POLITECNICO DI TORINO

Department of Electronics and Telecommunications

Master’s Degree in Electronic Engineering

Master’s Thesis

A study on low-power high-voltage
step down AC — DC converters

Supervisor

Prof. Franco Fiori

Candidate
Matteo Di Placido

October, 2018



to my grandfather

Bruno



Ringraziamenti

Arrivare a questo traguardo e stato davvero impegnativo e questo percorso di sei anni
mi ha cambiato parecchio. Quando scelsi il Politecnico di Torino ero sicuro che ce
I’avrei fatta, ma ero troppo pieno di me. Il primo anno ¢ stato un trauma, ho pensato
un paio di volte di aver completamente sbagliato strada e ho creduto di non farcela.
Mi sono messo alla prova senza mollare e alla fine, dopo aver dovuto imparare da
capo un nuovo metodo di studio, sono riuscito piano piano a migliorare. Lasciando
da parte 'aspetto didattico, venire a Torino mi ha permesso di “imparare a vivere”.
A diciannove anni sono uscito di casa e ho dovuto imparare a cavarmela da solo,
iniziando a saggiare la vita da persona adulta. Credo che questo sia uno degli aspetti
che pit mi ¢ piaciuto di questo percorso: crescere.

Non sarei mai riuscito in questa fase della mia vita se non avessi avuto al mio fianco

delle persone speciali e se non avessi incontrato professori in grado di stimolarmi.

Vorrei ringraziare in primo luogo il prof. Franco Fiori, relatore di questa tesi. Il
tempo dedicatomi e stato fondamentale alla buona riuscita di questo lavoro e i suoi
suggerimenti sono stati utilissimi nei momenti di maggior difficolta. Vorrei ringraziare

anche Erica, Michele e Vincenzo; siete stati sempre disponibili ad aiutarmi.
Mamma e papa, senza il vostro supporto tutto questo non sarebbe stato possi-
bile. Mi avete sempre sostenuto e ad ogni mio dubbio mi avete sempre consigliato

nel migliore dei modi, vi voglio bene.

Nonna Teresa e nonno Bruno, siete i nonni migliori che un nipote possa desiderare

e siete stati un supporto insostituibile alla mia crescita. Mi dispiace non avervi con

1



me oggi, ma sono sicuro che vi abbraccero presto.

Tiziano, tu avresti dovuto aiutarmi a fare i “conti” per questo lavoro, ma anche
se non lo hai fatto ti ringrazio lo stesso. Forse ¢ meglio cosi, spero pero che il livello

d’inglese sia di tuo gradimento.

Non so davvero dove iniziare per dirti quanto di questo lavoro e stato possibile
anche grazie a te, Serena. Il tuo e stato il supporto piu vicino e vivo, non solo in
questo periodo conclusivo, ma in tutti questi anni che siamo stati insieme. Per tutte
le volte che mi hai sopportato, grazie. Per tutte le volte che mi hai sostenuto, grazie.
Per tutte le volte che, in un modo o in un altro, hai reso un “tediosa” giornata di
studio un momento per passare del tempo insieme, grazie. Per tutte le nostre piccole
conquiste, grazie. Potrei continuare ancora e ancora, ma quello che voglio dire ¢ che
tu sei stata fondamentale per me. Abbiamo intrapreso un nuovo cammino insieme
e sono certo che avremmo tante soddisfazioni. Continueremo a crescere insieme e

voglio continuare ad essere la tua roccia, il tuo sostegno, in ogni momento.

Un grazie profondo anche a tutti gli amici conosciuti durante questo percorso:

Francesco, Arianna, Federica, Guido, Edoardo, Davide, Antonio, Fabrizio e Riccardo.
Grazie anche a Marco, Bryan, Wassim, Fabiano, Eugenio e Arek. Potreste vincere

il premio “peggior compagno di stanza” di sempre. Vi ho risparmiato possibili post

sulla pagina Il Coinquilino di M..

1l



Abstract

One of the main topics of nowadays research is the efficiency improvement of various
electronic systems, powered with a rechargeable battery or directly connected to the
main power grid. This interest should be supported by the will to abandon energy
generation methods typical of the past two centuries, like non-renewable sources, first
among everything coal and liquid or gaseous fossil fuels. These sources have reached
their life cycle end and damaged the environment. For these reasons the world is en-
couraging the use of energy derived form renewable sources, moreover reducing losses
is also a main concern. Following this trend, more stringent requirements have been
developed like the U.S. Energy Star or the European Code of Conduct (ECoC), which
apply also to power supplies. Due to the increasing number of consumer electronics,
the aforementioned standards have been starting to consider not only the efficiency
of a device in maximum load conditions, but also in no load or light-load ones. These

requirements involve more effort, for hardware engineers, in the design steps.

The scope of this work is to design and simulate a circuit able to convert power
from the main power grid (AC domain) to a much lower constant voltage (3.3V)
and which could provide up to one hundred milliamps in full load condition, at the
same time a comparison between different integrated circuits is required. The most
recent of them have been searched on different product selector guides of various
manufacturers, in order to obtain a proper comparison in terms of availability and
marketability. Among all the topologies used, the most simple and suitable for the
required specifications has been chosen: a non-isolated buck converter. Its working

principle has been described in detail, as well as its control system.
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A device, in order to be sold on the market, should comply important standards;
one of the most characteristic, for a switching mode power supply (SMPS) like the
chosen buck, is the electromagnetic compatibility (EMC). The device is required to
not generate too much electromagnetic noise, both radiated and conducted. The
first one is mainly solved by proper placement of components and suitable enclosure,
whereas the second one is dealt with an electromagnetic interference (EMI) filter. In

the end, also this filter has been discussed, designed and simulated in LTSpiceXVII.

Among all the possible integrated circuits founded, the first choice has been the
VIPer01 from STMicroelectronics. Its internal structure has been discussed, a buck
converter designed with it, simulated in different working condition and then the effi-
ciency has been computed at various loads. In order to compare different circuits and
find better results in terms of efficiency, an additional research has been conducted
focusing attention on buck input voltage reduction methods. The previous research
result led to the use of a capacitive voltage divider. This approach not only provides
a reduction of stress over components and switching losses, but increases also the

number of possible integrated circuits that can be used.

In the end, various devices have been simulated under similar working conditions,
their efficiencies compared as like as their overall cost and number of components.
As expected the best result has been obtained with a synchronous non isolated buck
converter. It has been shown how a good research and proper selection of components

leads to good results and efficiency improvements.
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CHAPTER 1

Introduction

The world of power supplies is changed quite a bit since the availability of high volt-
age bipolar power transistor (’60). These devices, in fact, allowed the realization of
switching mode power supplies (SMPS). Linear power supplies, which were the only
solution before the advent of power transistors, are now used in limited applications
and the market is mainly covered by SMPS. This is happened because of the high
volume and weight reduction provided by SMPS, in fact they do not need the bulky
line transformer typical of linear power supplies.

Nowadays power MOSFETSs (which started to appear in '70) have pushed the switch-
ing frequency in the hundred-kilohertz/megahertz rage and this has reduced the size
of magnetic components further more with respect to what was possible with power
bipolar junction transistors (BJT). Starting from the growth of the Internet (’90),
data processing capability demand has continued to increase, a larger and larger num-
ber of consumer electronic devices is appeared on market and, as a consequence, the
number of power supplies has been increased. Not only the number is increased, but
also the power density, which is the capability to deliver a specific amount of power
in a given volume. This aspect is clearly discussed in [1] and figure 1.1 shows trends
for server, desktop and notebook power supplies. This growth led to the introduction
of more stringent requirements for efficiency also at light load, the European one is
the ECoC (European Code of Conduct) and the United States have the U.S. Energy
Star requirement. There are many more of them and now they require the hardware

engineer to consider different aspect during the design steps.
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Figure 1.1: Power supplies densities and efficiencies, for various applications in [1]

The European energy consumption has been reduced by more than 10%, during
2005-2015, thanks to green politics and the application of the previously mentioned
requirements [2]. Losses reduction and the use of renewable sources is an unavoidable
aspect of nowadays environmental problems. For example, Europe aims to use 20 %
of the total gross power from renewable sources, in 2020.

To better understand why the efficiency problem is so important, let’s consider data
reported in the “Ericsson Mobility Report” of 2018 [3]: 5.5 billion is the number
of mobile subscriptions in June 2018. This means that there are almost the same
number of devices connected to these subscriptions and a similar amount of power
supplies powering them. Supposing now to have an output power for each of them
equal to 10 W, the ECoC will require them to have an average efficiency around 75 %.
This means that 2.5 are lost as heat, if this power is multiplied by the number of
devices, the total power lost is around 14 GW and, since electric energy has a cost,
the outcome is clear.

To have a better overview of the problem, let’s consider the same 2.5 W of lost power
and a number of people per household in Italy equal to 3.75, obtained as Italian pop-
ulation (60 - 10%) over number of households (16 - 10°), the lost energy per household
will be approximatively 9. Then the cost of electric energy is around 0.08€/kWh,
so, if the devices are supposed to work per 2 h per 30 days, the cost per month will
be around 0.043€ and 0.52€ /year. This is not a big number for a single household,
but it will increase to 8.3 million€/year considering all the households in Italy.

It is clear that power saving is unavoidable and, as already said, standards become

more and more stringent over time. Considering for example the EC' No 278/2009



[4], the no-load power consumption of AC-DC external power supplies shall not ex-
ceed 0.3W = 0.5W, depending on the power rating of the device, and the average

active efficiency is required to be as reported in figure 1.2. For example, a 1 W
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Figure 1.2: Average active efficiency limits from [4]

output power AC-DC external power supply should have an average active mode effi-
ciency greater than 62 %, whereas a low voltage external power supply (Vo < 6V and
Io > 550mA) should show an efficiency greater than 56.4 %. In [4] the average active
mode efficiency is defined as the average of the efficiencies computed at different load

conditions (25 %, 50 %, 75 % and 100 % of nameplate output current).

The scope of this work is to design and simulate a circuit able to convert power
from the main power grid (AC domain) to a much lower constant voltage (3.3V)
and which could provide up to one hundred milliamps in full load condition, at the
same time a comparison between different integrated circuits is required. Small area,
reduced cost and good efficiency are the main requirements. Isolation is not a main
concern for this work. Due to the very low output power required for this application,
the efficiency improvements is an hard task, because there is a very small margin for
power savings. Different aspects and power loss contributions will be analysed during

this work, in order to obtain the previously mentioned efficiency improvements.

The required AC-DC converter is a particular device able to convert an AC power
source (like the mains) to a DC one, which is much more suitable for powering dif-
ferent kind of circuits (like micro-controllers, phone charger, LED driver, metering
applications and so on). The first question is: “why is power transferred with AC?”

The answer lies in the past, in particular in the late 1880s, when the, so called, “War



of the Currents” was fought by Thomas Edison and Nikola Tesla, as reported in
[5]. The outcome of this war was, as everyone know, decided by economic reasons
and the winner was Nikola Tesla with his AC high voltage solution. Nowadays some
companies are looking for High Voltages DC current solutions (HVDC), since now
technology is evolved and DC current offers some benefits that are not present with
AC one, like an higher stability. So, the match may not be over yet.

An AC-DC converter, also called rectifier, should have different characteristics, de-
pending on the particular application it is going to power, and some examples are:
multiple outputs, output voltage ripple, fault protection, isolation and many more.
These are only some of the possible requirements and they can change from one de-
vice to the other. Every converter is formed by different building blocks and they
are: filters, rectifiers (like single diode or Graetz’s bridge), storing energy elements

(capacitors, inductors and transformers) and switches.

In the following chapter multiple aspect of this work will be discussed and in

particular there will be:

Chapter 1: Introduction in this chapter the scope of this thesis will be presented,
a brief introduction of the efficiency problem and a short historical tour to the
SMPS world given. It is also possible to understand here why requirements

have become more and more stringent over time.

Chapter 2: State of Art in this chapter a set of possible solutions will be con-
sidered, deriving them from application notes or datasheets. In this way, the
most recent devices will be considered, because the main sources will be the
Product Selection Guides from different manufacturers. On top of that, this
approach will give an hint of what are the main topologies used nowadays for

a real marketable application, like this one pretends to be.

Chapter 3: Found solutions’ working principle an explanation of the solutions
found in Chapter 2 will be given here and, starting from them together with
given requirements, the most suited one is selected: the buck converter. This
topology is one of the easiest in terms of behaviour and, moreover, has a deeply

studied control system. The number of components can be very small, which
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will help reducing the complexity, the Bill Of Materials (BOM), the area and
the cost. Other solutions are considered, like Capacitive Power Supplies, and

the reasons why they are not suited for this application given.

Chapter 4: Ideal buck design in this chapter an ideal buck will be designed in
order to obtain a reference point for future considerations. Hints will be given
on how to properly select the input and output capacitor values. Secondly, the
main losses contributions will be analysed and, then, some simulations will be

performed. Finally, the effect of a real switch and a real diode will be considered.

Chapter 5: EMC for SMPS the electromagnetic compliance is essential for any
device with a switching frequency greater than 9 kH z, that is able to generate
electromagnetic noise. Requirements exist for SMPS, like CISPR 22, and they
express the amount of conducted/radiated emission allowed for a given device,
that should be placed on the market. An explanation of these requirements
is given, in this chapter, and the difference between conducted and radiated
emissions provided. The Line Impedance Stabilization Network (LISN) is in-
troduced, since it should be used during tests for conducted emissions. At
the end, the need of an Electromagnetic Interference (EMI) filter is explained,

together with a procedure to design it.

Chapter 6: VIPer01 based solution among all the possible devices found in chap-
ter 2, the VIPer0O1 is selected as a starting point. Its internal structure is de-
scribed here, then a circuit is designed and, finally, simulations are carried on.
A start-up phase, the steady state and a fault condition are simulated; sec-
ondly, the effect of the EMI filter is considered. In the end, the efficiency is
computed at various load conditions, in accordance with ECoC or U.S. Energy

Star standards.

Chapter 7: Proposed solutions to improve efficiency in this chapter various
solutions, to get an improvements in terms of efficiency, are given. In particu-
lar, a capacitive voltage divider is used before a full-wave rectifier in order to
reduce the input voltage at used integrated circuits. This will help to reduce

stresses over components, but allows, also, to increase the set of available de-



vices. Starting from this, a synchronous buck converter is considered and an
efficiency improvement obtained, thanks to the substitution of the free-wheeling
diode with another MOSFET. The other main big contribute to power loss is
the in-rush current limiting resistor, this one should act only at start-up phase,
during steady state operation it will only dissipate power. The use of a photo-
triac and a Solid State Relays (SSR) are considered as a possible solution to

the previous problem.

Chapter 8: Conclusions in this last chapter the conclusions are presented, high-
lighting pros and cons of the various found solutions. The BOMs are compared

and possible further improvements suggested.



CHAPTER 2

State of Art

The scope of this thesis is to design and simulate an AC-DC converter, with reduced

occupied area, good efficiency and low output power. The specifications are here re-

called: It can be seen that this converter is a low power high-voltage step-down one,

Specifications

Value

Input Voltage

220V 50 Hz for the EU market and
120V 60 H z for the US one

Output Voltage

Vo=33V

Output Current

o, = 100mA

Average efficiency

in accordance with the ECoC, see figure
1.2, this quantity should be > 30 %

No load consumption

in accordance with the ECoC, it should
be <0.3W

Area

smallest possible

Cost

reduced cost will help the device to be
sold on the market

the maximum output power is about one third of a Watt. It can be also noticed that

galvanic isolation is not a primary requirement, which means that the final circuit

should not provide isolation between the high voltage AC side to the low voltage side.

Caution should be taken when dealing with high voltages.

First of all, an initial research is conducted on Product Selection Guides from differ-

ent manufacturers, various solutions are obtained: in particular, SMPS are mainly



2.1 MARKET ORIENTED RESEARCH

used and, among all the possible topologies, buck, buck-boost and flyback are the
most employed. From this initial analysis, it is possible to roughly select the best
suited topology for this work: a buck converter. It is simple, well studied and do not
require a transformer, which will increase the cost, the area and add the non-required
isolation feature.

Secondly, another literature research is conducted in order to get an overview of pos-
sible new topologies used to solve the high voltage step-down AC-DC problem. The
outcome of this study has shown how the issue is faced, but mainly for higher power
rates than the one required in this case.

Finally, the last research step is focused onto reduced number of components solu-
tions. Capacitive power supplies have been found and will be discussed in the next

chapter along with the other possible solutions.

2.1 Market oriented research

The target application should be in line with market requirements, so to get an idea
of what are the main topologies used today, websites and product selector guides of

some companies have been analysed, in particular the following ones are considered:
e Power Integrations;
o STMicroelectronics;
e Texas Instruments Incorporated.

Starting from the first one, the following tables, in figure 2.1, are taken from the
Power Integrations’ product selector guides in [6] and [7]. As one can easily see, the
proposed topologies are: non-isolated buck, buck-boost and flyback. The devices that
should be considered are the ones covered by red rectangles in figure 2.1.

Moving to the STMicroelectronics and considering their Power management Guide
2017 [8], one can find devices for applications like auxiliary SMPS (up to 20 W) and
battery chargers. Tables, reported in figure 2.2, should be considered; it can be seen
that, also in this case, the previous topologies are suggested: buck, buck-boost and

flyback. Texas Instruments have a similar table, reported in figure 2.3, and taken from



2.1 MARKET ORIENTED RESEARCH

Non-Isolated Buck or Buck-Boost

CV £5%

I | | I I I 1
Output Current 0 mA 80 mA 120 mA 240 mA 360 mA

Primary-Side Regulation Flyback

Linear
Transformer/
Loose
cv/cC
PSR

OPTO LinkSwitch-XT2
— I I R
CV £2% LinkZero-AX
SSR
— TinySwitch™-4

Incorporates Primary
MOSFET, Flyback and

Synchronous Rectifi- P
cation Driver InnoSwitch
I —
CV £2% InnoSwitch3-|
CC 5%
S5R
85-265 VAC oW 1W 2ZW 3W 4W 5W 10W 14W 16W 18W 20W 30W 118W 177W

Figure 2.1: possible topologies from Power Integrations highlighted in yellow and
power/current range of interest in red

its Power management guide [9]. Also in this case, buck and flyback are suggested,
but SEPIC and Cuk are also mentioned.

This analysis has pointed out three most used topologies available on the market
and for the given power range: buck, buck-boost and the flyback. The latter one
requires a transformer and for this reason can be already abandoned, in fact it will
increase the cost and the occupied area. The final solution should not be too much
overrated in terms of possible output power, for this reason devices up to few Watts

should be only considered.



2.1 MARKET ORIENTED RESEARCH

Offline converters

Buck
= VIPerOP
Buck-boost VIPer*1
VIPer*a Offline
Hnn-hnlamck converters
- VIPer*s
SSR-CV/CC | Viper7 | IPerOP
VIPer01V
VIPer' | o «6
PSR-CV -
VIPerOP
Isolated | Regulation | VIPer*s | VIPer™1 Wall
flyback | with VIPer'7 | VIPer'6 | |sige TyPack PSR-CC -
optocoupler ' VIPer*g | ALTAIR*
PSC GV/CC ALTAIR*
Synch Rect -
(a) auxiliary SMPS. (b) battery charger.

Figure 2.2: possible topologies from STMicroelectronics highlighted in yellow

Control
Method

28710/1/2 Upio 30 v PSR Flyback
VcC2870011/2/3 Upto 30 v | PSRFiyback
T Upto 30 v | PSRFiyback
UcC2872( Upto 30 v | PSR Fiyback
Ucczer2g Up 1030 v | PSR Flyback
HGE@LEU Upto 30 v PSR Flyback
cC2874q Upto 30 v | SR Fiyback
(cC2861( 101065 v | SR OR Fiyback Buck
5024 51065 v | SSR0R Fiyback
Vcg28630/1/2/3 Upto 150 v | PSR Flyback Controller w/700-V startup

5010150 v | SSR OR Fiyback

[ High Voitage Switcher for Non-isolated AC/DC
Ucc2888( <3 Conversion

e 700-V, 225-mA Low Quigscent Current Off-Line
!J_ﬁ_liz_ﬁﬁ_fl <45 Converter
Vcc2a91( 75 v || High Voltage Fiyback Switcher wiPSR
yccasent 10 v High Voltage Fiyback Switcher w/PSR

Figure 2.3: proposed topologies from Texas Instruments highlighted in yellow and the red
rectangle suggest the proper power range of interest
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2.2 HIGH VOLTAGE STEP-DOWN PROBLEM

2.2 High voltage step-down problem

The buck converter, as like as the buck-boost or flyback, has problems when dealing
with an high step down ratio. The efficiency is reduced, the switching frequency may
not be high enough and, then, heavy loads affect the behaviour for the worse. For this
reason, the high voltage step-down problem is faced in literature, since its resolution
will provide some benefits like: voltage stress reduction, increased duty cycle and also

reduced switching losses, as it will be clearer later on.

