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Chapter 1. Defining the objectives of the research

1. Introduction

The objective of this research is the analysis of power switching converters with
targets of very low power consumption and high efficiency for being used in new system

for energy savings.

Typically, they are implemented as Switching Mode Power Supply (SMPS)

modules in different type of applications in both consumer and energy businesses.

In particular have been considered power supply systems with output power in the

class of low and medium power, in the range from few watts up to hundreds watts.

Referring to consumer business, the main fields of application are lighting and
home appliances where in the last years the international Agencies and Governments have

been focused their attention to ask for reducing the continuous energy waste.

Therefore, more restricted and challenging constraints have been fixed in order to
reduce the energy waste and to improve the level of performances of new products, that

pushed the introduction of new technologies and new design solutions.

In particular in the lighting applications the improvement in LED technologies is
leading to the development of LED lamps with higher light efficiency and lower power

consumption.

Appropriate electronics circuits are used in order to make the LED supply
compatible with energy that is provided by the electrical main, 230 VAC @ 50 Hz. Thus a
low DC voltage drives a small number of LED diodes in series connection. The most
important requirements of the power converters for LEDs is a low ripple current, because it
may cause changes in the light emitted from the diode (flickering). Also important are low

power losses, high power factor and dimming capability.

The analysis will start making an overview of the principal topologies of switching
converters used to drive the LED bulbs. Advantages and disadvantages will be shown for
each topology. Then the flyback topology will be analyzed and discussed in more details,
since it is considered the most promising one. Finally, an alternative schematic will be
proposed in order to increase the electrical performance of the whole power conversion

system.
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Chapter 1. Defining the objectives of the research

On the other side in the home appliance applications there are conditions where the
energy is consumed by the device when this does not work or does not perform its main
functions and that happens without the final user realizing it. One condition is when the

device is put in standby status.

For this case the analysis of the commonly used techniques for reducing power
consumption in the switching converter is discussed and a new technique for reducing

power during the inactivity state of the appliance system is proposed.

The proposed solution works on the feedback network, introducing a perturbation
on the feedback signal: in this way the main power transistor, in the converter, is switched
off and the output voltage of the converter is settled to zero. This solution allows an

important reduction of the effective power consumption of the system.

In order to confirm this solution an auxiliary SMPS with output power of 5 W to
supply the user interface of a washing machine has been designed, and the converter
topology used is a Flyback converter, compliant with the current regulations of the home

appliance applications.

In addition a prototype is realized and then simulations in PSpice, thermal and
electrical measurements are performed in order to verify the operations of the converter in

different environmental and electrical conditions.

Looking at the business of energy conversion, in the design of applications of high
power systems an important issue is to provide low voltages, in the range of tens of Volt,
tapping from high voltage input line, which is usually in the range between hundreds of
Volt to kilovolt, by means of switching power supplies. Low voltages are needed to supply
the logic control circuits and the power semiconductors driving the applications. The
supply system has to deal, consequently, with both wide input voltage range and electrical
insulation. The evaluation of the operative conditions of a driving system for IGCT
devices, used in a transmission system application with wide input voltage range, is
described. The design of a 100 W supply converter is shown considering all the issues

related with the series connection of power devices and the needs of insulation.

Converter design, modelling and experimental results are shown together with the

evaluation of the efficiency of the proposed solution.
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Chapter 2. Sustainable development

2. Introduction

The earth is suffering more and more from the damage due to the pollution
resulting from the use of fossil fuels for energy production.

The most important portion of consumption of the natural resource and energy in
the Community is due to the products energy consumption. Also these products provide a
number of other important environmental impacts and for these reasons as well as to make
more widespread use of renewable energy sources, is important to learn how to save
energy.

In particular, the electricity demand is characterized by a fast growth and it is
forecasted to growing over the next 20-30 year, in absence of a policy to counteract this
trend. Developed countries are the most responsible ones both for the pollution and the
depletion of energy resources because, with 25% of the world population, they consume
each year over 75% of the available energy. For this reason it is very important to sensitize
not only the industry, but also consumers in industrialized countries.

The energy that is used for civil use (non-industrial) is approximately 20% of that
consumed in total; exists therefore a large amount of energy that can be spared. However,
without making strong sacrifices, and simply changing the daily behaviour, it has been
estimated that a family could save:

- 15% of heating costs
- More than 10% of cost for household appliances
- 20% of cost for gasoline

For the majority of product categories available in the Community market can be

observed very different levels of environmental impact, although their functional

performances are similar.

In order to promote the sustainable development a continuous improvement in the
overall environmental impact of those products should be encouraged, in particular
identifying the major sources of negative environmental impacts and avoiding the transfer

of pollution, when this improvement does not involve excessive costs.

The eco-design of products is a crucial factor in the community strategy that is
finalized to the improvement of the environment performance of products and in the same

time to keep the quality for the manufacturer, consumer and the society on together.
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The improvement of the energy efficiency, which includes the most efficient use of
the electricity, is considered a very important contribution in order to achieve the goals of

emission reduction of the greenhouse gases in the Community.

It is needed acting as soon as possible in the design phase of a product that
consumes energy (EuP), in order to define and control the level of pollution caused during
the life cycle of the product and to find solutions to reduce that during this stage when

most of the costs are taken up.

For this purpose, the Directive 2005/32/CE seeks to achieve a high level of
prevention by reducing the potential environmental impact of the energy-using product,

this results a benefit for the final consumers [1].

Furthermore, the Directive provides the setting of requirements which the energy
using products, covered by implementing measures, must fulfil in order to be placed on the

market and / or putting them in service.

It contributes to the sustainable development by increasing the energy efficiency and the

level of environmental protection, and in the same time improving the security of energy

supply.

2.1. Energy waste and power consumptions.

There are situations in which the energy is used even if the user doesn’t realize it. One of

these is just leave the device in stand-by mode.

Energy is the average power multiplied by the time. Electrical energy is generally

expressed in watt-hours or kilowatt-hours. Energy can also be expressed in joules.

One watt is the rate of energy consumption of 1 J/s and 1 kWh is equivalent to 3.6
MJ. To convert power to energy (an annual energy consumption), the number of hours of
operation in each mode must be assumed for a given period and the average power for each
mode must also be known. As most appliances can operate in a number of modes and the
usage patterns and profiles may considerably vary between countries, converting power

values determined under this standard to energy is potentially fraught with difficulty.

In the simplest case, an appliance that has only a single mode of operation can be

converted to annual energy value by assuming a constant power for a whole year.

Page | 6



Chapter 2. Sustainable development

A year has 8760 h (this ignores leap years), so an appliance that has say a constant
standby power of 5 W (assuming that there is no use in other modes) would consume

43800 Wh per year or 43.8 kWh per year.

Annual energy consumption can be determined for more complex user patterns by

the sum of power per hours of use for each mode during one year (hours 1 to 8760).

When the total energy consumption for a large appliance is being considered, it is
necessary to know as a minimum the “on” mode time and energy consumption per cycle,

an assumed number of uses (cycles) per year and the “standby” (usually off mode) power.

For example, a TV set in stand-by consumes typically about 8 W, in order to want to avoid
unnecessary waste, it is always necessary to turn off the device with the on / off button.
This behaviour, as mentioned above, leads to a significant reduction in fuel consumption
and thus save energy for electricity generation.

Considering a daily usage of the appliance (TV) for 5 h/day, and then a state of
stand-by time for 19 h/dayj, it is possible to estimate the consumption and consequently the
wasted energy. For one year the uses hours of the appliance for each mode are respectively
1825 h for the usage and 6935 h for stand-by.

By considering a typical power consumption of 80 W, the power consumption in a
year will be 146 kWh, which means that on average in the remaining hours the appliance is
in stand-by mode, its power consumption will be equal to 55.48 kWh.

This simple analysis let us understand how the energy consumption for an
unnecessary TV waiting is exactly more than 1/3 of the energy spent for the activity of
interest.

Typically, the situations of waste of energy are closely tied to the low efficiency of
the device, as in the case of incandescent lamps. The following Table 2.1 shows a
comparison of the energy savings between light bulb fluorescent, traditional incandescent,
and LED lamp.

Therefore, the table results shows that actually the best technology in the market is
the LED lighting because it has about 6 times lesser power consumption than traditional
incandescent light bulb. Also from an economic point of view, if it is considered an
analysis in the short time the cost of the lamp is very high, about 27 time than traditional
incandescent lamp, but if it is considered the life time of the LED lamp and the energy
consumption, the total cost of the LED technologies is about 1/3 than the traditional light

bulb.
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Table 2.1
Lamps
Incandescent Fluorescent LED
Consumption (W) 40 8 7
Luminous Flux (lumen) 410 420 400
Life (hour) 1000 8000 25000
Cost Lamp(€) 1,3 18 35
Buying Cost per 25000 h
vine P 32,5 56,25 35
of use (€)
Energy Cost per 25000h
120,00 24,00 21,00
of use (€)
Cost per 25000h (€) 152,50 80,25 56,00

Other typically example is a washing machine, that has a program time of 85 min
and an energy consumption of 0.95 kWh per cycle and a standby power consumption (off
mode) of 1.30 W. The annual energy consumption for 300 uses per year would be
(assuming no use of delay start and assuming end of program power is equal to the standby

power consumption):
Time in use = 85 x 300 + 60 =425 h per year;
Time in standby = 8760 - 425 = 8335 h per year;
Energy consumption in use = 300 x 0.95 = 285 kWh per year;
Energy consumption in standby = 8335 x 1.30 + 1000 = 10.83 kWh per year;
Energy consumption total = 285.00 + 10.83 = 295.83 kWh per year

=296 kWh per year (rounded to the near whole kWh).
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3. Introduction

Sustainable development requires careful consideration about the economic, social
and health impacts of the measures envisaged. Improving the energy efficiency of products
contributes to guarantee the assurance of energy supply, that is a requirements for a healthy
economic activity and therefore of sustainable development, which aims is to reduce the

environmental impact of products throughout of their entire life cycle.

In order to maximize the environmental benefits from improved design it may be
necessary to inform consumers about the environmental characteristics and performance of
energy-using products and to advise them how to use environmentally friendly product.
Taking into account, in the design stage, the environmental impact of a product throughout
its whole lifetime can facilitate environmental improvements and costs. May be necessary
and justified to establish specific quantified requirements for the eco-design for some

products or environmental aspects in order to ensure the minimum environmental impact.

Such measures can also contribute to promote a sustainable use of resources and
constitute a major contribution to the ten-year framework of programs on sustainable
consumption and production, agreed at the World Summit on Sustainable Development in

Johannesburg in September 2002.

As a general principle, the energy consumption of energy-using products in stand-
by or off-mode should be reduced to the minimum necessary for their proper functioning.
For this purpose, will be taken as reference the best-performing products or technologies
available on the market, and the level of specific eco-design requirements should be

established on the basis of technical, economic and environmental analysis.

3.1. Reference to the regulation on the Appliance field

In the recent past, the consumption of appliances in stand-by in Europe just in 2005 alone

reached some 47 TWh equivalent to more than 19 MT of CO; emissions [2].

In order to reduce the waste of energy and ensure a sustainable development, the European
Union issued a regulation in late December 2008, the Commission established clear limits

to the consumption of household appliances in standby or off mode.

Since 2010, one year after the entry into force of the regulation, which implements

Directive 2005/32/EC applicable to equipment sold in Europe in off mode or standby may
Page | 10
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not exceed 1 W of input power, 2 W in case in which in the stand-by mode provides
information about the status of the machine via a display. These limits of consumption, in

2013 will be further reduced by halving the threshold.

In particular the extent permitted by law, provide for the following energy consumption in

Watts (rounded to two decimal places)

e From January 7, 2010: Off Mode consumption should not be more than

1,00W

e From January 7, 2010: In Standby Mode must not be greater than 1,00W,

and 2,00W if in the display are shown data or status information.

e From January 7, 2013: Off Mode consumption should not be more than

0,50W

e From January 7, 2013: In Standby Mode must not be greater than 0,50W,

and 1,00W if in the display is shown data or state information

The Stand-by/off mode is applied across a wide range of products which fall within the
EuP (Energy-using Product), as shown in Tables 3.1, 3.2, and 3.3.

Table 3.1

Appliances

Washers Dryers

Dishwasher Cooking appliances
Electric ovens Electric hot plates
Microwave ovens Toaster

Fryers Grinders

coffee machines and electrical | Electric knives
equipment for opening or sealing

containers or packages
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Table 3.2

Information technology equipment intended primarily for use in the home

and consumer equipment:

IT equipment Radio equipment

Television sets Camcorders

VCRs Hi-fi

Audio Amplifiers Systems "home theatre"

Musical Instruments Other equipment for recording or

reproducing sound or images, including
signals or other technologies for the
distribution of sound and image than by

telecommunications

Table 3.3

Toys and equipment for the leisure and sports

Electric trains or tracks for electric | Portable game console

toy cars racing

Sports equipment with electric or | Other toys and equipment for the leisure

electronic components and sports

3.1.1. Measurement’s method of power consumption — EN62301

The International Standard EN 62301 specifies methods of measurement of
electrical power consumption in standby mode. It is applicable to mains powered electrical
household appliances and to mains powered parts of appliances that use other fuels such as

gas or oil [3].

The objective of this standard is to provide a method of test to determine the power
consumption of a range of appliance and equipment in standby mode (generally where the
product is not performing its main function), this standard define “standby” mode as the
lowest power consumption when connected to the mains. The test method is also
applicable to other low power modes where the mode is steady state or providing a

background or secondary function (e.g. monitoring or display). This standard does not
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specify safety requirements. It does not specify minimum performance requirements nor

does it set maximum limits on power or energy consumption.

3.1.1.1. Subject of the regulation

The Standby mode is the lowest power consumption mode which cannot be
switched off (influenced) by the user and that may persist for an indefinite time when an
appliance is connected to the main electricity supply and used in accordance whit the

manufacture’s instructions.

The standby mode is usually a non-operational mode when compared to intended
use of the appliance’s primary function. The definition of standby mode in this standard is
only applicable to the determination of standby power or standby energy consumption

under this standard.
Tolerances and control procedures
The tolerance and control procedures shall be according to the following two cases:
e power consumption greater than 1 W.
e power consumption less or equal to 1 W.

In the first case, the standby power determined according to this standard on the first

appliance shall not be greater than the value declared by the manufacturer plus 15%.

If the result of the test carried out on the first appliances is greater than the value
declared plus 15% the test for standby power shall be carried out on a further three

appliance, which shall be randomly selected from the market.

The arithmetic mean of the values of these three appliances for the standby power

shall not be greater than the declared value plus 10 %.

In the second case, the standby power shall not be greater than the value declared by the

manufacturer plus 0.15 W.

If the result of the test carried out on the first appliance is greater than the declared
value plus 0.15 W, the test shall be carried out on a further three appliances, which shall be
randomly selected from the market. The arithmetic mean of the values of these three

appliances shall not be greater than the declared value plus 0.1 W.
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Regarding the power measurement accuracy, the measurements of the power of 0.5
W or greater shall be made with an uncertainty of less than or equal to 2 % at the 95 %
confidence level. Measurement of power of less than 0.5 W shall be made with an
uncertainty of less than or equal to 0.01 W at 95 % confidence level. The power

measurement instrument shall have a resolution of:
e 0.01 W or better for power measurement of 10 W or less;
e 0.1 W or better for power measurements of greater than 10 W up to 100 W;
e 1 W or better for power measurements of greater than 100W.

For appliance connected to more than one phase, the power measurement

instrument shall be equipped to measure total power of all phase connected.

Where the current waveform is a smooth sine wave in phase with the voltage
waveform (e.g. in a resistive heating load), there is no harmonic content in the current
waveform. However, some current waveforms associated with low power modes are
highly distorted and the current may appear ad a series of short spikes or a series of pulse

over a typical a.c. cycle.

This effectively means that the current waveform is made up of a number of higher
order harmonics which are multiple of the fundamental frequency (50 Hz or 60 Hz). Most
digital power analysis will have no problem with the accurate measurement of
recommended current harmonics presented by low power modes. However, it is
recommended that a power instrument should have the ability to measure harmonic
components up to at least 2.5 kHz. Note that harmonic components greater than the 49th
harmonic (2459 Hz) generally have little power associated with them. As a rule, the
scanning frequency of a power measurement instrument should be at least twice the

frequency of the highest order harmonic that has significant power associated with it.

About the supply voltage waveform, where the test voltage and frequency are not
defined by an external standard, the test voltage and test frequency shall be in agreement to

the data of Table 3.4:
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Table 3.4
Source Voltage Frequency
SINGLEPHASE 230 V1% 50Hz £ 1%
THREE-PHASE 400 V £1% 50 Hz +1%

The total harmonic content of the supply voltage when supplying the appliance
under test in the specified mode shall not exceed 2 % (up to and including the 13"
harmonic); harmonic content is defined as the root-mean-square (r.m.s.) summation of the

individual components using the fundamental as 100 %.

