 6.8 section. The first group of the
figures shows thermal images of APFC based on the UCC28180 controller which operates
at the S00W output voltage. The prototype is actively cooled by a fan. The fan air flow is
240m> /h. The second group of pictures shows the thermal images in case of a natural passive
cooling. The first figure is focused on the top view of the corrector. The bridge rectifier is a
component with the highest temperature on the board. The figure b) shows an isometric view
on the corrector. A detail of the bridge rectifier and power inductor is presented by the c¢) and
d) segments.
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Fig. 7.28 Thermal image of the APFC based on UCC28180 which operates at 500 W output
power without active cooling, a) top view, b) isometric view, c¢) thermal image of rectifier
bridge, d) thermal image of the MOSFET transistor and power inductor.

The measurement shows that the bridge rectifier reaches the maximal temperature 46.1
when APFC is actively cooled by a fan. In case of natural cooling the MOSFET transistors
are heated to 75.






Chapter 8

Ultra Flat Profile Interleaved APFC

The UCC28060 controller allows to construct a two phase interleaved corrector. The control-
ler uses FCCrM which reduces production costs and improves switching losses thanks to the
soft switching. The controller uses two identical control loops which can be deactivated in
case of the light load.

The technique uses a constant on-time of the transistor within the one cycle period. The
on-time parameter is variable with line voltage changes. The current sensing is provided by
current sense transformers. The ZCDx inputs monitor output voltages from current sense
transformers. If the voltages drop to zero, the inductor current decreases also to zero. At this
time the new cycle is established and the power transistor is switched on again. As a result, a
triangular wave of the input current is produced by these on/off cycles [51].

~ Vinac(t) - Tow

IpEak(t) = IR A (8.1)

The average input current equals to a half of the Ipgag. The expression is based on the
geometrical relation of this signals, which was explained in the section 3.3.
~ Vinac(t) - Ton

Lyg(t) = YA (8.2)

An interleaving allows to cancel the input current ripple due to the 180° out of phase
operation of their branches. As a consequence, input and output filters are significantly

reduced in sizes as well as the final costs due to an using of the inexpensive components [51].
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8.1 Power Stage Design

A selection of the power stage components is determined by design requirements which are

summarized in the table 8.1.

Table 8.1 Requirements for a prototype based on the UCC28060 controller.

‘ Design Parameter H Min H Typ H Max H Unit ‘
Line Voltage [Ve| 85 - 265 \Y%
Output Voltage [Vour] - | 390 - \Y
Line Frequency [fjin] 47 - 63 Hz
Switching Frequency [fy] 40 - 500 || kHz
Output Power [Poyr] - || 600 - W
Efficiency at nominal power [n] || 92 - - %

First of all the maximal duty cycle must be defined based on a ratio between the output
voltage of the corrector and the minimal value of the line voltage. The output voltage of the
corrector is determined to 390 volts. The minimal operational input voltage is limited to 85
volts. Than, the duty cycle is computed by following equation 8.3 [51].

Vour = Vinmin) - V2 390 —85v/2
Vour B 390

Based on the duty cycle value, maximal output power and minimal frequency require-

D peat = —0.69 (8.3)

ment it can be calculated suitable inductance of power inductors, which is defined in the
equation 8.4 [51]. The efficiency is estimated to 92%. The minimal switching frequency
was determined to 45kHz which is certainly out of the audible frequency range of the human

hearing [51].

N Vi uin) Dpeak 0.92-8520.69
Pout - fmin  600-45000

L1=12= =169.868uH (8.4)

The power inductor shall be capable of handling the peak current at low line [51].

;o Pour-v2 6002
e Vin(miny  85-0.92

=10.851A (8.5)

The equation 8.6 [51] represents a RMS value of the inductor current.

Ippear  10.851

1 = = =442A 8.6
LRMS N N (8.6)
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If the peak current is defined, the power components ratings can be computed by following
equations. The equation 8.7 [51] derives the maximal power transistor current. The next
equation 8.8 [51] expresses current through boost diode.

The power transistor is stressed by the voltage which equals to the output voltage.
Therefore the minimal recommended voltage margin of the power transistor should be at
least one half of the output voltage, the SPB20N60C3 [14] transistor was selected due to the
600V breakdown voltage and suitable features.

Ips = =4.5684 (8.7)

Iepak - [T 4V2 - ViNmin _ 26.042 1 44/2-85
2 6 975'V0UT - 2 6 971 -390

Similarly, the voltage margin is also valid for the boost diode. The current rating of the

diode is obtained as follows (the equation 8.8 [51]).

I 42V, 26. 042 44/2-85
Ip = PEAK \/_ INmm \/_ — 27194 (88)
O -Vour 91 -390

As a last part of the section it is the output capacitor selection. The capacitor should be

determined based on the output voltage ripple and the currents which it has to be capable of

filtering them. The equation 8.9 [51] estimates a sufficient value of the output capacitance.

. Pour 5. 600

Cour > Wfine 09247 —279.4651F 8.9
U = Vour® —Vour, 2 3902 —229.7732 H 89)

It was selected 4x82uF capacitors with the 450V voltage rating. The total capacitance is
328uF. The next equation 8.10 [51] gives information about the output voltage ripple if the
calculated capacitance is applied[51].

2-Pour 1 2-600 1

v _ _ — . =17.696V
RIPPLE 1 Vour 47 - fime - Cout 0.92 390.47-47-3.28¢—6
(8.10)

The filtering performance of the capacitor is defined by the following equations 8.11

[51] and 8.12 [51]. The first equation 8.11 expresses a required low frequency filtering
performance of the output capacitor which defines a filtering of the double line frequency
[51].

I Pour 600
Couri00m; — n- \/— 2 Vour 0.92'\/5'390

=1.1824 (8.11)
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Second one (the equation 8.12 [51]) determines the high frequency filtering performance.

=1\ =—F—=—-- = 0.466A (8.12)

| Por2v2 600-2-/2
Cournr = 210 fiine - ViNmin ~ \ 2-0.92-50-85

8.2 Timing and Frequency Clamping

The section explains a definition of the timing. The on-time is parametrized by the error
voltage and factor K7 (8.13 [51]).

TON(I) =Kr- (VCOMP — 125mV) (8.13)

Where Vcomp 1s the error voltage and the constant equals to 125mV is an offset of the
PWM modulator. Due to the correctors are usually designed with the variable input voltage,
the correctors have to compensate the voltage variation. For this reason there is in the
equation 8.13 [51] a factor K7 which adjusts the on-time setting. The factor at low line is
approximately three times larger than the factor at high line condition. The error voltage
clamp is set to 4.95V therefore the maximal on-time can be calculated by the next equation
8.14 [51].

ToN(max) = K7 - (4.95—0.125) = K7 -4.825 (8.14)

The on-time limits determine a maximal output power at the specific input voltage level.
The timing factors are set by timing resistor Rysg7. The factor K7y is related to high line

conditions of the corrector (the equation 8.15 [51]).

_ Rrser
1.33¢3

Kry -1.35us/V (8.15)
The factor K7 is related to low line conditions of the corrector. It expresses the equation

8.16 [51]. R
TSET
1.33¢3

The factor K7 varies also when the corrector works under the single phase operation.

Krp =

Aps/V (8.16)

When the single phase operation is activated the factors K7z and K7y are multiplied by the

factor 2 [51].
Rrser

min = 13345

The parameter minimal switching period, which is defined in the equation 8.17, gives

2.2us (8.17)

information about setting of the internal timers. When the inductor current drops to zero
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before the time elapses, the next switching cycle is postponed until the time elapses. As a
result the corrector operates under DCM.

The controller includes also a reset timer which prevents the corrector from operation
under CCM. The restart timer is activated if the ZCD inputs have no high-to-low transition
for 200us [51].

o (1 48) o920 (1-158)
o _ _38319kHz  (8.18
Foin Pout Lo 600-2¢2 ¢ @19

The equation 8.18 gives a minimal frequency setting regarding to maximal inductance
and other corrector parameters. The frequency should be above the human audible noise
which is approximately up to 20kHz. Based on this result it can be calculated the timing

resistor Rrsgr (the equation 8.19 [51]).

1.33¢65 - (1 _ V"’ﬂ) .
Vo) 13365 (1 83%2)

4.85-4¢70 fin  4.85-4¢70.38,319¢3

Rrser = =123.871kQ ~ 120kQ (8.19)

The equation 8.20 [51] represents a frequency clamp which eliminates inadequate frequencies
at low input voltages.

1.33¢° 1.33¢°
Rrser 2e~0 N 1.2¢5-2e70

fmax = = 554.167kHz (8.20)

8.3 Control Methods

As it was mentioned in the section 5.2 there are several interleaving methods. The controller
applies Natural Interleaving which improves the phase matching between branches. As a
consequence, the input current ripple is minimized in spite of the inductance differences [51].

The corrector includes a power management feature which helps to improve the efficiency
at light load. The feature allows to disable one branch of the corrector so that the efficiency
will be improved. Disabling of one branch of the corrector has a direct impact on the losses
decomposition. The losses ratio is variable and depends on the duty ratio and required power.
As a result, the suitable phase management can improve the efficiency at light load. The
controller provides internal and external control of the phase management [51].

The internal phase management corresponds to theoretical and experimental results of
the manufacturer. The external phase management allows to customise the thresholds and

open a possibility of the phase management tailoring to the specific application. The PHB



108 Ultra Flat Profile Interleaved APFC

ZCDA \
}1.68 V &
t1v

STOPA

3.2V > | e
J]_ 56 ms Amplifier
VINAC ¥ H-L Delay Phase A GDA
Control I

Crossover Interleave
Notch ® Control
Reduction

I Amplifier

Phase B GDB
ggngP * Control
o—]
ZCDB \
STOPB
11.68 V I
+
11 v /

Fig. 8.1 Block diagram of the interleave control.

pin is responsible for the control of the feature. When the pin is connected to the COMP pin,
the internal phase management is enabled. In the case that the pin is tied to the VREF pin,

the feature is disabled. Finally, if the pin is grounded the B branch is shunted down [51].

8.4 Zero Crossing Detection and Valley Switching

The CrM mode is characterized by a fact that the power transistor is switched on when the
inductor current drops to zero. The main advantage of the quasi-resonant operation is the
efficiency increase at light load. An input voltage range of the ZCD inputs is limited to 2V.
A turns ratio of the auxiliary winding can be computed by the following equation 8.21 [51].

Np  Vour = ViNgmay" V2 390—265-v2
Ns 2 B 2 B

8 (8.21)

The controller uses an auxiliary winding for the zero crossing detection. When the
auxiliary voltage is zero, the inductor current drops to zero. The input zener clamp of the
ZCD inputs is limited to 3mA therefore the series resistors value is represented by the next
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expression 8.22. As a result, the ZCD resistors with 18k€Q resistivity were selected [51].

Vour-Ns 390
Np-0.003  8-0.003

Rzy =Rzp = = 16.3kQ ~ 18kQ (8.22)

8.5 Output Voltage Set Point

An output voltage is set to 390V due to the value of the peak line voltage and common
voltage rating of the output capacitors. Due to the input impedance of the controller the
high side resistor is determined to 3M€Q. A high voltage condition of the high side resistor
requires a splitting of the resistivity into more resistors owing to the maximal acceptable
voltage on the SMD resistor type 1206, which is 200V. Therefore three resistors are used
with the 3MQ overall resistivity. For calculation it is used an internal 6V voltage reference

due to the low side setting resistor is determined as follows (the equation 8.23 [51]).

. VREF‘RC . 6-36’6
" Vour —Vrer  390—6

Rp =47kQ ~ 4TkQ (8.23)

It was selected 47k for the low side resistor. The same resistivity is applied also for the

voltage divider which is used for sensing AC line voltage.

8.6 Protection Circuits

The controller contains also several additional circuits which are brownout, output over
voltage, over current, phase fail, and open loop protection. The block diagram 8.2 describes

the basic elements of the protection circuitry [51].

8.6.1 Brownout Protection

The brownout protection helps to avoid an overloading of the power components at low line
conditions. The AC line voltage is sensed by the resistor divider. When the line voltage
drops below a brownout falling threshold, the gate drivers are immediately pulled low. The
VCOMP output of the error amplifier is also pulled low [51].

_ Hysteresis 21
Ra = Te 0 e 0

If the AC line voltage rises over the brownout rising threshold, the corrector soft-starts

=3MQ (8.24)

and after than operates normally. The difference between rising and falling thresholds creates

a hysteresis which is set by a resistor divider radio. The ratio determinates the input voltage
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range for setting corresponding on-times. All parameters are sensed as peak values, the
RMS values are derived by the following post processing. In the design, the 3M € and 47k€2
resistor are applied. Therefore the falling threshold is set to 65V and the rising approximately
to 80V [51].

_ 1.4-Ry B 1.4-3¢°
Vinmin-0.75-vV2—14  85-0.75v2—14

Rp =47.32kQ ~ 47kQ (8.25)

8.6.2 Over Voltage Protection

The one of the basic protection is an over voltage protection. For the over voltage protection
it is applied two redundant sensing paths which prevent the corrector against the over-voltage
conditions at the output. Two protection paths are located on the VSENSE and HVSEN pins.
When the over voltage condition is detected on the one path at least, the corrector is shut
down. The controller is re-enabled once the voltage decreases into the normal operation
range. As a consequence, the PWM signals are generated normally. The VCOMP voltage is
not pulled low during the over voltage protection [51].

The resistor choice of the voltage divider 8.23 [51] determines also the primary over-
voltage protection represented by the next equation 8.26 [51].

Rc+Rp 3¢ +4.7¢4

—645.22 " 4 2
Ry 6.45 1768 8V (8.26)

Vovp = 6.45-

The second sensing path, which is HVSEN pin, is used for redundant over voltage
protection and programming of the PWMCNTL output. The output provides information
about proper operation of the corrector for a downstream converter. The PWMCNTL pin is
pulled low if the output voltage is in the designed range. The pin can be used for enabling
of the downstream converter. The following calculation describes the selection process
of the voltage divider. First of all, it is necessary to determine the voltage level when the
PWMCNTL pin is activated. 90% of the nominal output voltage it seems appropriate 8.27
[51].

Voutyx = Vour -0.9=390-0.9 =351V (8.27)

The threshold and hysteresis are set by high and low side resistors of the voltage divider.
If the high side resistor is set to 3MQ as well as in case of VSENSE and VINAC pins, the
controller will provide 108V the hysteresis as is clear from the equation 8.28 [51].