The topology considered for this research is only the buck one, since it is sim-
pler than a flyback, for example, and is also the first one studied. A classical buck
converter shows some limits, those ones are related to the high step down ratio, the
conduction mode and the switching losses. High step-down ratio means that the
switch has a very small on-time, this can be a problem if the switching frequency is
high and the PWM resolution is not so good [10]. The situation gets even worse,
when the output load increases and so the current reduces, in this case the duty cycle
is further reduced. At the same time, the free-wheeling diode has to provide a current
path for most of the switching period, this reflects onto a dissipated power, which
can count for some tens of output power.

Buck’s working modes affect the MOSFET dissipated power, remember that switch-
ing losses become more and more important as the frequency increases, whereas the
conduction losses, which depends mainly on the Rps on of the switch, are smaller.
Among the available working modes, it is possible to distinguish the following main

ones:

CCM this is a standard operating condition, in which the switch switches with a
current different from zero both at turn-on and turn-off. Switching losses are
higher with this mode, but on the other hand lower current stresses can be

appreciated.

DCM this is another standard operating condition, the switch switches with ini-
tial current value always zero and so the switching dissipated power is almost

reduced by half. Current stresses are higher in this case.

11



2.2 HIGH VOLTAGE STEP-DOWN PROBLEM

ZV'S this mode is called zero-voltage-switching and the power MOSFET switches
with a zero Vpg voltage. This leads to, ideally, zero switching power and so
the frequency can be increased [11], this is an advantage since the magnetic

components’ dimensions can be reduced.

ZCS this mode is called zero-current-switching and it is similar to ZVS, but now the

quantity kept at zero value, during commutations, is the current.

ZVS and ZCS belongs to the, so called, soft-switching techniques, CCM and DCM,
instead, are also referred to hard-switching modes. Soft-switching techniques have also
the benefit to reduce the EMI, with respect to (CCM and DCM) modes.

Switching frequency is limited by losses and there is a linear relation between them,
but the use of a soft-switching techniques allows the converter to work with higher

frequency and, then, reduced area can be accomplished.

Multiple solutions have been considered and the research’s scope was, not only to
find a possible already available solution, but also to get a better overview of some
techniques already in use.

One of the first topology found in literature is the one in [12] and the proposed circuit
is also reported in figure 2.4. Solution (b) has too many elements and so it is not par-
ticularly suited for our design, since small area is one of the requirements. Topology
(a) is quite interesting, the capacitive voltage divider behaviour depends onto MOS-
FET’s state: during conduction, the current path is provided by diodes D5 and D7,
so capacitors C and Cs goes in parallel; during the MOSFET off state, the previous
capacitors goes in series with the input rectified voltage and are charged with half of
peak value. The MOSFET will switch with half of the input voltage for 4/37 of a
line period and then with a sine wave portion for the remaining time. This happen
because the rectifier conducts when the input AC source has a value higher than the
voltage kept by the capacitors. The duty cycle of the converter is increased, when
the input voltage is half of the peak value, resulting in better performance during
this period of time, but, when voltage follows the input sine wave, the buck is forced
to work with reduced duty cycle and so the situation is like the normal case. It is

clear that the efficiency can not be improved too much with this solution and, at the
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2.2 HIGH VOLTAGE STEP-DOWN PROBLEM

1
~
A AR
Lk

(a) (b)

Figure 2.4: proposed topology in [12]: (a) rectifier plus capacitive voltage divider and (b)
dual-phase solution

same time, it is not possible to select devices with reduced voltage ratings, because
of the different behaviours within a line period.

There exists solutions for high power high-step down buck converter, like in [13], this
is an interleaved buck converter and consists of multiple bucks working in parallel
with different phases. The input voltage, around 400V, is stepped down to 24 V' and
500 W of power. A part from not be designed for low power application, the circuit
shows again a capacitive voltage divider at the input side to reduce the stresses over
subsequent components and then blocking capacitors (Cy and Cp) for uniform cur-
rent sharing between the four phases. This topology has too many components and
so it can not be used as a starting point for future implementations, but gives hints
on the possibility to extend the duty cycle of a converter with an interleaved buck
solution.

Another interesting solution is the one in [10]. This topology combines a buck power
factor correction (PFC) circuit and a step down converter. The good property is
that PFC and buck converter shares a single switch, this helps reducing the compo-
nents’ number. The integration of two buck cells reduces the voltage stresses over
components of the proper buck cell. The switch has to handle only the real buck

current and an high step down can be accomplished. This circuit has been designed

13



2.2 HIGH VOLTAGE STEP-DOWN PROBLEM

for a large output power, around 100 W, for an output voltage of 19V and an input
voltage similar to the one required in this case.

In [14] there is a solution similar to the one proposed in [13], where the pre-charging
problem of the capacitors is considered. A snubber circuit is used to bring the volt-
ages across capacitive voltage divider to proper values, during the start-up phase.
This topology was only simulated in Simulink and not tested. The design is meant
for a large output power (200 W), an output voltage of 22 V" and should be translated
to lower power values.

The last topology seen is the one in [11], this is a synchronous buck converter with
Tapped-Inductor, also called TI-buck converter. The proposed circuit is reported in
figure 2.5 and has a little change, with respect to typical TI converters, which allow to

reduce the voltage stresses over the switches. The proposed circuit works at 2 M H z,

ol 2 >

Ve

Figure 2.5: tapped-inductor ZVS buck converter in [11]

so the magnetic components area is highly reduced and this is confirmed also from
the resultant prototype area. The input voltage (24 + 48 V') is reduced down to 5V,
so the input does not correspond to the target one, but the device works in ZVS and
so switching losses are minimal.

There is also the switched capacitor power supply world, in which the energy transfer
is associated to a capacitor connected, for a period of time, at the input port and
then, for the remaining time period, to the output side. An example is the one in [15],
which can obtain very high efficiency (over 90 %), when used for stepping down the
input voltage (around =~ 40 V') to 3.3 V" at the output and with a current of ~ 40 mA.
This circuit has been fully integrated and the resulting area is equal to 4.53 mm?, for
this reason and for the rated output power the switched capacitor converter could
be taken into account as a possible solution, if the high AC input voltage problem is

solved.
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2.3 Reduced number of components solutions

There are different ways to step down the high sinusoidal voltage coming from the
main, among them it is possible to recall: 50 Hz transformers, which are quite large
and heavy, resistive divider, affected by power dissipation and too high dependence
on load, and finally capacitive divider, with almost null power losses but with limited
output current.

An input transformer would be the easiest solution, a proper turn ratio design allows
to obtain an isolated sinusoidal voltage with reduced peak-to-peak value, that can be
easily rectified on the secondary side. As already said, those kind of device has a large
volume and weight, for these reasons can not be considered as a possible solution to
the voltage reduction problem.

Resistive divider are a very bad choice in this application, because resistors dissipate
powers and, since it is desirable to obtain a good efficiency, every possible loss should
be avoided. Without mentioning, that resistors are not able to keep a constant voltage
when the load requires more current.

The last possibility is a capacitive divider, capacitors are reactive elements and for
this reason dissipate ideally no power. In this kind of circuit a capacitor is connected
to the mains and in series with other components; [16], [17], [18], [19] and [20] call
them transformer-less power supply, providing formulae and explanations on how to
properly design this kind of circuit. [17] and [16] relay onto a zener diode to regulate
the output voltage, but this can cause some power issues. Let’s consider the circuit in

[16], reported also in figure 2.6. Those circuits works well when the output required

————————————————————— r == -
Y D1 |I‘E£s| lout
5.6V | 1
v I ey MCU

== o1

R 470nF400V

Figure 2.6: capacitive power supply from [16]

current I,,; is almost equal to the input one I;,,, but when the load demands less
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2.4 CONCLUSIONS

current the voltage onto the Uy capacitor increases and so the zener diode becomes
reversed biased. In this way the output voltage is regulated, but the zener dissipates

power in accordance with equation (2.1), as reported in [19].

PZener,maac - VZene’/‘[aut,ma;t (21)

Let’s suppose to require a voltage onto Cs of 48V and the load demands around
30mA, if the loads goes in idle state, this current flows in the zener and dissipated
power iS Pzenermar = 1.44W. It is also important to consider safety, when dealing
with high voltage AC lines, as reported in [21], and so the capacitor in series with

the line should be a safety approved one.

2.4 Conclusions

In this chapter different solutions from various sources have been considered; appli-
cation notes, datasheets, product selection guides and articles have been used for the
scope. The result of this research is a set of possible topologies, like the buck, buck-
boost, flyback and transformer-less power supplies, but also hints, obtained from
articles, on what are the possible techniques to reduce the losses and improve the ef-
ficiency. In the next chapter, the found topologies will be discussed and, after having
acquired a good knowledge on them, the one which matches better the requirements

will be selected as a starting point for further discussions.
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CHAPTER 3

Found solutions’ working principle

As seen in the previous section, suggested topologies have been derived from product
selector guides and application notes, now it is time to better understand them in
order to select the proper one, depending on the required specifications. Textbooks,
like [22] and [23], starts the description of switching power topologies from the buck
one, also for this thesis the latter topology will be the starting point. This is done
for two main reasons: first of all the buck topology is quite easy to be studied and
then it is the basis for both the buck-boost one and its derived isolated topology, the
flyback.

3.1 Buck

The buck topology, reported in figure 3.1, is obtained combining, in a proper way, a

switch, a diode, an inductor and a capacitor. Some assumptions are needed in order

S L
+ 7 +
Vin e | Vout
—Cin ID —Cout

Figure 3.1: buck topology
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3.1 Buck

to make a simple analysis:

ideal switches diodes and switches are ideal, which means that they do not show a

voltage drop when conducting current;

switching time far smaller than time constants any electrical quantities with
exponential or sinusoidal behaviour can not be appreciated and, so, it can

supposed to be linear;

constant output voltage even if the output voltage has a ripple over-imposed it

can be neglected;

cyclostationary condition all the cycles repeat in the same way, so a steady state

condition is present.

Let’s suppose to have a square wave signal controlling the switch switching activity
and call it ¢ (¢). Two quantities can describe ¢ (t): the switching period and the duty
cycle. An example of a ¢ (t) function is reported in figure 3.2, the switching period
is Tow = foy, and the duty cycle is the amount of time for which the function is

positive:
Ton Ton

Ton +Torr  Tsw (3:1)

The circuit works into two different conditions, described below, which are deter-

Ton

Torr,

t

Figure 3.2: q(t) switching controlling signal
mined by the switch state and the inductor current behaviour is also represented in
figure 3.3, since it is the most characteristic quantity of the converter:

closed switch here the switch is conducting and the diode is reversed biased, the
only path for the current will be through the inductor. From previous assump-

tions, the voltage drop across the inductor is V;y — Voyr, this is constant and
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3.1 Buck

so the current will rise linearly, as derived from the constitutive equation of an

inductor (3.2):
dir, (1)
dt

(3.2)

UL:L

open switch now the switch is not conducting, the diode provides a path for the
inductor current, this is a state variable and so it will continue to flow in
the same direction as it was flowing before opening the switch. The diode is
also called free-wheeling diode, under the hypothesis of ideal switches and
constant output voltage, the voltage drop onto the diode is zero and so the
inductor voltage is opposite in sign with respect to the previous phase. This

means that now the inductor current is decreasing with a different slope.

i (t)

Figure 3.3: iy, (t) example

The cyclostationary condition has also been used, since the inductor current has the
same value at the beginning of each cycle; this means that equations (3.3) and (3.4)

can be written:

Vin =V, -V
%M-TON—F ovr Topr =0 (3.3)
(Vin — Vour) - Ton — Vour - Torr =0
Vour Ton
. M=—"""  _D 3.4
Vin Ton +Torr (34)

Once understood the inductor current behaviour, any other one can be easily derived
and are reported in figure 3.4: the switch current is the inductor one during the on

phase of the switch itself, the diode one is equal to the inductor current with the
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3.1 Buck

switch open, capacitive currents are obtained remembering that capacitors have no

DC current. The hypothesis of real switches can be easily removed, then the voltage

3 Imar — 3
= 2 =2
B
< 21
| | Imin | |
2 4 2 4
t t
(a) inductor current (b) switch current
3
= 2 2
<1 = 1F
£
2 4 L, L 2 4
t B t
(¢) diode current (d) input capacitor current
2
= 1
8 /\

T~
7# Qt 4

(e) output capacitor current

Figure 3.4: buck waveforms

drops onto diode and switch should be considered, but the final result is still obtained
as done in (3.4).

The next step is finding the components’ stresses, since they will be used to design
the SMPS itself and understand which is the most suitable topology for the required
design. The inductor current is the first quantity that has to be analysed, in particular
the interest is focused on maximum and minimum values, considering the inductor

current behaviour in figure 3.4a, the following equation can be written:

Vin — Vour Vour Vour (1—D)
[maa: - [mm == ST = T = . .
17 ON i7 OFF i7 Tow (3.5)

Another equation is needed to solve for I,,,, and I,,;,, this is obtained considering

a mean value KCL at the output node of figure 3.1, where a resistive load Ry, is
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3.1 Buck

supposed to be connected:

VOUT Imzzm + Imzn Imax + Imzn
ouT R, 5 + 5 ( )

Imam + Imzn
2

(3.6)

Solving (3.5) and (3.6), maximum and minimum current expressions are obtained:

~ Vour | Vour- (1 —D)

Loz = + 3.7

Ry, 2-L- fsw (3.7)
Vour  Vour - (1 — D)

Lin = — 3.8

Ry 2-L- fsw (3:8)

Now the ideal switch can be substituted with a real device, typically an MOS. This one
will be characterized by maximum drain-source voltage, maximum current, average
current and RMS current. Starting from figure 3.4b, the average switch current can

be found remembering that the input capacitor has no DC component:

R Imaa: Imm Vi
iSW:IIN:+'D: %UTI?:IOUT'D (3.9)
L

The RMS current computation is not practical, if definition is directly used. The
formula is reported for the sake of completeness in (3.10). To get a good result with
less effort an approximation is needed: the current can be considered constant, where

it is defined, and its value will be equal to the mean of variation.

Tnars = \/% - /OT@’ (02 dt (3.10)

To better understand the previous statement, figure 3.5 can be considered. In this

way, i(t)2 is a constant value and can be moved outside of the integral and square

root, what remains is only the duty cycle:

]maa: + ]min
Lswiygs A VD = Ioyr - VD (3.11)

The maximum drain-source voltage is obtained when the switch is open or when the
diode is conducting and the maximum current, important to define the Rpg on of
the MOS, is equal to the maximum inductor one.

The diode’s electrical quantities can be derived with similar considerations; equations

21



3.1 Buck

isw (t)

Figure 3.5: igw (t) approzimation for RMS computation

(3.12) and (3.13) are obtained:

- Imax +[mzn
ZD:ID:T'(]-_D>:]OUT'(]-_D) (312)
IDRMS ~ IOUT . (1 — D) (313)

The input capacitor highly stressed from the current standpoint of view. This can be
better appreciated considering the current peak to peak variations in 3.4d, moreover
the voltage across its nodes can be quite high since it is at the input side of the
converter. To obtain the current stresses, the quadratic KCL rule should be used;
this one is derived considering the fact that each current can be written ad a sum of

a DC component and an AC one:

i (t) = iror (t) = Inc +iac (1)

T
IYQ“OTRMS T / []DC + tac (t)]z dt (3.14>
0
1 /T 5 2 /T : I 2
= —- I3, dt + — - IDCZACdt—l-—'/ ZAc(t) dt
T Jo P T Jo T Jo
I%OTRJVIS = I%CRMS + [E\CRMS
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3.1 Buck

Now, given the buck topology in figure 3.1, the [%OTRMS is equal to [A%WRMS and the

IDcs 18 isw. = I%,. The input capacitor RMS current is obtained:

2
I(ZJmRMS = <[OUT : \/5> — (Ioyr - D)*
= 12y (D - D?) (3.15)
IC’i?’LR]MS - IOUT TV D - D2
It can be shown that the RMS inductor current has the expression reported in (3.17),

this is obtained remembering the formula of the area underneath a parabola and

using the quadratic KCL at the output node.

2,

= 1

g

b 2 3 4 5
1k t

Figure 3.6: inductor RMS current calculation

A, = Peak;i;)Base (3.16)

2 _ 712 2
Lryvs IOUTRMS + [COUtRJ\/IS

Ai2
= Iy + 1_2L ~ Iyr (3.17)

2
ILRMS
In (3.17) the approximation holds, since the Aiy, is typically very small and negligible
if compared to the output current value. The discarded quantity represent in fact
the RMS current across the output capacitor. It can be seen that, in a buck, this is

not so stressed ad the input one.

Aip
[CORJ\/IS = \/ﬁ (318)
Vi 1-D
AZ-L == [ma:c - Imzn = ?T% (319)
w

The discussion on stresses over the various components, forming the buck, ends here

and what remains is to understand the two possible ways a buck can work: continuous
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3.1 Buck

conduction mode (CCM), discontinuous conduction mode (DCM) and a boundary
conduction mode (BCM). Those two can be distinguished by the inductor current

waveform, as reported in figure 3.7. Using the minimum inductor current expression

CCM
3 |
= 2
~—
NS
DC M.
1|
Le=" | | [ |

Figure 3.7: how inductor current behaviour defines the mode of operation of a buck
converter

(3.8) and imposing it to be equal to zero, it is possible to obtain an expression for
the inductance, this one will represent the boundary value between CCM and DCM

working conditions:

(1-D) R,
2 fsw

here R; represent an ideal resistive load and the values of R; and D, that have to

Lpcy = (3.20)

be used in the formula changes if we want to guarantee CCM or DCM. For example
in CCM an L larger than the Lgcys one should be provided, so D,,;, and Ry, . will
be used.

There is still something that can be noticed here and that is useful for further design
choices: the buck topology, thanks to the position of the switch in series with the
input source, is able to handle short circuit at the output, by simply keeping the
switch open until this condition is expired. This is important, otherwise the inductor
current would continue to increase, at a certain point the magnetic core saturates
and the inductor will simply act like a piece of wire, after this point the switch could
fail.

The soft start and the in-rush current are strictly connected to the previous concept;
the in-rush current occurs at first start of the circuit, because all the capacitances,
input, output and parasitics ones, are not charged. In order to avoid having too much

current at start up in a very short amount of time, the soft start behaviour should be
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3.1 Buck

implemented: the duty cycle of the switch will be slowly increased in order to limit
the input current and, in this way, the output voltage will reach the final value in a

safe way.
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3.2 Boost

The boost converter is the next topology that has to be discussed and, since the de-
scription is not so different from buck, the explanation will be shortened. In particular
the circuit will be reported, the overall behaviour, together with the waveforms, de-
scribed and a table with the component stresses formulae presented.

A boost, as the one reported in figure 3.8, is a topology able to "boost” the output
voltage with respect to the input one, its behaviour can be described considering the

circuit into two possible operative conditions defined by the switch condition:

L D
+ T > +
Vin | | Vout
——cCin \s ——Cout

Figure 3.8: boost topology

closed switch in this condition the inductor is connected to the V;y on one side and
to GND to the other, thanks to the closed switch. In this phase, the inductor
starts to store energy and its current increases until the Tpy time lasts, at
the same time the diode is reversed biased and the output capacitor holds the

previously stored charge.

open switch now the switch is open and inductor current, that was flowing from
left to right, continue to flow in the same direction, but with a decreasing slope,
since now the voltage drop is V;y —Vour < 0. The diode provides a path for this
current and energy will be moved from the inductor to the output capacitor.
This phase last for a time Topr and at the end of a cycle the inductor current

value is equal to the starting one, since cyclostationary condition holds.

A first consideration is related to the fact that in this topology the output capacitor

is mandatory, otherwise the circuit will not be able to hold the output voltage. Now,
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imposing the cyclostationary condition, the main equation for a boost can be derived:

Vin Vin — Vour

N JIN - TOUT
7 ON T 17 OFF
Vi T T 1
our _ ,r_ ton + lorF _ (3.21)
Vin Torr 1—-D

Here it should be noticed that the M factor will tend to infinity for D — 1. This
is something unreasonable, in fact the maximum value is limited to Myax =3+ 5
and can not be even reached, otherwise the efficiency will be affected. A possible
real behaviour of the Mp is represented in figure 3.9. Notice how the slope of the
red curve change sign and this can cause some problems once the device is inserted

in a feedback loop. The waveforms of the boost are quite similar to the one of the

Figure 3.9: M (D) ideal and real behaviour

buck and can be derived starting from the usual waveform of the inductor current,
for the sake of completeness they are reported in figure 3.10. Here the most evident
difference, with respect to the buck waveforms, are the higher stresses over the output
capacitor, because it has an higher RMS current. Also for the boost is possible to
derive an expression for the BCM inductance, the procedure is still the same: identify
the minimum inductor current equation and impose it to be zero. The final result is

reported in (3.22):
Ry -D-(1- D)’
2- fsw

Soft start, in-rush current protection and short circuit are features not available for

Lpcy = (3.22)

a boost converter, since the switch is not in series with the input port. Boost has

another important characteristic, related to the inductor position: surge/spike over-
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3 Imaz Py 3

= 9 = 2
Imin |
2 4 2 4

t

(a) inductor current (b) switch current

3
N 25
S = 1t \
§ ! !
2 4 O 2 4
S 4k .

(¢) diode current (d) output capacitor current

2
1
S
2
1 2 4

t

(e) input capacitor current

Figure 3.10: boost waveforms

voltage protection. Now, since the inductor is in series with the input port, any voltage
variation will be firstly applied to it, for this reason the current will not change fast.
Moving to the components stresses, the passages used to obtain the following expres-

sions, in table 3.2, have been overlooked on purpose, because they are easy to obtain

following the same procedure as in the buck case.
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3.3 Buck-Boost

The buck-boost converter, as the one reported in figure 3.11, can be seen as the
combination of a buck at the input port and a boost at the output, for this reason
it will combine benefits and disadvantages of both of them. Also in this case the
analysis will be reduced to a brief presentation of the circuit, a description of its
waveforms and a final table reporting useful formulae.