The ratio of peak value to r.m.s. value of the test voltage is to define as crest factor
(i.e. crest factor) shall be between 1.34 and 1.49. For a sinusoidal waveform the crest factor

is 1,414, while for a dc voltage it is 1.0.

Under normal conditions it is assumed that the waveform of the input voltage will
remain generally sinusoidal, when supplying small loads in stand-by, so the parameter of

particular interest from the side of measurement is the current and its waveform.

3.1.1.2. Procedures of measurements

The Standards define the criteria of measurement of the power consumption in

different operation modes. Power consumption may be determined:

- Where the power value is stable, by recording the instrument power
reading; or
- Where the power value is not stable, by averaging the instrument

power readings over a specified period and dividing by the time.

Tests in this standard are to be performed on a single appliance. The appliance shall
be prepared and set up in accordance with the manufacture’s instruction, except where

these conflict with the requirements of this standard. Where the selected mode is stable.

This methodology may only be used where the mode and measured power are
stable. A variation of less than 5 % in the measured power over 5 min is considered stable

for the purpose of this standard. Instrument power readings may be used in this case.
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Connect the product to be tested to the metering equipment, and select the mode to
be the measurement. After the product has been allowed to stabilize for at least 5 min,
monitor the power consumption for not less than an additional 5 min. if the power level
does not drift by more than 5 % (from the maximum value observed) during the latter 5
min, the load can be considered stable and power can be recorded directly from the

instrument at the end of the 5 min.

All other measurements methodology shall be used where either the mode or
measured power is not stable. However, it may also be used for all stable modes and is the
recommended approach if there is any doubt regarding the behaviour of the appliance or
stability of the mode. Average power readings or accumulated energy over a user-selected

period are in this case.

Connect the appliance (equipment) to the metering equipment. Select the mode to
be measured (this may require a sequence of operations and it may be necessary to wait for
the equipment to automatically enter the desired mode) and monitor the power. Average
power is determined using either the average power or accumulated energy approach

outlined below.

a) Average power approach: where the instrument can record a true
average power over a user selected period, the period selected shall not be less than
5 min (except if there is an operating cycle — see below).

b) Accumulated energy approach: where the instrument can accumulate
energy over a use selected period, the period selected shall not be less than 5 min
(except if there is an operating cycle — see below). The integrating period shall be
such that the total recorded value for energy and time is more than 200 times the
resolution of the meter for energy and time. Determine the average power by

dividing the accumulated energy by the time for the monitoring period.

If the power varies over a cycle (i.e. a regular sequence of power states that occur
over several minutes or hours), the period selected to average power or accumulate energy

shall be one more complete cycles in order to get a representative average value.

In case of accumulated energy the integrating period shall be as described above.
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3.1.1.3. Low power measurement

There are a number of problems associated whit power measurement of very small
loads that are typically found in standby and other low power modes (typically less than 10
W). These mostly relate to the ability of the measurement instrument to respond correctly
to current waveform that is presented. Key points for consideration are discussed briefly

below.

In many low power modes, the current waveform is unlikely to be sinusoidal, so it
1s necessary to ensure that the meter has a scanning frequency that is sufficiently fast to
capture the unusual current waveforms that are common (such as pulses or spikes). To
determine the power, the meter has to multiply the instantaneous current and voltage
values several hundred times per cycle. Most digital instruments accumulate these values
and display an average power once or twice a second. It is important to note that the power
of many products in low power modes will be less than 10 W (some will be very small).
This is partly due to low current levels, but also, in some case, due to the current waveform

being largely unrelated to the voltage waveform.

Other critical parameter of the measurement instrument is the crest factor, that is
defined as the ratio of peak current to r.m.s. current (or peak voltage to r.m.s. voltage). In
normal circumstances it is assumed that the voltage supply impedance will be such that the
voltage waveform will remain generally sinusoidal in shape when supplying small standby
loads, so the parameter of particular concern from a metering perspective is usually current
and its waveform. During the measurement, it is critical that the crest factor capability of
the meter is greater than the actual crest factor of the load, otherwise the peak value of the
current will be “lopped off” and the integration for power will be incorrect. Most meters
will have a rated crest factor stated for the rated input within each “range”. Usually, the
available crest factor will increase as the actual load becomes smaller relative to the rated
input range selected. However, if the range selected is too large, the accuracy resolution of
the measurement will became poor. Good meters will give an “out of range” reading if the
available crest factor is exceeded. Note that crest factors for standby loads are typically 3
and can, in some circumstances, be as high as 10. Good instruments will provide guidance

on how to deal with high crest factor loads while retaining measurement accuracy.

Depending on the power supply configuration and design, some small loads (such

as those associated with standby) can draw asymmetric current, i.e. drawing current only

Page | 17



Chapter 3. Energy saving regulations

on either the positive or negative part of the a.c. voltage cycle. This is effectively a d.c.
power load component supplied by an a.c. voltage supply. Most digital power analysers
can adequately handle low frequency and d.c. components during a power measurement.
However, it is not possible to undertake accurate measurements of this type of current
waveform using any type of transformer input such as a current transformer — d.c.
components are not visible through a transformer input. It is therefore critical that any
power instrument use a direct shunt input to measure current. Rotating disk meter is
unsuitable for any size load of this type because d.c. loads also exert a braking torque on

the meter which creates further inaccuracies.

3.2. Reference to the regulation on the Lighting field

The paragraph 2, article 16 of the Directive 2005/32/CE establish an executive
measure on the lighting products. The mandatory requirements, regarding the argument of
the eco-design, are applied at the product introduced in the Communitarian market

everywhere these are installed or used, as in case of domestic lighting [4].

The European commission has performed a preliminary analysis of technical,
environmental and economic aspects of the lighting product used in domestic ambient, and

the result are shown in the web site EUROPA of the European Commission.

The subject products of this regulation are principally designed to total o partial
lighting of a domestic ambient and replacement o complete the natural light with artificial

light in order to improve the visibility of the environment.

The lamps for special uses, that are designed for other type of application as shown
from the information attached on the product, for example for road signs or semaphore

lights, are not regulated from this regulation.

The most important environmental aspects, of products covered in the regulation,
are the energy during the operation phase, the content and emission of mercury over the

different phases on its life cycle.

In this way, the use of the requirements in energy efficiency of the lamps subject of

the regulation, will allow to reduce the global mercury emission.
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Also, the target of the electricity consumption will be obtained using technologies
that are no actual proprietary, efficient cost and to allow reducing the cost of buying and

use.

In order to improve the environmental performance of products covered by this
Regulation, should be established requirements for eco-design contributing to the
functioning of the internal market and to the Community objective to reducing energy
consumption by 20% within 2020 compared to estimated consumption for that year in the

absence of measures.

Therefore, the regulation scope is also to increase the penetration in the market of
the consumer energy product in this regulation, in order to reach the estimates saving of 39
TWh of energy in 2020 compared estimated consumption for that year in the absence of

measures to promote eco-design.

The requirements of the eco-design from the point of view of user shouldn’t
influence the operation and to be negative for the health, safety or environment. In
particular the advantage obtained from the use of the products, should compensate the

possible environmental impact of the manufacturing phase.

Regarding the requirements of the eco-design, the lamps not directional for

domestic use must fulfil the requirements on the following phases.
Phase 1: 1™ September 2009
Phase 2: 1* September 2010
Phase 3: 1% September 2011
Phase 4: 1% September 2012
Phase 5: 1* September 2013
Phase 6: 1% September 2016

A requirement unless is replaced or unless otherwise stated, it continues to be

applied jointly to those introduced in next stages.

Beginning from 1 September 2009: for the lamps with special use, the information
should be shown in clear way and highlight in the box and in attached documents together
the product the planned use and the indication that the lamps are not suitable for household

room illumination.
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The maximum power, Py,x, for a specific luminous flux, @, is shown in Table 3.5.

Instead, in Table 3.6 are resumed the exception for the maximum power.

Table 3.5
Maximum characteristic power (Pyax) for a characteristic
Data application luminous flux (®) (W)
Clear Lamps Not Clear Lamps
Phase 1 to 5 0.8- (0.8 +0.049) 0.24- /D +0.01030
Phase 6 0.6- (0.8 +0.049) 0.24- +0.01030
Table 3.6
Exception
Range exception Maximum power (W)
Clear Lamps 60 Im < ® <950 Im  in phase 1 P =11 (0.88\/6 + 0049@)
Clear Lamps 60 Im<® <725Im in phase 2 P =11- (0.88\/5 + 0.()49@)
Clear Lamps 60 Im < ® <450 Im  in phase 3 P =11 (0.88\/5 n 0,049(1))
Clear Lamps with connector G9 or R7, phase 6 P =08 (().88\/5 + 0_()49(1))

In other way, the power limit of the incandescent bulb manufactured from the phase
1 can’t be exceed a maximum power of 80W (all lamps with greater power are banned), in
the next phase the limit will goes down and the maximum power of lamps produced can’t
be exceed 65 W, up to phase 4 where the maximum power is 7 W. Beginning the first

September 2013 all the incandescent lamps will be banned in the market
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Chapter 4. Analysis of Power Converters for LED Lamps

4. Introduction

Today themes such as ecology, global warming, melting of ice, due to the increase
of global temperatures and huge energy consumption worldwide, are a lot discussed [5]. In
this context the application of LEDs for lighting use seems to meet the needs of the
environmental respect, thus leading to even more massive use of these ones in various
fields, especially in public and private lighting in order to obtain energy savings and long
lifetime. Nowadays, the lighting designers search more and more for energy saving, and
the luminous efficiency is a key parameter to get it, but this parameter should be aligned
with other important parameters. The high luminous efficiency, exceeding 100 Im/W,
makes the LEDs more competitive than traditional light sources. A light source has to be
with even a suitable lifetime. In order to achieve a system with high performance in terms
of efficiency, it is necessary to focus on the energy conversion aspect, which includes the
switching converters used to drive the power LEDs. These circuits must meet several
electrical features such as power factor, harmonic distortion, efficiency, dimming
capability, reduced flicker, and specific field of temperature [6]. Often the input of the
converters, which feds the LEDs, is an unregulated dc voltage obtained by rectifying the
mains voltage. A dc-dc switching converter is then used to convert this input to a dc output
controlled voltage having the desired level. A power conversion system having low power

losses allows obtaining both high efficiency and small heat to be wasted.

In this chapter the main topologies of switching converters, which may drive the
LED bulbs, will be discussed. Insulated and non-insulated topologies will be compared
showing their advantages and disadvantages. In particular the flyback topology, which is
actually used in many LED lamps on the market, will be taken into account. The flyback
topology belongs to the category of de-dc converters with insulation between the input and
output. The insulation is achieved by means of a transformer, which works at the switching
frequency. An analysis of the power quality, such as power factor (PF) and total harmonic
distortion (THD) will be discussed with reference to their sensitivity on the change of the
converter parameters. Finally, an alternative topology will be discussed, with the aim of

improving the electrical performance of the conversion system.
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4.1. Improvement of LED technologies

The light-emitting diodes (LEDs) are pn junctions, which may emit radiations in
the ultraviolet, visible, and infrared range if they undergo an appropriate bias. In particular,
the LED emitting radiation in the visible spectrum will be considered [7]. They have
multiple applications to transmit information to the human users from electronic
instruments and other equipment. The light effectiveness in stimulating the vision depends
on the sensitivity of the human eye, which is a function of wavelength (Figure 4.1). The

maximum sensitivity, V(A), of the human eye to light is at a wavelength A = 0.555 pum.

If we consider the relative sensitivity of the eye equal to 1 at A=0.555 um, which
means V(0.555 pum)=1, then we can say that V(L) decreases approximately to zero at the
extremes of the visible spectrum A=0.77 pm and A=0.39 pm. The human eye is able of
absorbing radiation having energy (/4v) approximately equal to 1.7eV. In the choice of
semiconductor for the LED realization, only those with bandgap energy higher than 1.7 eV
will be considered.

The semiconductors may be divided into types, direct and indirect ones. In a direct
semiconductor a minimum of the conduction band is directly upon the maximum point of
the valence band, as show in Figure 4.2 in the energy/moment plane. Differently, in
indirect semiconductors, the minimum of the conduction band is not direct upon the

maximum of the valence band (Figure 4.3).
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Figure 4.1: Sensitivity of the human eye.
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Figure 4.2: Energy band structure of a Figure 4.3. Energy band structure of a
semiconductor with emit radiations. semiconductor without emit radiations.

Due to this differences physical structures, the direct semiconductors emit radiation
than the other one. In the indirect semiconductors the recombination process between
electrons and holes occurs without radiation emission and for this reason, the

semiconductors used on the LEDs manufacture are of direct type [7][8].

Therefore, when the electron goes from £, level to £ level, the energy produced in
form of radiation is equal to the product between 4 and v, where 4 is the Plank constant

(6,62-107* Js) and v is the frequency of the emit radiation:
ve——— S l=—"— Eq. 4.1
The difference between two levels comes from the doping of the semiconductor
material. The exact choice of the semiconductor determines the peak of the photons

wavelength and thus the colour of the light. Unlike the incandescent lamps that emit a

continuous spectrum, an LED emits almost monochromatic light of a particular colour.
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4.2. Survey of the power converter topologies

Actually, many applications of LEDs exist on the outdoor and indoor lighting
market. Traffic lights, street lighting, braking markers in cars, billboards with variable
messages, backlighting for display are non exhaustive examples of LED use. However, all
these solutions have as a disadvantage the high cost, thus preventing large scale diffusion
for lighting applications. The power converter used as driving circuit is an important aspect
too, since it contributes to the final cost of the system. An important feature of a power
converter driving LED strings is a low current ripple looking to avoid variations of the
light level emitted from the diode (flickering). Also important are low power losses, high

power factor, dimming capability.

4.2.1. Insulated topology

The insulation from the electrical main may be realized by transformers. They
allow to change the ratio between the input voltage and the output voltage and

furthermore, two or more independent outputs.

4.2.1.1.Flyback converter

The input of a flyback converter is an unregulated DC voltage, obtained by
rectifying the mains voltage, and the output is a DC voltage controlled at the desired level.
In general, in a power conversion system it is important to achieve low power losses in
order to have both high efficiency and to contain the heat to be wasted. The circuit model

of the converter is shown in Figure 4.4.

The flyback converter may work in discontinuous conduction mode (DCM) that
means the current at the secondary winding vanishes before the next closure of the switch
(complete demagnetization of the transformer). This implies that the primary current will
start from zero in the next cycle. If instead, the current in the secondary has a non-zero
value at the end of the period (partial demagnetization), also the primary current will start
from a non-zero value, and in this case the converter works in continuous conduction mode

(CCM).
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Figure 4.4: Schematic of a flyback converter.

In DCM the waveform of the secondary current is a triangular wave, while in CCM
is a trapezoidal one. When the converter works in the boundary condition between CCM
and DCM, or rather when the current in the secondary vanishes at the end of the switching
cycle, then this mode is said transition mode (TM). In the subsequent analysis of the
converter the operation mode taken into account is the TM [9]. Some advantages of such a
mode of operation are related to the energy stored in the magnetic field, and to the reduced
effects of the parasitic inductances. In fact, at operations with equal power, DCM leads to
a higher peak current on the primary than CCM, thus causing more losses due to the
parasitic elements. Also the need to use a transformer with a higher value of saturation
current arises. In order to improve the efficiency, in case of applications with low output
voltages where it is necessary to minimize the voltage drops in the devices, a Schottky
diode is used. In the following it is shown the sizing of the flyback converter that is used
to supply LED lamps. Emphasis is given to the quantities such as the power factor, the
input power into the lamp, and the efficiency of the circuit. The aim is to obtain a suitable
sizing of the circuit in order to improve the power factor. Also, a required performance is

to have a low lamp flickering.

The features of a light source such as the Index Rendering Color (IRC), the colour
temperature, and lifetime are related to the type of LED diode that is used. In our case
study, ten LED diodes were used as light source and the voltage drop on the diode is 3V at
350 mA, as it is shown in Figure 4.5.
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Figure 4.5: LED characteristics: on the left the relative luminous flux as function of the forward

current; on the right the forward current as function of the forward voltage.

Ten LEDs in series connection emit in total about 1070 Im, and the voltage drop on
the series is about 30 V. The first step on the design of the DC/DC flyback converter is the
choice of the switching frequency of the power MOSFET. This is chosen suitably in the
range of 80-150 kHz as a trade-off to avoid disturbances due to electromagnetic emission,
and also to reduce the burden of their filtering. The second aspect is the choice of the
breakdown voltage of the power MOSFET, this quantity is obtained by the following

relationship:

BV, s =V +Vﬂ +V

spike

+ I/vsafe ~ 600V Eq 4.2

where Vy is the flyback voltage (it will be fixed at a value of 100 V), which is the
reflected voltage to the primary during the off state of the power MOSFET; Vi is the
overvoltage that occurs during the turn off on the drain of the device, and it is due to the
parasitic inductances; Ve 1s taken as an additional safety margin voltage (to be considered
in about 20% of the supply voltage). The choice of the device in the case study is one with

a breakdown voltage of 600 V. The calculation of the turn ratio is done by:

Vo =W Vo)t 2

out

2 ~322 Eq. 4.3
S nS

where V'p is the forward voltage drop in the output diode D.