Hysteresis = R, - 3.6 =3¢%-3.6e7° = 108V (8.28)
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The PWMCNTL pin is pulled low when the voltage at the HVSENSE pin overcomes 2.5V
The low side resistor provides a setting of the rising threshold. The equation 8.29 [51]
represents calculation of the low side resistor.

2.5

o VOUTOK_2'5 _3 66_6
Rg :

Rp

= 31.185kQ ~ 33kQ (8.29)

It was used 33kQ resistor. Thus, the falling threshold can be computed by the following
equation 8.30 [51].

2.5-(RF+R 2.5-(3.3¢7 + 3¢
Vour = 20 (RrtRe) 25337437 _ g 40ay, (8.30)
min Rr 335

The HVSEN pin is used also for a fail safe over voltage protection as expresses the equation
8.31 [51]. The setting has to provide the protection level above a voltage level at the normal
over voltage protection [51].

4.87-(Rp+Rg) 4.87-(3.3¢° +3¢%)

- 333 = 447.597V (8.31)
F .

Vou TrAILSAFE —
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8.6.3 Peak Current Limiting

The over current protection protects components of the power stage against the current stress
during inrush, brownout recovery, and overload. The corrector applies a single shunt resistor
which is located between the negative rectifier terminal and the power ground. The shunt
resistor senses the total input current. The excessive value of the current causes that the
PWM outputs are disabled until the input current decreases to zero. It precludes the corrector
against the reverse recovery failures which is caused by a recovering after the brownout.

Equation 8.32 [51] defines the inrush current during the starting sequence at low line [51].

2-Poyr-v2-1.2  2-600-v2-1.2
N-Vinmin  0.92-85

IppAk = =26.042A (8.32)

The current sense input is clamped to 0.2V. Now it can be derived a value of the shunt
resistor by the next equation 8.33 [51].

02 02
 Ippax 26.042

Rs =7.68mQ ~ 8mL2 (8.33)

A maximal dissipative power of the shunt is given by the expression 8.34 [51].

Pour > 600 2
= ————— 'RS p—
n- ViNmin 0.92-85

Prs -0.01 = 0.588W (8.34)
When the over current condition is released, the PWM outputs are enabled. Both control
signals operate temporarily in-phase. The in-phase operation causes that the over current
threshold is multiplied by factor 2 due to the current ripple cancellation technique does not
temporarily work [51].

8.6.4 Phase Fail Protection

The controller monitors a sequence of the pulses on the ZCD pins. When one ZCD pin
remains idle for 14ms at least while the second phase switches properly, the PWMCNTL pin
is pulled high. This pin gives information about a proper operation of the corrector. If the
corrector operates under the single phase operation, the phase failure feature is deactivated.

In the transition, a resonance of the drain-source capacitance and the boost inductor causes
a reduction of the energy absorption at the low input voltage around OV. As a result, the
harmonic distortion grows significantly. Therefore on-times of the transistors are prolonged
when the instantaneous input voltage is around zero volts. Thanks to this feature, the power

absorption at the low voltage is compensated [51].
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8.6.5 Open Loop Protection

The controller consists an open-loop protection circuitry which defines a behaviour of the
corrector when the VSENSE voltage is not connected. The protection pulls the VSENSE
pin to low in this condition.

If the VSENSE voltage drops below 1.2V, the controller disables both gate drivers and
VCOMP pin is pulled low. The current consumption is significantly reduced. The controller
is re-enabled when the VSENSE voltage grows above 1.25V. The gate drivers start a normal
operation. An external grounding of the VSENSE pin has same consequences, the controller
is actively forced into a standby mode which consumes an incomparable lower supply current.
It can be used in a case of the external shut down. If the condition is not present, the controller
soft-starts [51].

8.6.6 Light-Load Operation

The controller is equipped by a light load optimization feature. When the load current is low,
the VCOMP voltage decreases as well. If the PHB pin is connected to VCOMP pin and the
voltage is 0.8V for low line or 1.1V at high line respectively, the branch B of the corrector
stops a normal operation and an on-time of the branch A will be multiplied by the factor 2
due to the compensation. The burst mode is activated when a voltage on the VCOMP pin

drops under 150mV . The burst mode is characterized by the cycle skipping [51].

8.6.7 Supply Under Voltage Protection

The controller consists also an under voltage protection. The supply voltage has to be within
the range 13 to 21V. If the controller is powered from a poorly regulated voltage supply, it is
recommended to use an external clamp diode which protects the circuit against an excessive
supply voltage. The under voltage protection disables the gate drives if the supply voltage
drops below the threshold [51].

8.7 Loop Compensation

The controller uses an transconductance type of the error amplifier. Thanks to this solution,
the impedance of the output network determines a transient response. The controller includes
improvements which help to charge the compensation network in a case of the low VSENSE

voltage. When the voltage is below 5.815V, the output of the amplifier is charged by an
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additional 160uA current source. The transconductance of the amplifier equals to g, = 96S.
These improvements enhance a charging speed of the compensation network [51].

The transfer function of the output voltage divider is defined as follows (the equation
8.35 [51]).
~ Vger 6

= =-—=0.015 8.35
Vour 390 (8.33)

A resistor Rz regulates an output voltage ripple under 2% of the nominal output voltage [51].

H

0.1 0.1

R p— p—
Z ™ Vepere -H-gm  11-0.015-96¢6

= 6.313kQ ~ 6kQ (8.36)

A capacitor Cz enhances a phase margin at 1/5'h of the switching frequency of the corrector

[51].
1 1

CZ: p—
Zn-%-RZ 213663

= 2.652uF ~2.2uF (8.37)

A capacitor Cp improves a noise immunity of the corrector [51].

1 1
B 2m - lmin . R, o 383191 63

Cp = 138.447pF ~ 150pF (8.38)

8.8 Philosophy of the Interleaved Corrector

This section concentrates on the performance improvements of the active power factor
correctors. The improvements consist of the special flat corrector design and additional
control system. In this section, it was explored a possibility of control of the multiphase
correctors. Simultaneously, the section is devoted to a developing of the flat corrector.
The most of the APFCs are designed as a single boost topology. Disadvantages of this
solution are a correction performance at low output power, and worse heat loss dissipation.
The multiphase correctors solve both of these problems. The main idea of the multiphase
correctors is interleaving of the individual correctors based on the boost topology [24].

Two phase interleaved correctors have a better power dissipation but the improved
performance during adverse conditions. It is solved by a advanced power management. The
corrector was designed as a flat profile corrector with embedded components and planar
inductors. The control system of the power management is based on the STM32F4 discovery
kit which measures input and output parameters.

As a consequence, it produces the control signals for an operation change. The experi-
mental results ((8.14) and (8.15)) of the single phase and interleaved operation were used

for a setting convenient borders between operations. The results indicate that the advanced
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Fig. 8.4 Block diagram of the error amplifier.
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Fig. 8.5 Block diagram of the interleaved corrector.

power management enhances effectively PF correction and improves the overall efficiency at
light load [23].

The figure 8.5 outlines the proposed block diagram . The backbone of the corrector makes
a pair of the boost converters and analog PFC controller. The corrector is based on the natural
interleaving method, which is implemented by the control circuit. The block diagram shows

also other subsystems which will be described in the hardware implementation chapter.

8.9 Power Management Implementation

This section is devoted to the implementation of the power management of the corrector.
The borders between single phase and interleaved operation should be variable due to a
lot available conditions. They are influenced by the variable input voltage and load of the
corrector. The figure 9.11 shows a flow chart of the implementation.

The first block of the flow chart provides the acquisition of measured input and output
parameters. An averaging function is implemented due to the switching noise of the corrector.
The next block is responsible for a calculation of the required parameters.

Then the comparative blocks determine a type of the operation. The borders between
single phase and interleaved operations are defined according to the empirical findings. The
experimental results are shown in the figures 8.14 and 8.15. According to the measurement it
was decided 0.25A at low line and 0.5A at high line as borders between the single phase and
interleaved operation. A hysteresis is determined to 0.1A. The border between a high line

and low line was defined to a 200V amplitude of the input voltage. A hysteresis is set to 20V
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Fig. 8.6 Flow chart of the interleaved corrector.

The main benefit is a distribution of the tasks into two controllers. The analog controller is
responsible for low level control. Contrary, the microcontroller serves only high level tasks
[23].

8.10 Hardware Implementation

The corrector was built on a two layer printed circuit board (PCB) with dimensions 162x144mm.
The design respects a flat profile of the final device. The height of the corrector does not
exceed 22mm. Due to height of several components, these components were designed as
embedded into the PCB. This solution was applied for EMI filter, bulk capacitors, and foil
capacitors.
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The power inductors were constructed as planar with auxiliary winding on the main
board and three power windings pressed on the top layer. This arrangement allows to
change position and count of the power layers during a development stage. Surface mounted
packages are used also for switching elements (the boost diodes, the MOSFETSs) on the
board.

Heat sinks, which are copper polygons, have two functions. The first one is the heat
transfer from a package to the ambient. The second one is a current conduction. For the
power transistor a double sided heat sink layer is used due to an improved heat transfer from
the transistor to the ambient.

The controller is powered by the step down converter directly from the line voltage
without a galvanic isolation. This solution can also be called as Off-Line Switcher. It was
selected owing to an absence a downstream converter. Generally, the power supply of the
controller is solved by an auxiliary winding of the downstream converter transformer. An
output current-shunt monitor, which is needed for a power management, requests a 3.3
voltage level. The linear power supply, which is connected in cascade with previous buck
converter, produces the required voltage.

The output current-shunt monitor produces information about the output current. The
current-shunt monitor is composed of the shunt resistor 0.02€2 and the differential amplifier
with 40dB gain [56]. The shunt voltage can be computed by the equation 8.39 [23].

Vshunt = Rshunt - Lour - gain (8.39)

If it 1s used for a calculation the 600W maximal output power, the output voltage equals to
390V and output current to 1.539A. Then the maximal shunt voltage is calculated by next
equation 8.40.

Vi = 0.02-1.539 - 100 = 3.078V (8.40)

The shunt signal in range 0 - 3.078V is used for a monitoring the output power.

The input voltage sensing is provided by two individual resistor dividers. The first divider
provides information about an input voltage for the controller. The values of the individual
resistors were discussed in one previous section.

The line voltage for second divider is separately rectified and filtered by capacitor 470nF .
The second divider creates a voltage level suitable for microcontroller. An upper value
consists of three resistors and reaches 3M €. The maximal input RMS voltage is 250V. The

maximum peak input voltage will be derived from the next expression 8.41 [23].
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Vin(max),peak = Vin(RMS),max ) \/5 =250- \/i =354V (8.41)

The voltage divider has to provide an output voltage within the input voltage range of
the analog-to-digital (ADC) converter of the microcontroller. The input voltage range of the
ADC is from O to 3.3V. The bottom resistor can be calculated as follows [23].

1%
Riny = Rint - ADC{ma) (8.42)
Vm(ma)c)7 peak +Vapc (max)
3
Ry = 3€° =25.21kQ (8.43)

135443
Based on this calculation it was chosen a standard 27k€2. The maximal voltage of the divider

output can be verified by the following expressions.

Rina
VADC(max) = Vin(max),peak : Rint _l:R. 5 (8.44)
in in
2763

For controlling of the analog PFC controller is used a PHB pin which is driven by an external
transistor.
Top and bottom layout patterns are shown in the figures 8.7 and 8.8. Next three figures are

devoted 3D models of the board. The last figures show a photo of the hardware realization.

8.11 Bill of Material

This section is devoted to a costs estimation for the prototype of the corrector. The price
column includes all components in the row. The estimation is used for a final comparison of
the prototypes. The total costs for the prototype with UCC28060 controller reaches 99.11 €.
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Fig. 8.7 Layout of the corrector - top view (1:1 scale).
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Fig. 8.8 Layout of the corrector - bottom view (1:1 scale).
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Fig. 8.9 3D model - top view.
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Fig. 8.10 3D model - bottom view.

Fig. 8.11 3D model - side view.
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Fig. 8.12 Top view of the interleaved corrector.
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Fig. 8.13 Side view of the interleaved corrector.
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Table 8.2 Simple bill of the material part 1 (UCC28060).

Designator Type Quantity | Price
[€]

ARK1, ARK2, ARK3 ARK power connector 2-pin 3 1.4

Cl, C2, C3, C4, C6,| SMD ceramic chip capacitor 100nF | 20 0.78

C7, C8,C12,C13,C14, | 0603

C18, C19, C22, C23,

C24, C25, C26, C27,

C30, C31

C5,C32 SMD tantal capacitor 2.2uF /35V | 2 0.42
1411

C9-CHI, C9-CH2, C10- | THT radial electrolytic capacitor | 4 11.64

CHI1, C10-CH2 82uF /450V

Cl1 THT radial electrolytic capacitor | 1 0.24
1uF /350V

C15 SMD radial electrolytic capacitor | 1 0.25
10uF /50V

Cle, C17 SMD radial electrolytic capacitor | 2 0.5
10uF /50V

C20, C21 THT foil capacitor 470nF /275VAC | 2 1.08

C28, C29 SMD ceramic chip capacitor 100nF | 2 0.31
1206

C33-CH1, (C33-CH2,| SMD ceramic chip capacitor | 5 3

C34-CHI1, C34-CH2, | 100nF /630V 2512

C35

DI1-CH1, D1-CH2 Ultrafast rectifier FESB16JT 2 2.74

D2-CHI, D2-CH2 Schottky diode 40V /1A FMKA140 | 2 0.04

D3 Universal diode BYD37M | 1 0.11
1000V /1A

D4 Ultrafast 600V /1A MURS160 — | 1 0.36
13—-F

D5 Bridge rectifier 600V /10A | 1 1.32
KBPC1006

D6-CHI, D6-CH2 Transil 550V PASMASS0A 2 0.96

D8 Universal diode 1000V /3A 1N5408 | 1 0.29

D9, D10 Diode 1000V /1A 1N4007 2 0.18

D11, D12, D13, D14, | Diode 100V /150mA 1N4148 8 0.64

D15, D16, D17, D18

F1 Fuse 104 /250V + fuse holder 1 0.5

FN1 EMI Schaffner FN402 — 6.5 — | 1 10.48
02250V /6.5A

L1-CHI1, L1-CH2 Planar Inductor 2 3

L2 Power inductor 1mH /260mA | 1 1.06
DR127-102-R

P1 Header 9x2 1 0.6

P4 Header 3x1 1 0.12

QI-CH1, Q1-CH2 Power MOSFET SPB20N60C3 2 8.44
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Table 8.3 Simple bill of the material part 2 (UCC28060).