A buck-boost converter is a device able to reduce or increase the output voltage level,
depending on the value of the duty cycle; the circuit behaviour can be described

considering the same hypothesis made so far and the two possible switch conditions.

/S/ D
+ < +
Vin Vout
—Cin g L — Cout

Figure 3.11: buck-boost topology

closed switch in this condition the inductor is connected between V;y and GND.
A current starts to flow through the inductor and in this phase the energy is
stored, this lasts until the Ty time is expired. The diode is not conducting

during this phase, because the current can not flow from left to right.

open switch in this phase the inductor is connected to the output voltage by the
diode, because the inductor current, which is a state variable, has to continue
to flow in the same direction it was flowing before the switch has been opened.
This interval lasts for Tprr and the voltage applied onto the inductor is —Vpyr.

The Vour has a negative sign, with respect to figure 3.11 sign convention.

This circuit will have both input and output capacitor highly stressed; another char-

acteristic is the indirect conversion, because there is not a direct passage of power
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3.3 Buck-BoosT

from input to output, as it was for buck and boost converters, which are called direct
converters. Also in this case, imposing the cyclostationary condition, the main equa-

tion of a buck-boost can be obtained; notice that here CCM is the supposed working
condition, even if a buck-boost works typically in DCM.

Vin Vour
IINp 1-D
7 7 ( )
Vour D
M = = 3.23
Vin D -1 (3:23)

Since D is less than 1, the ratio in (3.23) has a negative sign and this confirms the fact
that the output voltage has an opposite sign with respect to the given convention.
Also for this topology all the waveforms are reported in figure 3.12, here there is a

graphical proof of the stresses over input and output capacitor. Also for the buck-

3 Ima;r — 3
O =
| | Imin | |
2 4 2 4
t t
(a) inductor current (b) switch current
3
NaS 24
<1 = 1t \
E | |
2 4 S, 2 4
t a t
(¢) diode current (d) output capacitor current
2 o
< 1
£ L 2 4
- t

(e) input capacitor current

Figure 3.12: CCM buck-boost waveforms

boost is possible to derive an expression for the BCM inductance and the procedure

is still the same: identify the minimum inductor current equation and impose it to
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3.3 Buck-BoosT

be zero. The final result is reported in equation (3.24).

Ry (1—D)?

e (3.24)

Lpcu =

As already said, this circuit works mainly in DCM condition and so a better descrip-
tion of this behaviour should be given. Starting from the inductor current, it is known
that, during the whole switching period, there is an interval (73) with zero inductor

current value. This behaviour is shown in figure 3.13. An equivalent expression, like

i, (t)

Figure 3.18: DCM inductor current behaviour

the (3.23), is needed for the DCM case, in this case the approach used is focused on
the power standpoint of view. The first assumption is to consider a lossless device
(Piy = Pour), then it is possible to write the input power as the stored inductor
peak energy per second and the output one as the power delivered to a resistive load
(Rr). The peak energy can be computed from the typical inductor energy formula

(Ep = 0.5+ L -1i?), substituting the current with peak value, this will represent the
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3.3 Buck-BoosT

amount of energy deliverable to the load per cycle.

1
Ep, = 5 LI (3.25)
Vin
ka - T T1
1 V2, - T? V2, - D?
Prv = Ew, - fsw =5~ L—INL2 = fsw = L HLV_ o (3.26)
V2 . D2 V2
Py — _LIN ouT _ p
IN =577 Fom R. ouT
VO2UT — M2 — RL D2
Viv 2-L-fsw
Vour Ry,
=M=-D | ———— 3.27
Vin 2-L- fsw (3.27)

Notice that, in the last equation (3.27), the minus sign comes from the opposite sign
convention of the Vpyr with respect to figure 3.11. For the sake of completeness the

DCM waveforms are reported in figure 3.14. Notice how the buck-boost topology

3 3
= 9 2
3
1 7 B T | |
2 4 6

t

(b) switch current

1SW (t)

(a) inductor current

3
= 9 2
Q S
=] = 1
Tl\ | | ks ! AN
2 4 6 = 1 2 4 __6

t

(¢) diode current (d) input capacitor current

s 27
3 ot 11 ‘ N
& 2 4 -6
-1t ¢

(e) output capacitor current

Figure 3.14: DCM buck-boost waveforms

shows the same feature of a buck, in terms of soft-start, in-rush current and short
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3.3 Buck-BoosT

circuit protection.

The passages, to obtain the expressions in table 3.3, have been overlooked on purpose,
because they are easy to obtain following the same procedure of the buck case. It
should be noticed that there are two duty cycles in the formulae and they are defined

as reported in the following equations:

T, Ty
Dl = =

T T
D2 _ 2 2

Tow T+ T+ Ty

35



$95591)8 sjuauodUIod I0] 9R[NULIO] }500q-3oNq :€'¢ O[qel,

SSAAg
oW &&\S@@ NO SNy
L = 0] Sa = 17
A dig, 00wty :
€ dadrp, _ SINY € Adrp, _ SINY G
AR Ty = ay ﬂ\(. Ty = MS9 ANQ+HQV.$|\NN
ysq - Try = "Oay 17y = 1y 17y = 1Msy Ty = )
Ve N\ wdg, _ swuino Vo e N wdg,  swyw Ty _ T _ T _ MS[.7
T = O T = v gnoy— = - ay, =9I 'd - wa; = M1 TGN = 1V
mon apoI(q 29IMg JIojonpuy

3.3 Buck-BoosT

N}
[ap)



3.4 FLYBACK

3.4 Flyback

The flyback converter is the buck-boost derived topology, once the inductor is sub-
stituted with a transformer or, more precisely, with coupled inductors. The use of
such a magnetic component will add both advantages and disadvantages, which are

summarized in table 3.4. The flyback is one of the most used topology all over the

Advantages

Disadvantages

Galvanic isolation, which is required
whenever a direct current path between
input and output has to be avoided, like
for safety reason.

Higher cost and larger area are obvious
consequences.

No  limitation on  wvoltage  ratio
(Vour/Vin), the number of turns
of the transformer windings is used to
increase the design possibility.

Frequency limitations are related to the
parasitic inductances, that comes for
free when adding a transformer, and
only few hundreds of kHz can be
reached.

Extra degree of freedom related to the

No DC transformation.

turn ratio (Ng/Np). It can be seen that,
changing the turn ratio, is possible to
move stresses over the components.

Cross-requlation is quite a problem in
multiple outputs, in particular it is easy
to control well one output, but the oth-
ers can experience fluctuations.

Multiple outputs are much more easy to
realize.

Table 3.4: advantages and disadvantages of flyback converter

world and it is used for chargers, auxiliary supplies, notebook power supply and many
other fields of application. A large numbers of papers, books, application notes, on-
line resources and other counterparts cover this subject, as done in [24], [25] and [26].
A first rough scheme of a flyback converter is reported in figure 3.15, here the struc-
ture of a buck-boost can be easily recognized. Lets start by describing the circuit

behaviour during the two possible switch working conditions:

closed switch in this phase energy is stored into the transformer and the current
continues to rise until the switch is closed (77). The output diode will pre-

vent the current to flow and so the output capacitor has to keep the output
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3.4 FLYBACK

+ > +

EE T

Vin —— —
Cin \S

Figure 8.15: basic flyback topology

voltage constant, just like it was for a buck-boost. The only difference now is
the possibility to have a positive output, thanks to the dot convention of the

transformer.

open switch as it was for the buck-boost, during this phase, the energy previously

stored in the transformer is moved to the output.

The flyback can work in three different ways and their typical waveforms are reported
in figure 3.17. There is a very good table in [24, p.5], that should be kept in mind
when selecting the proper mode of operation and highlights pros and cons of the three

modes. A brief description of them is:

e the CCM is not really used, but basically is like having a current across the
transformer never equal to zero, as it was for a buck in the same working

condition;

e the DCM is quite common and consists in having, within a switching period,
a complete transfer of energy to the output and a third time interval (T3) is
used to completely reset the transformer energy. During T3 the drain voltage
starts to resonate, since there is the leakage inductance of the transformer and

parasitic capacitance associated to the drain node;

e the BCM is very similar to the DCM one, but the T3 interval is basically
removed and the switch is turned on with the lowest possible voltage, reducing

the turn-on switching losses. This is obtained by letting the drain node resonate
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3.4 FLYBACK

and turning on the switch at the first valley, for this reason this mode is called

valley switching, transition mode (TM) or quasi-resonant.

Vin —Vsw — Vg,

|
3 4 5 6

t
(Vour — Vp) R

—_
R W) S ——

Figure 3.16: V), (t) voltage

The first thing to understand is the flux runaway problem, look at [23, p.133-139]
for more details: every magnetic material has a flux limit and, once reached, the
magnetic property of the device are lost, this means that the current can increase
without control causing obvious problem to the external circuit. To limit this, the
primary side voltage (V},), which is the one onto the left side winding, should have
a mean value equal to zero, otherwise within few cycles the energy stored in the
magnetic will saturate. The behaviour of the primary side voltage is reported in

figure 3.16 and the null mean value can be written as reported in equation (3.28):

N
(Vin = Vew — Vi.) - D1 = (Vour — Vp) - FI; . D2 (3.28)
Np _ (Vi~n = Vsw — Vr,) - Ds (3.29)
Ng (Vour — Vb) - Dy
& _ (‘/INmin - VSW - VRS> ) DIMAX
NS (vOUT_VD)'D2MAX

In the previous formulae, the following mathematical notations are used: Vsy is
the drain-source voltage drop during conduction, Vj, is the current sensing resistor
voltage drop (if used) and V), is the output rectifier voltage drop. In the last equation,
the turn ratio is defined for a known condition, which is the one that occurs when
the input voltage is at minimum value and, as a consequence, the duty cycle should
be the maximum available, remembering that the flyback typically works in DCM
and so D; + Dy < 1.

There is one last passage that has to be covered: the definition of the primary side

inductance L,. This one should have a value suitable to store enough energy within
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Figure 3.17: CCM, DCM and BCM operating flyback mode taken from [24]

one on time. The passages are similar to the one of the buck-boost, in particular,
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3.5 TRANSFORMERLESS POWER SUPPLIES

starting from equation (3.25) it is possible to write what follows.

1
ELpzé'Lp'II?k
[, = P
P Lp'fSW
P,=FEp, - fsw
Py
P, =
N AG
Py=> Toi (Voi + Vpi) (3.30)
=1
Vin,., — Vew — V)2 - D? .
2-Ly- fow i=1
1 (Vi — Vew — Va,)? - D?
= b Vit = Vow = Ve ) - DY (3.31)
2 fsw

Here the E7, is the peak energy in the primary inductance, then the P is the sec-
ondary side power and can be related to the primary one, considering the magnetic
efficiency mya¢ ranging from 80% to 95%. The Py is expressed as the sum of the
powers at all secondary windings, so finally the L, expression is obtained in (3.31),
where the minimum input voltage condition is used.

The stresses over the components can be derived, as already done, and are similar to
the one obtained for the buck-boost case in table 3.3, for this reason they are skipped

here.

3.5 Transformerless power supplies

The transformerless power supplies are of two main types: resistive and capacitive.
The first type is not suggested, because a resistor will dissipate too much power
and then resistive voltage division is affected by input fluctuations and load current
variations. For these reasons, the considered solution is a capacitive power supply
(CPS), an example is reported in figure 3.18 and taken from [19]. This kind of

circuit is based onto energy stored in the series connected capacitor with the mains
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3.5 TRANSFORMERLESS POWER SUPPLIES

i
A——]
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¥ @ T -,Ir.
2,

a Za Fener

Figure 3.18: capacitive full-wave rectification (pre-zener) taken from [19]

(Cin). Let’s recall the typical constitutive relation of a capacitor,

dVe,, (t)

C’Ln dt

(3.32)

from equation (3.32), the first thing to notice is that the higher the capacitance the
higher the output current will be.
In [19], a formula for the maximum output current available with this kind of circuit

is given and it is reported in (3.33).
% : V;ok - ‘/zener
2 1 2
R+ (seten)

In (3.33), Vp is the peak value of the input voltage, V.ener is the breakdown voltage

(3.33)

Lout,maz, fullwave =

of the zener diode or also the Vpc ou, R is the inrush current limiting resistor and
f represents the line frequency. These kind of devices can deliver up to some tens of
milliampere.

The capacitor will limit the input current with its reactance, which is very high at line
frequency. The R;, is used to limit the inrush current at start-up, when the device is
connected to the mains and all the capacitors are discharged. The full wave rectifier
will rectify the input sinusoidal waveform, whenever its value is higher than the Zener
voltage, the Zener will start to conduct and the output voltage will be regulated in
this way. The output capacitor should be quite large, in order to maintain the output

voltage.
This circuit is very simple, requires only few components and provides a regulated

output. The main problem is the zener power dissipation and the voltage stress the

C;n is supposed to support. In particular this kind of capacitor should be rated for a
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voltage higher than the AC one (> 220V and so 400 V'), but their cost is quite high.
It is also important to remember that the Zener voltage should be selected taking

into account the voltage drop caused by conducting diodes.

3.6 Conclusions

In this chapter various SMPS’s topologies have been considered, among with capaci-
tive power supplies. Then buck, buck-boost and flyback have been described in detail
and, finally, the capacitive power supply solution is explained.

Among all those previously described topologies, the ones that will be considered in
the next sections is the buck one. Buck-boost and flyback will not be considered,
because the buck is easier and simpler to control. Capacitive power supply is also a
possibility that should be considered, due to its simplicity and its efficiency will be

compared with the one obtained with other circuits.
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CHAPTER 4

|deal buck design

This chapter will provide some useful details on how to properly design a buck con-
verter. The first step will be an ideal buck design, the input/output capacitors will
be designed and the switching/conduction losses will be described. Secondly, the
designed converter will be simulated.

Non-ideal components, like real switch and diode, will be considered and also their
effect onto the converter’s duty cycle. Finally, the circuit will be simulated again and

the efficiency computed in various load conditions.

4.1 Ideal buck design

The ideal buck circuit design will be used as a reference point for future comparisons
and will provide a good guide for subsequent design. The design of this circuit will
follow the formulae shown in section 3.1 and table 3.1.

Let’s recall the requirements, reported in table 4.1. From them it is possible to

Specifications Value

Input Voltage 220V 50 Hz for the EU market and
120V 60 H z for the US one

Output Voltage Vp =33V
Output Current Ip,,,, = 100mA

Table 4.1: buck converter requirements

compute the maximum (4.1) and minimum (4.2) duty cycle values, that should be
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4.1 IDEAL BUCK DESIGN

used to obtain the V,,; with different V4 conditions.

‘/;mt
Dysx = ——"— 4.1
MAx \/§ . VAC,min ( )
V:)ut
Dyin = ——— (4.2)
\/§ : VAC,mam

Considering a +10 % AC voltage fluctuation in the two required input voltage cases,
the table 4.2 is obtained and reports the minimum, maximum and nominal duty cycle.

The proper switching frequency ( fsw) selection should be carried out considering the

Nominal voltage Voltage Duty cycle
Vacmin =108V Dpyrax = 0.0216
120V Vacnom =120V Dyom = 0.0194

Vacowax =132V Dy = 0.0177

VAC,min — 208V DMAX - 00112
220V Vacnom =220V Dy = 0.0106
Vacvax =132V Dy = 0.0096

Table 4.2: duty cycle values for the two different required markets

minimum on time (ton_yin), of chosen device, and it should guarantee the D,;,.
Let’s suppose to have a switching frequency fsy = 30 kHz, then the minimum on

time will be:

0.0096

t = Dpin = ——0— =320
ON_MIN / fsw 0. 10° Ia ns

The buck converter can work in CCM or BCM and the inductor value can be
obtained from (3.20):

3.3V (1 —0.0106)

Lo 220v 2 Loy vmax = 5 30k 10mA 5.44mH
Leon 220y = 6.8mH
3.3V (1 —-0.0194
Leomvazov = Leovmax = ( ) =539mH

2-30kHz-10mA

Leovaz2ov = 6.8mH

here the minimum output current is supposed to be 10 % of the maximum and 6.8 m H
is the chosen value for the inductance, both for Vo = 120V and Ve = 220V, For

the sake of completeness, the values for DCM condition are reported below, but in
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4.1 IDEAL BUCK DESIGN

this chapter the CCM is the main focus.

3.3V (1—0.0112)

Lpem 220v < Lo min = 3 30k 100mA 543.8 nH (4.3)
Lpem 220v = 330 pH
3.3V (1—-0.0216
Lpemazov < Lo min = ( ) _ 538.1 nH (4.4)

2-30kHz-100mA
Lpcnazov = 330 pH

In this phase is also important to compute the output and input capacitance values:
the computation is quite straightforward and follows the capacitance definition. A
capacitance is defined as the ratio between the stored charge variation and the volt-
age one. Let’s start form the output capacitor, the stored charge variation can be
computed by looking at the current waveform in figure 3.4e, which is again reported

here in figure 4.1. Considering the AQ) as the charge variation associated to the area

2
= 1
8 //\
= 2 AN
t

Figure 4.1: buck output capacitor’s waveform

underneath the positive part of the waveform and AV,,; as the required output volt-
age ripple, which is in this particular case not given and so a free choice, the output

capacitance can be simply computed as reported in equation (4.5).
SR

4.5
2- AVvout ( )
Oout ~ 404 nF

Cout =

The AV,,; has been chosen to be 5% of the nominal V,,; and for the Ai; equation
(3.19) has been used. From AV, and Aiy, also the maximum output capacitor ESR
can be computed. For the input capacitance, the reasoning is very similar, but it is
not possible to use the waveform like in figure 3.4d, because this capacitor ”lives” into
two time domains: one is related to the switching activity and the other is connected

to the line frequency. It is still possible to use the capacitance definition and compute
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4.1 IDEAL BUCK DESIGN

the charge variation as the average input current by the AT, representing the time

interval for which the charge should be maintained with a required AV,.

Cn =V,
P,
I’in =
Vi
Pm _ Pout
n
P AT
Cip = ———— 4.6
NVinAVin (4.6)

In equation 4.6 the 7 is the converter’s efficiency, supposed to be at least 70 %, and
AT is the hold-up time, or the time for which the capacitor is required to maintain the
voltage. This time can be considered to be the maximum time period, so the minimum
line frequency, then the maximum C}, is obtained considering also the maximum
output power and the minimum input voltage. The AV}, is chosen arbitrarily to be

around 20 V.

0.33W - (50 Hz)~"
0.7-v/2-220V .20V

0.33W - (60 Hz)™"
0.7-v2-120V-20V

Cin220v > = 1.53uF

Cina20v > =234 uF

Once found this value, it is possible to pick up a capacitor with a nominal value larger
than this, in order to guarantee that the condition on the AV}, is verified. Now it is
possible to fill the table 3.1, to obtain the components’ stresses for a buck converter

working in CCM condition and Vye = 220 V.
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4.2 POWER LOSSES

Inductor Switch Diode Cin Cout
I, =100mA Isw =~ 1.1mA Ip >100mA  ic, nus > 10mA g, pus > DmMA
Aip, =16mA isw,, > 108mA  ip, =108mA Ve,, > 400V Ve, =33V
ir,, > 108mA  igwg,s ~10.3mA - Cin > 153 uF Cout > 404nF
iLpns = 100mA  Rpgyy(hot) <9Q Vp . >400V - ESR <109Q

- BVpgs > 400V - - -

Table 4.3: table containing the ideal buck components’ values and stresses, computed for
a nominal input voltage of 220V and CCM condition

4.2 Power losses

It is important, before going into the simulation’s phase, to have an idea on what
are the main contributes to the losses and from them evaluate an approximative
efficiency. In an ideal buck, like the one designed so far, there are two main source
of losses: the diode, when it is conducting, and the MOSFET, when it is switching
and when it is in conduction.

The diode losses can be computed as a simple product between its voltage drop and
the average conducted current, since the duty cycle is particularly small will not be

wrong to consider this current as the output one, as done in 4.7.
Piiode = Vp - Ip = Vp * Lowt (4.7)

The switch losses are divided into two kind: one is when the switch is conducting,

acting like a resistor (Rpg,, (hot)), and the other is related to the switching activity.

