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Abstract

This Thesis examines the operation and dynamiopeence of a single-stage, single-
switch power factor correctorBFC, with an integrated magnetic device, IM. Alstailed is
the development and analysis of a high power leghttting diode, HP LED, power factor
correction converter and proposed voltage reguidiend control approach.

The SPFC consists of a cascaded discontinuous curredeMCM, boost stage and
a continuous current mode, CCM, forward converfdgre SPFC achieves a high power
factor, low input current harmonics and a regulatedtage output, utilising a single
MOSFET. A steady-state analysis of th#BC with the IM is performed, identifying the
operating boundary conditions for the DCM powertdaccorrection stage and the CCM
output voltage regulation stage. Integrated magreialysis focuses on understanding the
performance, operation and generated flux pathsimihe IM core, ensuring the device does
not affect the normal operation of the convertew@ostage. A design method for th&PSC
with IM component is developed along with a cosdlgsis of this approach. Analysis predicts
the performance of the’BFC and the IM, and the theoretical work is vatdaby MATLAB

and SABER simulations and measurements of a 180d{dtype converter.

It is not only the development of new topologicglpeoaches that drives the
advancement of power electronic techniques. Thenteemergence of HP LEDs has led to a
flurry of new application areas for these devig®DCM buck-boost converter performs the
power factor correction and energy storage, aresaaded boundary conduction current mode
buck converter regulates the current through th® lafrays. To match the useful operating
lifetime of the HP LEDSs, electrolytic capacitorsearot used in the PFC converter. Analysis
examines the operation and dynamic characterisfi@gs PFC converter with low capacitive
energy storage capacity and its implications ondbwetrol method. A modified regulation
band control approach is proposed to ensure agogler factor, low input current harmonics
and output voltage regulation of the PFC stage.llSsignal analysis describes the dynamic
performance of the PFC converter, Circle Criterisrused to determine the loop stability.
Theoretical work is validated by SABER and MATLABmlations and measurements of a
180 W prototype street luminaire.
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MOSFET input capacitance F
MOSFET reverse transfer F
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Diode Voltage

Peak diode Voltage
MOSFET gate voltage

Peak MOSFET gate voltage

Effective core volume

Diode forward voltage drop
Output voltage

Current error amplifier voltage
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Arbitrary coefficient
Arbitrary coefficient
Arbitrary coefficient
Output impedance

Dielectric constant
PFC stage efficiency

Current regulator efficiency

Resistivity
Effective permeability

Initial permeability
Core factor
Transformer flux

Inductor flux
Integrated magnetic

Phase angle
Pole at the origin

Pole
Zero

Alternating current

Accumulation field effect transistor

Axial insert

Boundary conduction mode
Boost integrated buck rectifier
energy DC/DC converter

Boost integrated flyback rectifier

energy DC/DC converter
Continuous current mode

Critical current conduction mode
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Direct current

DCM Discontinuous current mode
DMOSFET Double diffusion MOSFET
EMC Electromagnetic interference
ESR Equivalent series resistance
ESL Equivalent series inductance
EXFET Extended trench field effect
transistor
GaAs Gallium arsenide
GaN Gallium nitride
HID High intensity discharge -
HP LED High power light emitting diode -
HPFC High power factor correctors -
HPS High pressure sodium -
IGBT Integrated gate bipolar transistor -
IM Integrated magnetic -
InGaN Indium gallium nitride -
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JFET Junction field effect transistor -
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LISN Line impedance stabilization network
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MOSFET Metal oxide field effect transistor -
OPTO Optocoupler -
PCB Printed circuit board -
Pl Proportional integrator -
PF Power factor -
PQ Power quality -
PWM Pulse width modulation -
RFI Radio frequency interference -
SBD Schottky barrier diode -
Si Silicon -
S'PFC Single-stage single-switch power -
factor corrector
SSPFC Single-stage power factor correction -
SiC Silicon carbide -
THD Total harmonic distortion -
UMOSFET U-trench vertical MOSFET -
uv Ultra violet -
VCD Variable centre distance -
YAG Yttrium aluminum garnet -
ZCS Zero current switching -
ZNS Zero voltage switching -
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1 Advanced High Frequency Power Supply
Techniques