Designator Type Quantity | Price
[€]

Q2 Power MOSFET /RFRC20PBF 1 0.87

Q3, Q4, Q5, Q6, Q7, | Power MOSFET SQ2360EES 7 2.31

Q8, Q9

R1, R2, R3, R4, RS, | SMD chip resistors 0603 29 1.13

R6, R9, R10,R11, R12,

R16, R18, R21, R30,

R31, R32, R35, R36,

R37, R38, R41, R53,

R54, RS55, R56, R57,

R58, R62-CH1, R62-

CH2

R7-CHI1, R7-CH2, R13 | SMD chip resistors 10Q2 2512 3 0.3

R17 SMD chip resistors 8m€2 2512 1 0.48

R43 SMD chip resistors 20m€ 2512 1 0.48

R8-CH1, R8-CH2, R14, | SMD chip resistors 1206 30 2.33

R15, R19, R20, R22,

R23, R24, R25, R26,

R27, R28, R29, R33,

R34, R39, R40, R42,

R44, R45, R47, R49,

R51, R52, R59-CHI,

R59-CH2, R60-CHI,

R60-CH2, R61

R48, R50 SMD power resistor SMFSW33KJ | 2 1.79

RT1 Inrush NTC termistor 250V /5A 1 0.8

Ul PFC controller UCC28060 1 2.57

U2 LinkSwitch LNK304 1 1.26

U3 Low drop voltage regulator | 1 0.81

LE33CD
U4 Current shunt monitor /INA214 1.28
US Analog comparator 2.44
ADCMP608BKSZ — R2

VARI1 Varistor S14K275 1 0.23

ZD1-CH1, ZDI1-CH2, | Zener diode TZMS5248B — GSO8 | 5 09

ZD2, 7ZD3, ZD4-CHI, | 18V /0.5W

7ZD4-CH2

PCB PCB 162x144mm(2.33dm?) 1 28.67

Total 99.11




128 Ultra Flat Profile Interleaved APFC

8.12 Experimental Results

8.12.1 Performance Measurements

The measurement was carried out by the schematic diagram shown in the section 6.5. The
graph 8.14 depicts the efficiency and correction performance at low line (110V). The results
at high line are presented in the figure 8.15. All graphs consist of two curves for different
operational conditions. The red curve represents single operation of the corrector and blue
one interleaved operation. The efficiency at low line reaches 92.3%, the corrector operated
under interleaving. The graph shows areas where single operation and interleaved operation
improves the corrector efficiency. The single phase operation is beneficial up to 100W in
case of the efficiency and up to 200W in case of correction performance.

The similar situation occurs at high line with the different intersection of the curves. The
single operation is advantageous up to 200W. For higher input power it makes sense the
interleaved operation.

The last two graphs show situation when the power management is enabled 8.16. That
means if the single operation is beneficial, the corrector will work with one phase and vice
versa. The intersection is variable and is dependent on line voltage. If the line voltage is low,
the intersection is shifted to lower power. If the line voltage goes up, the intersection will
rise as well. The technique improves performance of the corrector at low power condition

and enhances power dissipation at higher powers due to twice number of power components.

8.12.2 Harmonic Content According to CSN EN 61000-3-2 Standard

The corrector has to fulfill harmonic order limits for the line current according to the CSN
EN 61000-3-2 standard [42]. The measurement of the harmonic content of the input current
use same setup as performance measurement. The harmonic content was investigated at three
input power values 100W, 300W and S00W. The investigation was carried out for single
8.17 and interleaved operation 8.18. All figures include a harmonic order current limit which
is calculated according to the CSN EN61000-3-2 standard which defines two limits for D
class. First limit is related to current over the power (mA per W). This limit is dependent
on the input power of the corrector. The second limit defines absolute limit for the standard.
The measurement used only first criterion for comparison the measured data to the limits
described in the standard. The comparison shows that the experimental results fulfilled limits
set by the standard [42].



8.12 Experimental Results 129

o
w

Y]
N

Efficiency [%]
s 8 B
~N
N
/
/

110V single

\ \ 110V interleaved

e
v

\
86 T T T T T 1
0 100 200 300 400 500 600
Input Power [W]
(a)
1 /.—\
0,995 | //\V/

0,99 /
0,985

g /

(&)

L 0,98

5 l =110V single

3

o 0,975 l =110V interleaved
0,97 l
0,965
0,96 T T T T T 1

0 100 200 300 400 500 600
Input Power [W]

(b)

Fig. 8.14 Performance measurement of the corrector based on the UCC28060 controller a)
efficiency at 110V, b) Power Factor at 110V.
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Fig. 8.15 Performance measurement of the corrector based on the UCC28060 controller a)
efficiency at 230V, b) Power Factor at 230V.
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Fig. 8.16 Performance measurement of the corrector based on the UCC28060 controller with

power management feature a) efficiency, b) Power Factor.
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Fig. 8.17 Harmonics content of the corrector at different loads (interleaving is disabled), a)

100W, b) 300W, c)

S500W.
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8.12.3 EMC Measurement

The conductive EMI test was performed according to the section 6.7. The measurement
was performed into two stages. First stage was characterized without EMI optimization
of the corrector. The corrector operates under CrM therefore the switching frequency is
variable in wide range 38kHz to 500kHz. The gate resistors 4.7€) resistivity gate resistor.
The high-speed MOSFET transistors was used as switching elements. The efficiency reaches
96.5% at 230V and 94% at 110V line voltage. The using MOSFET transistors with 4.7Q
gate resistor causes a short rise and fall times of the switching. The main benefit is low
switching losses but high EMI emission at high frequency harmonics.

The design of the board has direct impact on the EMI performance. The figure 8.19
includes continues spectrum of harmonics due to variable switching frequency. Due to the
short rise and fall times the high frequency content is rose several peaks overcome the limit
line for EMI standard CSN EN 61000-6-4 [44].

Second measurement was carried out with some optimization. The gate resistors were
replaced by 10Q gate resistors. The transistor is improved by snubber circuits. Both cases use
same EMI filter Schaffner FN2090-10-06 [40]. Second figure 8.19 shows the experimental
results at the second hardware setup. The graph includes flat and smaller peaks of the
harmonics. The spectrum is continuous in the full scale. The CSN EN 61000-6-4 standard
[44] is not fulfilled due to the overcomes of the measured data. The better results can be

reached by a following complete revision of the layout.

8.12.4 Thermal Measurement

The first group of the figures show the thermal images of APFC based on the UCC28060
controller which operates at SO0W output voltage. The prototype is actively cooled by a fan
which has 240m> /h air flow. Second group of pictures shows the thermal images in case of
natural passive cooling. The first figure is focused on the top view of the corrector. The NTC
thermistor is the component with the highest temperature on the board. The figure b) shows
the isometric view on the corrector. The detail of the bridge rectifier and power inductor is
presented by the c¢) and d) sub figures.
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Fig. 8.19 Conductive EMI test results, a) graph of the emissions without the optimization
and EMI filter, b) graph of the emissions with the optimization for EMI.
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Fig. 8.20 Thermal image of the APFC based on UCC28060 which operates at 500 W output
power with active cooling, a) top view, b) isometric view, ¢) thermal image of the rectifier
bridge, d) thermal image of the MOSFET transistors and planar inductors.
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Fig. 8.21 Thermal image of the APFC based on UCC28060 which operates at 500 W output
power without active cooling, a) top view, b) isometric view, ¢) thermal image of the rectifier
bridge, d) thermal image of the MOSFET transistors and planar inductors.






Chapter 9

Multi-phase Interleaved APFC

This chapter is devoted to a designing of the multi-phase interleaved corrector. The theoretical
background of the interleaved correctors is described in previous chapter 5. The multi-phase
converter is based on UCC28070 control circuit which is able to handle two-phase correctors.
Moreover, the corrector includes a circuitry for synchronisation of the other correctors based
on the UCC28070 control circuits due to it is possible to build the multi-phase correctors
[52], [24].

The chapter consists of two main parts. The first part includes calculation related to the
particular design and important features of the control circuit, the second part is engaged
in design of the superior digital control system based on the STM32F4 discovery kit and

hardware implementation.

9.1 Components Selection

First of all, it is necessary to select the main features of the corrector. The basic requirements
are defined in the table 9.1.

Table 9.1 Requirements for a prototype based on the UCC28070 controller.

Design Parameter H Min H Typ H Max H Unit ‘
Line Voltage [Vjiye) 85 - 265 \Y%
Output Voltage [Vour] - 390 - \Y
Line Frequency |fjine] 47 - 63 Hz
Switching Frequency [fy] - 200 - kHz
Output Power [Poyr| - 1000 - W
Efficiency at nominal power [n] || 92 - - %
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The output current is calculated by the following expression 9.1 [54].

Pyur 1000
— = —— =2.564A 9.1
Vou 390 e-b

Iout -

The maximal line current is caused by low line and high load conditions (the equation 9.2

54D P 1000
Loy = ——22 — — 12.7884 9.2
’ N Viemin  0.92-85 ©-2)

The previous calculation is an effective value of the maximal input current, the peak current

is represented by the equation 9.3 [54].
gk = V2 Iy max = V2 - 12.788 = 18.0854 (9.3)

For estimation of the losses in the rectifier bridge, it is necessary to use average value of the

peak input current 9.4 [54].
Linmax.avg = %fz Linmax = %fz -12.788 = 11.513A (9.4)
The rectifier losses are computed by the following expression 9.5 [54].
PR max = 2V - Linmax,avg = 2-0.95-11.513 = 21.875W 9.5)

The Boost converter maximal duty cycle is determined at the minimum line voltage condition

(the equation 9.6 [54]).

Vin 85
=1-——=0.782 9.6

The inductor ripple is estimated by the next equation 9.7 [25]. The constant factor can be

D=1-

selected in range 0.1 to 0.4. It was chosen the 0.2 factor.

Vou 390
Al = 0.2 Loyg max - 2 = 0.2-2.564 - —— = 2.353A (9.7)

’ Vin 85
The inductance of the power inductor is estimated by the equation 9.8 [25]. Based on the
calculation it was chosen the power inductor with 350uH inductance which should improve

correction performance and decrease transistor current stress.

|~ Vou D(1-D) _ 85-(390—85)
= fow AL 2.353-2¢% -390

= 141.254uH (9.8)
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9.1.1 Output Bulk Capacitor Selection

The output bulk capacitor selection is based on the hold-up requirements which is defined by

the following equation 9.9 [25].

2-Poyr

fline
Cour = = 639477TuF ~960uF 9.9)
V2 — (Vour -0.75)?

The choice of the output capacitor plays crucial role for the final frequency response of the
power stage of the converter therefore it was chosen a combination of the 100nF ceramic
multilayer capacitors with two bulky electrolytic capacitors. As a result, it was selected
two 470uF capacitor and five 100nF ceramic capacitors. The final capacity of the output
capacitor will be approximately 960uF. In this case the final output voltage ripple is
calculated by the equation 9.10 [25].

n Vour 272 fline - Cour

Viipple = (9.10)
Inserting the real numbers into the expression 9.10 [25], it will be assumed the final output

voltage ripple.

2-1000 1

' =9.831V 11
092 390-27-2-47-9.6¢4 9 (9.11)

VripPLE =

The output capacitor selection is also based on the low frequency and high frequency currents
which must be capable of handling them. The low frequency currents are related to a rectified

input voltage and voltage ripple cancellation [25].

Pour 1000

= =19714A 9.12
n-Vour-v2 0.92-390-2 ©-12)

Ic,yrLF =

On the other hand, the high frequency currents are important in case of the noise reduction.

The high frequency currents requirement is reflected by the following equation 9.13 [25].

2
Pour 16-Vour
./ _ . 2| R 9.13
CourHF (T]'VOUT \/67r~\/,-nmm\/§ 1 CourLF ©19
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Inserting the parameters into the previous equation 9.13 [52], it is obtained the high frequency

requirement for the output capacitor 9.14 [25].

2
1000 16 -390
I = . —0.922 ] —1.9712 =3.306A .14

The data sheets of the capacitors usually include low and high frequency current ratings. If
both of them are not specified in the data sheets, the currents have to be summed into one

value by the squared value of the currents [25].

9.1.2 Power Transistor Selection

The selection of the power transistors has to fulfill the peak current and RMS requirements.
The peak current rating of the transistor is defined by the next estimation 9.15 [25].

I

Pour-V2 Al 1000-+/2  2.353
eak — 1.2 = +

Tt 2.85-0.92 2

—_— -1.2=12.263A 9.15
2 ‘/mmm ' r’ 2 ) ( )

The RMS current rating of the power transistor is determined by the next two equation
9.16 and 9.17 [52] numerically respectively. The voltage rating of the power transistor is
determined as a summing of the output voltage and voltage margin one half of the maximal
acceptable voltage during the normal operation. Therefore, it was chosen the SPP20N60S5
[13] transistor with the 600V breakdown voltage rating [25].

16-Vip . -2
I — mm 9.16
o mmm \/_ \/ 3m- VOUT ( )
1000
o 16-85-v/2
Ipg=—992 4o = 7= VT _ 54044 9.17
DS =5 785.42 37-390 ©.17)

The next equation 9.18 [52] defines an average current Ip through the boost diode. As
well as in case of the transistors, the diodes have to withstand the voltage equals 600V .
The calculation leads to choose the C3D10065 [5] SiC boost diodes characterized by the
extremely low junction capacity. Owing to this parameter the switching times of the diodes

are significantly reduced. Finally, the overall efficiency is improved [25].

Pour 1000
In — - — 1.2824 1
Dy Vour ~ 2-390 8 ©.18)
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9.1.3 Current Sense Transformer Setup

The current sense transformer was selected based on the peak current through the power
transistor. It was chosen the PULSE transformer PE68210NL [37], which is capable of
handling 15A current through the primary winding. This current sense transformer has the
1:1:50 turns ratio therefore the maximal secondary loading current is obtained by the next

equation 9.19 [25].

15
IsECmax = % =0.3A (9.19)

The turns ratio of the current sense transformer is determined by the equation 9.20.

_ Nsec _ Ipeak _ 12.263
Nprr = Igs 0.3

=40.877 (9.20)

As is clear from the estimation 9.20 [25], the current sense transformer with 1 : 50 turns ratio
is a suitable choice for the transistor current sensing. The next important parameter of the
current sense transformer is a magnetizing inductance Ly, which is determined by equation
9.21 [25] as a 2% part of the maximal secondary current of the current sense transformer.

The selected current sense transformer reaches the 3.8mH magnetizing inductance [25].