PSW,cond = ’l“dSON(hOt) : igWRMs (48)
1
PSW,switchmg = 5 ' fSW (%efore : Iafter : ton + V;Lfter : Ibefore : toff) (49>
While the 4.8 is straightforward, the 4.9 needs a little bit of explanation. Consider
the figure 4.2, it represents the approximated behaviour of the current and voltage

across the switch, during the switching action. The red curve represents the voltage

across the switch, during the switching action, and the blue one the current. Their
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of f of f
6
isw(t) 4|
vsw (%)
2 |
on |
2 4 6 8 10

t

Figure 4.2: approzimated behaviour of switch quantities

product is the instantaneous power, which ideally should have a triangular shape,
when the two previous curves are both different from zero. Now the area of these
triangular shapes is the energy lost during each cycle, due to switching action, so,
multiplying it by the frequency, it is possible to obtain the power losses related to

commutations.
1 1
PSW,switching =F- fSW = 5 : %efore : Iafter “Ton + 5 : Vafter : Ibefore : toff : fSW (410)

In 4.10 it is possible to associate to the Vicfore, the value of the switch’s voltage
before closing it, to the I,f.,, the switch’s current after closing the same, and the
same reasoning is applied to V¢, and Ipefore.

Let’s suppose to have the switch working with the maximum input voltage, the t,, =
torsr = 50nS, Viesore = Vagter = (220V/2+0.7) V = 3118V, Lyper = if — Nig /2 =
92mA and lpefore = @ L, = 108 mA. Equation 4.9 will give the following switching

losses and conduction losses are also obtained, using 4.8 and values in table 4.3.

PSW,switching ~4TmW

PSW,cond ~ 955 /J“W

Diode’s losses are computed considering a voltage drop of 0.7V and they are equal to
Piioge = 7T0mW . From these values an approximated value of the expected efficiency

will be the one reported in equation 4.11.

Pout
Pout + Pdiode + PSW,switch'ing + PSW,cond

% = ~ 73.8% (4.11)

Notice that this is only the ideal efficiency in maximum V4o condition; if the input

voltage is lowered, it is possible to expect an increase of the efficiency, since the switch
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4.3 SIMULATIONS

is forced to commute at a lower voltage and so the Psyw switching contribute will be
reduced. Also the diode losses are lowered if the input voltage is reduced, because

the average diode current depends on (1 — D) and D increases if V;,, lowers.

4.3 Simulations

At this point it is important to verify if the design is correct and this will be done
with the LTSpiceXVII simulator. Simulations are meant to exploit the effects of non-
ideal components, which will affect the response of the buck converter; some of them
are the voltage drop onto the rectifying input diode, the one onto the free-wheeling
diode or the voltage drop onto the switch, during conduction. All of the previous
mentioned quantities become less important once a feedback loop is added. This will

control the output voltage, regulating the duty cycle of the switch.

4.3.1 Ideal buck

In order to carry on a simulation, the schematic, reported in figure 4.3, has been

realized. There are few things that should be noticed:

.model ideal SW(Ron=9 Roff=1Meg Vit=1)

§
o
Vac D1 v AN Vs L1 i Vout
L1
D 6.8Bm i‘.‘&
k| .| Cin1 D3 560n 1
o GD‘-‘ULSE{:J {lout} {2/fsw})
2.2p va D R1
SINE(0 {Amplitude} {Freq}) 5
<~ <~ )

PULSE(D 3 0 1n 1n {Ton} {Tperiod})

Figure 4.3: ideal buck schematic for LTSpiceXVII simulation

rectifier is a single wave one and this solution is chosen to reduce the Bill Of Material
(BOM), with respect to a full wave rectifier, and to reduce the power losses,

since in this way there is only one diode conducting at a time;
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4.3 SIMULATIONS

ideal switch this component should mimic the behaviour of the designed switch,

for this reason the model’s values are the ones from table 4.3;
diodes the used diodes, at this stage, are all ideal;

output capacitor for this component the ESR value as been added manually and

the chosen value is ESR = 52, which respects the given specifications.
The circuit should be simulated considering different cases:

case 1 Vo = 120V, the nominal duty cycle D, = 0.0194 and a load current of
100mA,;

case 2 Vyc = 120V, the nominal duty cycle D, = 0.0194 and a load current of
10mA;

case 3 Vo = 220V, the nominal duty cycle D,,,, = 0.0106 and a load current of
100 mA;

case 4 Vo = 220V, the nominal duty cycle D,,,, = 0.0106 and a load current of
10mA;.

For each of those cases the most important electrical quantities will be reported and,
in particular, the main focus will be onto the output voltage V,,;, the inductor, diode
and switch currents. In figure 4.4, it can be seen that the device is not working as
required, in particular the output voltage does not met the requirements: both the
average value and the ripple are missed. The first one is related to a wrong estimation
of the duty cycle and this is caused by having supposed to have ideal switches, so
no voltage drops. The second one, instead, is linked directly to the output capacitor:
both the ESR and the C,,; values should be reconsidered.

Nevertheless the device is correctly working in CCM as designed, in fact, the inductor
current (green trace) never reach 0 A even in the low current condition (case 2 and
4) and all the other waveforms are similar to the ones reported in figure 3.4. The
behaviour of the output voltage (the red trace) is the one expected until the switch is

conducting the current, then it shows an almost quadratic behaviour. This fact can
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4.3 SIMULATIONS

be linked to the output capacitor, what is known is the following:

dve
dt

vc(t):é-/otic(t)dt

ic=0C-

(4.12)

(4.13)

Now, since the output capacitor current is linearly changing with time, it is like the

inductor one without the DC component, the voltage has a quadratic behaviour. To

reduce this effect, the formula 4.13 suggests to increase the capacitance. Then the

ESR could be further reduced to lower the voltage ripple and respect better the re-

quirement of 5% of V.

52



4.3 SIMULATIONS

100.0400ms
100.0400ms

100.0352ms
100.0352ms

X,
1)
\
1)

N
—_
10.0304ms
Y
10.0304ms

s
100.0208ms 100.025ms
100.0255ms

100.0208ms

Vivout)
103
100.01 ‘Hl}ms
(2]
100.0160ms

———
10.0064ms 100.0117ms
100.0112ms

100.0064ms

100.0016ms
100.0016ms

- [ -
Lo
/
g -
£
EE LR R R E R E R E T E T seissizE EtEEEEEE 1

SIH333338333ISZSSI g E S = = 2 =

96.9968ms

9.9956ms

Ik
9.5920ms

(a) Vac =120V, D—00194 and (b) Vac =120V, D—00194 and
Iload =100 mA Iload =10 mA

100.0400ms

|

[

—
10l

10t

[E]

100.032ms.
|

100.0304ms

100.0286ms

100.024ms.

100.0208ms

Vo)
[
10006ms

Vivout
D3y
100.160ms

100.0112ms

100.00€ms

0.0064ms

10ims
|
0t

9.5%8ms

99.992ms
Y
95.9920ms

EESESISEREREEEEEEEEEEEEEEEEE

SNSRI SIINNITI[I[I : = = E = T T 2 F5 2 335 5 3 TS & ¢

() Vac = 220V, D = 0.0106 and (d) Vac =220V, D = 0.0106 and
Iload = 100 mA Iload = 10 mA
Figure 4.4: these are the four cases analysed to verify the correct behaviour of the buck in
CCM condition, it can be seen that the output voltage does not met the requirements in
any case and this can be related to a wrong estimation of the duty cycle, connected to the

unconsidered real devices.
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4.3 SIMULATIONS

4.3.2 Considering real switch and diodes

It has been seen, in the previous section, that the device is not working as expected
and this is related to the ideal switches assumption. If this hypothesis is removed, then
the duty cycle formula 3.4 has to be modified. Again everything starts by considering
the cyclostationary condition and so by imposing that the inductor current variation

during Ty is equal to the one during Topp.

V - - VYou
Aipy = %TON = Viw v " Ton
: V] Vout +V,
Aipy = TLTOFF = tTDTOFF
A’iLl = A?:LQ
D Vout + Vb (4.14)

:VIN—sz-i-VD

In 4.14, the V;y is the input voltage or the one which is present at the drain terminal
of the switch (the Vd one onto the schematic in figure 4.3). This one is the AC
peak voltage reduced by the rectifier drop (Vrger), which has been measured within
the simulation and results to be Vgper = 0.64 V. The diode voltage drop can be
supposed to be Vp = 0.7V and the switch voltage drop is the one given by the
product between Rpg,, (hot) and the sy, ,, which will result around 1.1V. Using

those values, both 120V and 220 V' duty cycle result to be:

3.340.7
Dnom, — = 00237 415
Y 190 V2 — 064 —1.1+0.7 (4.15)

3.3+ 0.7
Dnom7220V - + =0.0129 (416)

220-v/2—0.64 —1.1+0.7

notice that now the losses help the system working with a larger duty cycle. The
circuit has been simulated again, in the same cases as before, but only after having
changed the output capacitor’s value. This one has been increased, according to
equation 4.13, to 1 uF' and its ESR reduced down to 1. In figure 4.5 it is possible
to see the result of applied changes, in particular it should be noticed that, now,
the output voltage is closer to the required one. There are still cases where the
output voltage does not reach the specified 3.3V, but this problem will be solved

once a feedback loop will be added to the final circuit. If needed, a finer tuning

o4
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for the duty cycles can be done, but this is not something on which time should be
spent, considering that this is not the final circuit. Something much more interesting
is related to the output voltage ripple, which has been reduced, as can be seen by
comparing figure 4.4 and 4.5, but has a behaviour far from the expected one, derived
from theory. The output capacitor has been increased up to 33 uF’, but a larger value

can be still chosen, and this leads to two consequences:
1) more ideal V,,; waveform;
2) lower frequency resonances.

The output voltage waveform has been improved into two ways: the first is a reduction
of the output voltage ripple, but not in the expected extent, and the second is a much
more linear response. This can be seen in figure 4.6, where a AV,,; ~ 130mV has
been measured. As a consequence, it is possible to say that the output voltage ripple
is linked to the output capacitance, but mainly to the capacitor ESR. The second
improvement is related to the voltage behaviour with open switch. In the same figure
as before, it is possible to see a much more linear response, which is related to equation
4.13, since now the output capacitor is so large that only the ESR will contribute to
the output voltage ripple and the capacitive response can be neglected.

On the other hand, it is possible to see the low frequency resonance, by looking at
the output voltage behaviour over at least a line period (T yg = 1/ frive = 20ms),
as in figure 4.7, where also a bad line regulation can be seen. The output stage is like
a second order LCR filter and, as it is well known, the resonant frequency is given by

equation 4.17.
1

- 27 LC

As a consequence, the output capacitor should not be increased too much, but it

Jo (4.17)

should also be remembered that the final circuit will have a feedback loop, controlling
the output voltage: every time that the controlled quantity exceeds the limitation,
then the feedback will change the duty cycle of the switch. This will solve both the

low frequency resonance problem and the bad line regulation.
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Figure 4.5: these are the four cases analysed to verify the correct behaviour of the buck in
CCM condition, with Cyy = 1 uF. It can be seen that the output voltage does not met the
requirements in all cases, so a finer duty cycle tuning should be done. The output voltage
ripple is still out of requirements and, as a consequence, the output capacitor should be
enlarged.
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Figure 4.7: low frequency resonance occurs when the output capacitor has a larger value,
since the output is like a second order LCR filter.
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4.3.3 Efficiency considerations

Now it is possible to simulate the circuit in different load conditions and input volt-
ages, then evaluate the efficiency for each point. The tested circuit is the same as the

one reported in figure 4.3, with the changes obtained is the previous section:
o Coyr = 33 I
e ESR=1Q;
® Dyom 120v = 0.0237;
® Dyom220v = 0.0129.

The simulation is implemented within the LTSpiceXVII simulator, “.meas” and
“.step” directives have been used for the scope. As already said, the efficiency has

been computed in different conditions and those are:
o Vyc =120V and Ve =220V
e [150a = [0+ 100] mA with steps of 25 mA;

so basically, there are 5 simulations for each condition of the input voltage. The ef-
ficiency is computed by looking at the input/output quantities of the circuit, taking
the instantaneous input/output power, averaging them over a multiple of line peri-
ods and then using the definition of efficiency. Following this procedure, the graph in
figure 4.8 has been obtained. The red curve is the one associated with the minimum
AC voltage, or in the same way to the maximum duty cycle, and it has quite a good
efficiency: from more than 60 % in light load condition (25 % of the maximum cur-
rent), to more than 70 % in heavy load (full current). The blue curve is related to the
maximum AC voltage, or the minimum duty cycle, and in this case the efficiency has
very low values, in particular in light load conditions (at 25 % of maximum current:
n ~ 40%). This bad efficiency is mainly related to the high voltage excursion be-
tween input and output, this one affects the switching and diode losses, like already
suggested when discussing equation 4.9.

This is quite a big problem, because it means that the device will never work properly

and has to dissipate most of the power, with resulting self-overheating problem to
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Figure 4.8: efficiency curves evaluated for two possible input AC voltage: 120V (in red)
and 220V (in blue)

solve. To improve the efficiency, the first idea is to work with a lower input volt-
age, but this is something that can not always be accomplished, since depends on
standard main voltage value. Then it is possible to reduce the switching losses, in
particular working with a variable frequency device; with a too large input voltage,
the switching frequency should be lowered, to keep the losses within a reasonable

value.

4.4 Conclusions

This first analysis has highlighted some pros and cons of an ideal basic buck converter,
but it was also possible to improve the knowledge of the basic circuit and understand
its limits. In particular, it has been seen that a fixed frequency design is not the
best solution, if the input voltage is larger than the output one. This first rough and
ideal solution has to be considered only as a milestone and reference point for future
comparisons.

In following section, a more complex design will be simulated and a variable frequency

solution considered: the VIPer01 will be the centre of a new design.
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CHAPTER 5

EMC for SMPS

The Electro Magnetic Compatibility (EMC) issue will be discussed in this chapter,
with a particular attention to SMPS field. At first, the EMC concept will be defined,
then the difference between conducted and radiated emission will be highlighted, after
that, standards are going to be briefly described and, finally, the Line Impedance
Stabilization Network (LISN) will be introduced. The last sections will regard the

Electro Magnetic Interference (EMI) filter design and simulation.

5.1 What is the meaning of EMC?

Electro Magnetic Compatibility (EMC) refers to the “generation, transmission and
reception of electromagnetic energy” [27]. This means that it is possible to define
a source, a path and a receiver for this energy. The source and the receiver can be
desired or undesired, then the receiver can be reached by wanted or unwanted signals.
When a source (emitter) generates electromagnetic energy and this one is coupled by
a path to a receiver (receptor), it is possible to talk about interference; on the other
hand a receptor, that receives the electromagnetic energy from the outside world, is
said susceptible to that energy. So, EMC requires that an object: “does not cause
interference with other systems; is not susceptible to emission from other systems
and does not cause interference with itself” [27].

Those requirements covers also legal aspects, if the designed object has to be sold in a
particular country with respect to another one. There exist standards, which provide

the amount of interference acceptable for a particular application and describe, also,

60



5.2 CONDUCTED EMISSION, RADIATED EMISSION AND STANDARDS

how to realize the measurements, in order to get the same results during a possible
validation test.

There are different ways to minimize the interference, but the simplest one regards
the reduction of the electromagnetic energy at the source. This happens because
the emitter is under the designer control, the coupling path and the receiver, instead,
depends on different aspects and situations. Objects or systems, containing switching
electrical quantities, can create electromagnetic interference due to high dv/dt or
di/dt, which are related to high electric field and magnetic one respectively.

Very long wires act like antennas, that can both radiate or receive electromagnetic

energy and this is one aspect that should always be considered in EMC problems.

5.2 Conducted emission, radiated emission and stan-

dards

Any object can be seen both as a source of electromagnetic energy and a receiver, for

this reason it is possible to distinguish:

radiated emission they are those generated by the source and can be measured by

an antenna;

radiated susceptibility emissions are generated from other objects and the con-

sidered one acts like an antenna;

conducted emission they are generated by the source and are conducted by a path

provided by wires;

conducted susceptibility emissions are generated from other systems and reaches

the one in exam running through wires.

As already said, susceptibility is not at all under the control of the designer, so
the main focus will be onto radiated emission and conducted one. For this reason,
standards of different countries cover those two aspects and define limit values over
different frequency ranges. Basically, any device working with a switching electrical
quantity at a frequency higher than 9 kHz have to undergo those standards. Lim-

itations can changes depending on the application filed; for example, the Federal
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5.2 CONDUCTED EMISSION, RADIATED EMISSION AND STANDARDS

Communications Commission (FCC) defines class A and class B devices, where
the first one refers to commercial, industrial or business environment and the second
one to residential applications. Class B devices have more stringent requirements,
because residential users is not supposed to have the knowledge over EMC issue.

Now it is possible to define better the conducted and radiated emissions:

conducted emission they are currents generated by the device in exam, which
reach the AC power cord and are placed on the common node net. This node is
basically a very long wire and, so, those currents can radiate with high efficiency.
Conducted emissions are measured over a frequency range that extends from
150 kHz to 30 M Hz and limits are given in uV or dBuV. Depending on the
measurement device, it is possible to find two different sets of limit: QP, which
stands for Quasi-Peak detector, and AV, which stands for Average detector.

An example of those limits can be found in figure 5.1.

radiated emission refers to electric and magnetic field produced by the switching
action of the device in exam. Here the frequency rage extends from 30 M H z
to 40 GHz and limits are given in dBuV/m, so the distance is an important

parameter in the measurement setup.

Class A Class B

e | =
pAv)
0 | %
4 | o

L i A L 1 H H "
150 ks By iz Mrhirr  F 150 500 ket 5 kihiy Wiy

0.15-05 8912.5 (1995) 79 (66) 1995 (631) 66 (56)
0.5-30 4467 (1000) 73 (60) 0.5 631 (193.5) 56 (46)
0.5-5 631 (199.5) 56 {46)

5-30 1000 (316) 60 (50)

Figure 5.1: class A and class B conducted emission limits taken from [28]
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Standards, like CISPR 22 or the equivalent CEI EN 55022, defines also how to
perform measurements, this is done in order to obtain the same result in different
places. For radiated emissions, measurements have to be done in a semi-anechoic
chamber or in open-area test site (OATS); the device under test (DUT) should be
place in a well defined position in the chamber and the antenna at a well known
distance.

Conducted emissions test requires a particular device to be performed, this one is
called Line Impedance Stabilization Network (LISN) and its job is to adjust the
main impedance to 50 €2 value. This is done, because the main impedance value can
change quite a lot from place to place and this will affect the test results. A typical
circuit representing a LISN is reported in figure 5.2, here C'1 and L1 are used to
block noise coming from the AC source, then C2 provides a path for the current
coming from the DUT. C2 is discharged by R1 and the 502 is where the spectrum
analyser is connected. Typical values are: L1 = 50uH, C'1 = 1puF, R1 = 10002

and C2 = 0.1 uF. Standards can then require a device to pass also other tests, like

Ll
Phase J_ rm‘ J_
Ta ez
Ll
d1lk
AC Neutral J_ J_
source DUT
Cc1 c2
—‘7 Rl%SOQ% Rl%ffo@%
Green Wire J_

Figure 5.2: typical LISN scheme

FElectro Static Discharge (ESD), surge immunity, pulse magnetic field immunity and

others.

5.3 Common mode currents, differential mode cur-

rents and EMI filter

In the EMC field, distinction between common and differential mode currents can be

found. Both the two quantities contributes to conducted emission and, to keep them
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within the DUT, an Electro Magnetic Interference (EMI) filter is needed. Common
mode currents are those flowing from the Phase and the Neutral to the Green Wire;
differential mode currents, instead, are the ones flowing from the Phase to the Neutral.
This behaviour is summarised in figure 5.3, where there is a DUT on the right and a

simplified circuit of a LISN, with only the two 50 €2 resistors. Common mode currents

LISN

AL

[l 3

Ic
<&
=

A 4

Neutral

500 B 500 DUT

w

Green Wire

Figure 5.8: common mode currents in red and differential mode ones in blue

can have a major impact onto conducted emissions with respect to differential mode
one [27], but there are methods to deal with them. The “common-mode choke” usage,
is one of them, and consists of two inductors coupled onto the same magnetic core
in opposite way, resulting in higher impedance for common mode currents, which are

then blocked. An example of this device can be seen in figure 5.4. In SMPS the major

Camman maode current

3 g\'\l/.@
:;_’_ &/fﬁﬁ o

Differential mode current

00—
-

> Flux from  differential  currents
—= 00— cancels out 50 that it does not act
&~ 000 as an inductar

Figure 5.4: Common mode choke example, taken from [29]

contribute to common mode currents is given by parasitic capacitance to ground onto
the primary side of the converter. In [30], the main contributions to this capacitance

are: the parasitic capacitor between the power MOSFET’s heat-sink and ground, the
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inter-winding capacitance (if there is a transformer) and a stray capacitance onto
the primary side winding. Common mode currents see the two 502 of the LISN
in parallel and [30] defines a formula, reported in (5.1), for computing the common

mode voltage values onto them:
VCM:100'VP'fQ'OP (51)

here Vp represents the peak voltage onto the input capacitor of the SMPS, the one
after the rectifier, fy is the switching frequency of the converter and Cp the parasitic
capacitance discussed earlier. The Cp value ranges from 50 pF to 500 pF' [30]. The
common mode voltage frequency behaviour is like a low pass response, where the pole
frequency depends onto the rise/fall time of the power MOSFET. This rising time is
typically around 50 ns, thus the pole frequency is in the M Hz range. Supposing to
have an fy = 30kHz, a Vp = v/2-220V = 311.1V and Cp = 500 pF, it is possible
to compute the Vp, up to the pole frequency:

Ver = 100-v/2-220V - 30kHz - 500 pF ~ 467 mV
Veumlasuy = 20 - log(Ven /1 V') = 104dBupV

It is possible to see that CISPR. 22 defines limits also for common mode currents,
expressed in dBpV, and, in the case of a class B device, the maximum value allowable
is 84 d BV, which means that, with the previous condition, the device will not satisfy
the requirements. It is clear that an EMI filter is needed.