1.1 Introduction

The proliferation of low power single-phase maiosmected devices, has led to them
becoming ubiquitous and a necessity for moderntreleic equipment. These power supplies
have become compact, reliable, robust, relativegxpensive and are now incorporated into
innumerable application areas. This has been madsilje by the constant development of
design techniques, modelling approaches and thegemee of new components. Power
electronics engineers are under constant presswa@opt new approaches to reduce converter
component count, increase efficiency, reduce ciostease converter power density and
develop new applications. Two particular areasntérest in this thesis are; advanced power
factor correction techniques and the recent emergehhigh power light emitting diodes.

There is an ever present concern amongst utiligraiprs regarding the magnitude of
harmonic currents being drawn from the supply,lthepower factor and the effect these have
on voltage waveforms and power systems apparafusAfL a consequence, international
legislation enforces power factor and harmonic enirtimits on equipment connected to the
mains supplies. Table 1-1 shows an example of tveb slasses of harmonic limits. Class C ,
lighting equipment, limits of this standard are mostringent than Class D, domestic
appliances consuming less than 600 W, as the sdw@mnubnic is bounded. Generally only the

odd harmonics are considered.

The non-linear effects of mains connected powestedaic loads produces currents in
the mains supply which are not only at the fundamalefrequency but at corresponding
harmonics. These harmonic currents interact wiéhsipply impedance causing distortion of

the AC voltage waveform.

Power factor correction techniques have been widetpognized and successfully
applied to electronic power converters in varioussgs in order to achieve a high power
factor and low input harmonic currents [2-9]. Pasgpower factor correction is the simplest

and most reliable way of correcting the non-lingaof a load. The use of linear inductors or
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capacitors works very well with simple un-distortlehds, where the undesirable reactive
component can be taken out with the addition oféQut opposite reactive components [10].
Furthermore, the passive approach itself does anemte any additional EMC noise [11].

Passive PFC approaches are either AC side solutroD€, post rectifier, approaches.

Despite its simplicity, this approach has the disediage of generating a pulsed AC
line current drawn from the distribution networksulting in low rectifier efficiency and a less
than ideal power factor [12]. This method is geltgrased for inexpensive and low-power

electronic systems.

Table 1-1Harmonic limits for; (a) Class C Equipment, (b) &d® Equipment [13]

(@) (b)

Harmonic Order Maximum Harmonic Maximum Maximum
permissible Order permissible | permissible
harmonic current harmonic harmonic
expressed as a current per current
percentage of the Watt
input current at
n the fundamental n mA/W A
frequency
2 2 3 3.4 2.3
3 30[PF" 5 1.9 1.14
5 10 7 1.0 0.77
7 7 9 0.5 0.40
9 5 11 0.35 0.20
11<n<39 3 13<n<39 3.85/n See Table 1
(odd harmonics (odd
only) harmonics
only)

* PF’ s the circuit power factor

As opposed to passively wave-shaping the inputeatirpower electronic equipment
can be implemented to actively shape the inputeciirt ; to be sinusoidal and in phase with
the input voltagey,. In principle if there is zero displacement betwde andV, a purely

resistive load can be calculated, and the condition unity power factor can be satisfied.
There is a vast array of literature dedicated to-isolated active power factor correction.
However it can be broadly classified as fallingoitite following topologies: boost, buck and
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buck-boost converter rectifiers. All three operaia the principle of processing the

accumulated energy in an inductor, during the tshmis on-time, T,

on’

and transferring the

energy to the output capacitor, during the traosisff-time, T, .