Ly > VS . Vour — Vinmin : \/i

= Ipea
NE-0.02- fs - Vou Vour

real

(9.21)

Based on the equation 9.22 [25] it was selected the current transformer with 3.8mH secondary

inductance.

3.7 390—85-v2
Ly > 15 v2

. =2.609mH 9.22
263.0.02-2¢5-390 390 ©-22)

The selection of the load resistor is based on the peak current limit voltage Vs which is
3.7V and peak current on the current transformer output (the equation 9.23 [25]). The factor

0.9 is used for the noise immunity improving at light load conditions.

~ 09-Vs-Ner,,,  0.9:3.7-50
N Lpeak 12263

Rt =13.577Q ~ 10Q (9.23)
If it is assumed that the maximal allowable duty cycle is set to 0.97, the reset resistor is
determined by the equation 9.24 [25].
Dax 0.97

Re > Ry —2"% 0.
R="T"1"D, . 1-0.97

=323.33 = 330Q (9.24)
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Fig. 9.1 Schematic diagram of the internal voltage reference.

The rectifying diodes have to withstand the current sense transformer reset voltage which is

given by the expression 9.25 [25].

LpearRx  12.263-330

Ve =
R = ""Ner 50

=80.936V (9.25)

9.2 Setting Up Peak Current Limiting

The controller is equipped by a programmable cycle-by-cycle current limiting feature. The
feature is capable of disabling one or both PWM outputs. When the signal from current
sense input overcomes the voltage level which is configured by a resistor divider connected
to the PKLMT pin, the PWM output of the controller is disabled until the next switching
period starts. As a reference voltage it is used the internal source V¢ [52]. The reference
voltage reaches 6V. The block diagram of the voltage reference is showed in the figure 9.1.
The full range of the PKLMT pin is between 0 to 4 V. Unfortunately, the linearity of the
amplifiers is disrupted above 3.6V. The voltage reference allows to provide the current range
up to 2mA. The recommended value of the load current is 0.5mA. In cases of the high noise
interferences, the PKLMT voltage can be filtered by a small capacitor. The high-side resistor
Rpgq 1s determined to 3.6kQ [52].

VS -Rp[(l . 3.7 3.663

— = 5.791kQ ~ 5.6kQ 9.26
Vier—Vs  6—3.7 (9.26)

Rpkor =

The low-side resistor Rpk; is assumed by the equation 9.26 [25].
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9.3 Converter Timing and Maximum Duty Cycle Clamp

The switching frequency of the corrector is set by the Rgr resistor. The frequency is inversely
proportional to the Rgr. The switching frequency is determined to 200kHz. The Rrr resistor
can be computed by the equation 9.27 [25].

B 7.5¢° B 7.5¢6°

Rrr = —— = ——= =37.5kQ 9.27
RT =% 203 (9.27)

For the Rgr resistor it was chosen a standard value 36kQ2. The maximal duty cycle Dysax
equals to 0.97. The Rpysx resistor selection is based on the next equation 9.28 [25].

Rpmx = Rrr,, - (2-Dyax — 1) =3.6¢* - (2-0.97 — 1) = 33.84kQ ~ 33kQ  (9.28)

9.4 Output Voltage Set Point

The divider, which is created by the resistors R4 and Rp, is used for an output voltage
programming. The internal reference V,.r uses the 6V voltage source. This voltage is
compared to the output voltage fraction. The divider is set so that the output voltage level is
390 VDC. As a high resistor Ry is used 3M resistor [25].

Yeer . R, g -3¢0

Rg=—2 = = 23.26kQ ~ 24k 9.29
® T Vour — £~ 390 -2

The resistor 24k€Q2 was chosen based on the equation 9.29 [25]. As a result, the final
output voltage is determined in the equation 9.30 [25].

6 3¢0-2.4¢!
— oS =38 (9.30)

VREF Ra-Rp
2 " Rp

Vour =

Concurrently, the over voltage protection limit is set by the equation 9.31 [25].

Ri+R 3e0 +2.2¢*
ATRE 31,20 1220 _ 436 816V (9.31)

Vovp = 3.18-
ove R 2.264

9.5 Current Synthesizer

The controller allows to emulate the down slope signal. Due to this feature it is suitable
for the bridgeless topology. Generally, the bridgeless topology requires 3 sensing current

transformers. Thanks to the emulation of the down-slope signal it is necessary to use only 2
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Fig. 9.3 Block diagram of the synthesizer circuit.

current transformers. During the on-times of the transistors the inductor current is sensed
by the current transformers. Simultaneously, the input voltage and the output voltage are
monitored by the controller. The signals provide complete information for the internal
emulation of the inductor down-slope current signal of each output cells [52].

Due to the using slightly different inductors the synthesizer has to adjust the parameters
itself. The response characteristics is parametrized by the resistor Ryy, which can by deter-
mined by the equation 9.32 [52]. During the inrush starting sequence at the power up and
AC drop-out the synthesizer generates the down-slope equals to zero. As a consequence,
the emulated inductor current is kept above the IMO reference. As a result, the duty cycle
remains zero. This feature has a positive impact on the stress reduction of the transistor during
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the surge condition. The technique monitors input and output voltages. When the input
voltage drops below the output voltage, the duty cycle grows until the nominal steady-state

condition is reached [52].

Rp
NCTreal ) Lmax ’ RA+Rp

Rs-Cs

The synthesizer setting resistor can be calculated by the equation 9.32 [25] where Lp is

(9.32)

Rsyn =

nominal zero-bias boost inductance, Rt is the resistivity of the current sense resistor, Ncr 18
current sense transformer turns ratio, and kg = Rp/R4 + Rp is attenuation factor of input and
output voltages.

50-5e ! st
Ron = ——51osi0 -~ = 198:412kQ ~ 200kQ (9.33)

9.6 Linear Multiplier and Quantized Voltage Feed Forward

The voltage Vy40 gives information about the total output power of the APFC. The main
advantage of the controller is a internal quantized feed-forward circuitry. There are seven
thresholds of the linear multiplier which create eight quantization levels. These eight levels
cover the universal line voltage range from 85 to 265 Vgys. The fixed setting of the linear
multiplier is described in the table 9.2 [52]. The fixed ky rr factors reduce a distortion of the

Table 9.2 Quantized steps of the feed forward circuitry.

LEVEL || peak voltage | KVFF factor || Vin peak voltage
1 Vomaci < 1V 0.398 133V

2 1V < Vysacipy < 1.2V 0.6 133- 160 V

3 1.2V < Vymacn < 1.4V 0.839 160 - 187 V

4 LAV < Vyac(pi) < 165V 1.156 187-220V

5 1.65V < Viyvacon < 195V | 1.604 220-260 V

6 1.95V < Vonacip <225V || 2.199 260 - 300 V

7 225V < Vymacp <26V | 2922 300 - 345 V

8 2.6V < Vymaciow) 3.857 > 345V

multiplier output which can be produced by the filtered VINAC signal. The filtered signal
includes frequently the second harmonics which distort the VINAC signal. The quantization
technique enables a fast response on the line voltage changes so that the output voltage
disturbances will be eliminated. Due to the chattering problem between quantization levels
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the architecture is equipped by the five-percentage hysteresis. The hysteresis allows to avoid
ringing and distortion problems [52].

For the appropriate working of the controller the zero crossing detection has to be
activated. The zero crossing is defined as the voltage falling of the Vy/;yac below 0.7V. The
falling takes typically 50us at least. The reference current signal I7);o can be calculated by
the next equation 9.34 [52].

VA —1 5—1
SVACMAY _— —17¢70.0.76- = 130pA  (9.34)

I =17¢ %W :
IMO(max) e VINAC Ko/ 0.398

Where V,gomaxequals to 5V, Vvinac is 0.76 and K, sy parameter is defined to 0.398.
The parameter kyrr corresponds to the RMS value of the line voltage at the center of the
quantization level. The voltage signal Vy40 provides a compensation of higher or lower
values within one quantization step. The compensation is carried out by the voltage feedback
loop which is capable of working within the quantization level as well as during the transition

between two steps. The hysteresis avoids a chattering problem during the transition [52].

Iivipny Rs

(9.35)
Ncr

Rimo - Iipo(max) = % :

The architecture defines the maximum input power limits within the quantisation steps.

The minimal power limit of the first step is defined at the Vyyac voltage equals to 0.76V.

The highest limit within the first step is at the transition between first and second quantization

steps. These rules are applied within all steps. If the signal Vyjyac is below the 0.76V
threshold, the input power limits drop linearly to zero with declining line voltage [52].

Ry+Rp 3¢0+2.2¢
Rp-V2 2.2¢*-V2

The design process starts with a selection of the maximum steady state output power.

Vi=0.76- 0.76

=73.819V (9.36)

The value is multiplied by the factors 1.1 or 1.2 which represent the recharging of the bulk
capacitor at full load conditions. The equation 9.37 [25] defines the output voltage of the

current sense transformer at low line and full load [52].

_ 1.1-Poyr-v2-Rs _ 1.1-1000v/2-10
~ 2n-Vi-Ner  21-73.819-50

1%} =2.291V (9.37)
For the calculation is selected as follows: the Vyyac voltage is 0.76V, Vy;,. equals to 73V,
the kyrr quantization factor is defined to 0.398. Iy(,) represents the peak input current at

low line and maximum determined load. The inductor current is sensed by the current sense
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transformer. The output of the current sense transformer is loaded by the Rg resistor. The
turns ratio of the current transformer and the resistor value determine an output signal range
of the current sense transformer network. The limit voltage of the CSA and CSB inputs is 3V
[52].

V, 2291
I]MO N 130e—6

The current limitation is set by the cycle-by-cycle peak current limiting feature. The

Riyo = = 17.623kQ ~ 18k (9.38)

same equation can be used for each quantization level. The current limit is set at low
line and maximum output power. The current limitation at high line is below the border
which is defined at low line. As a consequence, the input current at high line and nominal
output power is below the power rating of the components. The multiplier of the controller
was considerably improved in comparison to previous generation of the controllers. The
accuracy of the controller is affected by Vy 40 if the voltage is close to 1 due to the expression

(Wao — 1) [52], [25].

9.7 Enhanced Transient Response

The rectification of the line voltage causes fluctuations of the output voltage. The corrector
has to be resistant to the slight ripple which has the twice line frequency. Due to this fact
the corrector is equipped by a low bandwidth voltage feedback. This feature solves the
problem with the ripple. Unfortunately, the input voltage and load transients are not the low
frequency phenomena. As a consequence, the voltage feedback is not able to compensate
these transients. The linear quantizer is able to handle the issue of the transients. The
transient phenomena are regulated by the voltage feedback with the linear quantizer circuitry.

The response of the controller is affected by an auxiliary 100(tA current source which
is connected to the voltage amplifier output. The auxiliary current source is activated if
the voltage drop on the Vyspnse pin reaches to 93% of the regulation level, which is 2.79V.
During the soft-start sequence the auxiliary current source is disabled. The soft-start circuitry
is responsible for the regulation of the output voltage in the cases that the Vyspysg voltage is
below the 0.75V border [52].

9.8 Current Loop Compensation

The controller includes two identical current feedback transconductance amplifiers. Thanks to

these transconductance amplifiers the input line current can be shaped. Each transconductance
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Fig. 9.4 Circuit diagram of the current loop compensation.

amplifier has two input signals. The first one called /MO ensures the reference signal which
is a product of the multiplier. The signal contains information about average line voltage,
instantaneous line voltage and error output voltage signal.

The second signal gives information about an instantaneous transistor current which
flows during on state of the transistors. The signal is zero in case of open transistors.
Therefore the signal is not sufficient for regulation. The down-slope curve is synthesized and
compared to the required current signal from the multiplier stage. The output signal of the
transconductance amplifier controls the PWM modulation stage which produces the PWM
signals for the power transistors [52], [25].

For a modelling of the boost stage shall be used a small-signal model of the boost stage
with current sensing circuitry in case of the frequencies between LC resonance of the power

stage and switching frequency. The expression of the model is described in the next equation.

1
VRS Vour - Rsy;

— 9.39)
Vea  AVramp-ksync-s-Lp (

Where Lp is an average value of the boost inductance, Ry resistor is a load resistor for the
current sense transformer, N¢cr parameter gives information about the turns ratio of the
current sense transformer, Vpy 7 is an output voltage of the corrector,AVgyp is the amplitude
of the ramp signal, ksync, s 1s Laplace complex variable.

The compensation network of the current error amplifier should provide a high gain at
low frequencies of the current ripple and flat gain over the transfer function zero. Due to
these features the compensation network offers an attenuation of the switching ripple of the
current signal.

The crossover frequency of the current loop is determined to 1/10" of the switching

frequency.

fexo =1 9.40)
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The power stage gain Gpsc is calculated at the crossover frequency which is selected as

1/10¢h of the switching frequency.

~ Vour-Rsy;  390-10-0.02
27 fexo - Lav - Veamp 21 % 3e4.4

Gpse =0.517 (9.41)

Let’s assume that the open loop gain equals to 1. G, was calculated at previous equation

9.41. The g, parameter defines the transconductance of the error amplifier which reaches to
100uS. Rz¢ is a compensation resistor for the defined crossover frequency.

1 = Gpsc - gme-Rze (9.42)

Modification of the equation 9.42 [25] for the open loop gain the Ry resistor value can be

computed.
1 1

gme-Gpsc  100e©-0.517

Let’s assume that frxo equals to the fz¢ frequency. Based on this relation can be found

Rzc = = 19.342kQ ~ 18kQ2 (9.43)

the Cyz¢ capacitance.
1

= fexo= — 9.44
fzc = fexo 37 Coo Ry (9.44)

Czc 1s determined by the previous dependencies.

1 1
Cyc = = = 442.097pF ~ 470pF (9.45)

2B Ry 2m- 21864

As a result, the phase margin of 45deg is achieved at the crossover frequency. For the
enhanced phase margin is necessary to choose the fz¢ frequency below the fcyo crossover
frequency.

A small parallel capacitor Cpc causes an additional pole at a high frequency. The main
reason of this pole is ripple and noise attenuation. The pole is added at the half switching

frequency of the corrector 9.46 [25].

1 1
om- B Rye 2128 1.8

Cpe = — 88.419pF ~ 100pF (9.46)

The final verification of the calculation can be provided by the graphical interpretation of

the current loop gain 7,45(dB) and loop phase ¢c(f).

T.qas(f) = 20log - (|Gpsc - gmc - Gcompl|) (9.47)
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Fig. 9.5 Bode plots of the current loop.

Inserting the transfer functions into the equation 9.47 [25] it can be derived the total

)

(9.48)

The graphs 9.5 shows that the crossover frequency of the corrector is placed at approxi-

closed loop transfer function 9.48.