Differential mode currents in SMPS arises when the input capacitor, designed to work
as an energy storage and so with large value (= pF'), has to withstand high frequency
current components. This kind of capacitor is characterized by high values of ESR
and ESL, parasitic resistance and inductance, and so at high frequency it is not able
to damp the current. This kind of currents, as reported in figure 5.3, sees twice the
50 €2 of the LISN and [30] defines a formula (5.2) for computing the differential mode
voltage.

Vo =2+ fo- Ly Ip (5.2)

65



5.3 COMMON MODE CURRENTS, DIFFERENTIAL MODE CURRENTS AND EMI FILTER

In the previous formula, the fy is the switching frequency of the converter, Lp is
the ESL of the SMPS input capacitor and Ip the peak value of the current, this
one depends onto the converter output power. Supposing to have fo = 30kHz,
ESL =30nH and Ip = 500 mA, the resulting differential mode voltage will be equal

to:

Vo =2-30kHz - 30nH - 500 mA ~ 900 V'
Vourlaguy = 20 - log(Vpar /1 V') = 59 dBpV

Comparing this result with the limits reported in figure 5.1 results is no need for
attenuation of the differential mode current, but it is always a good habit to reduce
them, if the cost is not a deal.

Up to this point, it is clear that an EMI filter is needed too reduce both the dif-
ferential mode currents and the common mode ones. The filter structure can differ,
depending on various aspect and requirement, but it should act like a low pass filter
with an attenuation given by the previous calculations. The inductor should act like
a blocking impedance for high frequency currents and the capacitor should absorb
them. The resulting structure is a 7 one, which can be also recognized in figure 5.5.

It is possible to see Cx and Cy capacitors, they are tested and approved by safety

Phase J_ ° rm\ m\ J_
Tex Tex
Neutral .\Q%QJ \L%%%Jk
::cy ::cy
e e
Green Wire J_

Figure 5.5: w structure EMI filter

agency, because, when they fail, they should fail like open circuit. Cx capacitors
are connected between Phase and Neutral, whereas Cy ones are connected between
Phase or Neutral and Green Wire. If the first ones fail like a short-circuit, the risk is
fire, the second ones, instead, can provoke shock hazard.

It is possible too see also the common mode choke, discussed earlier, and the leakage
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inductance associated to it, which can help reducing the differential mode currents.

5.4 EMI filter design procedure

It has been seen that an EMI filter is needed in a SMPS, because there is a switching
quantity that creates high dv/dt changes or di/dt ones and they can cause Electro
Magnetic Interference (EMI). In order to keep this noise inside the SMPS; it is im-
portant to place a filter between the AC source and the switching device, the closer
to AC side the better the results. Consider a simple AC to DC converter structure,
like the one reported in figure 5.6, this will be the reference structure for the following

considerations. The first step in the design procedure is to select a proper common

= Phase L{ULM\-I_W J_ o
[ ]

VAC~ — Gl cy * p— DC/DC Vout
C

[ ] Cin

4
Lleak
= M [
T
Neutral | 1

I
EMI filter

Figure 5.6: simple AC to DC converter, with EMI filter

mode choke, this one should be rated to support the Vi > 220V and a current
larger than the one required by the other part of the circuit (e.g.: I > 1A). A pos-
sible choke is the RN 102-2-02-1M1, with 2 A of rated current and an inductance of
1.1mH. In the datasheet it is possible to see that the leakage inductance is 1% of
the total one.

The second step is to design the Cy capacitors, in order to do this consider the follow-
ing equivalent circuit, in figure 5.7, for the common mode currents. It is possible to
recognize the common mode current source, part of the filter seen in figure 5.6 and the
50 €2 load offered by the LISN. The scope of this filter is to reduce the common mode
current to the previous mentioned resistors and a possible way to solve this problem
is to work with current partition. At this point the design is quite easy, because it is

clear that, to divert current away from the resistors, the following condition should
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Figure 5.7: equivalent circuit for the common mode currents

be met:

|[Zoy | << |Zeq (5-3)

1
Zoy, = 5.4
Zeq = jwL + Rpisn (55)

substituting (5.4) and (5.5) into (5.3), it is possible to derive the required value of
Cy, given L and the frequency range. L has typical values raging from 1mH to
10mH, consider for example the previous one 1.1 mH, and the frequency range is
the one defined in the CISPR 22: from 150 kH z to 30 M Hz. From (5.5) it is clear
that the main contribute is given by the L inductance, since it is multiplied by the
frequency; the reactance, associated to the capacitor, is inversely proportional to

frequency instead.

10
Cy >> > (5.6)
27Tfmin ’Zeq‘ 27Tfmzn\/<wL)2 + R%[SN
Cy > 1.02nF — Cy = 2.2nF (5.7)

This capacitor, as already said, should be a Y rated type and realized with metallized
polypropylene or paper. The PHES850EA4220MAO01R17 ia a possible solution; it is
characterized by a Vac > 220V, Vpe = 1.25kV, 20% of tolerance and a tand that
ranges from 0.2 % Q1 kHz to 0.6 % @100 kH z. It is possible to compute the ESR of
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the capacitor, from the tan§ parameter, with the equation (5.8) reported below.

ESR = tané - (5.8)

2rfC

Substituting the values, the obtained ESR is equal to 145Q at 1kHz and 4.3() at
100kHz. The ESL is supposed to be mainly associated to the capacitor’s leads, for
this reason its typical value is 6 nH/cm + 12nH /cm.

The Cx capacitor design is similar to the previous case, the equivalent circuit is the
one reported in figure 5.8, where everything from the capacitor to the SMPS has been

modelled as a current generator. Also in this case the current should be diverted away

® =

50Q

W

Figure 5.8: equivalent circuit for the differential mode currents

from the 502 load, in order to accomplish this goal, the following condition should

be satisfied:

[ Zey| << 2Rprsn (5.9)
1

T = 5.10

Ox ijX ( )

Substituting (5.10) into (5.9), a condition onto the C'x value can be found, as reported
in (5.11). The limit values for Cx can be found using the lowest frequency (150 kH z),
which is the one defined by th CISPR 22 as in the previous case.

10
Cx >> > 5.11
* 2rf2Rrisy ~ 2nf2Rpisn (5.11)
10
Ox > Sasorma1000 ~ 100nF = Ox = 150nk (5.12)
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A possible capacitor, corresponding to the previous requirement, is the X1 type
F862BK15/K310Z by KEMET. 1t has a 150 nF' capacitnce value, with 10 % of tol-
erance, rated for a Vo = 300V, a Vpe = 630V, and with a tand = 1.3% Q1 kH z,
corresponding to an ESR equal to 13.8 2, using (5.8). The final circuit for the EMI
filter is then reported in figure 5.9, this circuit will be simulated in the next section

and all the parasitics will be added.

rnase

|1 1“nH|

150nF — — i
Neutral | |

Figure 5.9: EMI filter with components values

— 2.2nF

— 2.2nF

5.5 EMI filter frequency response

Once designed, the EMI filter should be simulated and it is important to verify the
response for both common mode current and differential mode one.

For the common mode case it is important to see how much the EMI filter attenuates
the input current, then in order to get a more realistic response of the filter all
parasitics have been considered, like the series resistance and leakage inductance
of the choke, the ESR and the ESL of the capacitors. The simulated circuit is
reported in figure 5.10, it is possible to see that the Cy capacitor has an increased
value with respect to the 2.2nF found earlier. An higher values corresponds to a
lower reactance and this has been required because the current attenuation onto
the green wire was not sufficient, only 10dB instead of the required 20dB. An
attenuation of &~ 25dB is provided at the green wire node with the 10 nF' capacitor
(PHE850EB5100MB04R17), this one has a smaller ESR, which is computed with
(5.8). The attenuation of this current is considered over the frequency range typical
for common mode conducted emission (150 kH z to 30 M H z) and the simulation result

can be appreciated in figure 5.11. A voltage source is applied between Phase and
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K1L1L20.99

Phase L5 R3 U1
1p 70m Tm c1
10n
RS R1
50 3138
c3
- L3
] ~ 150n 6n
GreenWire n> R7 GreenWire
Y, 13.8
L7 L4
én 6n "
R6 R2
50
P 2| Ac1
=
e R4 12 10n H
. L 2
Neutral Ty 7om idm o
.ac dec 250 150k 30Meg
Figure 5.10: common mode EMI filter test circuit
2445 1v2) E
36dB S - 98
42dB 105
4848 Fas ez
. -
54dB- e ER LY
60dB . ) 126°
dB o 133
]
T2dB -140°
78dB \ 147
B -154°
gL A61°
1MHz 10MHz

Figure 5.11: frequency response of the current injected into green wire

Neutral, for the differential mode circuit, then the frequency response of the voltage
onto 50 €) resistor is considered. It is possible to accept a lower attenuation in this
case, due to the previous computations onto the differential mode voltage. Consider,
in this case, the circuit in figure 5.12, here there is no need for the null voltage source
applied at the green wire, as it was in the previous case, since the stress is no more
onto the current. The simulation result can be seen in figure 5.13, the resulting
minimum attenuation, at 150 kH z, is around 15 dB, which should be enough in this
case. All previous calculations are no more valid if the converter frequency is changed,

in fact, both (5.1) and (5.2) depends on frequency.
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Figure 5.12: differential mode EMI filter test circuit
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Figure 5.13: frequency response of the voltage onto the 502 resistor

5.6 Conclusions

The EMC problem has been discussed in this chapter and some of the fundamental
topics have been covered; like different kind of emissions, standards, LISN, common
and differential mode currents, safety capacitors and others. During the discussion,
accent has been placed onto the importance of structures to avoid EMI propagation,
in particular filters design for SMPS. At the chapter’s end, an EMI filter design
procedure has been discussed and simulation results presented. It is important, once
designed the target converter, to verify the damping efficiency of the designed EMI
filter and redesign it, if needed.
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CHAPTER 6

VIPer01 based solution

In the previous chapter an ideal buck converter has been designed, now a real device
will be used in the design. Among all the possible ICs considered in Chapter 2,
the VIPer01 from STMicroelectronics is the chosen one. The choice is due to the
availability of a Spice model for this IC, whereas the other manufacturers, like Power
Integrations, do not always provide them. The first part of this chapter will regard
the integrated circuit’s explanation, then the “real” buck will be designed, taking also

into account the feedback loop problem, in the end various simulations are performed.

6.1 VIPer0O1

The VIPer01 family, in [31], provides an 800 V' breakdown voltage power MOSFET
with a PWM current mode control, everything integrated on a single chip. This is
a 6 pins device, whose characteristics are going to be reported here, and its block
diagram is represented in figure 6.1. The six pins are placed on the two longest side
of the package and, as typically done in power applications, the drain shows multiple
pins for the power MOSFET, which are collected on one single side of the device.
This is done in order to be able to provide enough copper area underneath them, for
thermal dissipation issue.

The description of pins’ functionalities can be found in the datasheet, but here they

will be, in any case, reported together with some associated block diagram insight:

GND this is the source contact of the internal power MOSFET and it is also the
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Figure 6.1: block diagram of VIPer01 in [31]

pin at which all the voltages are referred (e.g.: the feedback voltage or the
supply one);

VCC this is the controller supply pin. The device can work in self-supply or in
external-supply: in the first case an external storage capacitor, together with a
small bypass one (0.1 uF') for noise filtering, should be provided; in the second
case instead the storage capacitor can be charged by the output or with an
auxiliary winding. When self-supply mode is selected, the device will charge
the capacitor in a cyclic way, using the upper-right most part of the block
diagram: it senses the VCC' voltage level and, whenever the value falls below
Vee.,, = 4.25V, the high voltage current source (Igy) is turned on and the
capacitor is charged with the Iopys current level. This value is the highest
possible, instead at start-up the current level is lower (Icg; and then Iopo),
this is done because the capacitor is initially discharged and to avoid damaging
the device. Notice that the high voltage current source can be enabled only

during the turn off phase of the power MOSFET. The external-supply method
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6.1 VIPERO1

and other informations are well discussed in [31];

DIS this is the disable pin, when a voltage greater than the reference (Vprs i =
1.2V) is applied for more than Tprp ~ 1ms then the PWM is disabled. It
can be used to implement a line over-voltage protection in isolated /non-isolated
topologies, with a voltage divider connected between the input and the GN D,

or an output over-voltage protection in non-isolated ones;

FB this is the feedback pin and it is connected to the inverting input of an error
amplifier (EA), which is referenced to Ve gpr with respect to GND. The
internal EA can be also disabled if the pin is connected to GN D, this allow
the user to connect an external EA if needed. The EA’s output is scaled down
and connected to the PWM, which is basically a comparator that compares the
voltage drop on the non-inverting pin, resulting from the drain current onto
the Rspnse, and the previous output. In this way it is implemented a current
mode control. The F'B pin is strictly related to the COM P one, at which a

compensation network should be connected;

COMP this the EA’s output and is used to create a compensation network to im-
prove stability and dynamic of the loop gain, this network should be connected

between this pin and the GN D one;

DRAIN this is the drain of the internal power MOSFET and it is also used to charge
the VC'C storage capacitor, during start-up and steady-state;

The VIPer01 provides a set of additional features, which can be seen from the block
diagram, and they are meant to improve the behaviour of the converter in different
working conditions. It comes with soft-start, jittering on the oscillator frequency,
a pulse-skipping capability, pulse frequency modulation (PFM) and some protection

capabilities. In more detail:

Soft-start at start-up or after any fault condition, which will be followed by a restart
phase, the maximum output current will be limited from 0 A to Ippras in 8 steps.
This is done to limit the in-rush current and so saving the converter life; the

soft start time tgg lasts for 8 ms;
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6.1 VIPERO1

Frequency jitter the internal oscillator works with fized-frequency, whose value de-
pends on the selected device (30 kHz, 60 kHz and 120 kH z respectively for X,
L and H type), and jitter is added to reduce the conducted emission. Jittering
will spread the spectrum and this will distribute the energy of each switching

frequency harmonic on an higher number of bands;

Pulse-skipping when the drain current reaches the upper limit Ipz s, during the
minimum on-time of the transistor Toy a7y, then a cycle will be skipped.
The switching frequency is reduced, in this way, up to the minimum value
Foscuin = 15kHz). This technique is used to avoid the fluz-runaway prob-
lem: during the turn-on time the inductor is charged by a certain voltage, then
during the off-time it will be discharged by another voltage, if energy is not
the same in the two phases, then there will be a residual DC current. If this
behaviour lasts for too many cycles, the current can reach high values and the
inductor will be saturated, as a consequence it will no more behave like an
inductor, rather like a piece of wire. To avoid this the pulses are skipped and

the turn-off time will be increased, letting the inductor discharge properly;

Pulse frequency modulation this function allow the device to lower the switching
frequency up to some hundreds of Hz and, as consequence, reduce all the related
losses. This is done when the output load is reduced and so to not damp
down the efficiency in light loads condition. This function is directly related
to the feedback loop response: if the load is reduced, then also the voltage at
the COM P pin will be reduced, at the Voonpr threshold will correspond the
Ipriv pra current limit. If the load is further decrease, so that the Voonrp is

below the Voonpr, the PEM function is enabled;

Protections the device has different kind of protections like overload, mazimum
duty cycle limitation, VCC clamping and also thermal shutdown. All of them
are meant to avoid critical working condition for the device, but for the mere
design procedure are not necessary and can be considered/tested in further

passages.

STMicroelectronics provides models for this device, for both LTspice and PSpice;
then there are also two evaluation board: STEVAL-ISA177V1, which is a flyback
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6.2 REAL BUCK DESIGN

converter for 4.25 W rated output power, and STEVAL-ISA178V1 in [32], which is
a buck for 1 W rated output power. The last one, in particular, can be used as a

starting point and a reference for this particular buck design.

6.2 Real buck design

The buck topology will now be implemented and simulated with the VIPer01’s model,
the [32] will be used here as a guide and as starting point for the design. Up to this
point, no considerations have been made on the feedback implementation, but this
can no more be avoided now and will be discussed in detail. The simulations are
meant to highlight the device working behaviour and efficiency. It is also important
to consider the EMI problem at this stage and verify if the design is able to pass the
requirements imposed by different institutions all over the world. Those authority
provides a set of rules that any possible marketable device must pass, before entering
the market. For these reasons, the effect of the EMI filter will be considered and a

comparison with a circuit without it will be done.

6.2.1 Feedback design

As already said, the real buck have to work with a feedback loop in order to stabi-
lize the output voltage and regulate the duty cycle depending on different working
conditions. Looking at the VIper01’s datasheet in [31], it is possible to understand
that this device works in current mode, because both the output voltage and the
switch current are used to determine the duty cycle. A basic scheme of the circuit
with controlling section is reported in figure 6.2, here it is possible to see: an error
amplifier (EA) used to compare the output voltage with a reference one, a compen-
sation network used to stabilize the feedback, a pulse width modulator (PWM) used
to generate the duty cycle depending on the measured current level, a SR latch used
to sample the signal, a MOSFET driver to correctly drive the switch and a sensing
resistor (Rg) used to convert the current into a voltage.

Every time that the sensed current, converted into a voltage by the Rg factor, is
higher with respect to the reference, generated by the EA, then the latch will be

reset. The latch’s set occurs instead every Tsy, period. The compensation is needed,
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6.2 REAL BUCK DESIGN

because there is a loop and the system should not oscillate or create instability dur-
ing operation. In order to get a stable system, the phase margin criteria should be
considered: the loop gain phase have to be around 60°, at the crossover frequency,

to get a stable system. At this point, it is possible to see this structure as formed

- Vout
Vin

S L 1—
+ G
i|n D

C —Cout § Rload

EA
+

Tsw +

—

# Rs | Compensation I—
Q R -
Q | Vetrl

S Vref

.3

Figure 6.2: a buck circuit with a Current Mode control section

by three sub-system: the power stage, the compensation network and the controller.
Every one of them have its own transfer function and it is necessary to find them
for the compensation network design, a representation of this kind of control loop is

reported in figure 6.3. The PW R (f) block represents the power stage and, in current

AID PWR(f) AVout coMp (f) AVeomp CTRL (f) ATD

Figure 6.3: control loop diagram

mode, the transfer function computation is quite easy: it is possible to consider the
inductor as a controlled current source, since this quantity is the one monitored by
this method. Making this substitution, it is possible to simplify the output of the
buck as reported in figure 6.4. Notice that the circuit is considered in the Laplace
domain and the transfer function is V., (s) /I (s), which can be easily computed,

giving the result in 6.1:

V;)ut (S) 1+ SCOUtESR

PWR(s) = = Rioaq -
(5) 11, (s) 9 1 4 $Chout (ESR + Rivad)

(6.1)
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This transfer function, like the one reported in figure 6.5, has one pole and a zero,

IL(s)
L
|+ : |+
Cout
—_— 1/ (sCout)
§ Rload § Rload
ESR ESR

Figure 6.4: output equivalent circuit

whose values are given by the following formulae:

1

— 2

Ie 27 Cout (ESR + Rioad) (6:2)
1

12 = 526, ESR (6.3)

The AViomp (5) /AVou (s) transfer function is the one that has to be designed to

Vout ()
Ir(s)

20 -

—20 |+

—40 |-

106 107 108

I T 1
101 102 10 10* 10°
[ [HZ]

Figure 6.5: one pole and one zero transfer function

make the device stable, what is left to find is the CTRL(f) one: this is the inductor
current variation over the V., one. Now, since the current is measured at the switch
side in the VIPer01, this one should be considered, but current mode aims to control
the maximum peak current into the inductor, which is also the one in the switch
and so everything is consistent. The previous consideration simplify the computation

of the CTRL(f), in fact the current limits and the V., ones are reported in the

79



6.2 REAL BUCK DESIGN

datasheet:

Veompa =3V Q@ Ip=Ipriy =240mA
VC’OMPL =08V @ ID = ]DLIMPFM =65mA

remember that the VIPer012X is the chosen device of the family, because of the
Iprra higher wr.t. the peak inductor current, obtained in table 4.3. The lower value
of the Voonrp has been chosen in order to avoid the PFM working condition, where
the switching frequency will be changed. Given those values, it is possible to compute

the transfer function of the controlling section:

Alp 240 mA — 65mA
CTRL(s) = _
(5) AVeonr 3V _08V

Ip () = CTRL(s) - Veourr (5) (6.5)

= 79.54 [mAV '] (6.4)

Combining the 6.1 and the 6.5, it is possible to obtain the transfer function V,; (s) /Veomrp (s),

which will be then used to design the compensation network. In particular the fol-

lowing equation 6.6 is obtained:

‘/out (S) 1+ ScoutESR
—————— =CTRL(S) - Rjpaq
VCOMP (S) (S) toad 1 + Scout (ESR + Rload)

(6.6)

The loop gain transfer function should be like the one of an integrator, as reported

60

40 +
— Vout (8) /Veomrp (s)]

20 - —  |COMP (s)]
— IT (s)]

0,
_207\”””\ R R R
10* 102 103 104
f[Hz]

Figure 6.6: Bode plot representing the open loop gain |T (s)|, the compensation network
frequency response |[COMP (s)| and the |Vour/Voor pl
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6.2 REAL BUCK DESIGN

in figure 6.6, in this way a stable system is obtained, since the phase margin is almost
¢ ~ 90°, and then it will be also accurate, because any possible steady state error
will be reduced by the very high DC gain. The crossover frequency f¢ is a suggestion
of the speed of response of the overall system, but if increased too much can cause
the noise to be an issue.