These high output power, low output voltage corersriare known as Power Factor
Correctors, PFC, and require a relatively larggoutapacitance if the filtering of the second
harmonic power pulsation is performed at the outgfuhe PFC converter stage. The output
voltage of these active PFCs are generally not asuitable voltage for many practical
applications, and require a further power stagaeet the load requirements. This implies that
the power is processed twice: first by an inputextrshaping circuit, which also performs the
low frequency storage, and a second circuit to goerfthe output voltage conversion,

regulation and, optionally, provide galvanic isa@atbetween the line and the output.

Figure 1-1 shows a simplified block diagram of aput rectifier, an active power
factor corrector and a cascaded voltage regulatis approach achieves a very high power
factor, provides energy storage, galvanic isolatind accurate output regulation. Each power
stage operates independently of one another threagh of their respective control circuits.
The PFC controller ensures a near unity power faatal the DC/DC controller ensures

regulation and guarantees the required outputigahsesponse.

E 1c|, | bcoe
v, PFC "~ |Converter I Vo

T T

Control Control

Figure 1-1 Conventional two-stage power factor correction kld@agram

However, with the ever-increasing demand on thdgdeengineer to improve the
power density of the converter whilst reducing tiost, one is forced to investigate various
methods to electrically integrate the circuits, éample the recent interest in Single-Stage
Power Factor Correction, SSPFC. This concept coesbthe PFC stage and the secondary
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voltage regulator stage into a single-stage, Figufe The apparent benefit is there is now
only one power stage, that the conversion of pasvenore efficient and there is a significant
reduction in component count [14]. A large numbesiogle-stage power factor correctors
have been proposed in recent years and are deiailtbe literature survey in Section 1.2.4.
Despite the number of single-stage topologiesiaae been proposed, the cost —performance

benefits of the approach are not fully understood.

| PFC

V & I vV
) DC/DC °
Converter

Control

Figure 1-2 Proposed Single-Stage Power Factor Corrector

Another example of system integration is the dgwelent of Integrated Magnetic, IM,
components [15-18]. There are broadly two clasdemagnetic component used in high

frequency power converters.

An inductor is a device primarily used for enerdgrage during a switching cycle. It
generally has an air gap within the core to preven¢ saturation and to store the energy. The

power entering is not the same as the power leahiegore at any given moment.

A transformer performs instantaneous power trandfelike the inductor, the power
entering the device is the same as that leavingleogng any parasitic losses. Transformers
are used for voltage and current scaling, galvesalation and on occasions, provide multiple

outputs from a single source.

The IM approach involves the amalgamation of mldtimagnetic components onto a
single magnetic core. The implementation of thiprapch may give rise to the reduction of

the size and cost of a power electronic converié&-Z1]. Winding multiple magnetic
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components onto a single core is not difficult, kger the analysis, understanding and design,

of such devices is complex.

The concept of integrating various magnetic comptsento a single core is not a recent
proposal as seen in [22-26]. An IM appears in nemerguises such as coupled inductors,
which can exploit the phenomenon of current ripgieering [27] and ripple cancellation [28],
or integrated transformers, that is two or morexgfarmers on a single core, and finally
integrated magnetics, the implementation of anctida component and a transformer on the
same core. The motivations for such approachesoareduce the overall circuit component
count, cost and to take advantage of any inherendtionality that arises with these methods
[21].

It is not only the emergence of new design techesgand methods that is driving the
development of power converter topologies, but g&emergence of new applications such
as high power light emitting diodes, HP LEDs, [ZBhe key characteristics of HP LEDs are;
excellent reliability, instant turn on, dimmabiljityppng life, approximately 50,000 hours, good
colour and temperature rendering. Their efficacytyipically 100 Im/W in 2010, with

manufacturers indicating that this value will imped30].