1
Vou ‘RS Nepea gme- (s-Rzc-Czc+ 1)
27 fexo - Lave - Viamp 87+ (Rzc - Czc - Cpe) + s+ (Cz¢ + Cpc)

Toan(f) = zowg(

mately 20kHz and the phase margin reaches 35 degrees.

9.9 YVoltage Loop Configuration

The controller includes one output voltage regulation loop as single phase controllers. The
compensation is performed by the traditional compensation techniques. The bandwidth of
the voltage feedback has to be below the frequency of the rectified line voltage. In other
words it shall be below 100 or 120Hz respectively. The setting below this border prevents
the output voltage to distortion.

The output of the error voltage amplifier ensures the regulation of the reference signal
so that the signal contains information about the load condition. Due to the output voltage
ripple is proportional only to the input power, the peak-to-peak ripple is same at different
line voltage conditions.

The voltage feedback is based on the transconductance amplifier as well as in case of the
current one. An advantage of the transconductance amplifiers are no dependencies the input
impedance on the amplifier gain. The gain is affected by the transconductance (g,,,) and the
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Fig. 9.6 Circuit diagram of the voltage loop.

output impedance (Zp). As a result, the input setting and compensation can be determined
individually.

The twice line voltage ripple of Vsgysg voltage should be reduced by an attenuation and
a phase shifting of the voltage at the VAO pin. It reduces a level of the 3’ distortion. The
compensation of the harmonic distortion is performed by an increasing of the gain at twice
line frequency [52], [25]. It is valid the next equation 9.49 [25].

Waopk
Gvea = ——2— = gmv-Zo (9.49)

VSENSE pk

The 1% of the 3"-harmonic distortion at the VsENSE pin is provided by 2% voltage
ripple in full range of the VAO voltage. The Vy 40 voltage represents a load power. The range
begins at 1V in case of zero load power to 4.2V at full load conditions. Therefore (AVAO)
equals to 3.2V and 2% of (AVAO) is the 64mV peak ripple.
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The voltage loop uses a transconductance error amplifier which is characterized by the
gm, = Te~>uS transconductance. The voltage divider gain is defined by the equation 9.50
[25].

~ Viey 3

= = = =7.937¢73 9.50
Vou 378 ¢ ©.50)

The output voltage ripple is determined as a 3% of (AVAO). The Zp impedance is defined at

twice line frequency (9.51 [25]).

, _ AVAO-0.03 3.2-0.03
OUr) = Virppry -H-gmy, — 9.831-7.937¢73-7¢=5

The Cpy capacitor is found according to the equation 9.52 [25], which reflects the output

= 17.575kQ2 (9.51)

impedance Zy,, ,.)-

1 1
272 fiine Zo(pyy)  2W-2-47-1.7575¢*

Cpy =96.338nF ~ 100nF  (9.52)

The crossover frequency is determined based on the following relation 9.55 [25] so
that the power factor correction performance was maximized. The crossover frequency is

searched by equation, which defines the open loop gain of the corrector, by assuming that

open loop gain equals to 1.

Tv(fvxo) = Gpsv -Gey -H =1 (9.53)

Pour T 1 - ¢
T — n__ . Jevjvxo Cour | | my H =1 954
v(fvxo) (AVVAO Vour ) iam-Coy (9.54)

The crossover frequency can derived from the next equation 9.55 [25].

Pour 5 61 1
=\/H-gm, —1_ . ZFtour . 9.55
fCV gty AVAO VOUT 2n-C PV ( )

Inserting the numbers into equation 9.55 [25] it can be found out the particular crossover

frequency.

POM[ 1 1

—1/7.937¢3 - om, - —1_ . 2ZCour —11.477H 9.56
fCV \/ ¢ 8ty AVAO VOUT 27'C'va ¢ ( )
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The Rzy resistor with Cpy creates a pole of the loop gain at higher frequency then the
crossover. Thereby it provides 45 “phase margin at the crossover frequency. A calculation of
the Rzy resistor is based on the equation 9.57 [25].

1 1
27 fey-Cpy  2m-11.477-1e77

Finally, a voltage compensation capacitor Czy is determined by the equation 9.58 [25].

Rzy = 138.672kQ ~ 130kQ2 (9.57)

The capacitor creates a zero which provides gain increment at the DC gain of the voltage
loop. It enhances the phase margin. The additional zero should be selected to 1/10"” of the
crossover frequency. The capacitor value can be also estimated approximately ~ 10-Cpy
[25].

1 1
2w Ry 2m MATT 136

CZV = 5 = 1.067HF ~ 1‘LLF (9.58)

The equation 9.59 [25] consists of voltage divider feedback gain H, transconductance of

the error amplifier g,,,, and compensation network gain.

AVyao s Rzy -Czv +1
G = =H gm- (9.59)
ev(f) SVour $m 2 (Rav -Cav -Cov) +5- (Cav +Cov)
The Gpsy power stage gain is determined by the following equation 9.60 [25].
Pour 1
AV, 5
Grsy (f) = oot = L - 20U (9.60)

 8Vyao AVAO Vour

The verification of the previous calculations can be provided by the plotting of the closed
voltage loop gain T,4p(dB) and loop phase ¢c(f).

Tas(f) = 20log(|Gpsv - Gev|) (9.61)

From Bode plots it can be found that the crossover frequency of the corrector and phase
margin. The crossover frequency is placed at approximately 8 Hz and the phase margin
reaches 50 degrees. The final prototype requires as a rule an adjusting the compensation
network therefore the selected components in the schematic diagram at appendix may not
match the theoretical calculations.
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Fig. 9.7 Bode plots of the voltage loop.

9.10 Adaptive Soft Start Circuitry

When the corrector is connected to the line, the bulk capacitor voltage equals to zero level.
If the voltage regulation was regulated by the voltage feedback, the inrush current and
component stress would be enormous. Therefore the soft start circuit ensures the slight ramp
up during the power up. The start sequence begins when the Vi spyse voltage reaches the
0.75V border.

The internal pull-down of the SS pin immediately disabled. Conversely, the 1.5mA pull-
up is activated. It ensures the change of the ramping method from the initial one quarter dead
time to the traditional zero to Vggr regulation of the ramp. In this case the voltage on the
SS pin reaches to the Vysgnse voltage and the capacitor Csg is charged by the 10uA current
source. As a result, the soft-start duration is found according to the Cgg capacitor selection
[52].

3 —Wsense e 5. 3-0.75
10e—6 10e—6

The selection shall respect the rule Css > Czy so that the soft-start duration is longer than

the minimal acceptable value which is defined in equation 9.62 [25]. The initial pre-charging

of the Csg capacitor ensures a reduction of the charging delay. The pre-charging uses the

= 225ms (9.62)

tssmin = Czv

1.5mA current source which is able to charge the capacitor in short time to the Vysgnse
voltage level.

After pre-charging, the capacitor is charged by the 10uA current source which controls
the voltage increase as it is desired by the capacitor value. The soft-start duration equals
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Fig. 9.8 Frequency dithering principle.

approximately to the expression 9.62. The soft-start duration tgg is determined to 500ms
owing to a reduction of the current stress of the power components. Finally, the soft-start

setting capacitor can be derived by the equation 9.63 [25].

10e7% 155 10e™®-500¢

Css="%35 — 2.25

= 2.222uF ~2.2uF (9.63)

9.11 Frequency Dithering

The accomplishment of the EMI requirement becomes difficult. Sometimes, the EMI filter
does not provide a sufficient filtering of EMI. In this case, one possibility is a redesign of
PCB. The redesign takes a considerable amount of time and effort. The second option is a
reduction of the electromagnetic emissions by a modifying of the switching frequency. The
switching frequency of the corrector is modulated by a inner triangular signal.

Thanks to the modulation the conducted EMI noise is significantly reduced. The noise is
spread within a wider frequency band. This strategy is used in two cases. When the corrector
is developed and the EMI filter is not able to adequately eliminate the conducted noise. The
second case is design to cost where EMI filter is designed as cheap as possible [52].

The frequency dithering is defined by two parameters, which are a dither magnitude and a
dither rate. The dither magnitude defines a range of the switching frequency changes around
a center frequency setting. The center frequency is set by the Rgr resistor and it is nominal
switching frequency. The typical dither magnitude fp,s is determined as one fifth of the

nominal frequency.
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For example the design uses the 200kH z nominal switching therefore the dither magnitude
should be 40kHz. As a result, the switching frequency swings from 180 to 220kHz. The
variable frequency is not a problem for the setting duty cycle clamp by the Rpysx resistor.
The setting of the clamp remains the same. The dither magnitude is determined by the Rgpy,

resistor. The resistivity is computed by the following expression 9.64 [25].

937.5¢°  937.5¢°
fom 4

Rrpym = = 23.438kQ ~ 27kQ (9.64)

The second parameter is the dither rate fpg which defines the frequency of the changes
from one extreme to other one. In other words the dither rate defines the speed of the
frequency variation. For example the dither rate equals to 1kHz, it means that the switching
frequency is modulated between 180 and 220kHz once every 1ms. If the Rgrpys resistor is
defined, the Ccpg capacitor connected to CDR pin and ground is calculated by the equation
9.65 [25].

0.0667¢~ - Rgpy  0.0667¢ 2 -2.7¢*
fpr N le3

The setting of the parameters plays a crucial role for EMI reduction and loop stability.

Ccpr = = 1.8nF (9.65)

The good initial values are 20% of the switching frequency for dither magnitude and 1kHz
for the dither rate (fpg).

When it is necessary to disable the dithering function, the controller is equipped by the
voltage source VREF . If the CDR pin is connected to the VREF voltage and the RDM pin
is connected directly to ground, the dithering function is disabled. The typical reason is an

external synchronization [52].

9.12 [External Synchronization

The external synchronization function provides the multiphase operation of the correctors.
If the external synchronization is used, the internal dithering circuitry is disabled due to an
unpredictable behaviour during the synchronization.

If the dithering circuitry is disabled, the synchronization circuitry is activated automati-
cally. The internal clock generation is synchronized by the pulses presented on the RDM pin.
The synchronization pulses have to provide a double switching frequency of the corrector.
If the required switching frequency is determined to 200kH z, the synchronization signal
reaches to the 400kH z value (the equation 9.66) [52].
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4 5
/: SY2NC - % — 200kHz (9.66)

The generator of the internal pulses shall not interfere with the synchronization signal

frwm =

therefore the internal frequency setting shall be at least 10% below the frequency of the
synchronization signal. The RgT resistor is calculated by the following expression 9.67 [52].

1 1
5000 11— 5000

fsync 4¢3

RRr 1.1 =41.25kHz (9.67)

Due to the PWM modulator gain is inversely proportional to the Rgr timing resistor,
the current loop feedback transfer function shall be corrected. The duty cycle clamp is also
affected owing to the timing subsystem of the controller which is charged of the right setting
of the maximum duty cycle. The process of the maximum duty cycle setting begins at the
falling edge of the synchronization pulses. In other words, the Rpysx resistor is responsible
for the duty cycle clamp which is dependent on the width of the synchronization pulses. The
duty cycle of the synchronization signal can be calculated by the following equation 9.68
[52].

Dsync =tsync - fsync (9.68)

As a consequence, the setting resistor value is obtained by the equation 9.69.

15000
fsync

Rpux = ( ) (2-Dpax — 1 — Dsync) (9.69)

As is clear from the equation 9.68, the effect of the pulse width shall be eliminated using
by an the pulse as short as possible. The propagation delay between falling edge of the
external synchronization signal and internal timing circuitry is from 50 to 100ns. Due to this
off-times propagation delay at highest switching frequencies are reduced. At the highest
switching frequencies shall be the equation 9.69 modified by the fraction (¢synyc —0.1/tsync)-
The compensation fraction is appropriate to use at the high frequencies. At low frequencies
the fraction is insignificant in comparison to PWM period.

The external synchronization shall be used in two cases. The first one, it is synchroni-
zation with a downstream converter due to the current interferences. The second one is a
synchronization between multi-phase correctors. The controller is able to drive two-phase
interleaved correctors. The high-power correctors take advantage of the multiphase operation.

The suitable timing of the synchronization signals optimise the current ripple cancellation.
The phase shift between synchronization signals depends on the number of the controllers.

For the four-phase interleaved corrector it is necessary to use two controllers. The phase shift
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between the signals shall be 180° for the optimal current cancellation. Three synchronization
signals with the phase shift 120° to each other should be used for the six-phase interleaved
corrector in case of the optimal current cancellation [52].

9.13 Protections of the Corrector

The controller contains several protections which handle inrush condition, over voltage
protection, zero power detection feature and thermal shut down. If the VAO voltage is below
the 0.75V level, the soft-start initial period is activated. This circuitry allows to achieve a
continuous increase of the duty cycle from zero to the normal value. This feature reduces the
inrush current to a minimal value.

The over voltage protection plays a crucial role for the design APFCs with the high output
voltage. The VSENSE voltage is used for the output voltage regulation as well as for the
over voltage protection. When the voltage exceeds 3.18V level, which corresponds to 106%
of the nominal value, the GDA and GDB outputs are disabled. As a result, the output voltage
drops down and the current transconductance outputs are pulled low. Thanks to this feature
the duty cycle starts with initial value 0% when the over voltage protection condition is not
valid. The normal operation is activated if the VSENSE voltage overcomes 3.08V [52].

The zero power detection feature protects the corrector to undesired behaviour at non-load
or light load conditions. The comparator is able to switch off both GDA and GDB outputs
when the voltage on the VAO pin drops below the 0.75V border. The GDx outputs are enabled
when the Wy 40 voltage overcomes the 0.9V level.

The controller shall be supplied by a voltage source in the range from 10 to 21V. The
under voltage lockout feature activates the controller when the supply voltage exceeds the
10.2V level. The controller includes also the clamping diode which prevents the circuit to
the over voltage conditions at the supply voltage [52].

The controller contains an over temperature comparator which continuously monitors a
die temperature. If the die temperature grows above 160°C, the controller disables almost of
the inner circuitry and the GD outputs. A hysteresis of the temperature comparator is 20°C.
If the temperature drops below the 140°C border, the controller performs a standard soft-start
procedure [52].

9.14 Enabling and Disabling

The controller includes two respectively four independent paths for a control of enabling and

disabling of the corrector branches. The first two are described in the technical manual. The
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Fig. 9.9 Schematic diagram of protections.
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VSENSE and SS pins are capable of controlling the corrector branches. When the output
voltage is lower than approximately 25% of the nominal value, the corrector is disabled. If
the voltage at the VSENSE and VAO pins exceeds 0.75V level, the oscillator, multiplier, and
synthesizer are activated. The soft-start circuitry begins with ramping up the voltage on the
SS pin.