Page | 27



Chapter 4. Analysis of Power Converters for LED Lamps

The value of the primary and secondary inductance and the input current of the
converter are to be calculated. Based on the voltage area equivalence across the
inductance in steady-state, we have:

I/in,min Ton,max = VﬂTo}?"; Tv = Ton,max + Toﬁ" Eq 44

By combining relations Eq. 4.4, and also accounting for the output power (10.5 W),
the Tonmax value is calculated, and subsequently the value of the primary inductance L, and
the maximum current value at the primary, Iy, by:

Vin,min Tvon,max . P = lL ]2 Eq 4.5

pk = ’ out pt pk'U sw
L, 2
The obtained values are: L,=1.46 mH and /,x=370 mA. The value of the secondary

inductance may be determined by:
2
L N
£ = (—p] =10.37 Eq. 4.6
N

that means L=140 pH.

With reference to the design of the output stage, the output capacitor is connected
in parallel to a non-resistive load (LED) whose voltage-current characteristic is non-linear.
The action of the capacitor is to filter the voltage ripple across the load. By the design
equations Eq. 4.5 [10] and Eq. 4.6 [11], and also taking into account the contribution on
voltage ripple that is caused by the parasitic ESR (equivalent series resistance), a
capacitance value of 220 uF has been calculated. Finally, the features of the i input filter

are defined, whose cut-off frequency is:

-1
[ ccC
Seuop [ Q+QJ Eq. 4.7

The values of the capacitance and inductance are settled so that the cut-off
frequency is a decade below the switching frequency of the flyback converter (fow=132
kHz). Once the value of the inductance L is fixed, by increasing the value of the buffer
capacitances (C1+C,) we obtain a decrease of the output voltage ripple of the buffer. Also

the peak current through the primary of the transformer and through the switch is reduced,
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and the power losses decrease. As a consequence, we obtain a smaller sized transformer
with the disadvantage of a lower power factor. On the contrary, by reducing the value of
the buffer capacitance, the output voltage ripple increases on the buffer, this implies a
greater peak current through both the primary of the transformer and the power switch, and
the efficiency is reduced. The advantage is to have a higher power factor. As it is shown

in Figure 4.6, the line current is heavily distorted. The non-sinusoidal waveform ig(t) that

is repeated with frequency f;, may be developed in Fourier series and may be expressed as
the sum of its harmonic components. The line current has a dominant fundamental
frequency, and contains infinite components with multiple frequencies of the fundamental,

which are the distortion components of the current:

i () =i5 () + ZiSh(t) = \/5151 Sin(zdst_%)

h#1

+ Z\/E]Sh Sin(szht _¢h)

h#l

Eq. 4.8
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Figure 4.6: Line current on the top: voltage main on the bottom (fouoir= 1/10 fiw).

The harmonic components of the current with frequencies above the fundamental
do not contribute to the average power (active power) that is supplied from the source with
sinusoidal voltage. The power factor (PF) is defined as the ratio between the active power

and the apparent power:
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PF=£= Vil COS( [)ZIACOS((b,)

Eq. 4.9
S v, I d

The peak amplitudes of the most significant harmonics that are contained in the line
current are shown in Figure 4.7. The rms value of the current line (/s) in Eq. 4.9 has been
calculated by taking into account the distortion content till the twentieth harmonic. The
line current is() is far from a sinusoidal waveform, and the amount of the distortion of the

current waveform is given by the total harmonic distortion (THD) index.
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Figure 4.7: Fourier analysis of the line current (foyoie= 1/10 f5y).

L s rms Izrms' _12 rms
THD%: dis,rms 100= S, rms S1,rm 100

S1,rms S1,rms

Eq. 4.10

Analyses at different values of the cut-off frequency of the w filter have been
performed, and the performance of the converter was evaluated. The most significant
figures are written in Table 4.1. In order to obtain better PF values and lower THD values,

a change in the input stage of the flyback converter has been made, as it is shown in Figure
4.8.

Table 4.1
Freq.(fw) [Hz] AV 5y [%] Pout [W] P, [W] S [VA] PF n THD %
1/10 1.2 10.48 13.53 22.92 0.59 0.78 126
1/50 0.2 10.50 13.78 31.54 0.44 0.76 194
1/100 0.1 10.50 14.05 36.32 0.39 0.75 227
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Schematic of flyback converter with a valley PFC.
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The w input filter was changed with a passive power factor corrector circuit (PFC,

or valley circuit), and before the rectifier bridge was introduced a LC filter with a cut-off

frequency fixed at about 1/10 of the switching frequency. Subsequently a sensitivity

analysis was made in order to evaluate the parameter influence on the input quantities (PF,

THD, and efficiency) of the converter. In particular, attention was focused on the output

capacitor. The main results are detailed in Table 4.2. The current and voltage waveforms

on the main line are shown in Figure 4.9, while the harmonic components of the current are

shown in Figure 4.10.

Table 4.2
Cout feutoff
Pout [W] Pa [W] S [VA] PF n THD % | AVout %
[WF] | [kHz]
220 11.3 11.7 14.6 16.0 0.91 0.80 32.3 14.7
470 11.3 10.9 13.6 16.5 0.82 0.80 58.3 6.9
680 11.3 10.8 13.6 16.5 0.82 0.79 70.2 4.9
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Figure 4.10: Fourier analysis of the line current (C,,=220 puF).

There are different types of dimming strategies well-known and reported in
literature. Such strategies may be summarized into two main categories: analogue
dimming and PWM dimming [12] and [13]. The former case requires that the current of
the LEDs is regulated in a continuous way; this technique takes the advantage of the
linearity between the output luminous flux of the LED and the forward current. The latter
case is a bit more complicated, and may be split into different types of PWM dimming.
They are based on the principle of driving the diode with a constant peak current, and
modulating the duty cycle of the current, by implementing a PWM control current. In this
way the current in the diode will be modulated above the critical frequency which causes
the flicker effect (>120 Hz), typically the frequency ranges between 200 Hz and 400 Hz.
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The technique used to control the brightness in the flyback topology is the PWM series
dimming, where a switch (power MOSFET) is connected in series with the LEDs. Another
technique is the high frequency PWM series dimming, that has similar features of the
above technique, but by means of an appropriate control loop the control of the LED is

with equal switching frequency of the converter.

4.2.1.2.Resonant converter

The high-frequency resonant converters allow using capacitor and inductor,
respectively used to filter the voltage and current ripple, with small size and small weight
[14]. In fact, if compared with converter working in PWM mode, resonant converter
technology has a high switching frequency, small switching losses, a wide range of input
voltage, high efficiency, light weight, small size, small EMI noise, small switch stress.
The schematic for a LED driving circuit is shown in Figure 4.11, where the two switches at

the same arm bridge are an integrated module [14] —[17].

Integrated HB Power Module

ouT

Figure 4.11: Resonant circuit schematic for LED.

4.2.2. Non-isolated topology

Three main dc-dc switching converters topologies, without isolation, may be used
as LED driving circuits: the buck, the boost, and the Z converter (Figure 4.12 to Figure
4.14). These converters are used in order to convert a DC input voltage in to a regulated

DC output voltage at a required level.
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Figure 4.14: Schematic of a Z converter.

4.2.2.1.Buck converter

Solid-state lighting bulbs may be driven in an existing lighting fixture and require a
high-voltage step-down ratio in order to produce an output voltage of about 10-20 V. A
buck converter provides a low average output voltage lower than the input voltage. The
most important advantage 1s the low number of passive component of the topology and the
high efficiency. The structure of a buck circuit is simple, and its design is easy. By
changing the duty cycle we can get different output voltages. But in case of small duty
cycle, traditional non-isolated step-down pulse width modulation buck converters may
suffer of poor efficiency due to the long diode freewheeling time. One other disadvantage

is the not easy drive of the power switch, because its reference terminal is floating.
4.2.2.2.Boost converter

A boost converter provides an average output voltage greater than the input voltage.
Therefore, boost converters are ideal for LED driver applications where the LED string
voltage is greater than the input voltage. The converter can easily be designed to operate at

efficiencies greater than 90%. Both the source of the MOSFET and LED string are
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connected to a common ground. This simplifies the sensing of the LED current (unlike the
buck converter where we have to choose between either a high side MOSFET driver and a
high side current sensor). The input current is continuous which makes easy to filter the
input ripple current (and easier to meet any required conducted EMI standards). However,
boost converters have some disadvantages. The output current of the boost converter is a
pulsed waveform. Thus, a large output capacitor is required to reduce the current ripple in

the LED.

4.2.2.3.Zeta converter

A new alternative topology has been proposed to drive LED lamps. The proposed
circuit shows a very high efficiency beyond keeping constant current through the LED.
According to [14], when applying white LEDs for display backlighting or other

illumination applications, there are two reasons to drive them with constant current:

1. To avoid violating the absolute maximum current rating, thus
compromising the reliability.
2. To obtain predictable and matched luminous intensity and

chromaticity from each LED.

It is important to note that a white LED luminous intensity and chromaticity
(colour) are tested and best controlled by driving it with constant current. The topology
shown in Figure 4.14 is a ZETA converter. According to [12], the circuit has the following

properties:

1) The transformerless version of the converter has a positive dc voltage transfer

function M, i.e., the circuit is a non-inverting converter.

2) The dc voltage transfer function M can be either less or greater than 1, depending

on the value of the switch duty cycle D:

M <1 for DL0.5and M >1 for D>0.5 Eq. 4.11
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3) The transfer function M is independent of the load resistance R; in the
continuous mode of operation by neglecting the power losses, while it is proportional to

the square root of Ry in the discontinuous mode of operation.

4) In both the transformerless and with transformer versions of the converter, the
entire dc input energy is first converted into ac energy and then the ac energy is converted

into the dc output energy.

4.2.3. Analysis of the results

The LED lighting market is an area that is rapidly expanding, and the
manufacturers adopt for indoor or outdoor lighting the “retrofit” concept looking to
substitute the incandescent bulbs. A power converter able to drive a string of ten diodes is
required for a LED lamp having an equivalent luminous flux of a 60 W incandescent lamp.
The analysis has been devoted to a flyback converter, and to its sensitivity analysis to the
electrical parameter change. In particular, when a x filter is the input of the converter, it
was noted that by reducing the value of the buffer capacity an increase of the ripple of
output voltage appears. This implies an increased peak of the current through the primary
of the transformer and the power switch. The advantage is a higher power factor. In order
to improve the PF and THD values a valley PFC circuit is used, but the output voltage
ripple increases till 15% of the nominal voltage (30V). The analogue dimming is the
simplest one to control the brightness of the LED lamp. although it has disadvantages,
because high injection currents may lead to a lack of linearity between injected current and
luminous flux output, and a noticeable shift in chromaticity coordinates, which are
considered the most important drawback of this technique [18]. Alternatively, PWM
techniques may be used and in particular the PWM series dimming. This technique
maintains all the advantage and has not the disadvantage of the previous technique;
however, this technique can lead to fluctuations of the feedback signal due to the absence
of load for long transient. Series high frequency PWM dimming is an appropriate control
technique that allows turning the switch in series to the LEDs at the same switching
frequency of the power converter, in this way the previous problem of fluctuations is

cancelled at the cost of a slight efficiency reduction.
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Chapter 5. Analysis of the conventional techniques to reduce
the power consumption of appliance.

5. Introduction

There are many different type of techniques that allow reducing the waste of energy

in a power converter [19] [20].

5.1. Start up circuit

The start up resistor can be replaced by an internal high voltage current source
consisting of a J-FET [21]. At start up, the internal high voltage current source supplies the
internal bias and charges the external capacitor that is connected to the Vcc pin as it is
shown in Figure 5.1. After Vcc is reached, the PWM controller begins switching and the
internal high voltage current source is disabled. Thus, the power dissipation in the start-up

resistor can be removed.

Al
I

Pulse Width
Modulator

Vee

Figure 5.1: Start-up circuit.
5.2. Switching frequency reduction

A common technique widely used to reduce the power consumption is reducing the
switching frequency. The power consumption in a power MOSFET is proportional to the
switching frequency and the hysteresis losses in the transformer too. By a frequency
reduction switching losses may be reduced, but entering into the human range of hearing
may cause a problem. In order to reduce the audible noise, it is required to limit the peak of
the drain current when passing through several kHz range. The optimum value of peak

drain current is determined by trade-off between efficiency and audible noise.
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5.2.1. Effective switching frequency reduction

In general, human ears are most sensitive to frequencies around 2 kHz and less
sensitive to frequencies which are higher or lower as shown in Figure 5.2. The Figureis a
graphical representation of the sensitivity of the ear to frequencies over the human range of

hearing at various loudness levels.

intensity level

{db above threshold of hearing)

0 100 % 10K 20K
frequency in hertz

Figure 5.2: Equal Loudness curves.
Each line shows the intensity level for the range of frequency that gives a subjective

impression of similar loudness with reference to a starting level of 1 kHz.

In order to limit the current level, the burst operation mode is employed to reduce
the fundamental frequency. The fundamental frequency is reduced to several hundred Hz,
as shown in Figure 5.3. In standby mode, the functional blocks in PWM controller for
normal operation are disabled and therefore the operating current can be reduced

minimizing power consumption in the PWM IC.

Normal mode

AR R R RAREAT R AR
—{l

above 20kHz

Simple frequency reduction

— l— several kHz

Burst mode

< » above 20kHz— —
several 100Hz

Figure 5.3: Effective frequency reduction with burst operation.
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5.3. Output voltage disconnection

When the output load is disabled in the standby mode, some amount of leakage

current always flows in the output side.

Reducing this leakage current requires a whole new design circuit in the secondary
side. . In some special cases, output disconnection method is used as shown in Figure 5.4.

However, this approach increases the total cost and deteriorates the efficiency.
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Figure 5.4: Output voltage disconnection.

5.4. Output voltage drop

Another approach to reducing losses caused by leakage current in the high voltage
output is lowering the output voltage in the standby mode [22]. This approach is widely
used when the supply for the micro-controller is provided through a linear regulator as
shown in Figure 5.5. The range of the output drop is limited by the linear regulator. In
order to drop the output voltage much in standby mode, the input voltage of the linear
regulator in normal operation should be set as high as possible. However, this results in

severe loss in the linear regulator in normal operation.
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Figure 5.5: Output voltage drop.

5.5. Output voltage drop with auxiliary winding

As discussed in the previous session, the range of the output drop is limited by the
linear regulator input voltage. By using voltage drop approach with auxiliary winding, the
output can drop without limitation by the linear regulator supply voltage; Figure 5.6 shows
the auxiliary winding circuit for the output voltage drop. V,; provides the supply voltage
for the linear regulator in normal operation while V,, supplies the linear regulator in
standby mode. Therefore, the linear regulator input voltage is selectively provided by V;

and V,, minimizing the power dissipation in the linear regulator.
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Figure 5.6: Output voltage drop with auxiliary winding.
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5.6. Auxiliary Power supply

For auxiliary converters in high power applications above 200 W, reducing the switching
frequency has limitation in lowering switching losses since MOSFET with a relatively
large output capacitance is used. In that case, the use of another auxiliary power supply
that is optimized for the standby power level is preferred. In the standby mode, the main

power supply is shut down completely.
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6. Introduction

In this chapter the steps to design a power supply stage as SMPS (Switching Mode
Power Supply) of SW are exposed. Such a converter is used to supply the power board and
user interface board of a washing machine.

The environment in which the SMPS is working is particularly stressful for the
electronic components, because high environment temperature is reached with high
humidity.

These critical conditions deteriorate components (pcb, diodes, transistors,
capacitors, etc. ..), causing damages. For this purpose a suitable choice of some critical

components allows to achieve a good reliability of the product.

6.1. Project requirements

As already mentioned the power supply is an SMPS with a maximum output power

of 5W.

Before proceeding to the sizing of the circuit in the Table 6.1 below are given the
specific data that the power supply has to fulfil. It will be used throughout the project and

commented on at the appropriate time.

Table 6.1

Pout Output Power 5 [W]

Pout (-5V) Output Power 1.5 [W]

Pout (-15 V) Output Power 3.5 [W]

n Efficiency 70 [%]

Vi Typically input voltage 230+ 10% [V]

Minimum input voltage 170 [V]

Vout1 Output voltage -5 [V]

Vout 2 Output voltage -15 [V]
Jfew Switching frequency 132 [kHz]

T Maximum ambient temperature 70 [°C]
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6.2. Selection of the operation mode in Flyback converter

The choice of the working condition depends on several parameters: one must take
account of the switching frequency, the inductance value of the primary, the turns ratio of

the transformer, of the input voltage and the output load.

Typically, the flyback works in the CCM with the scope of maximizing the
operating power of the converter or minimize the RMS current in the primary. However,
when working in CCM mode the behaviour from the dynamic point of view appears to be

the worst.

In this project, the power request is 5 W, and the operation mode chosen is
discontinuous (DCM) for reasons relating to the performance of the components, as will be

shown in the following.
Advantage of discontinuous mode (DCM):

1 Can be used a transformer with low size, because the average energy stored is low,

the uses of low turns is translated into reduced losses for Joule effect (I’R).