Once understood this, the design of the compensation network results straightfor-
ward: whenever there is a pole in the |V,.:/ Voo p| transfer function, the [COM P (s)]
one should exhibit a zero and vice versa. The resultant circuit, implementing the re-
quired transfer function, is a type 2 compensator, like the one represented in figure

6.7. The final circuit, developed at the end of the previous section, is needed, to-

| |
[
_/W\,C_1| I_
R2 L)
R1
.Vout‘M 1
EA come °
+
RDC
— Vref

Figure 6.7: type 2 compensator, notice the presence of the labels FB and COMP,
referring to the VIPer(0l1 pins

gether with some small changes coming from the application note [32], to compute
the components’ values present in figure 6.7. The final circuit is reported in figure

6.8 and the main changes, w.r.t. the one in figure 4.3, are described here:

bleeder resistor as suggested in the application note, this resistor provides a min-

imum load (1mA) to avoid overvoltages if the output load is removed;

STTH1LO6A diode this diode is an ultra fast one [34] and its model has been
obtained directly from STMicroelectronics website. The ultra fast capability
is needed in order to reduce the reverse recovery time, during which the diode
can conduct current in the opposite way, even if it should be able to block it,

causing damages to the rest of the circuit;
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Figure 6.8: buck realized with the VIPer012X, working in CCM and self-supply mode

output voltage feedback the output voltage is copied onto the C5 capacitor and
this one is used for the feedback loop;

full-wave rectifier is obtained with MRA4007T3G [33] diodes available from ON

Semiconductor, which satisfy specifications obtained in table 4.3, and suggested

in the application note;
VCC capacitor is like the one reported in the application note: 2.2 [uF.
Now it is possible to compute the compensation network components values, the first

step is to evaluate the main quantities of the |V,.:/Voonp| transfer function:

DCyoin = CTRL(S) - Riad || Rotecder = 79.54 [mAV '] - 32.67 [Q] =2.599  (6.7)
1

= > 130H 6.8
fP 27TC’out (ESR + Rload || Rbleeder) B © ( )
1
= >1kH .
2= e sk = VT (6.9)

The crossover frequency should be chosen high enough, in order to have quite a
fast response, but not too high to avoid too much noise to pass into the system.
The typical range in current mode is fsw /10 < fo < fsw /4, where the fsy is the

switching frequency of the converter (30 kH z).

fe = fsw/5=6kHz (6.10)
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The flat gain of the |[COM P (s)| transfer function is obtained from simple consider-
ation on the Bode plot in figure 6.6:

T (fp)| = T (fo)| - % _ 1615
T (fp)| = DCyain - |[COMP (fp)]
|ICOMP (fp)| = % = 17.76

fre=fz=1kHz fz.= fp=130Hz2

Looking at the circuit in figure 6.7, there are 4 unknowns, without considering the
Rpe, but only three equations. This means that one of the four element can be
chosen arbitrarily: typically C} is selected to be in the range [56 pF, 1 nF], in this
case C1 = 1nF'. The relations, linking the other unknowns to the equations, are the

following ones and can be easily obtained by hand.

1
— fp, = = 159 kQ — 150 kQ 11
fz=1fp SnRaCh — Ry =159k — 150 (6.11)
R
|ICOMP (fp)| = EQ — Ry =844kQ — 8.45kQ (6.12)
1
1
— fy = =8.16nF 2nF 1
fr=fz ISR —  (y=8.16nF — 82n (6.13)

Notice that the right hand side values, after the arrow, in the previous expressions
are the normalized values. The Rpc is computed considering the whole system seen
by the Vrpr voltage source: in this case it is like having a non-inverting operational
amplifier, whose output is the V,,; of the converter. From this consideration, it is
possible to obtain the following last expression 6.14 and the result, using the EA

internal Vypr = 1.2V, is:

Ry
Rpc

‘/out = VREF ( + 1) — RDC =483k — 4.87kQ (614)

The Rpc and the R1 should be resistor at 1% of tolerance, since they define the
output voltage value. The Rpe value has been corrected to 4.02 k€2 with some initial

simulations.
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Everything has been designed now and the next step will be the circuit simulation,
with verification of correct behaviour and efficiency evaluation with the LTSpiceX VII
simulator. During simulations the circuit will be optimized, so the final version will

differ from the one presented in figure 6.8.

6.2.2 Simulations

In this section the simulation results are going to be reported, the circuit proposed in
figure 6.8 will be simulated in different operating conditions and its correct behaviour
will be verified. The first thing to recall is the switching losses’ formula (4.10), which

is also reported here:

1 1
PSW,switching - (5 : %efore : Iafter “Ton + 5 : ‘/after : ]befm"e : toff) . fSW

this equation suggests to work in DCM, because in this condition the switch current
always starts from a zero value. This translates into having the I, ~ 0A and
then half of the switching losses are saved, increasing the overall efficiency. For this
reason, it is possible to immediately say that the previous circuit, in figure 6.8, is
not the best solution, even more if the low output power level is considered. As an
evidence of what has been said here, the efficiency curve, as a function of the load
current, has been obtained with the simulator. Those curves are reported in figure
6.9, notice that the circuit has been tested in different conditions, before computing

the efficiency and this was done in order to provide valid data.

100 % |- —Vac =120V
— Ve =220V

5% |

£ 50%|

25% |-

|
25 50 75 100
I load [mA]

Figure 6.9: VIPer012XS efficiency in CCM working condition, self-supply mode, different
loads and input AC wvoltages
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The efficiency never exceeds the 55 % in minimum input voltage, corresponding to
best working condition or maximum duty cycle, and never exceeds 45 % in maximum
input voltage, the worst working condition. Then the efficiency decreases with the
reduction of the load current, because feedback reduces the duty cycle to keep the
output voltage constant. Some significant waveforms are reported in figure 6.10, 6.11
and 6.12, where it is possible to notice that the correct behaviour of the circuit has

been verified and can be compared to the datasheet ones.
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Figure 6.10: VIPer012XS start-up phase at 220V input RMS voltage, CCM and
self-supply

Working in DCM condition will improve the converter efficiency, but at the same
time it will increase the peak current through the inductor and switch. As further
proof of this fact, it is possible to recall equation (3.7), where it is clear that a
reduction of the inductance, necessary to move the system into DCM, will increase

the current stresses.

[ Vour N Vour (1 — D)
e Ry, 2L fsw

The inductance value, that is able to keep the system in DCM for every conditions,

can be obtained from equation (3.20) minimization, as already done in (4.4) and
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Figure 6.11: VIPer012X steady-state phase at 220V input RMS voltage, CCM and
self-supply

(4.3). The result is reported below:
LDCM =330 /LH

Using this value into equation (3.7) and the nominal duty cycle for Vi = 220V, the

peak inductor current results to be almost doubled with respect to the load one:

3.3V - (1—0.0129)

~ 264mA
2330 uH - 30 kH 2] "

Ip, =01A+

This value is higher than the Ipr;y one of the VIPer012XS, which is ~ 240 mA,
so to avoid the possibility to undergo overload protection (OVL), the VIPer013XS
should be used instead, since it has Ippry = 360mA. This condition’s occurrence
has been tested with the VIPer012X. It is possible to see from simulation that the
Veonp voltage stays at Vooypy for some intervals of time, this is the condition for
drain current limitation. An internal counter counts the number of cycles for which
this condition is met and, once reached its limit, the overload protection is enables,

which will disable the PWM for tgrpsrarr time period.
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Figure 6.12: VIPer012X steady-state detail at 220V input RMS voltage, CCM and
self-supply

The VIPer013X is needed, as a result of the previous considerations, but does

this change affect the circuit design? No, it does not, because the main change would

regard the DCy,;, of the power stage and, so, the |COMP (fp)| value, but this is

like an error in a feedback system, that will be removed by the high gain. A final

tuning could be needed on some elements, but this is something not so important

now. The circuit used in the following step is the one reported in figure 6.13, where

it is possible to see:

e the presence of the Ry, resistor, used to limit the inrush current, even if the

VIPer013XS provides this feature;

e the X2 block, which is the Spice netlist of the EMI filter, designed in Chapter

d.

The load regulation should be considered before going any further in the sim-

ulation description, this is the converter’s capability to hold the output voltage at

designed value as the load changes. Circuit in figure 6.13 has been tested with dif-

ferent load condition, with a ”.step param Iload LIST ... 7 LTSpiceXVII directive,
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Figure 6.13: VIPer013XS used to realize a DCM buck converter

and input voltages. The results are reported in figure 6.14, where it is possible to see

T — Vac =120V
— Vie =220V
5.5
B
S 33f
11}
| | | |
25 50 75 100
Iload [7)7/A]

Figure 6.14: load regulation analysis for VIPer013X working in DCM and self supply mode

that, at very light load condition, the load regulation is lost, since the 3.3V value
is not maintained. In this condition, only the bleeder resistor helps the converter to
maintain a low voltage.

It is possible to evaluate the efficiency over the whole load range and, in order to do
this, the LTSpiceXVII simulator has been used. The circuit has been simulated as if
an ECoC should be respected and so five load conditions are tested (zero load cur-
rent, 25 %, 50 %, 75 % and 100 % of the load maximum rated current). The resulting
efficiency curves are reported in figure 6.15. Comparison between these curves and
the ones in figure 6.9, it is possible to appreciate a little improvement in terms of
efficiency. As expected the DCM working condition is better w.r.t. the CCM one,

if this improvements is not so high, there is still an advantage, when using the first
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mode: the inductance is smaller and so the area can be reduced.

100 % —Vac =120V
— Vag = 220V

75 %

25 50 75 100

Figure 6.15: VIPer013XS efficiency in DCM and self-supply mode

6.2.3 EMI considerations

At the end of the previous chapter, an EMI filter was designed and its components
have been computed having already in mind the VIPer(I based solution. Now it is
important to verify the effect of this filter, for this reason a LISN has been created
in LTSpiceXVII, as the one discussed in Chapter 5. The LISN, as in an real mea-
surement, will be placed between the AC power source and the Device Under Test
(DUT). The circuit with the EMI filter and the LISN is reported in figure 6.16 and

the one without the filter is simply omitted, for obvious reasons. The circuits have

= 7]
ol srrLoEA
1 U‘H Waut
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\
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Figure 6.16: VIPer013XS buck converter, with EMI filter and LISN, to evaluate the effect
of the presence of the filter

been simulated for a time period equal to 240 ms and the start-up phase is kept. Once
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6.2 REAL BUCK DESIGN

the simulation has been completed, the Fast-Fourier Transform (FFT) of the volt-
age onto the V,cqs1 and Vi,eqs2 has been computed, with the LT'Spice X VII simulator.
The common mode conducted emission is related to the FFT of the V,,cas1 — Vineas2
difference and the differential mode one is related to the FFT of the Va1 — V(GW)
difference, where GW stands for Green Wire.

An additional step should be considered before analysing the obtained results, the
relationship between dBy and dB,,. Using the definition, it is clearly possible to say
what reported in equation (6.15).

dB,y =20 -log (V) + 120 dB (6.15)

Equation 6.15 allows to scale the obtained results to the required limits, in accordance
with CISPR 22, and vice versa. Simulation’s results are reported in figure 6.17

and figure 6.18. It was not possible to cover the whole frequency range required,

V{nDD4) Vin004,n007)

0dB——————

220dB-———— i ] : A S : i : i
10Hz 100Hz 1KHz 10KHz 100KHz MHz

Figure 6.17: FFT of the common mode voltage, in blue, and the differential mode one, in
black, without EMI filter
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Vin005) V{n005,n007)
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B80dB— -

9008 -+

10048 - - O

110dB-{ |-

120dB— -

13048 -4+

140dB— -

150dB— -+
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Figure 6.18: FFT of the common mode voltage, in blue, and the differential mode one, in

black, with EMI filter

because increasing the number of points for the FFT causes the simulator to crush.
In any case, the behaviour is understandable and the EMI filter’s effect is clear.
The translation of the CISPR 22 limits, using equation 6.15, results in an accepted
situation.

Following figure 6.19 and 6.20, represent the time domain behaviour of the common

mode voltage and differential mode one, with and without the filter respectively.
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Figure 6.19: time domain response of the common mode voltage, in blue, and the
differential mode one, in black, with EMI filter

W{NOD4,NOD7)

Oms 20ms 40ms 60ms 80ms 100ms 120ms 140ms 160ms 180ms 200ms 220ms 240ms

Figure 6.20: time domain response of the common mode voltage, in blue, and the
differential mode one, in black, without EMI filter
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6.3 Conclusions

In this chapter the VIPer01 has been used to design and simulate a more realistic
circuit, w.r.t. the one in Chapter 4. The feedback design problem has been faced and
simulations have been carried out, in order to find the final circuit. CCM and DCM
working conditions have been compared and the second one leads to better results.
In the end, the effect of the EMI filter, designed in the final part of Chapter 5, has

been analysed.
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CHAPTER 7

Proposed solution to improve efficiency

In this chapter, a possible solution to the high step-down problem is presented and it
has been derived from the research conducted in Chapter 2. In particular, a capacitive
voltage divider is used at the input side of the converter, before the full-wave rectifier.
This solution is explained in detail, formulae are derived and the circuit is simulated
under different load conditions. Secondly, this circuit is applied to various buck
converter integrated circuits and a comparison, between the different solutions, is

given. Pros and cons are highlighted and the different solutions’ costs are compared.

7.1 Proposed solution

The main problems, when facing a buck converter stepping down a very high voltage

for low output power applications, are:

high voltage causes the converter to work with reduced duty cycle, components
should be able to withstand this voltage level and it is possible to expect higher

switching losses;

small duty cycle limits the working frequency, otherwise it is possible to not re-
spect the minimum on time of the power switch, free-wheeling diodes dissipates

more and the MOSFET is used for a reduced portion of time;

stringent power losses high efficiency requirements can not be easily accomplished.

Consider for example the case in exam where P,,, = 1/3W and suppose
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7.1 PROPOSED SOLUTION

to require at least 90% of efficiency, the resultant input power should be
P, = 3710 mW and so the overall losses should be around 40 mW, which is
a very small value. This means that proper design choices should be made and
they can affect both converter operating modes, components selection and also

topology choice.

High voltage and small duty cycle are clearly related at this point and a reduction of

the input voltage can bring obvious advantages.

7.1.1 Reducing the high input voltage

In Chapter 2, the main solution to the high step-down problem is the use of a ca-
pacitive divider, but all the topology found in literature were meant for higher power
applications. The solution presented here is a simple capacitive voltage divider, now
the EMI filter will be neglected in order to simplify the following computation. Con-
sider the circuit reported in figure 7.1, here it is possible to see a capacitive voltage
divider formed by Cy and (5, a resistor Ry used as an inrush current limiter, a resis-
tor Ry used to discharge C; once the device is disconnected form the AC line, a full
bridge rectifier, the C5 capacitor representing the input one for a typical buck and
finally a current source I,,q, modelling the current absorbed by the converter both

for the output and supply current. The following assumption should be taken into

| R2|
(s MV II

R1 c1 D4 D1

VAC~ — 1
. R Iload
; e

v

Figure 7.1: reference circuit used to derive the following results and modelling the buck
converter as a constant current source

account:
Ve, this voltage is supposed to be constant, with a small ripple superimposed;
I100q it is considered as a constant value;

95
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Ve is the line voltage and only half of a line period is analysed;

ve, (t) is the voltage onto the Cy capacitor and it is supposed to be a sine wave.

The analysis will be conducted considering an energy balance between the energy
required by the buck at its input and the one provided by the capacitive divider.
The first step is to consider the buck input side power, this one con be computed as
reported in (7.1).

Prn = Ve -+ Livad (7.1)

The I;,4q should take into account, as already said, both the load current and the
supply one. It is important then to recall the ideal equations of a buck converter

(7.2), in order to compute the load current needed back into the input side.

‘/out =D- ‘/zn
(7.2)
Iout = Ln/D

It is clear that V;, = Vi, for this reason the duty cycle is given and, as a conse-
quence, also the I;,. The [},44 is the sum of two components: the I;, one, previously
calculated, and the supply current. The latter one can be obtained from datasheet,
simulations or by simply increasing the I;, to a reasonable level.

The main focus is the energy, as already said, an this can be computed from (7.1) as

reported in (7.3):
Pry

2fline

This energy comes, for part of T};,., from the C5 and, for the rest of the time interval

By = Py - AT = (7.3)

from the left most part of the circuit. This is much more clear considering figure 7.2,
here both the ve, (t) voltage and the Vi, one are plotted. The diodes Dy and D, are
forward biased only when v¢, () voltage is greater than the Vi, and in that period
of time energy is provided to the buck by the capacitive divider. For this reason it is
possible to define a “line duty cycle”, which will be denoted as Dy;,. in the following
passages, and it represents the period of time for which diodes are not conducting.

As a consequence, the input energy can be divided in two contribution, as reported

in (7.4).
PINDline PIN (1_Dline>

2fline 2fline
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Veopk F--------- ﬁ ----------
Ve,

Ve, (wt)

Figure 7.2: vc, (t) behaviour on a line period

When only the C5 capacitor provides energy to the buck converter, the equivalent

circuit is the one reported in figure 7.3. This is a capacitor discharged by a constant

current source and it is possible to obtain an inequality for the C3 capacitor ripple,

from its constitutive equation.

| |
ol

%]

Ilocad

Figure 7.3: equivalent circuit when diodes are not conducting

(

ic, = Ca's:
icn = g A 9 f
Cs load - Lpea = Cs - VCSD—fl (7.5)
dvc, = AVg, line
\dt — AT et %
21 A
Diine = 2JiincCs AV, (7.6)

A duty cycle should always be less than 1 and, imposing this condition into (7.6), it is

possible to find a limit for the ripple voltage onto the C3 capacitor, as reported in 7.7.

For example, let’s suppose to have Ijo0q = 25 mA, fiine = 50 Hz and C3 = 330 uF,
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with those values the voltage ripple should be lesser than 757 mV and the resulting
“line duty cycle” is 0.792.

[load
AV, —_— 7.7
c = 2flin603 ( )

The energy lost by the C3 capacitor, during the Dy;,. phase, can be computed as

reported in 7.9 and, for a better understanding, consider the waveform in figure 7.4.

1
AECS = 5 ’ 03 ' (Vngfinal - VCQ;;initial) (78)
Ve finat = Veginitiat — AV
1
AEg, = R Cs - (AVE, — 2AVe, Veyinitial) (7.9)

The Cs capacitor should provide the lost energy to C'5 and, at the same time, to the

Ve, final

Veginitial

ve, (wt)

Figure 7.4: voltage waveform for the C5 capacitor

Tine
buck, but the exchange should happen in a time period equal to (1 — Dlme)-l—

. This
amount of energy is exiting from Cs, as a consequence, a negative value is expected
and the equation is the (7.10) one, where the two contribution can be recognized.