The external driving of the SS pin is capable of emulating an internal fault conditions.
The GDA and GDB outputs are instantly disabled and held low when the voltage below 0.6V
level on the SS pin is occurred. If any internal or external fault stimulus are not present, the
normal operation of the corrector is resumed. The soft-start circuitry consists an internal
adaptive pull-up source which is capable of driving the 1.5mA source current. Therefore the
external pull-down shall override the pull-up source current and ensure suitable behaviour
for an appropriate held below the threshold. The recommendation of the manufacturer is
using MOSFET with the 100Q2 Rps,,,, resistance or lower [52].

9.15 Design of the Superior Control System

This section is devoted to an implementation of the power management feature into the
prototype controlled by UCC28070. The controller does not have generally implemented the
power management feature. Nevertheless, pins CAOA and CAOB are capable disabling a A
or B channel individually. This feature provides the disabling function in case of a detected
error in the particular branch. It suits up for the power management which helps with a
performance optimization.

The figure 9.10 shows a block diagram of the solution. The backbone of the corrector is
a boost twin which is controlled by the analog control circuit UCC28070. Each of them is
designed for SO0W output power. That means an one prototype is able to reach 1kW output
power at 390V. An input voltage is sensed by a separate rectifier bridge with a low pass filter
and voltage divider. An output current sensing is provided by a shunt monitoring unit based
on the INA214 differential amplifier with 40dB gain. These signals are processed by ADCs.

A superior control system based on the STM32F4 discovery kit. Output signals from the
microcontroller shall be amplified by external transistor drivers. If the transistor is switched
on, the CAOx is grounded and the controller recognises a fake error. As a consequence, one
branch of the corrector is disabled. It operates as a single phase corrector. The performance
is optimized in the wide range of the output current.

A flow chart is shown in the figure 9.11. The flow chart begins with an acquisition block
which measures input and output parameters of the corrector. Due to the switching noise it is
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Fig. 9.10 Block diagram of the two phase interleaved corrector.

necessary to provide an averaging function. Then the input voltage amplitude and output
current are calculated.

The firmware shall implement appropriate borders between single phase and interleaved
operations. The border between a high line and low line was selected a 200V amplitude
of the input voltage. A hysteresis is set to 20V. The borders between single phase and
interleaved operation were set according to the empirical results of the measurement. The
experimental results are represented by the figures 9.18 and 9.19. An appropriate border was
set to 300W (the 0.75A output current) at the 110V input voltage. The border was selected
due to a downward trend of the curve which represents the single phase operation. Similarly,
the experimental data determines the 600W border (the 1.5A output current) at 230V input
voltage.

This solution is very profitable due to that the analog controller is responsible for voltage
and current regulations. The performance optimization is solved by the superior control
system.

In the figure 9.12 is shown a 4-phase interleaved corrector based on the UCC28070
analog controller. The STM32F4 discovery kit provides the advanced power management
and synchronization. This solution was not completely realized. In spite of this fact the
solution demonstrates advantages of multi-phase correctors during the development. A
conventional design process is slow and uneconomical. In the conventional design, changes
of the output power rating lead naturally to a redesigning of all power components and PCB

as well.
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Fig. 9.11 Flow chart of the interleaved corrector.
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The main idea of the solution, which is described in the figure, is a modular system of the
correctors which is based on the unified corrector. This solution should reduce developing
time. Thereby the method save costs for development and mass production. Practically, one
prototype with unified power (for example 1kW) is developed, individual unified branches

are merged and operate out of phase to each other.

9.16 Hardware Implementation

The corrector was built on a two layer PCB with dimensions 128x135mm. The UCC28070
controller was chosen due to its flexibility of connection and features. It is characterized as a
controller for two phase correctors with the CCM operation. It means that the device is able
to drive two boost corrector branches.

Unfortunately, the signals for transistors shall be gained by an external power driver. As
the external power driver was used ADP3634. The controller includes current sense synthesis,
programmable dithering, external synchronisation, quantized feed-forward loop, soft-start,
programmable maximum duty-cycle clamp, peak current limitation, and several protection
features. All these features fit to multiphase interleaved correctors.

The controller is able to operates under wide range of frequencies from 30 to 300kHz. The
switching frequency plays an important role during the design procedure. Lower switching
frequencies lead to bulky power components contrary to higher frequencies which cause
higher switching losses. As an appropriate switching frequency it was chosen 200kH z which
is suitable compromise between dimensions and losses.

The controller is powered by the same buck converter without galvanic isolation which is
used in the previous chapter. Auxiliary power source based on the linear regulator supplies
an output current-shunt monitor.

The output current-shunt monitor provides a voltage output which represents the output
current of the corrector. It includes the shunt resistor 0.01€ as a sensing element. The voltage
drop on the shunt resistor is amplified by the differential amplifier INA214 with 40dB gain
[56]. The output voltage of the current-shunt monitor is determined by the equation 9.70.

Vihunt = Rshunt - Lour - §ain (9.70)

The maximum output power of the whole corrector is 1k<W. The output voltage is set to
390V. Therefore the output current is in the range from 0O to 2.564A which is determined by
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9.16 Hardware Implementation 167

the next equation 9.71.

I _ Pout,max _ 1000
out ,max Vour 390

= 2.564A (9.71)

As a consequence, the maximal output voltage of the current-shunt monitor is defined in the
equation 9.72. As a result, the output signal is the range from 0 to 2.564V.

Vshune = 0.01-2.564 - 100 = 2.564V (9.72)

The UCC28070 controller needs no sensing resister network. The voltage divider is
necessary only for the power management of the corrector.

The line voltage sensing is used same solution as at the previous chapter. It consists of
the rectifier, low pass filter, and voltage divider. An upper value includes three resistors with
the 3MQ resistivity. The maximal input RMS voltage is defined to 250V. Due to the fact an

amplitude is calculated by the next expression 9.73.

Vin(max).,peak = Vin(RMS),max ) \/5 =250- \/E =354V (9.73)

The network shall create a voltage within an ADC input range. The range is defined in

the interval from O to 3.3V. As a consequence, the bottom resistor is determined in the next

equations.
V
Rin2 = Rint - ADCmex) 9.74)
Vin(max), peak +Vapc (max)
3
Rip =3¢ =25.21kQ (9.75)

354+3
According to these calculations a standard 27k resistor was chosen. The verification of the

calculation can be provided by the next expressions.

RinZ

VADC(max) = Vin(max),peak : m (9.76)
mn mn
27¢3
VADC(max) = 354 3612785 3.15v (9.77)

The analog PFC circuit is controlled by CAOA and CAOB pins. The pins are driven by
two external transistors. If the transistor is switched on, the particular branch of the corrector
will be disabled. This principle is used for the power management control technique.
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Fig. 9.13 Layout of the corrector - top view (1:1 scale).

The top and bottom layout patterns are shown in the figures 9.13 and 9.14. The next two
figures are devoted 3D models of the board. The last figure shows a photo of the hardware

realization.
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Fig. 9.14 Layout of the corrector - bottom view (1:1 scale).
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Fig. 9.15 3D model - top view.
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Fig. 9.16 3D model - bottom view.
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Fig. 9.17 HW realization.
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9.17 Bill of Material

This section is devoted to a costs estimation for the prototype of the corrector. The price
column includes all components in the row. The estimation is used for a final comparison of
the prototypes. The total costs for the prototype with UCC28070 controller reaches 140.9 €.
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Table 9.3 Simple bill of the material part 1 (UCC28070).
Designator Type Quantity | Price
[€]

ARK1, ARK2, ARK3 ARK power connector 2-pin | 3 1.4

Cl1, C2, C3, C4, C5, C6, C7, | SMD ceramic chip capacitor | 34 1.32

C8, C9, C10,C11, C12_CHI1, | 100nF 0603

C12_CH2, C13_CH1,

C13_CH2, C14_CHI1,

Cl14_CH2, C15, C22, C23,

C24, C25, C26, C28, C29,

C30, C31, C32, C33, C34,

C35, C38, C40, C41

Cl6 SMD radial electrolytic capa- | 1 0.23
citor 10uF /50V

C17 THT radial electrolytic capa- | 1 0.24
citor 1uF /350V

C18 SMD radial electrolytic capa- | 1 0.25
citor 10uF /50V

C19, C39 SMD tantal capacitor | 2 0.42
2.2uF /35V 1411

C20, C21 THT foil capacitor | 2 1.08
470nF /275VAC

C27_CH1, C27_CH2 THT radial electrolytic capa- | 2 9.62
citor 470uF 450V

C36_CH1, C36_CH2, | SMD ceramic chip capacitor | 5 3

C37_CHI1, C37_CH2, C42 100nF /630V 2512

DI1_CHI1, D1_CH2 SiC Schottky diode | 2 8.64
C3D10065

D2_CHI, D2_CH2, D3_CHI, | Universal diode 1N4148 14 1.12

D3_CH2, D5_CHI1, D5_CH2,

D15, D16, D17, D18, D19,

D20, D21, D22

D4, D6, D10, D11, D12, D13, | Universal diode BYD37M | 7 0.77

D14 1000V /1A

D7 Ultrafast diode | 1 0.36
600V /1AMURS160 — 13 — F

D8 Bridge 800V /25AGSIB — | 1 1.94
58GSIB2580

D9 Ultrafast diode | 1 0.87
600V /30AF FPF30UA60S

D23-CH1, D23-CH2 Transil 550V P4SMAS550A 2 0.96

Fl1 Fuse 10A/250V + fuse holder | 1 0.5




9.17 Bill of Material

175

Table 9.4 Simple bill of the material part 2 (UCC28070).

Designator Type Quantity | Price
[€]

FN1 EMI Schaffner FN402-10-02 | 1 11.88
250V /10A

K1, K2 RELE 12V — 230V/15A | 2 14.48
G4W-2212P-US-TV-5

L1_CHI1,L1_CH2 Power inductor ET D44 2 12

L2_CHI1,L2_CH2 PULSE Current sense trans- | 2 4.48
former 1:1:50 PE68210NL

L3 Power inductor 1mH /260mA | 1 1.06
DR127-102-R

P1 Header 3x1 1 0.12

P3 Header 5x2 1 0.49

Q1_CHI1, Q1_CH2 Power MOSEFET | 2 5.32
SPP20N60S5

Q2, Q3, Q7, Q8, Q9, Q10, | Power MOSFET SQ2360EES | 7 2.31

Q11

Q4 Power MOSFET | 1 0.87
IRFRC20PBF

R1, R2, R3, R4, RS, R6, | SMD chip resistors 0603 45 1.75

R7, R8, R9, RI10, RI1l,

R12, R13_CHI1, R13_CH2,

R14_CHI1, R14_CH2,

R15_CHI1, R15_CH2,

R17_CH1, R17_CH2,

R19_CH1, R19 _CH2, R21,

R22, R23, R35, R36, R37,

R40, R41, R44, R47, R48,

R49, R50, R51, R52, R53,

R62, R63, R64, R65, R66,

R67, R68

R16_CHI, R16_CH2, R20, | SMD chip resistors 10€2 2512 | 3 0.5

R24, R54

R24 SMD chip resistors 10m€ | 1 0.48
2512

R18_CHI1, R18_CH2, R25, | SMD chip resistors 1206 24 1.87

R26, R27, R28, R29, R30,

R31, R32, R33, R34, R38,

R39, R42, R43, R45, R46,

R55, R56, R57, R58, R60,

R72

R59, R61, R69, R70 SMD power resistor | 4 3.58

SMF5W33KJ
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Table 9.5 Simple bill of the material part 3 (UCC28070).

Designator Type Quantity | Price
[€]

RT1 Inrush NTC termistor | 1 0.8
250V /5A

Ul High speed dual MOSFET | 1 2.24
Driver 4AADP3634

U2 PFC controller UCC28070 1 4.31

U3 LinkSwitch LNK304 1 1.26

U4 Low drop voltage regulator | 1 0.81
LE33CD

U5 Current  shunt  monitor | 1 1.28
INA214

U6 Analog comparator | 1 2.44
ADCMP608BKSZ — R2

VARI1 Varistor S14K275 1 0.23

ZD1_CHI1, ZD1_CH2, ZD2, | Zener diode TZMS5248B — | 6 1.08

7ZD3,7D4_CHI1,ZD4_CH2 | GS08 18V /0.5W

Heatsinks Customized heatsink profiles | 2 5

PCB PCB 128x135mm (1.73dm?) | 1 24.45

Total 140.9
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9.18 Experimental Results

9.18.1 Performance Measurements

The measurement was carried out according to the schematic diagram shown in the section
6.5. The graph 9.18 demonstrate efficiency and performance of the corrector at low line
(110V). The results at high line (230V') are shown in the figure 9.19. All graphs include two
curves each for different operating conditions. The red curve represents single operation of
the corrector. The blue one corresponds to the interleaved operation.

The efficiency at low line and nominal power is 93.3% with interleaving. The peak
efficiency at low line and single phase operation overcomes 94%. The graph shows areas
where single operation can improve the corrector efficiency. The single phase operation at
low line improves the performance of the corrector up to 300W. For higher power is suitable
an activation of the interleaving.

At high line the corrector takes advantage of the single phase operation into the measured
range. The differences between curves is negligible, therefore the interleaving is preferable
approximately over 600W due to better heat dissipation. The intersection of the curves
depends on the construction of the corrector, component selection and control method.
The benefit of the single phase operation plays crucial role especially at light load. The
performance measurement, when the power management is enabled, is depicted in the figure
9.20.

9.18.2 Harmonic Content according to CSN EN 61000-3-2 Standard

The harmonic content of the input current was investigated by the same setup as in case
of the performance measurement. The corrector meets the harmonic order limits for the
line current according to the CSN EN 61000-3-2 standard [42]. The measurement of the
harmonic content of the input current was performed at three input power values 100W,
300W and 500W. The measurement includes experimental data for single and interleaved
operation. The measurement results are shown in figure 9.21. All figures include a harmonic
order current limit which is calculated according to the CSN EN 61000-3-2 standard [42]
which defines two limits for D class. First limit is related to current over the power (mA per
W). This limit is dependent on the input power of the corrector. The second limit defines
absolute limit for the standard. The measurement uses only first criterion for comparison
the measured data to the limits described in the standard. The comparison shows that the
experimental results fulfilled limits set by the standard [42].
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9.18.3 Conductive EMI Test

The conductive EMI test setup was based on the section 6.7. The experimental results were
summed up in the figure 9.22. The figure 9.22 a) shows the results for the corrector without
EMI optimisation. The corrector uses CCM with fix switching frequency which was set to
200kHz. The gate resistors have 4.7Q resistivity. The high-speed MOSFET transistors was
used as switching elements and SiC Schottky diodes as a boost rectifier.