2 Stability is easier to achieve because at frequencies less than one half the switching
frequency there is no net inductance reflected to the transformer secondary, and
hence no second pole in the input-to-output transfer function. Also, no right half-
plane (RHP) zero appears since energy delivered to the output each cycle is directly

proportional to the power transistor on-time (T,,) for the discontinuous case.

3 Output rectifiers are operating at zero current just prior to becoming reverse biased.

Therefore, reverse recovery requirements are not critical for these rectifiers.

4 Similarly, the power transistor turns on to a current level which is initially zero, so
its turn-on time is not critical. This results in a low emission level of noise at high

frequency.

Unfortunately, some disadvantages also accrue from the use of a discontinuous

current (DCM)

1 Transistor and diode peak current requirements are approximately twice what they
would be in a continuous mode design. Average current requirements remain

unchanged.
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2 In the transformer the change of flux d®/dt and leakage inductance are both high

under discontinuous operation, resulting in some loss of cross-regulation.

3 High values of ripple current make output capacitor ESR requirements quite
stringent. In most practical discontinuous flyback circuits, capacitance values must
be increased in order to achieve adequate ESR. Transient response is

correspondingly slower.

In the present design, these few disadvantages were not deemed sufficient to
warrant a choice of continuous mode operation. In particular, low output current

requirements reduce the impact of the capacitor ESR problem.

6.3. Control driver

It is a driver that incorporates a 700 V power MOSFET, oscillator, simple ON/OFF
control scheme, a high voltage switched current source, frequency jittering, cycle-by-cycle
current limit and thermal shutdown circuitry onto a monolithic IC (Integrated Circuit). The
start-up and operating power are derived directly from the DRAIN pin, eliminating the

need for a bias winding and associated circuitry.

BYPASS DRAIN
BP D)
i : REGULATOR
5.8V
FAULT
i @ PRESENT
AUTO- J
RESTART —Dn— BYPASS PIN
COUNTER UNDER-VOLTAGE
CLOCK = 58V, b
AESET 43V
CURRENT LIMIT
763V ) COMPARATOR
VI LT
T
Hinim —
DCyax | = L =
THERMAL . —

—
SHUTDOWN
- OSCILLATOR
FEEDBACI(L
Vg V-
FB FB "YTH
NN D

L R @
]Ja[ “EDE

BLANKING

L —
SOURCE
s

Figure 6.1: Functional block diagram.
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Pin functional description
DRAIN (D) Pin:
Power MOSFET drain connection. Provides internal operating current for both start-up and

steady-state operation.

BYPASS (BP) Pin:
Connection point for a 0.1puF external bypass capacitor for the internally generated 5,8 V
supply. If an external bias winding is used, the current into the BP pin must not exceed

1mA.

FEEDBACK (FB) Pin:
During normal operation, switching of the power MOSFET is controlled by this pin.
MOSFET switching is disabled when a current greater than 49 pA is delivered into this

pin.

SOURCE (S) Pin:
This pin is the power MOSFET source connection. It is also the ground reference for the

BYPASS and FEEDBACK pins.

|~
|HN i
7]

(51D

Figure 6.2: Pin configuration, P Package DIP-8B, G Package SMD-8B

Functional description:

The driver combines a high voltage power MOSFET switch with a power supply
controller in one device. Unlike conventional PWM (pulse width modulator) controllers, a
simple ON/OFF control regulates the output voltage. The controller consists of an
oscillator, feedback (sense and logic) circuit, 5.8 V regulator, BYPASS pin under-voltage
circuit, over-temperature protection, frequency jittering, current limit circuit, and leading
edge blanking integrated with a 700 V power MOSFET. The driver incorporates additional

circuitry for auto-restart.
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Oscillator

The typical oscillator frequency is internally set to an average of 132 kHz. Two
signals are generated from the oscillator: the maximum duty cycle signal (DCMAX) and

the clock signal that indicates the beginning of each cycle.

The oscillator incorporates circuitry that introduces a small amount of frequency
jitter, typically 9 kHz peak-to-peak, to minimize EMI emission. The modulation rate of the
frequency jitter is set to 1.5 kHz to optimize EMI reduction for both average and quasi-
peak emissions. The frequency jitter should be measured with the oscilloscope triggered at
the falling edge of the DRAIN waveform. The waveform in Figure 6.3 illustrates the

frequency jitter.

Feedback Input Circuit

The feedback input circuit at the FB pin consists of a low impedance source
follower output set at 1.63 V for LNK363. When the current delivered into this pin exceeds
49 pA, a low logic level (disable) is generated at the output of the feedback circuit. This
output is sampled at the beginning of each cycle on the rising edge of the clock signal. If
high, the power MOSFET is turned on for that cycle (enabled), otherwise the power
MOSFET remains off (disabled).

Since the sampling is done only at the beginning of each cycle, subsequent changes

in the FB pin voltage or current during the remainder of the cycle are ignored.

5.8 V Regulator and 6.3 V Shunt Voltage Clamp

The 5.8 V regulator charges the bypass capacitor connected to the BYPASS pin to
5.8 V by drawing a current from the voltage on the DRAIN, whenever the MOSFET is off.
The BYPASS pin is the internal supply voltage node. When the MOSFET is on, the driver
LNK363 runs off of the energy stored in the bypass capacitor.

Extremely low power consumption of the internal circuitry allows the device to
operate continuously from the current drawn from the DRAIN pin. A bypass capacitor

value of 0.1 pF is sufficient for both high frequency decoupling and energy storage.

In addition, there is a 6.3 V shunt regulator clamping the BYPASS pin at 6.3 V

when current is provided to the BYPASS pin through an external resistor. This facilitates
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powering of the device externally through a bias winding to decrease the no-load

consumption to less than 50 mW.

BYPASS Pin Under-Voltage

The BYPASS pin under-voltage circuitry disables the power MOSFET when the
BYPASS pin voltage drops below 4.8 V. Once the BYPASS pin voltage drops below 4.8
V, it must rise back to 5.8 V to enable (turn-on) the power MOSFET.

Over-Temperature Protection

The thermal shutdown circuitry senses the die temperature. The threshold is set at
142 °C typical with a 75 °C hysteresis. When the die temperature rises above this threshold
(142 °C) the power MOSFET is disabled and remains disabled until the die temperature
falls by 75 °C, at which point it is re-enabled.

Current Limit

The current limit circuit senses the current in the power MOSFET. When this
current exceeds the internal threshold (Irvir), the power MOSFET is turned off for the
remainder of that cycle. The leading edge blanking circuit inhibits the current limit
comparator for a short time (t gg) after the power MOSFET is turned on. This leading edge
blanking time has been set so that current spikes caused by capacitance and rectifier
reverse recovery time will not cause premature termination of the switching pulse. In

particular for LNK363 the current limit value is 210 mA.

Auto-Restart

In the event of a fault condition such as output overload, output short circuit, or an
open loop condition, the driver enters into auto-restart operation. An internal counter
clocked by the oscillator gets reset every time the FB pin is pulled high. If the FB pin is not
pulled high for approximately 40 ms, the power MOSFET switching is disabled for 800
ms. The auto-restart alternately enables and disables the switching of the power MOSFET

until the fault condition is removed.
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Figure 6.3: Frequency jitter.

6.4. Design of passive components

10

Following the following section is exposed an analysis of the design of the most critical

passive component in the flyback converter.

6.4.1. Transformer

Now it possible proceeding to define two parameters of the transformer, the turns

ratio () and the primary inductance (L,). The turns ratio is established so that the value of

Vu is equal to the desired value, while the primary inductance is chose so that the

converter works in mode DCM (Discontinuous Mode) or in a limit condition, Transition

Mode.
By recalling that:
N
Vﬂ = (VOUT(—IS) +Vbiopo ) —
215V
N
Vy= (VOUT(—S) +V piovo ) N—l
251V
we obtain:
N, Va 120

= = =7.5
N2—15 qVOUT(—ls)""VDIODO) q_15|+1)

Eq. 6.1

Eq. 6.2

Eq. 6.3
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N, Vi _ 120 o
N, qVOW(—S)‘ +V biopo ) (I_ 5| + 1) Bq- 64

After to define the transformation rapports between primary and secondary
windings, the value of the primary winding will be calculated by means of the

specifications of the driver LNK363.

The characteristic of this driver is to work at constant 7,, and variable frequency
with the output power, in this way the primary current peak is always at maximum value

and the 7o change.

The datasheet of the driver define the value of the maximum current in the drain
(ILmv), the switching frequency (fw) and from Figure 6.1 the value of the output power, the

inductor L is obtained as:

2Py, 2.5
I

L = =2.5mH Eq. 6.5

fn 2-107-130-10°-0.7

1 max

By using the ratio of transformation previously calculated, Ni/N,.;sv and N/Na_sy,

and the following equation, the value of L,.;sy and L,.sv can be calculated.

2
N L
(—1} = =+ Eq. 6.6

The value of L, sy is 6.2 pH and the value of L,.sy is 44.3 pH.

As said before the driver works with a constant 7, max Value and in this time the
drain current reach its maximum value, also 7onmax 1S due to L; and the Vv values. In
particular the input voltage can change in the range 170 to 250 V, and in order to evaluate

the maximum value of 7;,, the minimum input voltage value is taken into account.

I 210-107

T oy = 0 = =2.15

R 7 U0 #5€e Eq. 6.7
L, 25107
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By taking into account as voltage drop on the primary winding the flyback voltage,

Vy, it is possible to evaluate the Ties or rather the time needed for the secondary current to

reach zero.
I 210-107°
T o= lmx =4.36usec
reset Q 120 lu Eq 68
L, 25107

Once all the specifications of the transformer are known, it is possible to start with

the design of the geometry, the size of the magnetic core and material.

The geometry of the core selected is E one, that has proper the shape of E and in
particular has been selected an E10. Other configurations are not recommended because
have higher losses, and considering that the reduction of the leakage inductance is one of
the primary goals in the design of the transformer, the selection of other geometry make it

more difficult to achieve the purpose.

Regarding the material, typically the chosen is between the shape and style
provided from the manufacturers, and has been taken into account consideration both
technical and economic. The choice for this application is the N87 because it is suitable to

work at high frequency and a gap on the central leg is used.
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Figure 6.4: Power losses per volume in the ferrite N87.
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Below it is shown, step by step, the procedure in order to design the transformer.

1) Choice of the core size: the core of the transformer must be able to process the input
power Py without saturating and with acceptable power losses, but with the minimum size

possible.

The selection of the optimal size is based on a process for attempts, up to reaches
the right choice. The most common parameter to describe the size of the core of the
transformer is the "Area product (AP)", which is the product between the effective area of
the core to the area of the windows available for the winding of the wire. The AP, can be

calculated by the following relationship:

ap. =10° | Lo Lo 1’316[cm“] Eq. 6.9
" ATI/Z .KM : Bmax ' '

2) Evaluation of the total power losses in the transformer. Provided all the
specifications, the total power losses are calculated. Established the maximum current in

the primary winding:
I;=210mA

Has been considered a margin on the current of the 20%, in this way:
I;=210mA + 0.2 210mA = 252mA.

Looking the graph in Figure 6.4, the saturation value of the core is near 400 mT at

100 °C.

In order to work in a safety region, the maximum value possible that can be reached
is 200 mT at 100° C. About the double of the current is considered in order to guarantee of

working in the linear region of the characteristics:

Ipc@100°C = 504mA
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Figure 6.5: Magnetization curve.

The power dissipated into the core is:

=P v

core core_ per_volume e Eq 6.10

where:
e V. is avalue taken from the datasheet and it is:
V,=0.287 [cm’]
®  Punit per vorume 1 the power dissipated per unit of volume at 200 mT and frequency of
132 kHz , that is the frequency of the converter taken into account, as shown from
the Figure 6.6:
kW

B, =1000~—-
m
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Figure 6.6: Power losses vs. frequency.
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The power dissipates from the magnetic core will be:
Peore=10.287=0.287 W

By considering that the efficiency of the power converter is near 70%, the power losses in

the transformer should be lower 0.6 W, because the total power wasted is near 2.1 W.

Since the power losses in the core is 0.278 W, about the same amount of losses is

dissipated into the windings: 0.250 W.

3) Design of number of turns, the gap size and the diameter of the wire. In order to

evaluate the number of turns of the windings, the follows relationship has been considered:

Eq. 6.11

3

09-4, )"
1, @100°C =| ==L

Where the A4; is the inductance of one coil and the unit is #nH. The calculation of this value

is performed by the reverse of the previous equation:

K
4, = ﬁ (1, @100°C)"** Eq. 6.12

Regarding the core E10 the datasheet provides the following constants K3 e K, and the

values are shown in Table 6.2.

Table 6.2: Value of constants to design the size of the wire and gap

Calculation factors (for formulas, see “E cores: general information™)

Material Relationship between air gap | Calculation of saturation current

— A; value

K1 (25 °C) K2 (25 °C) K3 (25 °C) K4 (25 °C) K3 (100 °C) | K4 (100 °C)
N27 61.6 -0.737 88.1 -0.847 80.9 -0.865
N87 61.6 -0.737 88.5 -0.796 78.4 -0.873

Validity range: K1, K2: 0.05 mm <s < 1.50 mm

K3, K4:

50nH <A <430 nH

From the Table is obtained:

By substituting this values in Eq. 6.12, we obtain:

K;=78.4; K4=-0.873;
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AL = 158.43nH/sp?

For the ferrite taken into account there is an operative range. As shown in Table 6.2 the

range is:
(50< A <430)nH

The value obtained before is within the range and so the constraint is fulfilled. If the

value obtained was not within the range then a greater core will be needed.

In order to design the gap it is used the following equation:

A %(2
Jo=| L Eq. 6.13

Where the constant K; and K are taken from the datasheet as the constant K; and K, see

Table 6.2.
From the table, the constant values are:
K;=61.6;K,=-0.737

and

1

A %<2
Ig = (—Lj =0.277 mm
K

From equation Eq. 6.12, with one coil an inductance value of Ay, is obtained. Thus the total

inductance is provide by relationship Eq. 6.14.

L, =N; -4, Eq. 6.14

hence N, = /A—l ~126spire
L

Where W1 =N, = 126 turns (see Figure 6.7b)

From the number of turns of the primary winding and by means the transformer ratio we

obtain the number of turns of two secondary:
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N N
L —75->N, =—~17

)J2715 75

N N
L —20;->N, , =—2~6
2-5 20

In particular the secondary windings are connected in series, therefore the number of turns

of W2 and W3 (Figure 6.7) will be respectively:
w2 = N2_5 =6
W3=Ny5—Nas=11

In order to design the size of the wires, the rms value of the currents is needed. For the

primary winding is taken into account the following relationship:

I . T
1 = peadk_primary | _on WX _ 64 8mA Eq.6.15
RMS _ primary \/g TS q

The calculation of the secondary rms currents has been performed by

considering the maximum power, Poy.sv and Pgy. 15y respectively 1.5W and 3.5 W.

Pou -5V
IRMS_secondary,SV = - =300mA Eq 6.16
out-5y
P, _ 35
IRMstecandary_ISV = V’_”V =—=233mA Eq 6.17
out—15V

As said before the total power losses are near 0.5 W, and are composed by
287mW from the core and about 100 mW from the copper wire. In particular the power
losses in the primary winding, W1, will be 25 mW as it is shown by the following

equation:

P

Cu _ primary

Rp <7Q

=30mW = RP(IRMS primary)2
; Eq. 6.18
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Eq. 6.19

Eq. 6.20

Eq. 6.21

Where /; is the length averaged per one coil and p is resistivity of the copper that is

equal 2.3 pQ/cm.

L
795:0,15 —
o 2 35+0,15 ﬁ
| - .
+ i,
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Wl

W2

(b)

Figure 6.7: (a) Magnetic core E10 size;(b) electronic schematic of the transformer.

In Figure 6.7 is shown the sizing of the core. Now it is possible to evaluate the section and

so the diameter:

A, =7-r’=1338-10"cm’

Eq. 6.22
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A cu
d=2,-" =013mm Eq. 6.23
T

The diameter of the wire used in the transformer is 0,130 mm that is equal to 5,1 Mils.

For the design of the wire’s diameter of the secondary windings, the same operation
will be used as before. In particular the two secondary winding are connected in series
between them, in this way the current that flows through the winding W2 (see Figure 6.7b)

is the sum of IRMstecondary-SV and the IRMSisecondary -15V.

By taking into account the power losses of 200mW for the W2 winding, we

obtain:

P

2
CU _secondarf-5) — 40mwW = RS(—S) ) (]RMstecondary-SV + IRMstecondary—SV )

Eq. 6.24
R, <140mQ

ds=0.250 mm
that is equal to 10Mils.

Regarding W3 winding, it is in series with 2 and this provide -15V in the output.

2
PCU_secondar)(—IS) =40mW = RS(—IS) : ([RMS_secondary—l 5y )
R, <730mQ Eq. 6.25

d.;5=0.250 mm

6.4.2. Output capacitors

For the target of this application the transformer has been designed with two
outputs with power of 1.5 W and 3.5 W, respectively.