The drive towards ever more powerful and adaptajsé,efficient, street luminaire
systems is forcing the lighting industry to adoptwntechnologies. The most common street
lighting systems today utilise high intensity diaoee lamps, often Low Pressure Sodium,
LPS. These lamps currently provide the highestcaptutput per unit of electrical input, 200
Im/W [31]. However, the amber colour of light tHa®S lamps emit is not the most conducive
for night lighting and white light has been showrbe the most beneficial in terms of obstacle
perception, security and driver’s reaction time, [&3]. High Intensity Discharge, HID, lamps
that emit white light are usually metal halide amave an efficiency of around 90 Im/W.
However, these lamps take a number of minutes dohredeal operating temperature and
maximum efficiency, are not easily dimmable andehavmaximum useful operating life time
of 12,000 hours [31]. Street lamps in Europe culyelburn on average for 4000 hours per
year. This equates, for a typical city of 18000 pameach consuming approximately 150 W,

to an electricity consumption of 11 GWh per annum.
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Unlike conventional power or signal diodes, HP LEDannot be subjected to
significant reverse voltage, 3V is typically thenit without irreversible damage occurring
[34]. The simple option of connecting anti-parallélD strings to the mains through current
limiting impedances is not advisable since a sel@®@Hz optical flicker can occur, causing
stroboscopic effects [35]. Stroboscopic effects argerious issue for the lighting industry,
since migraines and epileptic fits have been atted to this phenomenon [36]. Optical
illusions can occur, as rotating machinery subyetyi appears to be stationary or apparently
moving in an opposite direction, due to temporglsihg [37, 38]. Additionally, closed-circuit
television, CCTV, equipment can be affected if teitesh rate is not synchronised correctly,

thereby corrupting the recorded image.

There are a number of commercially available songifor driving high power LEDSs.
They broadly fall into the following categorieswgpower, <10 W indication lighting and
illumination, medium power 20 W, halogen and spotlight replacements or indigbiting,
and finally high power 40-80 W, outdoor illuminati@nd architectural lighting. To achieve
the luminance level of a street light, typically,Q@0 lumens, using HP LEDs requires a power
supply that can deliver 180 W.

The requirements of this power supply would notydm to regulate the power to the
HP LEDs, limit line harmonic currents and minimis¢al harmonic distortion, but achieve a
long operational lifetime, comparable to the lifie#i of the HP LEDs themselves. Therefore a
string of LEDs supplied from the mains must be @mted via an AC/DC converter regulator,
to protect them from reverse voltage and mainsageltsurges, a power factor corrector stage

and a current regulating stage.

The light output from an HP LED is directly progortal to the device’'s forward
current [39]. To ensure good control of light outpnd equal current through each LED, it is
desirable to have the LEDs connected in a senggystind to control the current through the

string so that it is constant despite mains vol@wnges, see Figure 1-3.
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Figure 1-3LED PSU block diagram

To achieve a long operational lifetime and ovemstem robustness, the PFC
converter and current regulator must be able toatpdor 50,000 hours. Typically, the life
limiting factor for a switched mode power supplythe electrolytic capacitor that is used for
voltage ripple limiting and energy storage. Theseicks degrade rapidly compared to HP
LEDs, having a typical operating life of 7,000 h®(40], and are not suited for applications
which are exposed to large ambient temperaturatuans, -40C to +40°C, to which street
lighting is subjected [41, 42]. However, insideuaninaire the upper temperature may reach 85
°C or more. There are electrolytic capacitors withger lifetimes, 60,000 hours [43], however
these are large and expensive. For an extendespaifieand low cost for the regulator, this

component is not suitable.

Alternative capacitor technologies such as ceraminetallised film are more suitable
in terms of operational lifetime, [44] but they dot have the same charge storage capacity as
an electrolytic device. In order to achieve a n§80 W HP LED driver, the power factor
correction stage must limit line harmonic currentsnimise total harmonic distortion, all
without the use of an electrolytic capacitor, whpsoviding sufficient energy storage during
the twice per cycle voltage zeros. Further, theiglation of the electrolytic storage capacitor
not only impacts upon the power quality but mayoaissult in additional demands on the

control system performance.

By addressing these issues, the inherent capabiliif HP LED lighting can be
exploited to provide benefits such as reactivetiigh (dimmability), increased lumens per

watt, and identification of luminaire failure/perfoance through intelligent communication.
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Considering that street lighting authorities ardigdal to pay a tariff for low power factor,
ideally the fundamental component of the currerdusth be in phase with the voltage to
minimise cost. These techniques can all help redlieecurrent yearly carbon emissions of

street luminaires.