The using MOSFET transistors with 4.7€ gate resistance brings a short transients. As a
result the switching losses are minimised but EMI noise is gained at high frequency.

The design of the corrector has direct impact on the EMI performance. The figure 9.22 a)
includes narrow peaks at multiples of the fundamental frequency. Due to the short transients
the high frequency content is rose. Several peaks exceed the limit for EMI standard CSN EN
61000-6-4 [44].

The second option of the corrector is characterized by reduced switching frequency to
120kHz. The gate resistor was replaced by 10Q gate resistors. The transistor is improved by
snubber circuit. The amplitudes of the harmonic content is reduced by frequency dithering
in the range from 110 to 130kHz. Both cases use same EMI filter Schaffner FN2090-10-06
[40].

The figure 9.22 b) shows measured data of the optimised corrector. The graph includes
flat and smaller peaks of the harmonics. The spectrum is continuous in the full scale. The
limit for standard CSN EN 61000-6-4 [44] is fulfilled. The more strict standard CSN EN
61000-6-3 [43] is not fulfilled due to the data exceeds the limit. The better results should
be reached by following complete revision of the layout. The results are also affected by a
grounding. If the corrector uses direct grounding based on the wide copper plate, the high
frequency currents flows directly to ground. In case of using flexible cable for connection
of the filter and corrector is necessary used the EMI filter with better attenuation at higher

frequencies.

9.18.4 Thermal Measurement

The thermal measurement was performed at S00W and 900W. The first group of the figures
9.23 show the thermal images of the components at S00W input voltage with active cooling.
The second group of pictures depicts same load conditions without the active cooling. The
fan, which was used for active cooling, has 240m° /h.

Third group shows the thermal images of the corrector at the nominal power.

The first figure is focused on the top view of the corrector. The bridge rectifier is the

component with the highest temperature on the board. The figure b) shows the isometric
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Fig. 9.23 Thermal image of the APFC based on UCC28070 which operates at 500 W output
power with active cooling, a) top view, b) isometric view, ¢) thermal image of the rectifier
bridge, d) thermal image of the MOSFET transistors.

view on the corrector. The detail of the bridge rectifier and power inductor is presented by
the c) and d) segments.
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Fig. 9.24 Thermal image of the APFC based on UCC28070 which operates at 500 W output
power without active cooling, a) top view, b) isometric view, c) view on the resistive load, d)
thermal image of the MOSFET transistors.
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Fig. 9.25 Thermal image of the APFC based on UCC28070 which operates at 900 W output
power with active cooling, a) top view, b) isometric view, ¢) view on the rectifier bridge, d)
thermal image of the MOSFET transistors.
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Chapter 10

PFC based on the UCD3138 Controller

This chapter describes a digitally controlled APFC based on the UCD3138 microcontroller
which was bought for evaluation reasons. The main aim of this chapter is a description of
basic components of the circuit and algorithms used for control of the corrector. Information
was obtained from application notes and data sheets of the manufacturer. The firmware was
already implemented in the original design kit. Experimental results were compared with
data of the other prototypes. These result provides a valuable information with is used for a

evaluation process in the discussion chapter.

10.1 Block Diagram

A basic schema shows the conventional boost converter complemented by bridge rectifier
and EMI filter. The EMI filter is used for switching noise elimination and rectifier is for
line voltage rectification. The bulb capacitor is moved behind the converter. The main
board allows to change single boost corrector topology to interleaved topology or bridgeless
topology.

This change is possible by linking some terminals. If will connected terminals £2 and E6,
and E3 and E1, the topology will be bridgeless. If will be connected together terminals £6
and E4, and E1 and ES5, the interleaved topology allows to activate. The topology changes
must be followed by firmware changes.

The basic single boost topology will be create when terminals E4 and E6 will be connected

together (all terminal connections is described in [53])
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10.2 Main Program

The main program includes variables, constant and function definitions. Then, it contains an
initial setting of the microcontroller. Next, it has an infinite control loop which contains all

non-time critical function callings for the control strategy [49].

10.3 Program Architecture

An program architecture is divided into background control loop, standard interrupts and fast
interrupts. The background of the control loop includes system initialization, feed forward
control loop, power metering, PMbus communication and system monitoring. The standard
interrupt contains analog to digital conversion, PFC state machine control, calculation RMS
value of the input voltage, output feedback loop and current reference calculation. The fast

interrupts is used for time critical task as over voltage protection [49].

10.4 PFC State Machine Control

The PFC state machine control determines states of the operation depending on the previous
state and control variables. The state machine can be illustrated by the following diagram
10.2. The diagram describes clearly start up and fault states. When the corrector is connected
to the line voltage which is smaller than 85V, the corrector is in a sleep mode. If the input
voltage raises over this value, the APFC starts up. An inrush current relay is switched on
with a delay. If the relay is switched on, the APFC is in the ramp up state. It means that the
output voltage rises up to 390V, then it is in the on-state.

Fault modes are also described in the diagram. If the output voltage exceeds 420V during
a ramp up state or 435V during a normal operation, the PFC will be shutted down and latched.
This fault state is caused by a serious hardware fault therefore it is served by a fast analog
comparator. The state "hiccup” is provided by a software solution due to the reason of this
state which is a load transient [55].

10.5 Signal Conditioning

Signals for analog to digital converters and comparators shall be properly set to maximal
values so that the measured values will be in the range of ADC. The ADC measurement
range is from O to 2.5V as well as in the case of comparators. The error ADC, which is used

for a current feedback, has the measurement range from O to 1.6V. A maximal usage of
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Vot < 380V
Vi > 420V

Fig. 10.2 Diagram of the PFC state machine.

the range is preferred due to the best signal-to-noise ratio. The constants are computed as

follows:
2.5
Kyin <= ———— (10.1)
" \/§ Vimmax
2.5
Kvour <= Vv (102)
out ,max
1.6
Ki<=——"7-— (10.3)

Iin,max : Rshunt
The Ky;, constant represents the input voltage divider. Ky,,; is the output voltage divider

constant. The last constant K; is a measuring constant for the input current [49].

10.6 Analog to Digital Converter

An analog to digital converter (ADC) is used for the conversion input and output voltages. A
block diagram is shown in the figure 10.3. This converter is 12-bits successive approximation
ADC with 16 channels. A typical conversion speed is 267ksps. It has several features
(averaging, variable trigger events, interrupt capability, digital comparators and many others).
In spite of the fact that the ADC is high speed, it is suitable for monitoring and low speed
control loops. For high speed purposes an error ADC shall be used. The error ADCs, which
are a part of the digital power peripheral modules, are designed especially for high speed
closed feedback loops [55], [49].
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10.7 Voltage Feedback Loop

A voltage feedback loop provides an output voltage regulation. The feedback loop has usually
a very low bandwidth due to a volume capacitor at the PFC output. The low bandwidth
allows to design a pure software solution of this loop. The output voltage sensing is given
by the ADC. A converted value of the output voltage is compared with the output voltage
target. The difference between them creates an error voltage signal which is modified by a
proportional integral controller. It shall be able to cope with a load transients as well as a
normal operation during a steady state owing to these requirements the controller is equipped
by a non-linear gain.

If the error voltage crosses a determined level, the greater gain is applied. The situation is
described by the flow diagram 10.4. The integrator has a memory therefore a firmware shall
be protected against the overflow. For this reason, the integrator clam is applied. Additionally,
the program includes an output voltage clamp which protects the output of this controller
[49].

10.8 Feed Forward Loop

A feed forward loop regulates the current through the shunt resistor. The feed forward loop
compares a reference signal with a voltage drop across the shunt resistor which is proportional
to the input current. As it was mentioned before, the reference voltage is a product of the

error signal from a voltage feedback, input voltage signal, compensating signal, and gain
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Fig. 10.4 Flow diagram of the PI controller.

constant. It is shown in the block diagram 10.7. The loop uses the error ADC, digital filter,
and digital PWM module [49].

Lef=A-B-C-D (10.4)
W VmK in'K
Lp = -2 (10.5)
VRMS

* A - represents the error feedback signal of the voltage loop (Vy)
* B - gives information about the input voltage waveform (V;, Ky, )
* C - symbolizes the compensating signal (1/VZ,)

* D - corresponds to the gain constant (K)

The real numbers shall be converted to the digital representation. The floating point
representation is characterized by an excellent accuracy but a poor performance at high speed
applications. However, the using of the floating point is not necessary. For the high speed
applications which are not accuracy critical, the fixed point representation can be preferably
used.

The fixed point representation of the real numbers typifies the using for time critical tasks

as digital signal processing where the accuracy is less than speed. The principle is using
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some bits in the integer for a representation of the fraction of real numbers. In this case, the

each signal is standardized so that the maximal value is 1 [49].
* Lyefmax = 1 at the maximal power and low line
* Vymax = 1 at the maximal output voltage

The following equations are created by an inserting of the norm values into the original
equation. The low line is represented by Vi (in)-

V, s V2 o
K — Iref7maxv RMS(min) _ > RMS(mz[ré) (10.6)
pk(min)-Kyin-Vv max pk(min) * AVin
For the sinusoidal input voltage the next equations are valid.
Vk
Vems = % (10.7)
V2.
2 pk(min)
VRMS(min) Y (10.8)
K2 . V[?k(min)
K=-"""2 =05 Kyin Vor(min) (10.9)
Vok(min) - Kvin

A sensing of the input voltage uses a differential measurement, in other word, it is
measured by two separate ADC channels. The differential measurement is necessary due to
the ground reference which is placed at the negative terminal of the capacitor. After that, the
signal rectification is carried out in the firmware. The final value is brought to the one input
of the multiplier. It gives information about a waveform shape of the input voltage [49].

As next step, the root mean square value is calculated. The root mean square value is
defined by the equation (10.10). In the discrete case, it is modified to the equation (10.11)
[49].

1
Vays = — / V(r)de (10.10)
ac
V(n)?
Vs = L 1\(7 ) (10.11)

The flow diagram 10.6 shows a software implementation of this equation. At first, a
calculation is carried out. After that, the positive flag is tested. The voltage is accumulated. It
means that the actual voltage is summed with results during previous cycles. Simultaneously,
the cycle counter is incremented. Finally, the accumulated value is divided by a number of
the cycles [49].
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Fig. 10.7 Block diagram of the digital power peripherals.

10.9 Digital Power Peripherals

UCD3138 microcontroller takes advantages of digital power peripheral modules. This feature
makes an easier design of power converters. Therefore this microcontroller is suitable for a
digital control of PFC and other power topologies. This microcontroller includes three digital
power peripheral modules. Each module contains an error ADC, digital filter, and digital
PWM module. The modules can be interconnected between each other. In other words, any
EADC can be connected to any digital filter and any digital filter can be connected to any
PWM module [49].

10.10 Error Analog to Digital Converter Modules

EADC contains a differential analog amplifier at the input, which compares two signals
connected to EAN and EAP inputs. The error amplifier output gives information about
a difference between the current reference connected to EAP (positive terminal) and the
feedback signal which is connected to EAN (negative terminal). Its gain is programmable by
the block AF Eg;,. The output is coupled with a next differential amplifier. This amplifier
compares the error signal with the analog output from DAC.

It is a part of the successive approximation ADC as well as the 6-bit ADC. In other words,
this amplifier provides a feedback between digital output from EADC and the analog error
signal. EADC comprises other functional blocks for a power supply design simplification.
The ramp block allows to create a ramp up or down function which can be used for a soft-start
or soft-stop of converters.

If a bias is needed, the pre-bias control block will solve it easily. The module supports
also a peak current detection which is provided by a comparator between the DAC output
and EAP terminal. EADC offers also an averaging function, it can be used for a filtering of
samples. The configuration allows to set 1x, 2x, 4x, or 8x averaging, that means the output

signal is average of the 1, 2, 4, or 8 samples [49].
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10.11 Digital Filter Modules

The digital filter is a second stage of the digital power peripheral modules. It contains
proportional, integral, and differential branches. The filter is a complex system therefore it is
not be described here in detail. The configuration of theses filters includes to configure a lots
of registers. The filter allows to set all constants and gains. The configuration can provide a
2-pole and 2-zero digital compensator. The integral and differential branches contain also
clams which protect an exceeding of the overflow limit. The proportional branch is limited

by itself owing to it has no memory. The output signal is also clamped [55], [49].

10.12 Digital Pulse Width Modulation Modules

The last block of the digital power peripheral modules provides a PWM generation system.
The compensated signal is connected to the PWM input. The PWM block has two outputs
which control external power drivers. Finally, these drivers feed the power transistors. Output
signals can be configured by several ways.

Each mode is suitable for a specific converter type. Configuration registers allow to set a

large number of the functions (start events for a frame, generating signals, a synchronization
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between channels, various fault actions, etc.). Additionally, the PWM modules offer a current
balancing which can be preferably used for interleaved PFCs.

A normal operation mode is suitable for a single boost PFCs. A pulse width depends on
the output signal from the digital filter. Sync FET Ramp and IDE Calculation modes provide
a replacing diode rectifier by the MOSFETs. These improvements can improve the efficiency
of PFCs by 1 —2%. This mode is also useful for a synchronous boost single- or multi-phase

PFCs, which should successfully improve an efficiency of correctors [49].

10.13 Over Voltage Protection

For safety reasons it shall be implemented an over voltage protection which protects the
output capacitor against to a voltage overloading. As a consequence, it protects the other
components owing to the interdependences between the output voltage and the input current.
Two over voltage protection approaches provide a safety in two voltage thresholds.

The lower threshold is served by a full software solution. The output voltage is measured
and filtered by ADC. The filtration is recommended for the noise and spikes immunity. The
output of ADC is compared with an user programmable threshold. If this value is greater
than the threshold, the corrector gets to shut down but the output voltage is further measured
via ADC. It allows to turn on the PFC when the output voltage drops below the threshold
due to this mode is called "hiccup”. This mode is helpful when the operation conditions are
changed by sudden load transient effects.

The hardware protection serves a higher threshold, which is faster than software approach
therefore it is used for a protection against the hardware failure. A programmable on-chip
analog comparator provides the fast and program independent solution. The threshold is
determined in the configuration. It is chosen between 10 — 20 volts above the software
protection threshold. When this fast over voltage protection is once triggered, the PFC signal
for power transistor is turned off. PFC is shutted down and latch for safety reason owing to

the cause for the triggering which is most likely a serious hardware failure [49].