In a first analysis the peak current in the secondary is evaluated as follows, from
equation, Eq. 6.15 to Eq. 6.17. In the following it is shown the relationship between the

rms current and the peak current:
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1 3
__ 7 RMS_secondary-5V :690mA

1 eack _secondary -5V T
o " T ser Eq. 6.26
TS
]RMS secondary-15V 3
]peackisecondaryi—ISV = = = =536mA
T Eq. 6.27

reset

T

After that the voltage ripple value on the output voltages are fixed to Viipple =
150mV, these values correspond respectively to 3% of Vou-sv and 1% of Voyi-15v.
The voltage ripple is to due to two contributions, the first due to the Equivalent

Series Resistor (ESR) of the electrolytic capacitor and second to of the charge variation in

the capacitor.
The most important contribution is provided by the ESR one, that may be evaluated

by the following equation:
ESR-C=65-10"s Eq. 6.28
In particular, for each output capacitor:

Vippe  250-107

ESR, = = =217m)
1 [ripple 0569 Eq 629
Vipte  250-107
ESR, =" = =279mQ
YL 0.69 Eq. 6.30

By substituting the values in the following equations we obtain the capacitor

values:

-6
., 65-10

C >300
12 ey HF Eq. 6.31
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-6
265-10

c, > 230 uF Eq. 6.32

Other contributions are due to the changing charge, AQ, in the capacitor:

}US ‘Is
ESR%

\ LOAD

L \
\ ) CI__I

I,
time
T,

«— AQ

reset

Figure 6.8: waveform of the output current in the secondary and equivalent model of capacitor.

e
o Eq. 6.33
AQ — IZmax Treset q '

2

Where AV = Vijpple = 150 mV, Iy is the peak current in secondary.

For the two secondary outputs a capacitor value has been calculated:

. 091uC
C'y > 22HE 365
" 150my HE
_071uC
> 2 HE 390
P 150mV HE

The total capacitor C,y is provided by the sum of two capacitive contributes C’ and

C”’, respectively for the two capacitors (C; and ().

=C,+C'
=C,+C

C
C

outl

Eq. 6.34
out2
The capacitor value selected is 330 pF, this one fulfilled the specifications of output

voltage ripple according to the relationship Eq. 6.34.
The ESR is an important parameter of the electrolytic capacitor because it causes power

dissipation by Joule effect and so modifies its electrical performance.
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6.4.3. Snubber network

The snubber network is used in order to limit the over voltage on the power
MOSFET that can be damaged due to the leakage inductor in the primary winding. The

network is composed by a resistor, a capacitor and a diode as shown in Figure 6.9:

Lk

VI[\'

Figure 6.9: Snubber network

During the T,, time of the power MOSFET, the leakage inductor stores energy and
during the Tiest time transfers such an energy into the snubber capacitor. In this way from
the energy stored in the leakage inductor, Ljk, can be calculated the snubber capacitor value

and then the resistor value.

|
E, :Elellzmax Eq. 6.35
E., =tc, 2. —v2,)
Cap — 7 SN " Cmax Cmim Eq 6.36

The value of the leakage inductor is 35 pH and the maximum value in the inductor
Iimax 18 210mA. From Eq. 6.35 follows the energy value Ejx = 772 nJ, and by fixing the

energy capacitor equal to the energy inductor, then the equation Eq. 6.37 can be solved as

follow:
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ECap :Elk
2-E,

Csy = ( )
Vg max ngtm

Eq. 6.37

Where the average voltage value on the capacitor is V' and in particular the

maximum value is fixed at V + 5% of Vj and the minimum value at Vq - 5% of V.

From Eq. 6.37 Cgsn is near 535 pF and a capacitor of 560 pF with a maximum

voltage rating of 270V is taken into account in the project.

After the reset time, of the primary inductor of the transformer, the capacitor Cgy

needs to be discharged in a Rgy resistor for a time equal to:

Tdischarge = TSW o Treset Eq. 6.38
The waveform of the discharge of capacitor is:
!
Vo) = Ve € Eq. 6.39

Where the parameter 1 is the constant time of the snubber circuit: 7 =Rsnx Csn.

T, discharg/
R _ CSN
SN

a . v, Eg. 6.40
I

C min

By substituting the parameter values in Eq. 6.40, a resistor value of 143 kQ is obtained.

The power dissipated from the resistor for Joule effect is:

V

R max

:VCmax
VZ 2
e _ 1267 0w Eq. 6.41

™Ry, 143-10°

A resistor of 150 kQ and %2 W is selected in the project.
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6.4.4. Input filter

The input flyback voltage, Vi, is a DC voltage that is obtained from the main
voltage AC at 230 V £+ 10% and 50 Hz of frequency.

In order to rectify the main voltage into a DC voltage, a rectifire circuit at half
waveform has been used. The input voltage of the flyback converter, Vi, may have a
change of 20% of the rated value, in particular the worst case was considered when the
main voltage is at minimum value from specifications, see Table 6.1. The capacitor will
provide the energy to the circuit for a period Tyg;s as it is shown in Figure 6.10 and this time

is near 15 msec. The capacitor value is calculated starting from energy considerations:

E.
Pin = o = = = 1 l C[N (anax - Vr‘iin)
77 Tdis Tdis 2

2-P . -T, 2.5.15-1073 N Eq. 6.42
Cw = 2 3 = > = 10uF
U'(Vleax _Vlein) 097(240 _192 )

URELTE R Y

LLRELL AR 1A

il call

Figure 6.10: Waveform main voltage and current.

Also an inrush resistor has been calculated in order to reduce the current during the
start up time of the SMPS in the rectifier diode, because the input capacitor is discharged

with a great current through the diode. The value is calculated by taking into account an

Imain | pk_inrush = 16A.
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_ VmainMAX _ 360 _
Ry = = = 22450 Eq. 6.43

main_ pk_inrush

In order to calculate the power consumption of the resistor the rms current on the input has
been evaluated. During the conduction time of the diode, 7¢on, a current flows through the

input resistor, as it is shown in Figure 6.11

Rin Div
S VWN—P

Vmain |y
IN

l L

Figure 6.11: Input filter at half waveform.
The total energy provided from the main source at f= 50Hz (T = 20msec) to the load is the

sum between the energy of the capacitor and the energy feeding the power supply.

Vmain min ]main k- Tcgn
Emt - EC“P + })in ' Tcan = ) 2 =
2-F
main_ pk =—0L = 696mA
- VHV min Tcon Eq 644
/T

]main rms Imain pk’ —< =220mA

- - 2T
PR = RlN ' Iiainirms =1L

The resistor selected is a 22 Q, 3W.

6.5. Design of active components

In the following is proposed an analysis of the active critical component of the flyback
converter, and the selection of appropriate part numbers of components. In particular are

taken into account the diode in the input stage and output stage of the converter.
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6.5.1. Design of the output rectifier diode and snubber’s diode

In order to select the correct type of diodes in the output circuit of the flyback converter, it
needs to evaluate the reverse voltage on the diodes. From equation (see Appendix I, Eq.
1.31) the voltage in output on the W2 winding is 16 V and in the series of W2 and W3
windings is 43 V.

By remembering that the maximum peak current in the secondary are shown in (Eq. 6.26
and Eq. 6.27), the diodes taken into account for the project are: SB240 and UF4002. The

features of the components are shown in the following Table 6.3:

Table 6.3

Specification D1 =SB240 D2 = UF4002 D = IN4007
Vr 0,7V Y 1V

Ir 2A 1A 1A

VRrM 40V 400 V 1000

Rinj-a 45 °C/W 50 °C/W 100 °C/W

By considering the feature in the Table 6.3 and the values calculated before, the maximum
junction temperature of the components taken into account can be estimated. The power

dissipated from the diode at maximum load, and, and the diode temperature are:.

Pojops = = [ v-idt ==V, I, =2 Eq. 6.45
DIODE T ) 5 Ftpk T q
Tj=Ta+ Pyops Ry o Eq. 6.46

The temperature has been evaluated in different ambient condition, in normal
condition and hard condition. In the first case the junction temperature reach Tj(Ta=23°C)
= 31°C for D1 and Tj(Ta=23°C) = 34°C for D2, while in the second condition the value
estimated are Tj(Ta=70°C) = 76°C and Tj(Ta=23°C) = 79°C.
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Regarding the input rectifier diode of the main voltage has been used a 1N4007,
that has a reverse voltage Vrrm = 1000 V and a forward current of 1 A and non repetitive
peak current of 30 A. These features match the work condition. Also the thermal
resistance Ruj.a =100 C/W, and considering a forward voltage of Vg = 1V the power
consumption is near 70mW (see the specification relationship Eq. 6.44 and Eq. 6.45) and
the junction temperature at Ta =25°C and Ta = 70 is 32 °C and 77 °C respectively
according to equation Eq. 6.46.
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Chapter 7. Analysis and design of a circuit to control state of the SMPS

7. Introduction

The model of the circuital technique proposed in order to reduce the power
consumption in non operation mode is shown in Figure 7.1, and in Figure 7.2 details of the

topology proposed are shown.

The operation of the circuit allows to control the state of SMPS both from a

mechanical switch and from a microcontroller inside to the user interface circuit.

When the microcontroller detects an inactivity state of the washing machine, after
two minute, send a low digital signal to SMPS and this one goes in off state. Therefore, the

output voltage is reduced to zero and all system is shouted down [23].

7.1. Electrical circuit analysis

The turn off of the SMPS is obtained by forcing, in a feedback pin of the driver
controller, a current greater than /; v that is equal to 49pA and over this value the power

MOSFET, inside the driver, is disabled (in off state).

This current is provided by means of the network composed by D and R; (Figure
7.2), and supplied to the driver controller from Bypass pin that provides a voltage reference
of 5,8V. In steady state a current flows through the series of resistor (R;) and diode (D).

The resistor will be designed in order to provide a current greater than Iy .

The turn on of the SMPS can be realized by means of a mechanical operation by
pushing the button T (on/off button) until the output goes high. The switch turn on the
bipolar transistor Q; and the diode D will be reverse polarized. The current of R; flows
through to the collector of Q;, and the feedback path is enabled. After few milliseconds the
output voltages reach the value of -5 V and -15 V.

After that, the microcontroller inside the user interface put high a digital signal
(STATE signal) to keep on the transistor Q; and in this way when the switch is released the
diode D keep the reverse polarization and the SMPS stay on.

On the contrary, by pushing the button T for a long time, the capacitor C; is
charged and after some second the transistor Q, goes on and disables Q;, because the base

current of Q; goes in the collector of Q,, so the SMPS is turned off.
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The capacitor C; is designed in order to delay the turn off by means of the

mechanical button T.

As said before, if the machine doesn’t work for two minute, the microcontroller put

low the output signal (STATE) that drives Q, to turning off it.

oo AY

User
Interface

AC line
(83 - 263 Vac)

Controller

_

Feedback Nerwork

StandOFF
MNetwork

Figure 7.1: SMPS model.

Feedback
Network

Standoff Network

Controller BP

|
|
|
s =8 |
| |
g |
] FB R, 20 |
|
= Q, IS User
R.sb———|— Interface
6
R43

q

Mﬁ
.

Figure 7.2: Detail of the proposed scheme.
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7.2. Circuit design

In order to keep off the MOSFET of the driver controller a current greater than Iy
will be provided into the feedback pin, and in this condition the voltage in the feedback pin

(as shown in the datasheet) is 2 V. From this consideration:
Vep =Ry L =Viopr =Vie =0 Eq. 7.1

By manipulating Eq. 7.1 and substituting the critical values of the voltage and

current, we obtain:

I =90ud> 1 o = 6844

R.= VBP _VDIODE _VF — VBP _VDIODE _VF _ 5,5_0,62_2 = 32kQ)
: I, I, 90-107° Eq. 7.2

Py -=R, -1} =259uW

After that, the value of the driver resistor of the bipolar transistor Q; are designed.

When the bipolar transistor Q; is turned on the voltage collector goes low, and in
order to guarantee the correct function the transistor works in the saturation region (V¢ =
VEsat). In this way the current collector is provided by the equation:

Vep — VCEsat VBP — VCEsat _ 58-0,1

_ /8P _
I = =

R, R, 33-10°

= 172,64 Eq.7.3

The gain I¢/I of the transistor Q; in order to work in saturation region is fixed to 5,

in this way the base current is Iz = 34,5pA.

The base current is given by the equation:

IBl:]R2_1R6 Eq. 7.4

The current Igg is fixed to 1/3 of I and the value is I = 11,5 10° A, in this way it

is possible evaluate the resistors Rg and R, as follows:
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Ip =1p+1, =453ud

R, = Vi ~Vor Ve =Vir _ 5’8‘0’i =115kQ
Iy, Iy +1, 45310

Ve _ 06

I, 115-107°

Eq.7.5
= 5240

3

In order to turn off the transistor Q; and as well as the SMPS, the transistor Q; is

turned on. The collector current of Q; is the same to the base current of Qq:
Iey =1p, =3450A Eq. 7.6

As done for Q;, the transistor Q, works in the saturation region and the gain
current is fixed to 5 in this way the base current is Igy = 7pA.

The value of Igs is fixed to the double of I, therefore it is near Igs = 14pA.

The value of the resistor Rs is given by the following relationship:

Ly =1y +1, =20,7ud
Vo —Vies  58-0,6

R, = = — = 250kQ
Iy, 20,7-10 Eq.7.7
Ry=Vm2 o 00 _y30
oI, 14107

The values of resistors taken into account are show in Table 7.1.

Table 7.1
R, 33kQ
R, 100kQ
R3 100kQ
R4 270kQ
Rs 47kQ
Re 56kQ
Tolerance: 5%
Power: 4 W

Regarding the capacitor Cj, this value is fixed in order to turn on the transistor after

a pressure of the button of 3 second.
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If the transistor is in off state, the maximum voltage value on Rs is:

R, _58-(5)- 47k

Ve = Vap = Vo) 17 N
C1max ( B aut) R5 +R4 47k+270k

L6V Eq.7.8

This one is the maximum value that could be reached by C;, but the real maximum
value is lower because the base-emitter junction clamps the voltage to Vpg,. Remember

that the voltage on the capacitor change according to the equation Eq. 7.9.

t

VCI(Z):VClmax (1_97) Eq. 7.9
Where 1 is the constant time given by :

=R, -C

R, =R,/ R = 40kQ Eq. 7.10

The value of the capacitor is:

V. (t)=0,6V
/ —3sec. Eq.7.11
/
Re
C= a =216uF
ln[ VClmax ]
VClmax - VCl (t)
= BV =113kQ Eq.7.12
C2
R = ! =29.,6kQ
P 1 1
. 7_1’_7
R, R, 1,

The capacitor used in the project is a 220puF with a rated voltage of 25V.

7.3. Simulation and experimental measurements

Figure 7.3 shows what happen when the machine is in OFF state and the on/off
button T is pushed, V(T) = 1. Therefore, the npn transistor Q; turn on and the driver
controller regulates the output voltage of the power supply to -5 V, V(SMPS). In the same
time the microcontroller goes on and led high the control signal STATE, that keeps on Q,
for indefinite time. In this way, when the on/off button is released the SMPS continues to

power all the system.
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VI(T)

2.7V
Vil

-5V

raY

VI(FE)
1.7V

VISMPS)
5V

STATE

STATE

=1l

virg) 2V

|_| time

Figure 7.3: Detail of turn on.

1,7V

VISMPS)

5V

time
Figure 7.4: Auto turn off.

An other phase is when the washing cycle is finished, the SMPS goes in low power
consumption mode and after two minute of inactivity, the status of control signal STATE
by the microcontroller goes low and the npn transistor Q, turns off. The diode D turns on,

so the feedback signal of the driver controller is modified.

In this way, a great current is forced in the feedback input pin and the power

MOSFET and the SMPS goes in off state, see Figure 7.4.
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After that, a model of the circuit proposed has been implemented in a PSpice
simulator, also control driver and the flyback converter has been implemented by means of
the ABM library block, and the same has been done for passive components that described

the behaviour of the system.

(¥ OrCAD Capture - [/ - (SCHEMATIC1 : PAGEL]]

File Edit View Tools Place Macro PSpice Accessories Options Window Help cader
T ) 6.6 "R QR @ WG EQ | - #-
soowcee o BOE 444400010

B oo |8 eaeue [ soeun

Figure 7.5: Electrical circuit in a PSpice simulator.

In Figure 7.5 is shown the circuit used for the simulation in PSpice and the yellow blocks

highlight the most important part of the system:
1. Control driver of the converter (LNK363)
2. Proposed circuit to control the state of the SMPS
3. Start button (T )
4. The output stage of Flyback converter.
5. Microcontroller.

In Figure 7.6 and Figure 7.7 are shown the results according, respectively, to Figure 7.3

and Figure 7.4.
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LoV

0.5V
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| (1)
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5.0V

5.0V
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LAY
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av

1.5V

5.0V
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Figure 7.6: Simulation of the turn on.