1.2 Literature Review

The objectives of this section are to review tlsiés detailed in Section 1.1 and how
current techniques and topologies can be implerdemte address them. Power factor
correction techniques are reviewed along with nesedéeing conducted to develop single-
stage power factor correctors. Integrated magnetiethods are explored to see how this
approach can further enhance a power topology. Viewe of control approaches and
requirements is detailed for topologies operatirsg p@wer factor correctors or voltage
regulators. The characteristics of HP LEDs are essed along with the operational
requirements and key issues of the HP LED driverally a discussion of modern power

electronic devices is conducted.

1.2.1 Power Factor Correction Techniques

A review of passive and active power converter kogies approaches follows. These
circuits ensure a high PF and limited line currdeatmonics. The review is not an exhaustive
list of topologies, but serves to provide a faid @aepresentative selection.

As introductory texts to this subject, five partanupublications highlight the general
aspects and themes of the fundamental principleposfer factor correction and power
conversion techniques [8, 10, 45-47]. These reteerdiscuss the fundamental theory and
analyses of power factor correction methods, andarticular highlight the two main
approaches utilised when limiting unwanted harmanicents and poor power factor. These
solutions fall into two general categories; pasgeaver factor correction and active power

factor correction.

1.2.2 Passive Power Factor Correction

Passive power factor correction is the simplestraodt reliable way of improving the
power factor of a load. Passive PFC approachedearategorised as either AC side or DC,

post rectifier, approaches.
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The less common approach of AC side PFC is an lt€ iin series with the mains
input. Figure 1-4 (a) shows this arrangement, tiseodion in the line current is reduced by
adding a large inductance. However, the outputagelf power and power factor will be
reduced, due to the added series impedance. Fipdrgb, c) shows resonant pass and

resonant trap circuits that are sensitive to bgfjidency and load [48].

O
(a) | L
A R or ]
I |l ' i :
Vsé ! C——i | C=—/—! R I V.,
£ 5|

—_—— e ——— =

Figure 1-4 Passive power factor correction (a) AC side LC fil{gp) Parallel resonant PFC, (c) series
resonant PFC, (d) DC side LC filter

The parallel resonant tank filter presents an itdimmpedance to the third harmonic
input current, resulting in a lower value of ingagak current. An alternative approach is the
series resonant filter that is designed to be r@sbat the mains frequency. The quality factor,
Q, is high in this method and the impedance ofciheuit is high at frequencies far from the
mains frequency, so that only mains frequency asrenay pass, resulting in a near unity
power factor. The most common passive approachdssible PFC, after the AC rectifier
diodes, Figure 1-4 (d). The maximum output poweindependent on the inductance value,

but the distortion cannot be reduced below 48%.[11]

Other passive PFC approaches, such as the Valleggproach [49], rely on the use
of additional diodes and capacitors to change ffecteve circuit at various stages of the
charge and discharge cycle. This topology is nattkt passive, as there is no LC filter, but it

can be considered such as due to the passive swgtattion of the additional diodes.
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The passive PFC approach can be further adoptettaoporate other functions such
as integrated EMC control. The power electronicicks utilised in a power switching
systems inherently produce electromagnetic intenieg, which can be transmitted by:
radiation and conduction. To attenuate these uretdaeftfects, the topology presented in [50]

attempts to integrate the functionality of a pas$WC and an EMC filter as one stage.

1.2.3 Active Power Factor Correction

The more common approach to perform PFC is to elgtishape the input curreni,,
to be as near sinusoidal and in phase with thetiapltage,V,, as possible. In principle, if
there is zero displacement betweknand V,, and the current is sinusoidal, then a purely

resistive load is emulated, the conditions forypibwer factor are satisfied.