10.14 Cycle-by-cycle over Current Protection

An over current protection is implemented by an on-chip analog comparator as well as the fast
over voltage protection. The protection is characterized by a cycle-by-cycle operation. That
means, if the comparator is triggered during an one switching cycle, the PWM generation
stops until the next cycle begins. In other words, the comparator undertakes continuously a

testing of the over current during each switching cycle [49].
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10.15 Graphical User Interface GUI

The graphical user interface developed by Texas Instruments is used for setting, monitoring
and tuning of PFCs. Each process can be run on the fly. USB and PMbus are used for a
communication between the personal computer and PFC. USB provides the communication
interface between the personal computer and a USB to GPIO adapter. This adapter com-
municates with PFC through PMbus. GUI supports several PFC and other power converter
topologies. [49].

10.16 Further Improvements

This section shows a possible improvements of the correctors. They includes a basic explana-
tion of the issue and its solution. All of them have a direct impact on the performance. A
burst mode is usually applied also in the analog control circuits. A frequency dithering is

common used technique for EMI reduction.

10.16.1 Burst Mode

The most of PFCs have a poor correction performance at light load. It is caused by a precision
of the current measurement. As a consequence, PFCs have inaccurate information about a
waveform shape of the input current. Additionally, an efficiency is very low at light load due
to the fact that the switching losses are same. The switching losses create a big amount of
the total losses. The solution is a burst mode which is one or more dead time line periods
after one normal operation line period. This technique get bigger input current. It provides a
better current measurement, on the other hand it causes an enhances output voltage ripple
[48], [49], [48].

10.16.2 X-cap Reactive Current Compensation

Generally, EMI filters shall be added into PFCs for a noise reduction. The EMI filters include
in most cases two inductors for common and differential noise reduction, two Y-capacitors
for differential noise reduction, and two X-capacitors for common noise reduction. The
X-capacitors are connected between a power line (line or neutral) and earth terminal. These
capacitors cause that the input current to lead the input voltage.

As a result, the power factor (PF) is negatively affected by this situation which plays
a crucial role at light load or high line. This problem can be solved by a delaying of the
inductor current so that the input current agrees with the input voltage. The delay can be



10.16 Further Improvements 201

provided by a modification of the reference current signal for the feed forward current loop
[55], [46].

10.16.3 Harmonic Injection

This method eliminates a second harmonic which shall be eliminated close to zero due
to negative influences on telecommunications or other systems. The reference signal is
sinusoidal in a case of conventional control techniques. The harmonic injection method
applies a modification of the reference which is not sinusoidal. The signal has a flattened
or concave top thus it reaches the elimination of the second harmonic. As a result, the
input current spectrum does not include harmful harmonics. Conversely, other harmonics
are enhanced. This method is suitable for higher power levels and applications which are

sensitive to the one specific harmful harmonic [49], [47].

10.16.4 Valley Switching Control

A conventional control works under CCM properly at normal operation but at light load
operates under DCM. Its weakness is the input current distortion. When a transistor is
switched on, the line current goes up. After than, the transistor is switched off and the current
drops back to zero at ideal situation.

The real situation is different. When the current crosses a zero voltage level, it continues
to a negative region. This behaviour is caused by a resonating of the inductor current with
MOSFETs parasitic capacitive current. The resonant current causes a significant distortion
of the input current waveform. Since the resonant current is added to a switching current in a
one switching cycle and subtracted from the switching current in the next cycle.

As a result, it creates a crucial current steps on the input current waveform. This
phenomena has substantially a higher frequency than the feed forward loop bandwidth. As a
consequence, the feed forward loop is not capable regulating current disturbances.

The solution of these current disturbances is solved if the transistor is switched on after
the resonant current matches zero. In this case, the input current will not be affected by the

resonant current. As a consequence, the current distortion is effectively removed [50], [49].

10.16.5 Frequency Dithering

This method uses a modulation of the switching frequency for a EMI noise reduction. This
technique improves a capability of the EMI filters or allows an using of lower quality filters.
Unfortunately, the frequency dithering is hand in hand with THD performance. THD drops
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by 1% in average. A principle of the EMI reduction is based on the noise changing from
narrowband to wideband.

The modulation signal has a triangular shape. An amplitude of the signal affects a dither
magnitude. The dither magnitude defines the minimum and maximum switching frequency.
The center of the switching frequency matches the nominal switching frequency of the
PFC. The dither rate determines a frequency of the change between extremes (minimal and

maximal frequencies). The dither rate equals to a frequency of the modulation signal. [49].

10.17 Experimental Results

10.17.1 Performance Measurement

The measurement was undertaken by the description in the section 6.5. The figure 10.9 a)
depicts an efficiency of the corrector and correction performance. The efficiency exceeds
95.1% at 230V input voltage and 92.5% at 110V. The figure 10.9 b) represents a correction
performance in a full operation range. The power factor at 50W input power reaches 0.95
in case of 230V line voltage and 0.995 in case of 110V line voltage. The PF peak at 110V
reaches 0.999 at 240W. Whereas, the maximum at 230V line voltage is shifted to the 370W

input power and reaches the 0.998 value.
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10.17.2 Harmonic Content According to CSN EN 61000-3-2 Standard

The corrector shall not overcome harmonic order limits for the line current. The measuring
setup uses a same equipment and connection as the performance measurement. The obtained
data describe a harmonic content at two input power values. The measurement was carried
out at 100W, and 300W. The results are depicted in the figure 10.10. Both figures include a
limit which respects the CSN EN 61000-3-2 standard [42] for D class. For the graphs were
used the more strict limit which is related to the current over the power (mA per W). The

experimental results complies the limits which are defined according to the standard [42].
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Fig. 10.10 Harmonics content of the corrector at different loads, a) 100W, b) 300W.
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Chapter 11

Evaluation of the Prototypes

11.1 Experimental Results Comparison

This chapter is devoted to the overview of obtained experimental results. The measurement
was performed in the four main parts which are performance measurements, harmonic content
of the line current, conductive electromagnetic emission, and thermal measurement. The
measured data of the first prototype is shown in the figure 7.24. Curves illustrate that the
peak efficiency of the corrector is 96.6% at the 230V line voltage. The peak efficiency at
110V reaches 93.9%. The PF parameter is in the interval 0.95 to 0.998. If the results are
compared with the data from second prototype with the UCC28060 controller. The efficiency
peak reaches 95.5% at 230V and 92.5% at 110V. These results reflect the power inductor
construction and switching frequency of the corrector. On the other hand the efficiency
curves are flat thanks to the power management. PF was during the whole measurement from
0.985 to 0.998. The experimental results of the corrector based on the UCC28070 controller
indicate the maximal efficiency is 96.8% at 230V and 94.1% at 110V. PF is in the range
from 0.87 to 0.999. In case of the UCD3138 kit the efficiency reaches 95.2% at 230V and
92.6% at 110V. The PF range is from 0.95 to 0.999. Summing up the results, it can be
concluded that the performance of all correctors is sufficient, the best efficiency is reached at
the corrector with UCC28070.

The measurement of the harmonic content indicates that the all prototypes pass the
required standard. The graphs of the third prototype imply a higher content of the third
harmonics at 100W load power. The better correction performance is observed at the higher
load current. The prototype with digital controller demonstrates the main benefit which is a
very low content of the higher harmonics at light load. These findings are also influenced by
the determined output power of the correctors.
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The conductive electromagnetic emission measurement verifies that the correctors comply
the CSN EN 61000-6-3 [43] or CSN EN 61000-6-4 [44] standard. The final measurement
was undertaken with the Schaffner FN2090-10-06 filter [40]. The first prototype with
improvements complies the CSN EN 61000-6-4 which is the industrial standard. The second
prototype based on the UCC28060 should comply the industrial standard in the case of the
direct grounding connection to the rack. Otherwise, this corrector does not comply this
standard due to the highest frequencies overtake the limit. The prototype with the UCC28070
controller and additional improvements pass the limit according to the CSN EN 61000-6-4
standard [44]. The commercial limit regarding the CSN EN 61000-6-3 standard [43] was
exceeded but it is expected that the more efficient grounding can solve this issue.

The thermographic measurement verifies the design of the power components. The
investigation confirm that the temperature of the particular components does not exceed 80°
only with one exception which is a NTC thermistor of the second prototype.

11.2 Corrector Costs Comparison

This section provides costs comparison of the prototypes. The figure 11.1 shows overall
costs of each prototype. The UCC28180 corrector is a cheapest solution. Contrary, the
UCD3138 is the most expensive member. It is caused due to this board was bought as a final
kit. However, the power rating of the prototypes is differed therefore it is made up a second
figure. The figure 11.2 respects the power rating of the correctors. The costs are tied to a unit
of the power.
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Chapter 12
Conclusion and Future Work

From the research that has been undertaken, it is possible to conclude that the experimental
findings confirm expectations. All prototypes fulfilled the requirements which were esta-
blished at the beginning of this thesis. The design methods used for prototypes provided a
suitable approach with a direct practical relevance. The experimental results implied that the
suggested techniques of APFCs provided a performance enhancement of the correctors. The
theoretical background has contributed considerably as well due to it gives a comprehensive
account of the power factor correction, physical principles, control techniques, current modes,
and perspective corrector topologies which were directly linked with the final prototypes.

The most beneficial parts of this doctoral thesis are chapters devoted to design and
verification which explain basic blocks of the controllers and describe a design process
of the prototypes from the beginning. Each prototype takes one chapter about the design,
improvements, and verification. Thank to this construction the dissertation covers a design
complexity, cooling requirements, volume, PCB dimensions, component count, performance,
and costs. All these aspects are taken into account in the discussion chapter which is devoted
to the overall evaluation of the prototypes.

If we look at the design issue more closely, all prototypes are unique. Each prototype
uses a different controller, topology, and output power rating. As a consequence, design
calculations were performed individually.

The first prototype is based on the UCC28180 controller. The chapter explores a design
process and consists of sections discussing about the possible improvements as well. These
improvements were devoted to boost diodes replacement and frequency dithering. As a result,
let’s say that the SiC Schottky diodes are a suitable choice for correctors which operate
over the 100kHz switching frequency. The advantages of these diodes are a lower power
dissipation, smaller heatsink, very low junction capacitance. On the other hand, the cost

is higher than the cost of the conventional solution with Si ultra fast diodes. During the
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EMC testing was found out that the measured data overcomes the limit for the CSN EN
61000-6-3 standard therefore the prototype was equipped by a relaxation oscillator which is
able to sweep the switching frequency in the determined range. These improvements with
other hardware adjusting as the switching frequency decreasing, gate resistor, and transistor
replacement lead to the modification of the electromagnetic emissions results.

The next prototype is based on the UCC28060 controller. It is characterized by an unique
flat construction which uses planar inductors, and embedded components. The solution
provides a very low height of the prototype which is up to 22mm. As a heatsinks of the power
components were used copper polygons. They reduce the costs of the prototype. The most
beneficial feature is the power management of the corrector. This solution opens a possibility
of the using interleaved corrector in the application with the variable output power and line
voltage. The experimental results indicate that the approach improves the efficiency and
correction performance at light load. Contrary, for higher loads the corrector takes advantage
of the interleaving.

The prototype based on the UCC28070 controller uses similar phase management control.
The power management is not generally implemented in the controller. The feature is
controlled by the superior control system. The control signals use an external transistors
which provide a disabling function of a particular branch of the corrector. This feature of
the controller is originally used for disabling of the corrector branch in case of a specific
failure. The borders between enabling or disabling particular branch of the corrector is
dependent on the line voltage and output power. The control signals allow to disable the
corrector branches by grounding of the CAOx pins. When the CAOA pin is pulled low, the
channel A is disabled. The experimental results show that the phase management optimizes
the performance and efficiency under variable operation conditions. For a reduction of the
electromagnetic emissions the corrector was adjusted. The switching time of the transistors
was slowed down by an gate resistor increment. The inductors were equipped by a flux band.
Finally, the switching frequency was reduced to 120kHz and the frequency dithering was
also used.

The last APFC was characterized by UCD3138 controller which was bought as a kit.
The corrector was used for evaluation purposes. The costs comparison across the correctors
demonstrates that the most expensive solution is the kit with UCD3138. On the other hand,
the distortion of the line current is considerably eliminated.

The future research will be devoted to use a FPGA as the PFC controller. The corrector
will be designed as a six-phase corrector. The solution will use several internal or external
ADCs. Based on this information FPGA will be able to control a power stage. The FPGA will

produce six PWM signals which could be amplified by gate drivers. The main advantages
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of this solution will be easy reconfiguration of the number of the phases, data logging,
diagnostics, implementation of the phase management, and changeable control method. The
disadvantages will be a longer developing time of the control algorithm, power amplification
of the PWM signals, and costs.

The realized prototypes of the correctors can be practically applied as pre-converters of
the conventional switch mode power supplies. They can be successfully used for a number
of industry power supply applications. From the outcome of the investigation it is possible
to conclude that the decision about a suitable topology and controller is a complex issue.
However, single phase correctors are a suitable choice for the stable operational conditions.
The digital controllers open an accurate correction of the line current. Unfortunately, their
application is expensive and the implementation time is long. The interleaved correctors
are flexible. They can works under single phase or interleaved operation according to the
instantaneous conditions. Thanks to this feature they can operates always optimally.
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Fig. A.1 Schematic diagram of the single phase boost corrector with the UCC28180 controller.
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Fig. A.2 Schematic diagram of a supply for the single phase corrector (UCC28180).
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Fig. A.3 Schematic diagram of the positive wave detector (UCC28180).
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Fig. A.4 Schematic diagram of the dithering circuitry (UCC28180).
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Fig. A.5 Schematic diagram of the bulk capacitor discharge circuitry (UCC28180).
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Fig. A.8 Block diagram of the power channel (UCC28060).
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Fig. A.9 Schematic diagram of the power channel (UCC28060).
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Fig. A.11 Schematic diagram of the positive wave detector (UCC28060).
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Fig. A.12 Schematic diagram of the bulk capacitor discharge circuitry (UCC28060).
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Fig. A.13 Schematic diagram of the interleaved dual phase corrector power stage based on
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Fig. A.15 Schematic diagram of the power channel (UCC28070).
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Fig. A.16 Schematic diagram of the power supply (UCC28070).
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Fig. A.17 Schematic diagram of the positive wave detector (UCC28070).
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Fig. A.18 Schematic diagram of the bulk capacitor discharge circuitry (UCC28070).
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