V(SMP

STATE

V(FB)

Vel

1.10s 120 1.30s 1L40s 1.50s

Figure 7.7: Simulation detail of the turn off from microcontroller.

V(T)

V(SMPS) [

o

1.0V

2.0V
5.0V

STATE V

V(FB)

(1Y

Vel

5.0V

s

1.2 208 8 3.68

Figure 7.8: Simulation of a turn on and turn off by push button (mechanical operation).
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In the last picture is simulated the turn off of the SMPS by means of a mechanical

operation, or rather pushing the start button of the machine for a long time, about 3 second.

The SMPS goes in off state, because the transistor Q2 turn on with a delay time due to the

charge of the capacitor C, then the transistor Q1 turn off and so the output of the SMPS

goes low.

A prototype of the system has been realized, in Chapter 8 will be discussed in more

details. Experimental measurements of the signals that drive the state of the SMPS were

stored by means an oscilloscope. In the following pictures are shown the measurements

regarding the turn on of the SMPS by means of mechanical operations (by pushing the start

button) Figure 7.9. As said before the collector voltage of the transistor Q; goes in the

saturation region with a Vcgg, the SMPS feedback is enabled and the output voltages

growth.

=4

Reoans

Chl S5.00V

Y

V(SMPS)
STATE
I ]. o I il .....m.,..,........-.....]..l-.
V(FB)
Vel
F&.00ms A i 2.10¥

Figure 7.9: Detail of turn on measurement.

In Figure 7.8, the microcontroller puts in a low level the output PIN that drive Qy,

after two minute of inactivity of the washing machine, in this way the SMPS is turned off.
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a1

V(SMPS)
__.-—""-_"-—_—-_—

F*
. 1 AR
W | IIIEI
[1
VI(FB)
Chi S.00¥ MEE s5.00V P20.0ms A Ch2 L+ —-1.90V

Figure 7.10: Measurement of the turn off from microcontroller.

In Figure 7.11 instead is shown the turn off by a mechanical operation and so pushing the

start button.
: . vy
Discharge output ¥
LT "l_ l|-l 1 o .
capacitor V(SMPS)
5 STATE
V;FB}
<42
Vel Moditication
feedback signal
Intensitd Forma d'onda;. 56%
Chl 500V Ch2 S.00V P10.0ms A S =410V

Figure 7.11: Measurement of turn off from mechanical operation.
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8. Introduction

A washing machine is a system composed by 4 most important parts, as it is shown
in Figure 8.1.These are the SMPS, the user interface, the actuator and the input sensor
circuits. The core of the system is the user interface where a microcontroller control the
whole system; the actuator circuits are composed by relays and triacs driving the heater

resistor, the door lock, the drain pump and electro valves.

The input sensor circuit allows to control the status of the machine as the motor

speed, the open door, the heater temperature and other.

The focus of the research is on the auxiliary SMPS part, that supplies all logical

parts and driver circuits.

Washing Machine

User Interface
{MICLI)

Figure 8.1: Most important parts of a washing machine.

A prototype of the auxiliary SMPS, and also the user interface and power control
for washing machine has been developed, see Figure 8.17, in particular only the SMPS part
of the system is discussed because the other parts are not involved in the topics of the

research.

8.1. Electrical schematics

In order to develop schematics and the pcb, the program used is PADS logic and
PADS layout, respectively. In the pictures from Figure 8.2 to Figure 8.4 are shown the
electrical circuit of the SMPS and other parts regarding the external control actuator and

the user interface of a washing machine.
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Figure 8.2: electrical schematic of the SMPS.
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Figure 8.3: electrical schematic of the actuators.
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Figure 8.4: electrical schematic of the display interface.

8.2. Test for project validation

In order to verify the operation of the SMPS in every environmental and electric
condition some tests have been performed, from environmental point of view in a climatic
chamber in hard environmental conditions, while from the electrical point of view the

SMPS has been stressed in different load condition up to the limit value of the power.

8.2.1. Measurements of the electrical specifications

The power consumption of some parts of the washing machine have been

measured by means a power meter, and in Table 8.1 are depicted the results.

Table 8.1
OFF mode ON mode Stand by
[W] [W] mode [W]
SMPS 70.0E-3 400.0E-3 300.0E-3
Actuator 0 80.0E-3 0
User interface 0 560.0E-3 100.0E-3
Sensing 160.0E-3 350.0E-3 350.0E-3
EMI filter 78.0E-3 78.0E-3 78.0E-3
Washing Machine | 308.0E-3 1.46 828.0E-3

Page | 82



Chapter 8. Development of a prototype and experimental measurements

Subsequently, the power supply has been tested in different loaded conditions, and
both the power consumption and the efficiency of the converter were evaluated. Hence,
the voltage and the current in the converter have been measured at maximum output load

conditions.

Table 8.2
P]N Efﬁciency POUT LOAD
[W] [%o] [WI [Yo]
6.68 75.90% 5.07 100%
5.29 75.80% 4.01 79%
4.25 75.36% 3.20 63%
3.20 74.06% 2.37 47%
2.47 71.26% 1.76 35%
1.33 64.29% 0.86 17%
0.85 52.41% 0.45 9%
Table 8.3
LOAD1 | LOAD2 | Poutl | Pout2
[%o] [Yo] [W] [WI
100% 100% 1.55 3.52
78% 80% 1.21 2.80
71% 60% 1.10 2.10
52% 44% 0.81 1.56
36% 34% 0.56 1.20
20% 16% 0.31 0.55
9% 9% 0.15 0.30

The electrical performance of the converter has been measured, and the main
results are given in Table 8.2, and Table 8.3, in Figure 8.5 to Figure 8.7. In particular,
Figure 8.5 shows the efficiency of the auxiliary SMPS prototype, that is greater than 70%
with an output power load of 2.20 W (about 30% of the maximum output load).

The Figure 8.6 shows the relationship between the input power and the output

power, and Figure 8.7 shows the power distribution in the two outputs.

Page | 83



Chapter 8. Development of a prototype and experimental measurements
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Figure 8.5: Efficiency of the Flyback converter.
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Figure 8.6: Relation between input power and output power.
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Figure 8.7: Power distribution in the outputs.
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The two output voltages, -5 V and -15 V, and the respective ripple voltages are
shown from Figure 8.8 to Figure 8.10.

e
[

.1I1

mmamwmw%Mﬂ-mummwm
L S iy et e e S S S R A .r'-w--!.l-\.u.namrw-lr.r i T e e A S s kA L AR S .0

B 500V |Ch2[ 5.00V |P[1.00ms A| Ch4 \ —1.48V|

Figure 8.8: Ch 1: 5 V/div, output Flyback voltage -5 V; Ch 2: 5 V/div, output Flyback voltage -15 V;
Time 1,0 ms/div;
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! . f

TTIT [A0.opsf A ch i o [ Zoom [Fiouy 4 cho q
Figure 8.9: Chl: 100mV/div, Figure 8.10: Chl: 200mV/div,
output voltage ripple -5 V; Time: 20 us output voltage ripple -15 V; Time: 20 pus
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The input voltage, input current and the output voltage -5 V has been measured in

two different case: the first in off mode (Figure 8.11) , and second in on mode with the

maximum load in the output, see pictures from Figure 8.12 to Figure 8.16.

Tek F T 1
: T .
[ T e e S pomnibime Slmsl gk manil s s

¢
B:—-— ": e T e "_:d- Wrmu\a ‘%Wm' ".:3

Chi[ 5.00V  JCh2] T00mMAG

Bl ooV

Figure 8.11: Ch1:5 V/div output voltage -5V; Ch2: 100 mA/div drain current;
Ch3: 100 V/div drain-source voltage ;Time 20usec.
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st bt ety ?9. T K“-‘i’r"—""'-f'-rﬂ'-'-';’:'-:-wl'“"'”*"“%‘;i—ﬁf‘??;?ﬁ{?ﬁ_i‘ﬁ woy ‘_’KS":’J'

Chi[ 5.00V  JCh2[ 100mA< |P[40

Bl ooV

Figure 8.12: Ch1:5 V/div output voltage -5V; Ch2: 100 mA/div drain current;
Ch3: 100 V/div drain-source voltage ;Time 400nsec.
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Figure 8.13: Turn off; Chl:5 V/div output voltage -5V; Ch2: 100 mA/div drain current;
Ch3: 100 V/div drain-source voltage ;Mat: 20 W/div; Time 100nsec.
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Figure 8.14: Turn on; Chl:5 V/div output voltage -5V; Ch2: 100 mA/div drain current;
Ch3: 100 V/div drain-source voltage ;Mat: 20 W/div; Time 100nsec.
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Figure 8.15: Detail drain voltage clamp; Ch1:5 V/div output voltage -5V; Ch2:
100 mA/div drain current;Ch3: 100 V/div drain-source voltage ; Time 200nsec.
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Figure 8.16: Detail of the off time; Ch1:5 V/div output voltage -5V; Ch2: 100 mA/div drain current;

Ch3: 100 V/div drain-source voltage ; Time 4usec.
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8.2.2.  Thermal analysis in climatic chamber at hard condition

The thermal analysis in a climatic chamber has been performed in the following
environment conditions: temperature 70°C, and 50% of humidity for a time lasting 2

hours per cycle.

The electrical schematic of the circuit is depicted from Figure 8.2 to Figure 8.4,
and the components under test, that are the most critically for the operation of the SMPS,

and are listed in Table 8.4.

Table 8.4: Components

Component Description
2DD102 DD SB140 DO41 40V 1° (output -5V)
2DD103 DIODE SCHOTTKY BYV (output -15V)
21C100 PWM CONTROLLER DIP8 LNK363PN
2FM100 TRANSFORMER EE10 2.52mH
0,
2RP101 RSA 1/4 5% 220K H..T 24153224 (snubber
resisto)
0, =
2CP101 CD.PLR INF 400V.10 % P=5 (snubber
capacitor )

Also, the test is performed in different electrical conditions of maximum and
minimum load and different main voltages, minimum: 170V and maximum: 254V, Table

8.5.

Table 8.5: Test conditions

2 h (Time cycle) 2 h (Time cycle)
Env. Conditions Electrical Condition Env. Conditions Electrical Condition
70°C / 50% 170 V 70°C / 50% 254V

The thermal test has been performed on four boards, and configured as in Table 8.6.
Two different cases were taken into account at maximum and minimum load, and the
boards are configured with all relays on and backlight always turning on for the maximum

power, and all relays off and backlight off for minimum power.

These configurations have been implemented by shorting the transistor that drives
the relay and the backlight in the first case, while in the second case by opening (removed
from the pcb) these ones. The pictures from Figure 8.17 to Figure 8.19 show the hardware
modification of the boards in order to configure the minimum and maximum power

consumption.
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Table 8.6: Board Configurations

Sample Backlight Relay Power
Board 1 ON ON MAX
Board 2 OFF OFF MIN
Board 3 OFF OFF MIN
Board 4 ON ON MAX

Figure 8.18: Modifications on the backlight.

Figure 8.19: Modification on transistor to drive the relay.
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2RP101 §
2CP101

21C100

B

Figure 8.20: Details of the thermocouple’s setup in the PWR board.
In Figure 8.21 and Figure 8.22 is shown the setup used for the thermal

measurements, in the first picture two boards with a maximum power are positioned on the
top side of the climatic chamber and two boards with a minimum power are positioned on
down side.

In the second picture, Figure 8.22, the boards have been supplied by AC source in

the electrical condition as reported in Table 8.5.

CLIMATHE
CHAMDER
-

Figure 8.21: Setup in climatic chamber. Figure 8.22: Setup out climatic chamber.
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The results of the analysis are summarized in Table 8.7, where for each board and

electrical condition has been detected the temperature of the critical components by means

a thermocoupler type K, that has an accuracy of+2.2 °C.

Table 8.7: Average temperature [read °C +2.2°C]

Climatic MAX LOAD MIN LOAD
Component | Chamb

ponet Ta[OC]er Board N1 Board N4 Board N2 Board N3
Main E’\‘;;tage 170 | 254 | 170 | 254 | 170 | 254 | 170 | 254 | 170 | 254

Also, the waveform of the components temperatures are shown in the following

graphs (Temperature vs. time), .

0w o

OAD, 2DD103

PR

+—2DD103-170VAC

Temperature [°C]
~ =~ g ~ 0

M
|

o~
o O
- |

=s=2DD103 - 250 VAC

=== Chamber Temperature

50

100
Time [min]

150

Figure 8.23: 2DD103 temperature at maximum load.
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Figure 8.24: 2DD103 temperature at minimum load.
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Figure 8.25: 2DD102 temperature at maximum load.
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Figure 8.26: 2DD103 temperature at minimum load.
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Figure 8.27: 2IC100 temperature at maximum load.
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Figure 8.28: 2IC100 temperature at minimum load.
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Figure 8.29: 2FM100 temperature at maximum load.
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Figure 8.30: 2FM100 temperature at minimum load.
D, RCsnuber

=4=RCsnub - 170 VAC
==f==RCsnub - 250 VAC

Temperature [°C]

e Chamber Temperature

Time [min]

Figure 8.31: RC temperature at maximum load.
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Figure 8.32: RC temperature at minimum load.

Moreover , the temperature measurements of the critical components in ambient conditions
of 25°C temperature and 50% of humidity and with electrical condition of maximum

output load, has been detected by means of an infra red camera.
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Table 8.8
Board N°1 MAX LOAD
Component Temperature Main Voltage
[°C] V]
2DD102 39.8 230
2DD103 40.6 230
21C100 55.3 230
2FM100 441 230
2RP101 383 230
2CP101 323 230

Jl/io/z013

Figure 8.33: 2IC100 temperature.

31102012 10:54:00 W51 1072012 10:54:12

Figure 8.35: 2DD102 temperature. Figure 8.36: 2DD103 temperature.
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Figure 8.37: 2RP101 temperature. Figure 8.38: 2CP101 temperature.

J1/10/z013

Figure 8.39: overall temperature in the board.

8.3. Analysis of the results

By electrical analysis of the behaviour, it has been verified that the power
consumption in off mode of the washing machine is composed by the consumption of its

parts and the total value is 0.3 W.

In particular the power consumed by the SMPS is 70 mW due the leakage current
of the LNK363. The other power consumption is caused by EMI input filter used in the

input stage of the washing machine and the sensing resistor.

The power consumption measured in stand-by is 828 mW that is lower of 1 W (see
the regulation on energy saving), while using the proposed circuit for turning off the

SMPS, the power consumption is reduced below 0.5 W.
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Power Supply for Gate Driving Application

9. Introduction

One of the main problems besetting the power supply designers today is to design a
switching power supply that is able to operate in the power systems within their
international marketplaces according to the available voltage supply in the specific setup.
When the DC input voltage to a buck converter has a wide range, it becomes important to
select a suitable switching regulator integrated circuit (IC) for the application, and to select
the power components able to handle the worst-case input voltage. For a given
component, the worst-case may be the maximum input voltage or the minimum input
voltage, but in fact may also be somewhere in between. The study which will be described
in this chapter concerns the development of a high voltage buck converter for gate drive
applications [25]-[27]. Usually, these converters are used to feed the gate driving unit
(GU) of IGBTs or IGCTs. In particular this study will focus on IGCTs gate driver which
needs a greater power then an IGBT gate driver because of the higher current necessary to
operate the switching of the device. The IGBT or IGCT are used in HVDC or FACTS
applications and the gate drive unit takes energy from the high DC voltage input.

In the field of high voltage power conversion and low current, series connected
MOSFETs have reached a wide diffusion mostly due to the fact that other types of high
voltage devices often do not match the designer needs in terms of the switching frequency.
Therefore in applications requiring a high switching frequency such as high voltage power
supplies for color television, medical equipments or railway motor drives, a series
connection of MOSFETs is the most advantageous solution and may sometimes be
considered the only viable [28] [29]. In fact by connecting MOSFETs in series allows
obtaining the equivalent of a fast high voltage switch but with only a fraction of the voltage
applied to each single device. In spite of this, however some additional problems arise
since small differences in the switching times of the series connected devices may cause an
unequal voltage sharing during the commutations. This is a problem since voltage
imbalances may lead some devices to exceed their maximum forward blocking voltage
causing failures. Since voltage imbalances cannot be avoided, since depend on the usual
parameter spread of MOSFETs, in order to avoid any device failure a reliable voltage

balancing strategy is required, during switching transients and also in steady state [30].

A power supply for power devices driver has been studied and designed. A series

connection of power devices, with an insulated power stage, allows high voltage switching
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and operation at high frequency in order to obtain a low voltage ripple in the regulated
output. A design procedure for a converter providing the power needed by four driving
circuits is detailed to follows. In particular, the analysis focuses on both the insulation
issues and the control. Finally, the experimental results on a full scale prototype are

discussed.