The boost converter can be considered to be the Inassc topology in use for active
power factor correction and is also the most comyaemplemented. The fundamental
operation of this configuration as a power factorrector is detailed in [10, 45, 46]. The
converter can operate in Continuous or Discontisudurrent Mode, CCM / DCM
respectively. A CCM boost PFC converter can easdlgieve unity power factor, however
there is a requirement for a large value of indycto, to maintain CCM in all operating

conditions, and a relatively complex control citcgee Section 1.2.5.

Operating in DCM however, can eliminate the needaf@eomplex control circuit and
reduce the size of the inductor [51]. Control circsimplification is due to the inherent
characterisitcs of the DCM. By analysing the inputrent in the discontinuous mode, the
average current across a switching cycle is apprataly proportional to the input voltage.
Therefore if the duty ratio is constant throughaudine cycle, the circuit has a constant input
resistance characteristic, the input current tloeeetends to track the variations in input
voltage [52]. Moreover, since the inductor currisrzero before the start of the next switching
cycle power loss is reduced, particularly diodeerse recovery loss, due to zero current

switching, ZCS. This is the case for all active Rié@verter topologies operating in DCM.

The boost PFC has the merits of high power conwersifficiency and low total

harmonic distortion, THD, but it generates a high€r voltage at its outpu¥/,., compared to

the input voltagey. This is an advantage since it allows the inputesu to be shaped over
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virtually the full utility line cycle. Some applitans however may require a low¥f,., in

which case the boost topology alone would be uablgt

Another conventional topology suitable for PFCthe buck converter [45, 53]. Like
the boost topology, the buck converter is a higdficient converter when operating in CCM.
But other attributes are its ability to limit infusurrents, prevent short circuit conditions
between line and output and obtain a lower DC dutmitage with respect to its input.
However to achieve CCM and low output current mpfnds to require a physically large
inductor, often leading the buck converter to bemdssed as a PFC converter. Finally, the
buck converter, like the boost has the ability pem@te in DCM.

In the buck-boost converter, the output voltage lbarhigher or lower than the input
voltage [45, 47], albeit inverted. In universal in@FC applications, this ability to both step-

up and step-downV,., is a major attraction. Cascading a boost convartd a further down-

stream buck converter can achieve the same outdmumat a cost of a lower efficiency as the
power is processed twice. The buck-boost also imaitas attributes to the buck converter, as
it has the ability to limit inrush current and peew against over current conditions during
short circuits. Finally, like the previous convest¢he buck-boost has the ability to operate in
either CCM or DCM.

However the quality of the input current waveformdahe ability to perform PFC
differs greatly between the circuits [5]. Figure51shows the input current-voltage
characteristics for a discontinuous current modesboonverter. It can be noted, that as long

as the output voltage/,., is larger than the peak of the line voltalgf’g, then the correlation

of Vs and | is near linear. The non-linearity is due to thé fime, OT_, of the inductor

sw?

current to zero, which varies over a input lineleydhe effects of the non-linearity can be

reduced by increasing,. with respect td?s, which diminishesdT, [5, 54].
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Figure 1-5DCM boost converter input I-V characteristics

Unlike the boost converter, the buck-boost inducternot always electrically
connected to the line supply, therefore the fatietiof the inductordT,,, is not seen by the
line input. The average input current of this catereis seen in Figure 1-6. It shows a linear

relationship between &nd \.. This in turn forces the to be sinusoidal and in phase with V
and with a near unity power factor.

Y
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 t
Figure 1-6 DCM Buck-boost input |-V characteristic

Automatic input current wave shaping is not withasitissues, as the DCM inductor is

relatively small and the power semiconductor deviase subject to larger switching current
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and voltage stresses, which can limit the powesudihput. Techniques such as interleaving is

one approach to increasing this power limit [55, 56

As well as limiting the input current harmonics a@dsuring a low total harmonic
distortion of the line current, the PFC stage gisavides a means of energy storage [57]. The
power flow into the energy storage capacitor, Cligure 1-7, is not constant, but is a sine
wave at twice the line frequency, since the poweahe instantaneous product of the rectified
line voltage, Ve, and current, 4. The output capacitor stores energy when the atesol

instantaneous value of; is higher thariv,. and releases the energy when the instantaneous
value ofV is lower thanV,., in order to maintain a constant power flow. Tihosv of energy

in and out of C, results in\4,.. ripple voltage at the"® harmonic.