PIN . (1 - Dline) l

AEC2 = A‘E'C3 + 2fl = 92 ’ 02 : (VCQinnal - Vgginitial) (71())

The Viginitiae = Vpi value depends onto the capacitive partition between C) and Cy,
it will be considered like the unknown in following passages. Viofinal, instead, is the
voltage value the Cs capacitor should reach in order to bring diodes in forward bias

condition and will correspond to Vi, fina, like in figure 7.4, plus two diode voltage
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drops Vp, as reported in (7.11).
Vo, finat = Voginitia — AVes +2Vp (7.11)

Before going any further, another approximation should be considered and applied,
to get a better result; during the diodes conduction, it is not only Cs that provides
energy to ('3 and the buck, but there is also the effect of C;. It is possible to define
an equivalent capacitance and substitute that one in place of C5. To find its value,
the circuit in figure 7.5 has been considered and some approximation have been

performed: Ry < X¢, and X¢, < Ry, where Ry < 4700 and Ry = 1 M(). Using the

VAC~ Cl

Figure 7.5

previous approximation, the equivalent capacitance is the parallel between C; and

Cs, as reported in 7.12.
Ceg =C1+Cy =4 (1 + —) (7.12)

Substituting C, in place of Cy in (7.10), together with the expression of Cj lost
energy in (7.9), it is possible to derive an expression for V:
Piy - (1= Dyne) 1 2 2
2 frine = 9 Cy - (VCQ final — chitml)
1 1
§Ceq [(VCginitial - AVe, + 2VD)2 - szk} = 503 (AV023 - 2AV03V03initial) +
_ Prv (1 = Diine)
2fline

AEg,, = AEq, +

(7.13)
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03 (AVC23 - 2AV03 VCginitial)
C (1+Cy/Ch)

V% = (Veyimitia — AVe, + 2VD)2 —

p

7.14
PIN (1 - Dline) ( )

Olfline (]- + CQ/CI)

Equation (7.14) can be written in a simpler readable way, as reported below in (7.15),

notice also that, from (7.13) to (7.14), the sign of the term associated to the energy
absorbed by the buck in the (1 — Dy;,.) interval has been changed, because this energy

should be extracted from the rest of the circuit.

c—b
Vi = —_— 1
Pk \/a_'_ 1+ 02/01 <7 5>

a = (VC’gim’tz’al - AVC3 + QVD)2
C!
b= Fj ) (AVC’Qs - QAV03V03initial)
c = PIN ) (1 — Dline)
C’1 : fline

The peak voltage onto C5 can also be obtained with a simple capacitive voltage

division of the V¢, the resulting system is reported in (7.16).

— a + c—b

VacV?2
(1+C2/Ch)

Vik
Vok
The best way to find a solution for this system is a graphical approach, for this
reason MATLAB can be used and a typical result is reported in figure 7.6, after
having imposed values to the whole set of parameters (Veyinitiat, VD, licad, €tc...).
Each colour is associated to a different C'; value, notice that this kind of capacitor,
connected in series with the mains, has to respect some standards like: stability,
capability of self-healing, has to fail as an open circuit and can not be a polarized

one, as reported in [21]. For those reasons its capacitance is limited to few pF and

the cost is quite high.
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250

200

%108

Figure 7.6: typical graphical result obtained with MATLAB, when solving system in (7.16)

7.1.2 Capacitive divider simulation

In the previous section the capacitive voltage divider solution has been discussed and
now it is important to verify that the circuit is able to keep the voltage constant for
the subsequent buck. This voltage is not required to be perfectly determined and is
allowed to fluctuates, the output voltage of the buck should be regulated by some
kind of feedback. A particular interesting fact to analyse is the output voltage of the
divider as a function of the current load I;,.q, this can be easily simulated in LTSpice
with a simple “.step” directive. The circuit under simulation is the one reported in
figure 7.7, where it is possible to recognize both the full-wave rectifier (X1) and the
EMI filter (X2). The first one is realized with 4 MRA4007T3G rectifiers and the
second as reported in the dedicated section. The previous circuit has been simulated
with Cy = 1uF, C5 = 2.2uF, Cy = 33 uF and a current load changing from 0mA
to 50mA with steps of 5mA. The resulting behaviour is the one in figure 7.8,

where it is clear that increasing the output current the steady state X voltage is
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Jtran 0 {250/Freq} {0/Freq}
param Ampl = 220

Jparam Freq = 50

_ step param lout_max 0 50m 10m
-param C1 = 1u step para'nAmﬂ LIST 120 220
-param 04:33" d param ST GB0n B20n Tu 1.2u
-param €5 = 2.2u .step param C4 LIST 33u 330u 1m

Jparam leut_max = 30m

.meas Vin AVG V(X)

3
ULSE(D {lout_max} 1)

-MODEL Dmra4007t3 D[15=1.79455¢-10 RS=0.0433962 N=1.5068 EG=1.16207 XTI=0.0005 BV=1000 IBV=1¢-05 CJO=1.5685Te-11 VJ=0.4 M=0.202713 FC=0.5 TT=1e-03 KF=D0 AF=1]

Figure 7.7: capacitive voltage divider simulation schematic

reduced and the ripple increased. On the other hand, when no load is applied, the X
node voltage increases and can exceed the capacitor voltage rating, causing obvious
problems. Another test that can be performed is the one where the load current is

Vix)

130V-

. Increasing Iload

110V

100V-

-
=
e

S 2

10V-

Aov

0.0s 0.5s 1.0s 1.5s 2.0s 255 3.0s 3.5 4.0s 4.5s 5.0s

Figure 7.8: capacitive voltage divider output voltage response as a function of the output
load

kept constant and the ' capacitor is increased. It is possible to expect an increase
of the output voltage, because the reactance of Cf is lower and thus more current can
cross the capacitor, as reported also in [16], [18], [19] and [17]. The simulation result,
reported in figure 7.9, is in accordance with what said earlier. The Cj capacitance

value can be used to change the X voltage value, as specified also by mathematical
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results reported in the previous section, and the Cj one can be increased to reduce
the ripple and get, if needed, a much more stable output voltage.

1200 V(x)

110V-

/\ Increasing CI

S

0.0s 0.5s 1.0s 1.5s 20s 2.5s 3.0s 3.5s 4.0s 4.5s 5.0s

Figure 7.9: capacitive voltage divider output voltage response as a function of the Cy
capacitor

7.1.3 Conclusions

In this section, a possible solution to the high input voltage/high step down ratio
problem has been found. It allows to reduce stresses over subsequent components,
increase the efficiency of the converter and, at the same time, it enlarges the amount
of possible devices that can be used for the scope. In the following passages, this
solution will be tested with some converters and the results will be compared with

the ones obtained with the VIPer013X.

7.2 Using the capacitive divider in real circuits

A capacitive divider can be used to reduce the high input voltage deriving from the
main line, this approach can increase both efficiency and the pool of possible circuits
available onto the market, giving more solutions to the problem in exam. Now the
input voltage, to be fed to the converter, is almost a design choice; for example, if
the converter supports an input voltage range from few volts to 100 V', the capacitive

divider can be designed to provide this value. It is still important to verify that a
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steady state condition can be reached: the converter should not absorb too much
current from the cap divider, otherwise the input voltage will tend to 0V and then

the circuit will not work any more.

7.2.1 VIPer01 with capacitive divider

The first step is to understand the effects of capacitive divider on the already designed
buck converter, realized with the VIPer013X. The circuit reported in figure 6.13 is

now modified as in figure 7.10, the main changes are:

Inrush current resistor the Rj;,,; resistor is present to reduce the inrush current
problem, that occurs at start-up when every capacitor in the circuit is dis-
charged. Let’s suppose to have the worst condition: Vie = 220V and the
maximum allowable current around 1A, then the Ry, should have a value
around 330 €2 and, to play safe, Ry = 470€2 is selected. This value is not the
best solution in low power application, because, even with a small RMS cur-
rent let’s say around 60 mA, the dissipated power is very high ~ 1.7W. At the
start-up it is acceptable, but in steady state it is not and to solve this problem
the solution is to short it with a bidirectional switch, like an Solid-State-Relay
(SSR), as the VOR2142B8. This relay shows an R,, resistance of few tens of €
and so dissipated power is highly reduced, but the cost of this kind of devices
is still quite high. For the previous reason, a phototriac could be used, like the
V02223B-X017T, and it should be driven directly by the output once steady

state condition is reached;

Fast recovery diode the two diodes are now selected with a lower breakdown volt-
age, so STTHI1LO06 are replaced by STTH1R02, which have 200 V' of breakdown

voltage.

The efficiency evaluation is performed in a manner resembling what suggested by
the Europen Energy Efficiency Platform (E3P) in [35], which follows [36] as a test
method. In those documents, it is required to report at least 5 main points for the
efficiency curve, as a function of the load current, and they are at 100 %, 75 %, 50 %,
25 % and no load input power. It is also required to define an average efficiency. The

measurements are then performed after a warm-up phase and the device should have
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Figure 7.10: capacitive divider applied to the VIPer013X

reached a steady state condition.

In order to follow those requirements, the circuit is first simulated for a long period
of time, in which the steady state condition for the input voltage is found, and then
the initial condition onto the C} capacitor voltage is imposed. An “.ic” LTSpiceXVII

“.meas” directive,

directive is used for the scope. The efficiency is computed with a
which can also be seen in figure 7.10, in the meantime the load current is changed
from maximum to 0 A. Also the mean value of the output voltage is measured with a

“.meas” directive, therefore a load regulation plot can be obtained. Figure 7.11 shows

100 % — Ve =120V 7.7 —Vac =120V
— Vac =220V —Vac =220V
5% g
63.15 66.73 5.5
57.21 55.6 o
< 50.58 =
S 50% 44.4 49.7 3
~ 3.3
25%
1.1
|
25 50 75 100 25 50 75 100
Iload [mA} Iload [mA]
(a) efficiency (b) load regulation

Figure 7.11: efficiency and load requlation of VIPer013X with the capacitive divider
solution

the simulation results, the efficiency is shown as a function of the output current in

7.11a and the load regulation is plotted in 7.11b. The previous results are also shown

105



7.2 USING THE CAPACITIVE DIVIDER IN REAL CIRCUITS

in table 7.1 for the 120V case and in table 7.2 for the 220V one. Those results

No load 25% 50 % ™%  100%  Average

DC output current (mA) 0 25 50 75 100 -
DC output voltage (V) 4.34 3.42 3.38 3.36 3.34 -
DC output power (mW) 0 85.4 168.9  251.8  334.1 -
AC input voltage (V) 120 120 120 120 120 -
AC input frequency (Hz) 60 60 60 60 60 -
AC input power (mW) 90.0 1919 2953  398.7  500.7 -

Power consumed by UUT (mW) 90.0 106.5 1264  146.9 166.6 -

Efficiency - 45% 572% 63.1% 66.7% 57.9%

Table 7.1: VIPer013X simulation results for 120 V' case

No load 25% 50 % %  100%  Average

DC output current (mA) 0 25 50 75 100 -
DC output voltage (V) 4.43 3.41 3.38 3.35 3.34 -
DC output power (mW) 0 85.3 168.8  251.5  333.7 -
AC input voltage (V) 220 220 220 220 220 -
AC input frequency (Hz) 50 50 50 50 50 -
AC input power (mW) 188.8 292.8 3949 4973  600.3 -

Power consumed by UUT (mW)  188.8 207.5  226.1 2458  266.6 -

Efficiency - 291% 42.7% 506% 55.6% 44.5%

Table 7.2: VIPer013X simulation results for 220 V' case

will be compared with the others, obtained with different circuits, at the end of this
chapter and, at the same time, they will be compared with the solution without the

capacitive divider.

7.2.2 LT8630 with capacitive divider

The LT8630 is a synchronous buck converter, which integrates the control section

and the high /low side power MOSFETSs. This circuit has a wide input voltage range
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(from 3V to 100V') and it has a current load capability of 0.6 A. Since its input
voltage range is well below the V¢ line, this circuit results particularly suited for a
capacitive voltage divider test. In this case the maximum allowable input voltage is
100V, so the divider should provide a lower value in worst condition, i.e. when the
input Vae = 220V. Using the formulae in (7.16) and with additional adjustment,
the C} should be larger or equal to 1 uF and their ratio (Cy/C}) should be larger
than 3.

The remaining part of the circuit is designed following the specifications provided in
the datasheet [37] and the resulting circuit is reported in figure 7.12. The LT8630 has
also an enable-pin, that can be used to program a minimum input voltage threshold,
and this is particularly useful in this case, if the input capacitor has to reach a
particular value before turning on the device. This pin has a hysteresis which will
cause the device to stop switching when the input falls a little bit below the threshold.

Also in this case, the efficiency is computed with a “.meas” directive, in the meantime

R
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vl 7 30y
VCE! Tviee AF mo
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0,056} LT8G0 A 2 "
Q_J\Zr_ Rt FB | e ot o Flesdy
B GHD L Tooad}

é %[:HM
Figure 7.12: capacitive divider applied to the LT8630

the load current is changed from maximum to 0 A. Also the mean value of the output
voltage is measured with a “.meas” directive, therefore a load regulation plot can be
obtained.

Figure 7.13 shows the simulation results, the efficiency is shown as a function of the
output current in 7.13a and the load regulation is plotted in 7.13b. The previous
results are also shown in table 7.3 for the 120V case and in table 7.4 for the 220V

one.
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100 % —Vac =120V 7.7 —Vac =120V
— Vio =220V — Vap =220V
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75 72.06
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Figure 7.13: efficiency and load regulation of LT8630 with the capacitive divider solution

No load 25% 50 % ™%  100%  Average

DC output current (mA) 0 25 50 75 100 -
DC output voltage (V) 3.38 3.36 3.36 3.36 3.36 -
DC output power (mW) 0 84.1 168.1  252.0  335.9 -
AC input voltage (V) 120 120 120 120 120 -
AC input frequency (Hz) 60 60 60 60 60 -
AC input power (mW) 68.7 161.2  255.9  349.7 4419 -

Power consumed by UUT (mW) 68.7 77.1 87.8 97.7 106 -
Efficiency - 51.9% 65.7% 721% 75.9% 66.4%

Table 7.3: LT8630 simulation results for 120V case

No load 25% 50 % ™%  100%  Average

DC output current (mA) 0 25 50 75 100 -
DC output voltage (V) 3.38 3.36 3.36 3.36 3.36 -
DC output power (mW) 0 84.0 168.0  252.0  335.9 -
AC input voltage (V) 220 220 220 220 220 -
AC input frequency (Hz) 50 50 50 50 50 -
AC input power (mW) 157.7 2419  335.0 428.0 51838 -

Power consumed by UUT (mW) 157.7 157.9  167.0 176.0 1829 -

Efficiency - 34.7% 50.1% 589% 64.7% 521%

Table 7.4: LT8630 simulation results for 220V case

108



7.2 USING THE CAPACITIVE DIVIDER IN REAL CIRCUITS

7.2.3 LTC3638 with capacitive divider

The LTC3638 is a step-down regulator, which integrates on the same chip both the
control part and the power MOSFET. It is designed for a wide input voltage range,
up to 140V, and the maximum output current is 250 mA. Its specifications makes
this circuit suited for a capacitive divider test. It also shows a reduced number
of components to work, since the output voltage can be programmed by a proper
connection of pins Vprg1 and Vprge, as declared in [38]. Also in this case there is
a run-pin, that can be used as an enable-pin to decide when the input voltage is
sufficient to let the conversion start. The final circuit is shown in figure 7.14, where

it is possible to see the capacitive divider and the STTHI1R02 diode.

R1
L1
Vin sW g1 out
330p )
n
FB | ng o Coutt
STTHIR0Z 100y {licad)
s =
FBO Wprg =
LTC3IE38
oVLo Viprg2
’7 GND
~

Figure 7.14: capacitive divider applied to the LTC3638

100 % — Ve =120V 7.7 —Vac =120V
— Vac =220V —Vac =220V
75 %
61.85 63.47 55
58.9 57.35 =
X 50.09 48.24 5347 =3
S 50% ‘ 3
35.9 ~ 3.3
25%
1.1}
|
25 50 75 100 25 50 75 100
T1oad [mA} Ti0ad [mA]
(a) efficiency (b) load regulation

Figure 7.15: efficiency and load requlation of LTC8638 with the capacitive divider solution
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7.2 USING THE CAPACITIVE DIVIDER IN REAL CIRCUITS

The efficiency is computed with a “.meas” directive, in the meantime the load current
is changed from maximum to 0 A. Also the mean value of the output voltage is

measured with a ¢

‘meas” directive, therefore a load regulation plot can be obtained.
Figure 7.15 shows the simulation results, the efficiency is shown as a function of the
output current in 7.15a and the load regulation is plotted in 7.15b. The previous

results are also shown in table 7.5 for the 120V case and in table 7.6 for the 220V

one.
No load 25% 50 % %  100%  Average
DC output current (mA) 0 25 50 75 100 -
DC output voltage (V) 3.40 3.34 3.34 3.34 3.33 -
DC output power (mW) 0 83.6 167.0  250.2  333.2 -
AC input voltage (V) 120 120 120 120 120 -
AC input frequency (H z) 60 60 60 60 60 -
AC input power (mW) 55.1 166.9  283.5  404.5  525.0 -

Power consumed by UUT (mW) 55.1 83.3 116.5 1543  191.8 -

Efficiency - 50.1% 58.9% 61.8% 63.5% 58.6%

Table 7.5: LTC3638 simulation results for 120 V' case

No load 25% 50 % ™%  100%  Average

DC output current (mA) 0 25 50 75 100 -
DC output voltage (V) 3.38 3.34 3.34 3.33 3.33 -
DC output power (mW) 0 83.5 166.8  250.0  333.0 -
AC input voltage (V) 220 220 220 220 220 -
AC input frequency (H z) 50 50 50 50 50 -
AC input power (mW) 138.9 232.2 3459  467.7  580.7 -

Power consumed by UUT (mW)  138.9 148.7  179.1  217.7 2477 -

Efficiency - 359% 482% 535% 57.3% 48.7%

Table 7.6: LTC3638 simulation results for 220V case
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7.2.4 Comparison of all the results

The previous results can be easily compared by looking at figure 7.16; here all the
efficiency curves, obtained by simulating the various circuits, are placed together and
some results can be obtained. In the graph, solid lines are related to 120V input

voltage and dashed ones to 220V. It is clear that the LT8650 solution is almost

T T T T T T T T T T T T T T 7

—— VIPer013X no CapDiv Vac =120V
75 % | |--- VIPer013X no CapDiv Vyc =220V
| | |—— VIPer013X CapDiv Vjae =120V
---  VIPer013X CapDiv Vo =220V
LT8630 CapDiv Vae =120V
LT8630 CapDiv Vae =220V

g 50% |- ——  LTC3638 CapDiv Vac = 120V
0 ---  LTC3638 CapDiv Vao =220V
| —— EC No 278/2009 average efficiency
25 %

L1044 [mA]

Figure 7.16: efficiency curves relative to all simulated circuits

the best one in any load condition; the advantage is mainly provided by the reduced
conduction loss associated to the low side power MOSFET with respect to diode one.
Suppose to have a diode, in a typical buck structure, with a 0.7V forward voltage
drop and a mean value of the current that can be approximated with the output one
of 100 mA, this condition is not so different with the one reported in previous cases,
since the step-down ratio is quite large. The resulting dissipated power is around
70 mW , but, considering instead the low side power MOSFET, its rpg,y, is of the or-
der of 550 m) and, with an RMS current of ~ 100 mA, the conduction loss is around
5.5mW. It is also clear that switching losses are increased in the overall circuit, but
the reduced input voltage keeps them well below the power dissipated by a diode,
working in equivalent conditions.

It is also possible to appreciate the improved efficiency of the VIPer015X when the
capacitive voltage divider is applied at its input, giving proof that the input voltage
reduction is a key point to the better efficiency research. This effect is much more

evident at low input voltage (120V'), because diode losses are much more reduced
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7.2 USING THE CAPACITIVE DIVIDER IN REAL CIRCUITS

and switching ones depends directly onto the input voltage.

The last thing to notice is the result obtained with a properly rated device, the
LTC3638 shows a better response in lower load condition with respect to the VIPer015X.
The LTC3638 is rated for a maximum output current of 250 mA and the VIPer013X
is instead designed to support a maximum of 2 A, in addition the first one has a lower
on resistance (1.8€2) with respect to the second one (max value 302).

The EC No 278/2009 required average efficiency is also reported in the graph and it

is clear that every converters respect this requirement.

A final comparison can be performed considering a capacitive power supply, as the
one reported in figure 7.17, this circuit can be easily designed following the equations

provided in chapter 3. The resulting efficiency’s plot, reported in figure 7.18, is ob-

Phase Rlimit
x2
FPhasa DUTY
GreeniVire ULSE(D {lowt_max} 1)
SINE(D {Amgl*sart{z)} {Freq)) ¥
Fuse [—{Meuiral_butz
Meubral "

Figure 7.17: capacitive power supply used for further comparisons

tained only for the Vo = 220V case and a limited current range, otherwise the Cy

capacitor’s cost will increase too much. It is clear that, this kind of circuit is not able

- -~ Capacitive power supply Vac =220V
—— EC No 278/2009 average efficiency
25%
&O - -’ ‘I
S I L e
15 % S
5%

|
5 10 15 20 25 30 35 40 45 50
Tioad [mA]

Figure 7.18: capacitive power supply efficiency at 220V and various load currents

to satisfy the EC No 278/2009 regulation and the efficiency is much lower w.r.t. a
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SMPS based solution.