9.1. The Buck Converter Design

The main purpose of the analysis in this chapter is the design of the first power
stage, not isolated DC/DC converter shown in Figure 9.1. The gate drive units are fed by
the DC voltage and so the energy is taken from a high voltage DC link that in this case
may have a voltage up to 3000 V. The DC supply is composed of two stages. The input
voltage is first stepped down by a not isolated DC/DC converter from the DC link high
voltage to a regulated 300 V DC. Two independent DC/DC converters are used in parallel,
for redundancy. This voltage is then fed to insulated DC/DC converters which feed the
gate drive units with the required 24 V DC.

The first not isolated stage represents the most critical part of the design for the
isolation implications and the necessity to deal with wide input voltage range operation.
The topology used is a buck converter. In this one, the reference of the gate drive signal of
the power MOSFET is floating. Therefore, the gate drive circuit needs isolation from the
ground of the system, which is obtained by means of suitable optocouplers. The use of
these electronic devices allows transmitting signals keeping a galvanic isolation between
the two parts of the circuit. The main schematic of the circuit used for IGCTs GUs supply
is depicted in Errore. L'origine riferimento non ¢ stata trovata.. In particular, a
function generator is used to drive the power MOSFETSs, Vyuse. In the following sub-
sections a description of the specifications and the design of the several parts composing

the DC-DC converter are carried out in detail.
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Figure 9.1: Overall solution for providing gate drive power from the DC link, composed by a not isolated
first stage and isolated second stage switching converter.

9.1.1. Main circuit requirements for IGCT GU supply
The power supply for the IGCTs gate driver (STAGE 1) is fed from the DC link
which has an input voltage varying within a wide interval. The main design quantities for

the converter are given in Table 9.1.

Table 9.1: Main design quantities for the converter.

Input voltage 400 -3000 V
Output voltage 300 V

Output rated power 100 W

Output voltage ripple 20% (output voltage)
(%)

Switching frequency 30 kHz

Efficiency (@ 2.4 ~80%

kVpc)

9.1.2.  Design of power switches and passive components
The first step on the converter design is the choice of the switches. The maximum
input voltage, as previously shown, is 3000 Vpc, so that three MOSFETs should support
the high voltage and the breakdown voltage of each power MOSFET has to be at least
1000 V. In order to guarantee the safe operation of the system, the device of choice has
been power MOSFET of the series SuperMESH3, that have a 1200 V breakdown voltage
and 3 A rated current. The mentioned rating has been chosen in order to minimize the on

state losses.
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In a buck converter, when the switch is in on state, the total DC input voltage is applied
across the cathode and anode of the diode and, as previously shown, the maximum voltage
in this application is 3000 V. In order to guarantee a safe switching, three diodes in series
connection have been used and each diode can withstand a maximum voltage of 1000 V.
In order to avoid voltage imbalance, capacitors in parallel connection with the diodes are

used. The main features of the used diodes are Vrrm = 1200 Vand I =1 A.

R
L | C E:i;
Ry ;: =1 1. Vpulse Ry
P i Rs ‘
- é\\*:j l“‘mz FTI D] Cl-: R3
o C]l g R6 b. = :E
R21 S = 11 i C2 R4
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s 1Cn |75 Ry H
Ny ] g..-.dlé R12 ® C4== :E RIO
=
§ Ry; L :=C13 Ry3
~ + 11 .. R14
- E-ﬁiRw 1p
Ry s LCu1 [Nl B DsGT 3505
248 == PTR T; 4
. ‘"?’d] Rig % CeT $ Ry
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Rys3 C L
1 19:: ng D4 ZS ==C7
R26 b3 ::C16
b2 = . a |
== 3
| D& T ST 23
Ron S 141Gy
278 T
Dg K 1GC

Figure 9.2: Schematic of the low power solution adopted for IGCT driver supply as not isolated first stage
switching converter.
The converter has been designed to operate in continuous current mode (CCM). In
order to guarantee the converter to work in CCM in all the possible input voltage states
there has been the need to evaluate the minimum duty cycle value. According to the buck

converter equations [10]:
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§min = — = ton,min = 5min Tv Eq 91

In equation Eq. 9.1 the input voltage Vin = VDClink; Ts = 1/fs, where fs is the
switching frequency and #onmin 1S the minimum conduction time value of the power
MOSFETs, that is equal to 3ps. The equation Eq. 9.2 provides the values needed to design

the minimum inductor value, L, that allows the continuous mode.

I/inmax _Vout
L>L  =——7"-—7—7—H—¢ =10mH Eq.9.2

min Ipeak on,min
where I is the peak value of the inductor current when the duty cycle is
minimum, Omin; finmms 1S the rms input current. In the buck converter, the minimum
inductor value that guarantees the continuous current mode operation is 10mH, and the
value taken into account in the design is 15mH. With reference to the output stage, the
output capacitor value depends on the design constraints on the voltage ripple, and this

value is fixed at 20%.

From the characteristic equations of the buck converter is then possible to calculate
the value of the capacitor to be considered to obtain the desired voltage ripple. The main
values to take into account are then the capacitance and the parasitic Equivalent Series

Resistance (ESR),[10] [11].

Cout = C)out + Cnout
Eq.9.3

_ s 0

out ESR out _8_LAVO

-6 2
6510 e TV g

Where C ’out is the output capacitance contribute due to the ESR and C Hout is the one

to consider in order minimizing the output voltage ripple AV,
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9.1.3. Series connection

As described in the previous sections, the input voltage may change in the range
between 400 V to 3000 V, so that more power devices connected in series are needed. In
order to do not have failures in the system all of these devices must behave like one device
thus being triggered at the same time with an optimized synchronization between their
driving stages. Therefore, every power MOSFET used as switch must have the same
dynamic characteristics in order to avoid issues of imbalance [31]. Since, as known,
possible parameters spread among power devices is unavoidable, the series connection
driving has to be realized as effective through the use of proper snubber circuits [32], or
rather a passive network that guarantees the correct balance of the bus voltage on every
device when this ones are on off state (static balance) and during the switching (dynamic
balance). If the voltage is not equal on every switch failures may happen. The problem

may arise from the following issues:
* spread on the leakage current;
« different delay time among the gate signals;
« different input impedance.

Thus, if the system operates in a correct way, the same dv/dt on the series connected
devices will appear, and such a condition may be ensured by an appropriate design of the
snubber circuit [33]. The circuit used on every device is a RCD one, as shown in Figure
9.3. Two paths, having different resistance, are used to control the dynamic voltage during
the turn-on time and the turn-off time. A diode is used to separate the two paths of charge

and discharge of the capacitors, but can be omitted in some cases.

When the power device is in off state the diode D; is in forward state and (neglecting
the two resistors R3 and Ry) the series connection of the capacitors C; and C, is charged

with a time constant t;.
7, =R /IR, -(Cpes + Cyy) Eq.9.4

where Coss is the intrinsic equivalent output capacitance of the MOSFET device and
Csn 1s the equivalent capacitor given by the series of C; and C,. The resistors R; and R4

are balancing ones and they have high value (about 3 MQ). Their main function is to
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allow the static voltage balance on the device. When the device is in on state, the diode is

reverse biased and the capacitor will discharge with a constant time 1.
7, =R '(COSS + CSN) Eq. 9.5

The value of the equivalent capacitor Csy was designed greater than Coss. In
particular, the value taken into account is the equivalent Cpgs capacitance. This latter is
defined as a constant equivalent capacitance giving the same charging time as Coss when
Vps increases from 0 to 80% of Vpgs. The value shown in the datasheet is 40 pF (Vgs=0,
Vps=0 to 960 V).

MWV

A

MN

—
—

Figure 9.3: Snubber RCD circuit used for each power switch in the series connection.

If the value of Cgy is too big, the turn off switching is very slow. In order to have a
good switching the time to charge and discharge the capacitor has to be less then t,, and
toft. The design of this circuit was done considering the extreme case when the input
voltage is 3000 V and the duty cycle is the minimum, as shown by Eq. 9.6. This condition
provides the minimum t,, that allows fixing the constant time of the capacitor’s discharge.
The value of the time constant 1 is calculated according to the following expressions:

Eq. 9.6

disch < tan,min
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According to Eq. 9.6 , it is possible to obtain the discharge time constant value 7jisch <
3us and because the discharge time is about 4 — 5 times the time constant 1, this is fixed as

follows:

T,
2_2 — disch Eq 97
The value of the capacitor (Csy) is fixed at 410pF by means of two capacitors in
series connection (C; and C;) having 820pF, while R, value is SkQ.
The time constant 1, sets the discharge time of the capacitor during on time, while
during turn off state the slope is fixed by the time constant t;. Choosing R; >> R, and Csn

>> Coss, the constant time relation can be simplified as follows:
7, =R, Coy Eq. 9.8

Experimental measurements have shown that a good matching between voltage
imbalance and turn off time (of the voltage Vps of each device) is obtained by fixing the

time constant t;=7ns, so the value of resistor R, is 45Q.

In order to evaluate the power losses in the snubber circuit, the energy stored in the
snubber capacitor is considered. During the turn off and turn on switching, the energy of

the capacitor ( £, ) is dissipated by the resistors R; and Ry. The power losses in the

resistors, Pioss k1 and Pioss r2 are given by the following relations, where Zch rms and Zgisch rms
are respectively the rms current of charge and discharge of the equivalent capacitor Cqy,

and V is the voltage drop on it.

1
I)loss,Rl = Rllczh,rms = 5 CSNVZfs
1
Ploss,R2 = R2]§isch,rms = ECSNVZJ(‘S Eq 99
1 2
ECSN ZECSNV

In this way the power losses in the snubber circuit, Pjogs 1o, are obtained by the product
between the switching frequency f; and the double of the energy stored in the equivalent

capacitor Cgy.

I)loss,tot = I)loss,Rl + ])loss,Rz = f‘sCSN V2 Eq 9.10
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As shown by equation Eq. 9.10, the losses increase with the square of the voltage
drop on the capacitor, being constant the switching frequency and the snubber capacitor. In
Figure 9.4 the power losses in each snubber circuit and the total power losses at different

input voltages are shown.
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Figure 9.4: Power losses of the snubber circuits vs. voltage input.

9.2. Experimental validation

Experimental tests have been done in different conditions of input voltage (from
400 V to 3000 V) and constant output power of 100 W. The outline of the experimental

evaluated scenarios is the following:
1. Evaluation of synchronous operation among the series connected switches;
2. System efficiency and device temperature.

The performance of the system has been evaluated for different values of the input
voltage. The evaluation is focused on the power losses during the switching transients,
during the conduction and on the snubber circuit. In particular Rps o, has, for power
MOSFETs, a positive thermal coefficient as shown in Figure 9.5. The effects on the

system temperature and the efficiency have consequently been evaluated.
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Figure 9.5: Normalized Rps o, value @25°C vs. temperature (from device datasheet).

The selection of the components is important in order to fulfill the system
requirements. The spread of the parameters in the device may cause a different start time
at turn on and turn off, and causes a voltage imbalance between the devices. Other
important feature is the isolation between the input and output obtained by means of the

optocouplers, which will guarantee isolation up to 3000 V.
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Figure 9.6: Gate voltages during turn off switching; Vgsi, Vasz, Vasz 5 V/div; time 20 ns/div.

In Figure 9.6 and Figure 9.7 the waveforms of the gate signal in the three devices
are shown, during the turn off and turn on switching transients. In particular, in Figure 9.6,

it is possible to see the turn off sequence of the devices, T3, T2 and T1 respectively. This
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one causes a greater voltage drop on the device T3 and lower in T1 and T2, (see Figure

9.8).
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Figure 9.7: Gate voltages during turn on switching; Vgsi, Vgsz, Vass 5 V/div; time 50 ns/div.

In Figure 9.7, instead, the turn on sequence of the device, is T3, T1 and T2

respectively. The unbalances are due to the parameters spread of the optocouplers and of

the passive components.
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Figure 9.8: Turn off switching; VDSl: VDSZ’ VD53 200 V/le, ID 100 mA/le, P1 (VDSYID): P2 (VD52'ID), P3

(Vps3*Ip) 100W/div; time 500 ns/div.
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Figure 9.9: Turn on Switching; VDSI’ VDSZ’ VD53 200 V/le, ID 2 A/le, P1 (VDSI'ID): P2 (VDSZ'ID)a P3

(Vps3*Ip) 500W/div; time 100ns/div.

In Figure 9.8 and Figure 9.9 the switching transients and the power losses for the

three devices are shown at Vi;=3000 V. Higher losses at turn on than at turn off are clearly

shown. This is caused by the snubber circuit because during the turn off, the Vpg slope is

reduced on each device and the cross between voltage and current is lower.

In a similar way in Figure 9.10 and Figure 9.11, the switching transient and the

power losses are shown at Vi, =400 V. In this case the power losses in the devices are

lower than in the first case, because the cross between voltage and current is lower. Thus

by reducing the voltage drop on the devices the power losses get reduced.
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Figure 9.10: Turn off switching; VDSI’ VDSz, VD53 50 V/le, ID 1 A/le, P1 (VDSI'ID)y P2 (VDSZ'ID)s P3

(Vps3*Ip) 50 W/div; time 500 ns/div.
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Figure 9.11: Turn on SWltChlng, VDSl: VDSZ; VDS3 50 V/le, ID 1 A/le, P1 (VDsl.ID)a P2 (VDSZ'ID); P3
(Vps3-Ip) 100 W/div; time 200 ns/div.

In Table 9.2 a summary of the main results coming from the experimental tests at

different input voltages are shown.

In Figure 9.12 and Figure 9.13 the evaluation of the distribution of the temperatures
among devices is shown in an infrared camera capture for two different cases of input
voltage (Vin=400 V and Vin=3000 V). In agreement with Table 9.2 the devices

temperature is higher on the device with greater losses than device with lower losses.

In Figure 9.14 and Figure 9.15 the temperatures and the power losses on the
devices are shown at different input voltage, and in Figure 9.16 and Figure 9.17 are shown
respectively the voltage drop on each devices and the relative voltage unbalance (AV%) at

different input voltage. This latter has been evaluated in the following way:

avg

AV%JVN_—V

avg

100 Eq.9.11

Where Vy is the voltage drop on the N device (N =1, 2 or 3), and Vg, is Vin/3.
Table 9.2: Summary of the power losses in the three series connected switches.
Vin [V] Device Pon [W] Porr [10-3W] Pconp [10_3 W] | Pror [W]
400 T,/Ty/ T3 0.44/0.43/0.25 29/40/67 146/146/146 0.61/0.61/0.46

1200 T,/T/ T5 0.74/0.98/0.38 [19/18/26 20/20/20 0.77/0.99/0.42
1500 T,/T»/ T; 0.73/0.98/0.38 19/18/26 20/20/20 1.12/1.51/0.68
2000 [T,/T,/ T; 1.82/2.25/1.18 78/62/117 8/8/8 1.91/2.32/1.31
2500 T,/T,/ T5 2.67/3.35/1.89 48/71/59 6/7/6 2.62/3.40/1.94
3000 [T,/T,/ T; 3.82/4.66/3.24 114/32/40 6/7/4 3.90/4.70/3.28
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Figure 9.13: Thermal image by T1, T2 and T3 with V;;=3000V.

L0
Deviee T
=B Devic2 T2

bt =
- Y == [Davica T3
b
o {1
": &l
=
'l:‘ n | ]
E )
g, 4
] i)
=]
=

i S [ 000 | 500 R TII] 2500 i) 35

Via [V]
Figure 9.14: Temperature on the devices (T1, T2, T3) vs. input voltage (Vi,).
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Figure 9.15: Power losses on the devices (T1, T2, T3) vs. input voltage (Vi,).
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Figure 9.16: Drain- source voltage vs. input voltage.
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Figure 9.17: Percentage relative voltage imbalance vs. input voltage.

%% Relative Voltage Unbilance

After the measurements of the switching and the conduction losses on all three
devices, and the evaluation of the power losses on the snubber circuits, the efficiency was
estimated. Errore. L'origine riferimento non ¢ stata trovata. shows as the efficiency

changes at different input voltage.

—=Efficiency

fficiency

E

1] | ChEN UMM RN JOHM
Vin [V]
Figure 9.18: Efficiency (output power /input power) vs. input voltage.
The efficiency of the system goes under 80% up to 2200 V because the power

losses on the snubber increase with the square of the input voltage.
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The system without snubber has been tested and the voltages drop, V'ps, for each

device is shown from Figure 9.19 to Figure 9.21 and compared with the voltage drop with

snubber circuit.
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Figure 9.19: Drain- source voltage (T1) vs. input voltage.
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Figure 9.20: Drain- source voltage (T2) vs. input voltage.
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Figure 9.22: Switching overall without snubber circuit; Vpg;, Vpsz, Vpsz 200 V/div, Ip 500 mA/div; time 25
us/div.
In Figure 9.22 the drain—source voltage on each power MOSFET of the series and
the drain current, /p are shown. The maximum input voltage reached without snubber

circuit is 2460V, because the voltage drop on the device T3 reaches a value near the Vpsgs.

In Figure 9.23 the relative voltage imbalance on the power MOSFETs in the series
connection is shown. In order to test the strength of the snubber circuit, simulations were
done considering a modification of the delay time of gate-source driving signal of the
power MOSFET at 3000V input voltage. In particular the gate source signal of T2 and T3
was delayed form 50ns to 1us, the voltage on each device was taken into account and the

relative imbalance was evaluated, as shown in Figure 9.24 and Table 9.3.
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Figure 9.23: Percentage relative voltage imbalance without snubber circuit vs. input voltage.

By this comparison it can be observed that the snubber circuit allows a safer

operation especially at higher input voltage levels making it possible to have a lower

relative voltage imbalance than in the case when it is not used (see Figure 9.17 and Figure

9.23).
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Figure 9.24: Percentage relative voltage vs. delay gate — emitter voltage.

Table 9.3: Simulation at 3 kV of V;, and T2, T3 delayed.

D[;l;y [TVI] T2[V] T3[V] AVii% AVi% AVrs%
1 1280 858 858 280 142 142
05 1140 929 & 929 | 140 | 7.1 7.1
02 1056 972 972 56 = 28 28
01 1030 985 985 3.0 1.5 15
005 1015 993 993 15 07 07
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9.3. Discussion

IGCTs can be considered as the device of choice in several power systems
applications. In these applications the gate units used to drive IGCTs need a power supply
that takes energy from the high voltage line. The wide input voltage range due to the
operation of the power circuit makes the need to design a system that is able to provide a

stable output voltage (usually 24 V) with a high input voltage range.

The system described in this chapter is realized by the cascade of a first not isolated
stage that provides 300 V output with an input voltage in the range between 300 V and
3000 V. The chosen topology has been a buck converter. MOSFET devices in series
connection have been used in order to obtain a better Rpson than a single device and a
breakdown voltage up to 3000 V. In general, the series connection is able to work at

higher frequency than a single device with same breakdown voltage and nominal current.

In order to avoid voltage imbalance a suitable snubber circuit has been used in
parallel connection with the devices and optocouplers have been used to drive the gate of
each device and to ensure galvanic isolation between power side and the driver (signal
side). Design procedures and experimental results have been shown and the efficiency of

the realized prototype has been evaluated.
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Chapter 10. Conclusions

The research carried out was aimed to determine both techniques and circuits that
allow to obtain energy savings, while are maintaining the performances and functionalities

of systems, components, and appliances.

A well known and widely used power converter, the flyback, has been investigate in
several applications. By means of a sensitivity analysis has been clarified how the
electrical parameters of the power converter act into the power quality of the main line-
Improvements on the performances have been obtained by using a new input stage
topology. In particular, when a r filter is used in the input of the converter, it was noted
that by reducing the value of the buffer capacity an increase of the ripple of output voltage
appears. This implies an increased peak of the current through the primary of the
transformer and the power switch. The advantage is a higher power factor. In order to
improve the PF and THD values, a valley PFC circuit may be the choice , but the output
voltage ripple increases till 15% of the nominal voltage (30V). The analogue dimming is
the simplest one to control the brightness of the LED lamp. Although it has disadvantages,
because high injection currents may lead to a lack of linearity between injected current and
luminous flux output, and a noticeable shift in chromaticity coordinates, which are
considered the most important drawback of this technique. Alternatively, PWM techniques
may be used and in particular the PWM series dimming. This technique maintains all the
advantage and not has the disadvantage of the previous technique. The case study was a

LED lamp having the luminous flux equivalent to a 60 W incandescent lamp.

From a different field of applications, in case of appliances the reduction of the
power consumption of the converter in non operation mode of an appliance has been faced.
The model of the circuital technique proposed in order to reduce the power consumption,
in particular for a washing machine, has been realized. The operation of the circuit allows
to control the state of SMPS both from a mechanical switch and from a microcontroller

inside to the user interface circuit.

When the microcontroller detect the inactivity state of the washing machine, after
two minute, send low a digital signal to SMPS and this one is setting in off state. From an
electrical analysis, the power consumption in off mode of the washing machine is
composed by the consumption of its parts and the total value is 0,3 W. Instead, the power
consumption measured in stand-by mode is 828 mW that is lower of 1 W (see the
regulation on energy saving).This means that the consumption in non operation mode is

60% lesser.
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Regarding the field of the energy conversion, and in particular power converter to
supply the unit control driver of IGCT devices. A study has been performed in order to
improve the performance of the converter. In this field the most critical issue is tied to a
wide input voltage line that supplies the system. The system described and realized provide
a stable output voltage and it is composed by the cascade of a first not isolated stage that
provides 300 V output with an input voltage in the range between 300 and 3000 V. The
chosen topology has been a buck converter and MOSFET devices in series connection
have been used in order to obtain a better Rpson than a single device and a breakdown
voltage up to 3000 V. In general, the series connection is able to work at higher frequency
than a single device with the same breakdown voltage and nominal current and allows to
improve the performance of the converter. In order to avoid voltage imbalance a suitable
snubber circuit has been used in parallel connection with the devices and optocouplers
have been used to drive the gate of each device and to ensure galvanic isolation between
power side and the driver (signal side). Design procedures and experimental results have

been shown and the efficiency of the realized prototype has been evaluated.
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I Appendix. The Flyback Converter

A. Introduction

In Figure 1.1 is shows the model of the flyback converter [34]. The operation can be
quickly understand to look the position of the dot in the primary and secondary winding of
the transformer. When the switch is on (turn on of power MOSFET), the edge of the
windings with the dot are positive than the edge without the dot. Therefore, the output
rectified diodes are reverse polarized and all current is provides to the load by means the

output capacitor, Cyt.

I 3 * I Y A
Cout
I — | V2
®
\f“q Pdl }1.
PQ3 I)I (:OUt ;::: \f3

]

D,

a

Figure I.1: Configurazione del convertitore Flyback

Also, during the turn on time of the power MOSFET a constant voltage is provided at the
primary winding N; and the current on it increase linearly Figure 1.2a with a slope of:

al Vi

;;E:-—'ii— Eq. 1.1

Where L; is the magnetic inductance of the primary and Vv is the input voltage,
furthermore, the voltage drop on the device when this one is on and the leakage inductor
has been neglected. At the end of the turn on time the current has reached the peak value,
that is equal to /i max.

_ I/INT'On

Ilmax -
L]

Eq. 1.2
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The energy stored by primary inductor is E and provide by equation Eq. I.3.

E= %Lllfm Eq. 13
Where E is the energy in Joule and L; is the inductor in Henry, Ijy.x the peak current in
Ampere.
Because the current in an inductor can’t be changed instantly, when the power MOSFET is
off the current of the magnetization inductor forces a polarity change on all windings. On
the turn off, the current on the primary is transfer to secondary with a value of .

Nl

]2max :]lmaxV Eq 14
2

In this way the edge with the dot of the winding N, is negative than other edge and the
current can flows in de diode and decrease (Figure 1.2) with a slope as in the relationship

Eq. LS.

~

da L, 4%

dove L2 ¢ I’induttanza del secondario.

(b)

Figure 1.2: Waveform of input and output current in the transformer
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B. Operations modes

The flyback converter can be used in different mode of operation. It said that one
work in DCM (“Discontinuous Conduction Mode”, Figure 1.3a) when the current on the
secondary goes to zero before the next cycle (next turn on of the MOSFET). This occurred
because the secondary of the transformer has discharged all energy stored to transfer it in
the load.

Instead, if the energy doesn’t be transfer all to the load before the next cycle, the
current in the secondary doesn’t reach zero and the primary current star from a value
greater zero in the next cycle. In this way, the converter work in CCM ( “Continuous
Conduction Mode”, Figure 1.3c). In DCM the waveform of the current is a triangular,
instead in CCM the current waveform is trapezoidal.

When the device work on the edge between DCM and CCM, the flyback operation

is said “transition mode”, Figure 1.3b.
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Figure 1.3 Operation Modes.

In particular, in continuous mode the flux in the transformer doesn’t reach zero, in this way
during the turn on, of the power MOSFET, the current in the primary winding is shown in

Eq. L.6.

+-Ly 0<t<Ton Eq. 1.6
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Where Ijmin 1s the minimum value of the current I; at the start of the cycle, the value of it

will be evaluated on follow. At the end of the turn on the I; reach its maximum value Ijax.

V.T V.DT

max min+ Dn:]min+ O<Z<TOH EI7
1 1 Ll 1 L1 q

Where D is the duty cycle and shows the part of switching cycle T when the power
\MOSFET is on. The value of D can change from 0 (the power MOSFET is always off)
and 1 (the power MOSFET is always on). At the end of the conduction phase the energy

stored is:
1 >
E=_ LIy, Eq. L8

At the end of the conduction time, the power MOSFET goes off and blocks the current I;.
The conservation of the energy stored in the transformer causes the current I, in the
secondary of the transformer, whose start value Irn.,x can be calculated by using the

conservation of the energy stored in the transformer in its transfer from the primary to the

secondary.
E:lLf]$1:lLfIim Eq. L9
2 2

By substituting L1 and L2 with its expression in terms of reluctance R of the magnetic

circuit and the number of turns of the windings of the transformer, is obtained:

LN L LN

E=—— . =——2.1; Eq.1.10
2 ER 1 max 2 m 2 max q
Hence:
N
Dy =~ Limax Eq. L11
2 )Vz 1 q
The voltage V, can be calculated from flux/voltage relationship.
3
dt
Eq. .12
vy, 4o,

dt
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v,=-"2.y 0 <1< Ton Eq. L.13

During the off state, the energy stored within the magnetic circuit during the on state, is

transfer to the capacitor Coy.

dl
yo—_p %2

v
I,=1 —L—Z(Z—DT) Ton <t<T Eq.L15
2

At the end of the off state, I, decrease to minimum value Irnin.

2min IZmax

_Z_z(T—DT) Too <t<T Eq.1.16

2
Also at the and of the off state can be applied, similarly as at the end of the on state, the
conservation of the energy stored in the transformer.

In order to evaluate V| the relationships in Eq. 1.12 are used.

V,=——L.y, Ton <t<T Eq.1.17

The voltage drop on the power MOSFET, V}, is equal to Eq. I.18

V,=VW—V1=VW+%'V2 Ton <t<T Eq. .18

2

In order to obtain the relationship between input and output, the operation of the

converter has been considered in steady state. The average voltage drop in the winding

must be null. In particular, in the secondary winding, the average voltage drop V, is

considered.

— 1 N

VZZEL—VZV]DT+V2(T—DT)J:O Eq.L19
1
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It follows:
"N, 1-D ! 4=

The relationship obtained is the same of the boost converter with the addition of the
ratio N;/N,, this is due to similar principle diagram between a flyback converter and a
boost converter in which the inductor is replaced by a transformer with turns ratio N,/Nj.
The output voltage does not depend on the current output, but only by duty cycle and from
the input voltage. If one considers the converter will be ideal that the input power and the

output power will be the same, and then:

N 7
I, =="1,
Vi
Eq. 1.21
_ N _
J1= _2i.]2
N, 1-D
The value of /imin € /1max, can be calculated from the average value of /;.
_ N D _
J =2 = ] Eq.1.22
'"N, 1-D ’ d
_ DT\ -1,
I = ljfl Wdi=L[1 DT+ UM
Ty T 2
Eq.1.23

S
:D(Ilmin_'_ lmalx2 ]mmj

By substituting /jmax - Iimin With the relationship in terms of Vi, D, T, and L,(see Eq. 1.7), is

obtained:

_ V,DT
I =D It Eq.1.24
2L

1

And by substituting I; with the expression in terms of secondary current:

N, 1 ; WD

I =2

I min Nl 1-D 2 2L1f Eq 1.25
;N U WD Eq. 126
TN 1-D 2L f 4%
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Using the transformation rapport, the omin € omax €Xpression is calculated.

1 - N, V\.D
Lyin =71, ——
1-D N, 2L, f
Eq. 1.27
- N, V.D
IZmax ZLIZ +_11—
1-D N, 2L f

In discontinuous mode of operation, the energy required by the load is sufficiently
low and can be transferred in a time lesser than the switching period. In this case, the
magnetic flux in the transformer is zero for part of the period. The only difference with the
principle described above is that the energy stored in the magnetic circuit is zero at the
beginning of the cycle. Although small, the difference between the two modes has a strong
impact on the relationship of the output voltage. In discontinuous mode, the difference than

the previous relationship is that /; i, is null in conduction phase of the transistor:

v
[ =21y Eq. 1.28
1 Ll
1, =22t Eq. 1.29
1 max Ll q .
N N, V,DT
Dy = L = Eq. 1.30
’ N2 1 N2 Ll
It follows:
N
V,=—=2V, Eq. 131
2 Nl 1

In the off state, the energy stored in the last cycle is transfer to the output capacitor.

1,=1

2 max

_Z_z(;_DT) Ton <t<T Eq. 132

2
In off state, the I, vanishes after a time 0T, that is the reset time.

.
s — 70T =0 Eq. 1.33
L2

1

by substituting the I with Eq. 1.30, it follows:

Page | 129



I Appendix. The Flyback Converter

6=———0D Eq.1.34

By substituting L; and L, with their respective relationships in terms of reluctance

R of the magnetic circuit and the number of turns of the windings of the transformer, is

obtained:
V., N

S=—2"2D Eq. 1.35
V2 Nl q

The load current Io is equal to the average current through the diode, I,. The current
through the diode is equal to that of the secondary in off state. Therefore the current

through the diode can be written as follows:

_ I
=], =2 s Eq.1.36

1 DIODE 2

By substituting I, and 6 with the respectively relationship, is obtained:

N WDT Vi Ny o _ V:D’T

1 =_1 Eq. 1.37
DODE N OL VW, N, 2LV, 1
The voltage gain of the output can be write as:
v, VDT
— = Eq. 1.38
I/l 2l’l [DIODE

Regarding the operation mode at the border between continuous and discontinuous
(transition mode), the border is reached when the current in the inductor became zero as

soon before the switching of the transistor.

DT+6Tr =T
Eq.1.39
D+6=1
In this case the output current limit, Lyjim, is provided by equation:
T IZmax
Dy =15 = 2 (I_D) Eq. 1.40

By substituting the Iom.x With the relationship in discontinuous mode:
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N, VDT
. =——(1-D Eq. 141
21lim N2 2L1 ( ) q

At the border between the two conduction mode, the output voltage follows the
expressions of the two modes. The relationship of the continuous mode has been used.
_N D Eq. 1.42
N, 1-D a4

NS

The output current can be written as follow.

DT DT
2lim M ADEN K BDTH ), Eq. 1.43
N, 2L, N, V, 2L, V,

The following annotations are used: |V2| = % that is the voltage gain of the converter, and:
1
]2
N TV
N2 Ll

N, TV,

1| = where the term: is the maximum current that can be reach

2L1

theoretically over a cycle (D = 1). In steady state |I;| = 0 when the output current is zero,
and |I,| =1 when the output current is maximum.

Using these notations is obtained:

1. In continuous mode:

N, D
Vy|=—2—— Eq. 144
Pl N, 1-D 4

2. In discontinuous mode:

N, D’
N, 2|1,

V2| = Eq. 1.45

3. The current limit in transition mode, between continuous and discontinuous mode:

N, \T 1,
21lim N2 2Ll ( ) 2|]2| ( ) Eq I46
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The border between two regions is described by the following relationship:

1
— Dp(1-D)=1
2|]2|( )

N
The curve has been drawn for —= =1.

1

Eq. 1.47

i

14

Transition mode

4

Conbinuous mode

s Curve D=0, 3
w—Crve D=0.5
e (20, 8

lirit dtransibbon mods)

Discontimuous mode

o 0,05 0.1 015
[z

Figure 1.4: output voltage normalized [V,| vs. output current normalized |I|

C.

Waveform of the voltage drop on the power switching device

The flyback schematic and the clamp network that are shown in Figure 1.5 have been

analyzed [34]. Also in the figure, is shown the qualitative waveform of the voltage that

must be blocked from the power switch during the turn off.

At the end of on time, the current on the switch has reached the maximum value,

and both the magnetization inductance and the leakage inductance have accumulated

energy. As soon as the switch is switched off by the control signal, the magnetization

inductance reverses the voltage, and this value is blocked to Vj that is the output voltage

mirrored in the primary. The leakage inductance instead generates an extra voltage that

without the presence of the clamp network would reach a very high value, limited only by

the parasitic resistance of the circuit. As a result of these consider the waveform in Figure
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1.5 can be described as follows: at the beginning of the off time, the voltage applied on the

device is Vin + Va + Vpike plus a small overvoltage due to the clamp diode.

After the phase to turn on of the clamp diode, the voltage is blocked at the value:

Vin+ Vit Vpike.

E_

s rwidch

Figure 1.5 Voltage drop in the power transistor

The voltage on the device, after to be blocked by the clamp network, begin to
oscillate about the value V5. These oscillations are caused by the leakage inductance that
resonates with the equivalent capacitance of the drain node, due to the parasitic capacitance
of the transformer and the device, and have an amplitude value of Vyike. As soon as the
magnetization inductance is fully demagnetized, begin the second oscillations around V,
with amplitude Vg, which this time is due to the equivalent capacitance that resonates with
the inductance of magnetization. As can see in the figure, this one has frequency smaller

do to greater value of the magnetization inductor than leakage inductor.
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