7.3 Solutions’ cost

The cost of the various solutions should be considered in order to provide a more
complete understanding of the design. Different vendors’ websites can be chosen,
for this work Digi-Key FElectronics has been used. Evaluating the cost of a solution
using only one realization is not meaningful at all, since the cost of single components
lowers if they are ordered in large numbers. In order to take into account this aspect,
the following Bill Of Materials (BOM) have been obtained supposing to realize 100
board for each solutions. The results are reported in figures 7.19, 7.20, 7.21, 7.22,
7.23, 7.24, 7.25 and 7.26.

Quantita  Codice componente Codice produttore Descrizione Prezzo unitario (c€)
100 493-3930-1-ND UCL1C102MNL1GS CAP ALUM 1000UF 20% 16V SMD 49,770
400 S1A-FDICT-ND S1A-13-F DIODE GEN PURP 50V 1A SMA 9,850
100 IN7S0ABK-ND 1N750A BK DIODE ZENER 4.7V 500MW D035 19,560
100 EF4225-ND ECQ-E4225KF CAP FILM 2.2UF 10% 400VDC RADIAL 83,680
100 VREEJ1.0MCT-ND VRE8000001004JAC00 RES 1M OHM 1W 5% AXIAL 36,880
100 BC2418-ND NTCLEL10OE3331)B0 THERMISTOR NTC 3300HM 3560K BEAD 30,260
100 V02223B-X017TDKR-ND VO2223B-X017T 1A, 600V, PHOTOTRIAC, SMD 95,600
100 RNF14FTD221RCT-ND RNF14FTD221R RES 221 OHM 1/4W 1% AXIAL 2,330
100 817-2086-ND RN102-2-02-1M1 CMC 1.1MH 2A 2LN TH 92,800
200 399-5419-ND PHEBS0EB5100MBO4R17 CAP FILM 10000PF 1.25KVDC RAD 24,960
100 399-12366-ND F862BK154K310Z CAP FILM 0.15UF 10% 630VDC RAD 30,520

Figure 7.19: Capacitive power supply solution’s BOM, with phototriac.
530.65 € per 100 boards or 5.3 € per board.

The total cost is

Quantith  Codice componente Codice produttore Descrizione Prezzo unitario (c€)
100 399-18964-MD 5BC8-331-142 FIXED IND 330UH 1.44 250 MOHM TH 152,390
100 359-9778-1-ND TH20D107MODLIDATEDLE CAP TANT POLY 100UF 10V 2917 80,030
400 MRAADDTTIGOSCT-ND MRAADOTTIG DIODE GEN PLURP LKV 14 5hA 12,960
100 B17-2086-MND RM102-2-02-1M1 CMIC LIMH 24 2LN TH 92,800
200 3599-5419-ND PHEZ5S0EB5100MBO4R1T CAP FILM 10000PF 1.25KVDC RAD 24,960
100 359-12366-MDr FEG2BK154K3102 CAP FILM 0.15UF 10% 6300WDC RAD 30,520
100 P3.32KHCT-ND ERJ-3EKF3321V RES SMD 332K OHM 1% L/10W DS03 2,210
200 1276-1043-1-ND CLOSAL0MEASNNNC CAP CER 0.1UF 25V X5R 0402 1,190
100 4%0-10731-1-MD GRMI1BERE1E2Z5KALZD CAP CER 2.2UF 25V X5R 0803 5190
100 497-16907-1-MD WIPERODLIKSTR IC OFFLINE CONY PR 10550P 51,950
100 A1O3TA2CT-ND CPFO402BE150KEL RES SMD 150K OHM 0.1% 1/16W 0402 16,170
100 P& 45KDACT-ND ERA-BAEBRAS1V RES SMD B.45K OHM 0.1% 1/8W 0805 10,010
100 A4%0-10677-1-ND GIMO335C1EIRDWEDLD CAP CER 1PF 25V COG/NPO 0201 5,400
100 712-1293-1-ND SO0RO7SERICVAT CAP CER 8,2PF 50V COG/NPO 0402 7320
200 457-3241-1-ND STTHILOGA DIODE GEN PURP 500V 14 5MA 25,470
100 YAG22ETCT-ND RCO201FR-D74K02L RES SMD 4.02K OHM 1% L/20W 0201 1,580
100 PCE3IS32TR-ND EEW-EB2G330M CAP ALUNM 33UF 20% 400V 5MD 185,600

Figure 7.20: Simple VIPer013XS based solution’s BOM. The total cost is 800.27 € per 100
boards or 8 € per board.
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Quantita
200
100
100

100
100
100
100
100
100
100

Codice componente
497-5254-1-ND
399-18964-ND
399-9778-1-ND
MRAIDOTTIGOSCT-ND
399-17829-ND
YAG2022CT-ND
217-2086-ND
390.5419-ND
399-12366-ND
P3,32KHCT-ND
1276-1043-1-ND
450-10731-1-ND
A97-16507-1-ND
399-13011-ND
A103T2CT-ND
PRASKDACT-ND
311-4. 22KDCT-HND
490-10677-1-ND
712-1293-1-MD
493-5704-1-MD
W02223B-X017TDKR-ND

Codice produttore
STTHIRD2A
SBCE-331-142
T5200107MOL0ATEDLR
MRAJOOTTIG
CAAFIBUA100ALYE
RT1206BRDOTiML
RM102-2-02-1m1

PHEBS0ERS100MBOAR1T

FEG2BK1S4K310Z
ERJ-3EKF3321V
CLOGALD4KASNNNC
GRMI1BBRGLEZ25KA1ZD
VIPERD13XSTR
REOMARA2 2050408
CPFO402ZB15S0KEL
ERA-BAEBR451V
RTOG03DRDOTAKZZL
GIMO33SCIEIROWEROLID
SOOROTSBR2CVAT
ULRZDI30MMLIGS
VO22238-X017T

Descrizione

DIODE GEM PLURP 2004 1,54 ShA
FIXED IND 330UH 1.4 250 MOHM TH
CAP TANT POLY 100UF 10 2917
IODE GEN PURP 1KY 14 ShA

FILM METALLIZED POLYPROPYLEME
RES SMD 104 OHM 0.1% 1/4W 1206
CMC LIMH 28 2LN TH

CAP FILM 10000PF 1.25kVDC RAD
CAP FILM 0.15UF 10% G30VDC RAD
RES SMID 3,32K OHM 1% 1/10W 0603
CAP CER 0.1LF 25V X5R 0402

CAPCER 2.2LF 25Y X58 0603

IC OFFLINE CONY PWHM 105509

CAP FILM 2.2UF 10% 400VDC RADIAL
RES ShD 150K OHM 0,1% 1/16W 0402
RES SMD B.45K OHM 0.1% 1/8W 0805
RES SMD 4. 22K0HR 0.5% 1/10W 0603
CAP CER 1PF 25% COG/NPO 0201

CAP CER 8.2PF 50% COG/M PO 0402
CAP ALUM 33UF 20% 200V SMD

1A, E00Y, PHOTOTRIAC, SMD

Prezzo unitario [c€)

24,170
152,390
80,050
12,360
164,080
18,370
92,800
24,360
30,520
2,210
1,120
5,190
51,950
89,770
16,170
10,010
5,770
5,400
7,320
53,290
95,600

Figure 7.21: VIPer013XS based solution’s BOM, with capacitive divider and photo-triac.

Quantita
200
100
100
400
100
200
100
200
100
100
200
100
100
100
100
100
100
100
100
100
100

Figure 7.22: VIPer013XS based solution’s BOM, with capacitive divider and SSR.
total cost is 1270.15 € per 100 boards or 12.7 € per board.

The total cost is 1045.74 € per 100 boards or 10.46 € per board.

Codice componente
497-5254-1-ND
3509-18964-NDy
399-9778-1-ND
MRAAADDTTIGOSCT-ND
359-17829-NDv
YAG2022CT-ND
817-2086-ND
399-5419-ND
399-12366-NDr
P3,32KHCT-ND
1276-1043-1-ND
490-10731-1-ND
VOR2142B8-ND
A97-16907-1-MD
399-13011-MND
AL03TOCT-MDr
PEASKDACT-ND
311-4.22KDCT-MND
A%0-10677-1-ND
712-1293-1-ND
493-6704-1-ND

Codice produttore
STTHIRO2A
SBCB-331-142
T5200107MO10ATEDLS
MRAADOTTIG
CAAFIBUALODALYE
RT1206BRDOT1IML
RM102-2-02-1M1
PHERSOERS1O0MBOARLT
FEEZBK154K3102
ERJ-ZEKF3321Y
CLOSATO4RASNNNC
GRM188RE1E225KALZD
WOR2142B8
WIPERDLIXETR
REOMIRAZ 205044 0F
CPFO402B150KEL
ERA-BAEBBASLV
RTOBO3DRDOTFAKZZL
GIMO33SCIEIRWEROLD
SOOROTSERZCVAT
ULRZDI30OMMLIGS

Descrizione

DIODE GEM PURP 2000 1,54 SMA
FIXED IND 3300UH 144 250 MOHM TH
CAP TANT POLY 100UF 10V 2917
DIODE GEN PURP LKV 1A SMA

FILM METALLIZED POLYPROPYLEME
RES SMD 1M OHM 0.1% 1/9W 1206
CMC 1.1MH 24 2LN TH

CAP FILM 10000FF 1.25W0DC RAD
CAP FILM 0.150UF 10% 630WDC RAD
RES SMD 332K OHM 1% 1/10W 0603
CAP CER 0,1UF 25V X5R 0402

CAP CER 2.2UF 25V X5R 0603

S5R RELAY SPST-NO 140MA 0-300V

IC OFFLINE CONY PR 10550P

CAP FILM 2.2UF 1065 400VDLC RADIAL
RES SMD 150K OHM 0.1% 1/16W D402
RES SMD 845K OHM 0.1% 1/8w 0305
RES SMD 4.22KOHM 0.5% 1/10W 003
CAP CER 1PF 25V COG/NPO 0201

CAP CER 8.2PF 50V COG/NPO 0402
CAP ALLIN 33UF 20% 200V SMD

114

Prezzo unitario (c€)

24,170
152,380
#0,050
12,960
164,080
18,370
92,800
24,960
30,520
2,210
1,190
5,190
320,010
51,950
9,770
16,170
10,010
5,770
5,400
7,320
53,290
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Quantita
100
100
100
100
100
400
100
oo
100
oo
200
oo
100

Codice componente
LTCIEIBEMSERPBF-ND
A97-5254-1-ND
399-18964-ND
399-9778-1-ND
PCEISRACT-ND
MRAADOTTIGOSCT-ND
445-173636-1-ND
399.17823-ND
YAG2022CT-ND
817-20B6-ND
359-5419-ND
399-12366-MN0
WO22338-X017TOKR-ND

Codice produttore
LTC363BEMSESPRF
STTH1ROZA
SBCA-331-142
TS200107M010ATEDLE
EEE-2AA330P
MRAADOTTIG
CI2256T52A335K200AE
CAAFIBLA100ALYE
RT1206BROOT1ML
RM102-2-02-1M11

PHESS0EBS100MBOARLT

FEGIBK154K310Z
VOZ223B-KO17T

Descrizione

IC REG BUCK ADJ 0254 16MSOP
MODE GEM PURP 200 1,54 Shaa
FIXED IND 330UH 1.4 250 MOHM TH
CAP TANT POLY 100UF 10V 2917
CAP ALUNR 33UF 20% 100V SMD
CIODE GEM PURP 1KV 1A ShA

CAP CER 3.3UF 100V ¥75 1210

FILM METALLIZED POLYPROFYLEME
RES SMD 1M OHM 0.1% 1/4W 1206
CWC L IMH 24 2LN TH

CAP FILM 10000PF 1.25KVDC RAD
CAP FILM 0L15UF 10% 630V DC RAD
14, 600V, PHOTOTRIAC, 5MD

Prezzo unitario [c€)
382,540
24,170
152,390
20,050
27,970
12,960
57.830
164,080
18,370
592,300
24,960
30,520
95,600

Figure 7.23: LTC3638 based solution’s BOM, with capacitive divider and photo-triac. The

Cuuarntita
100
100
100
100
100
400
100
100
100
100
200
100
100

total cost is 1228.08 € per 100 boards or 12.28 € per board.

Codice componente
LTCIBIBEMSERPRF-ND
497-5254-1-ND
399-18964-ND
359-9778-1-ND
PCEIDEACT-ND
MRAJDDTTIGOSCT-ND
445-173636-1-ND
399-17829-ND
YG2022CT-ND
817-2086-ND
3549-5419-ND
399-12366-ND
VORZ142B8-MD

Codice produttore
LTC363BEMSERPBF
STTH1RO2A
SBCE-331-142
TE20D107MOLIDATEDLE
EEE-2AA330P
MRAADOTTIG
C3225%752A335K200AE
CAAFIBUAL00A1YE
RTL206BRDOT1ML
RN102-2-02-1M1

PHERSDERS100MBO4R1T

FERIBK1SAK310Z
VORZ142E8

Descrizione

IC REG BUCK ADJ 0,254 16MSDP
DIODE GEN PURP 2000 1.54 SMA
FIXED IND 330UH L4A 250 MOHM TH
CAP TANT POLY 100UF 100 2917
CAP ALUM J3UF 20% 100V 5MD
DIODE GEN PURP 1KV 14 SMA

CAP CER 3.3UF 100V X75 1210

FILM METALLIZED POLYPROPYLENE
RES SMD 18 OHM 0.1% 1/4W 1206
CRAC 1.1MH 28 2LN TH

CAF FILM 10000FF 1.25KVDC RAD
CAP FILM 0.15UF 10% 630WDC RAD
55R RELAY SPST-NO 140MA 0-300V

Prezzo unitario [c€)
382,540
24,170
152,390
ED,050
27,970
12,960
57,330
164,080
18,370
92,800
24,960
30,520
320,010

Figure 7.24: LTC3638 based solution’s BOM, with capacitive divider and SSR. The total

Quantita
100
100
100
400
100
100
200
100
200
100
100
100
o0
100
100
100
100
100
100
100

cost is 1452.49 € per 100 boards or 14.52 € per board.

Codice componente
399-18964-ND
399-9778-1-ND
PCE39ROCT-ND
MRAAOOTTIGOSCT-ND
445-173636-1-ND
399-17829-ND
YAG2022CT-MD
817-2086-ND
399-5419-ND
399-12366-ND
VO22238-XD1TTDKR-ND
LTEG30EFERPEF-MND
P3,32KHCT-ND
PAIBKDECT-ND
A%90-6112-1-MD
1276-1043-1-MD
445-5207-1-ND
A90-10731-1-MD
490-3155-1-MD
PE.GEKDBLCT-MD

Codice produttore
SBCE-331-142

TS0 107MO10ATEDLS
EEE-2Af8330P
MRAMOOTTIG
C3225XT52A335K200AE
CAAFIBLUM100ALYE
RT1206BRDOTIML
RN102-2-02-1M1

PHEZS0ERS100MBOARLT

FEGIBK1S4K310Z
VOZZ223B-K017T
LTEGIDEFERPEF
ERJ-3EKF3321V
ERA-3AEB3I163V
GRMO335CTHI0MADLD
CLOSAI0AKASNNMC

C3X16XTS2A225K160AB
GRMI1E8BRE1EZ2SKALLD

GRMO335C1ESG0IA0ID
ERA-IAEBBEGELV

Descrizione

FIXED IND 3300UH 1.44 250 MOHM TH
CAP TAMT POLY 100UF 10w 2917

CAP ALLM 33UF 20% 100V SMD
DIODE GEM PURP 1EW 1A Shid,

CAP CER 3.3UF 100W X75 1210

FILM METALLIZED POLYPROPYLEME
RES SMD 1M OHM 0.1% 1/4W 1206
CMC 1L1MH 24 2LN TH

CAP FILM 10000PF 1.25KVDEC RAD
CAP FILM 0.15UF 10% 630V0C RAD
14, 500V, PHOTOTRIAL, 5MD

IC REG BUCK ADJ 100V .64 20TS50P
RES SMD 3, 32K OHM 1% 1/10W 0603
RES SMD 316K OHM 0,1% 1/10W DE03
CAP CER 10PF 50V COG/NPO 0201

CaP CER O.1LF 25V ¥5R 0402

CAP CER 2. 2UF 100W X75 1206

CAP CER 2.2UF 25V X5R 0603

CAP CER S6PF 254 COG/NPO 0201

RES SMD B GEKOHM 0.1% 1/10W 0603

Prezzo unitario (c€)
152,390
80,050
27,970
12,960
57,830
164,080
18,370
92,800
24,360
30,520
95,600
377,360
2,210
9,920
540
1,180
36,140
5,190
540
9,920

Figure 7.25: LT8630 based solution’s BOM, with capacitive divider and photo-triac. The

total cost is 1282.75€ per 100 boards or 12.83 € per board.

115



7.3 SOLUTIONS’ COST

Quantith
100
100
100
400
100
100
200
100
200
100
100
100
100
100
100
100
100
100
100
100

Codice componente
399-18964-ND
399-9778-1-ND
PCEIFERCT-ND
MRAADOTTIGOSCT-ND
445-173636-1-ND
399.-17829-ND
YAG2022CT-ND
817-2086-ND
399-5419-ND
390-12366-ND
LTEBI0EFERPRF-ND
P3.32KHCT-ND
P31GKDBCT-ND
A4%9-6112-1-ND
1276-1043-1-ND
445-5207-1-ND
490-10731-1-ND
A490-3155-1-ND
PE.EEKDBCT-ND
VOR2142B2-ND

Codice produttore
$BCH-331-142
T5200107MOL0ATEDLS
EEE-2AAZ30P
MRA4DOTTIG
C3225XT52A3ISK200AE
CAAF3BUML00ALYE
RT1206BROOT1ML
RWN102-2-02-1M11
PHEBSDEBS100MEDRILT
FEE2BK154K3102
LT8630EFERPEF
ERJ-3EKF3321V
ERA-FAEBI163V
GRMOIZSCIH100IADLD
CLOSAL04KASNNMNC
CI21EXTS2A225K1G0AB
GRM1EBRE1E225KAL2D
GRMO3IZSCIESE0IADLD
ERA-IAEBBGELY
WOR2142B8

Descrizions

FIXED IND 330UH 1.44 250 MOHM TH
CAP TANT POLY 100UF 10V 2917

CAP ALUM 33UF 20% 100V 5MD
DIODE GEN PURP 1KV 1A 5MA

CAP CER 3.3UF 100V ¥75 1210

FILM METALLIZED POLYPROPYLEME
RES SMD 1M OHM 0.1% 1/aW 1206
CMC 1.1MH 24 2LN TH

CAP FILM 10000FF 1.25EVDC RAD
CAP FILM 0.15UF 10% 6300WDC RAD

IC REG BUCK ADJ 100V BA 20TSS0P
RES SMD 3.32K OHM 1% 1/10W 0603
RES SMD 316K OHM 0.1% 1/10W 0603
CAP CER 10PF 50V COG/NPO 0201

CAP CER 0,1UF 25Y X5R 0402

CAP CER 2.2UF 100V X75 1206

CAP CER 2.2UF 25V X5R 0803

CAP CER S6PF 25V COG/NPO 0201

RES SMD B.66KOHM 0.1% 1/10W 0603
S5R RELAY SPET-MO 140MA 0-3000

Prezzo unitario (c€)
152,390
80,050
27.970
12,960
57.830
164,080
18,370
92,300
24,960
30,520
377,360
2,210
9,920
540
1,180
36,140
5,190
540
9,920
320,010

Figure 7.26: LT8630 based solution’s BOM, with capacitive divider and SSR. The total

cost is 1507.16 € per 100 boards or 15.07 € per board.
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7.4 CONCLUSIONS

7.4 Conclusions

In this chapter a solution to one of the problems affecting high step down converters
for low output voltage has been proposed. The solution is based on a reactive voltage
divider and an energy balance approach has been described for the design procedure.
The solution has been then tested with different circuits, the first one is the basic
VIPer013X already used in the previous chapter and, after that, other circuits have
been simulated. In particular, the LT8630 has shown the best results for both 120 V'
and 220V. As a conclusion, the use of a synchronous buck should be preferred
in applications where the output power is below 1, because the almost constant
conduction losses, related to free-wheeling diode, are drastically reduced by the use
of another MOSFET. In the end, also the cost of the various solutions has been

evaluated and reported.
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CHAPTER 8

Conclusions

The design and simulation of an high-voltage step-down low power converter have
been carried out for this thesis work. Thanks to that it was possible to examine in
depth different aspects: standards for better efficiency (ECoC or U.S. Energy Star),
how to perform a market oriented research, the electromagnetic compliance problem,
design issue, simulations and comparison of different solutions, in terms of efficiency

or cost.

The result of this analysis has conducted to prefer a synchronous buck converter
based solutions, which shows a better efficiency due to lower losses. This solution
is also the one with highest cost and, when cost is more stringent than efficiency,
a simpler solution, like the one based on the VIPer(01, can be considered, since effi-
ciency requirements (ECoC average active efficiency) are respected for every analysed

circuits.

The capacitive voltage divider usage leads to improved efficiency and future works
could be addressed to enhance this kind of circuit. In particular, the no-load condition
should be avoided or solved with additional circuitry. Other solutions, like switching

capacitors, could be considered to complete the overall picture of this work.
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