Figure 1-7 Energy storage performed by PFC capacitor

1.2.4 Single-Phase Single-Stage Power Factor Correction

The approaches discussed in the previous sectaate rto achieving the harmonic

specifications shown in [1], high power factor asgtond harmonic energy storage. However,
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most practical applications require a further caamm of this intermediate voltage. A second
converter stage is often used for fast dynamicleggun of output voltage, used to step up or
down the voltage, and to limit voltage or curreipple to desired requirements. The most
common approach is to cascade a second switchin®@©Converter to regulate the output
voltage and current ripple as seen in Figure 14.these two power stages are controlled
separately, optimisation of the two power convettén terms of high power factor and fast
output voltage regulation, is possible. Howevee, tiwo-stage approach has the disadvantage
of increased cost and physical size due to the ocoemt count and the two control circuits
[58]. The block diagram also implies that the powgeprocessed twice, reducing the overall

efficiency.

The single-stage approach for addressing poweorfactrection is depicted in Figure
1-2. It can be seen, the major advantage of thibiodes not only the power being apparently
processed once but, more significantly, only onatrad block is required reducing the

component compared with the two-stage approach.

A large number of single-stage PFC circuits havenbgroposed in recent years, and
this section aims to present a representative guilee concept of single-stage power factor
correction converters dates back to [59]. The cdrvepresented is a single phase offline
converter providing independently controlled dualputs, but has the disadvantages of a high
component count. It suffers wide switching frequerariations and high voltage stresses. It

nevertheless integrates a PFC converter with aadascDC/DC converter.

Many single-stage PFC converters are a cascadeticaton of an input current
shaper converter and a DC/DC converter. In someette¥gy storage is in series with the
power flow, and in others the energy storage airallel with the power flow [60].

A common example of a series type single stage pdaator corrector is the boost
integrated buck rectifier energy DC/DC convertelBBED, and the boost integrated flyback
rectifier energy DC/DC converter, BIFRED, proposed6l, 62] and in Figure 1-8. These
converters are purely a cascaded connection ofoatkmmnverter performing the role of the
input current shaper, and either a buck or flybackverter performing the role of output

voltage regulation.
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Despite their apparent simplicity in design, and tieed for only one control loop, a
common operational failing with these convertershis DC bus voltage level, across, @t
high line voltage and low load conditions, which kega these converters, if unmodified,

unpractical to implement.
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Figure 1-8(a) BIFRED single-stage PFC, (b) BIBRED single-st&d-C

Numerous suggestions have been proposed to addhississue, in [63], a voltage
feedback concept is described to suppress thevoiggige at light load conditions. In the case
of the BIFRED, an additional transformer windingadded in series with the discontinuous

current mode, DCM, boost inductor.
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Figure 1-9BIFRED with series voltage feedback winding
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This extra winding, N in Figure 1-9, feeds back the intermediate butagel when the
boost inductor is energised, and as a consequdrcenput power can automatically be
reduced, whilst maintaining the peak bus voltagthiwia satisfactory range. Based on this
technique, the authors have derived several neglesgsitage PFCs based on a DCM boost
converter. Despite the reduced bus voltage, thetioprrent waveform is degraded due to the

inductor current dead region caused by the additifteedback windings.

Other methods proposed to reduce the high voltageses are presented in [62, 64],
are to modulate the switching frequency. The DCiagd transfer function of the CCM
DC/DC converter depends only on the duty cycleegutate the output voltage, and the DC
voltage transfer function of the DCM input curresitaper cell depends singularly on the
switching frequency. It is therefore now possilidg, varying the switching frequency, the
intermediate bus voltage can be regulated withffeteng the converter output. The penalty
of such an approach is that often a large frequearege is required which makes it difficult to

optimise wound components.

Alternative single stage PFC converter topologies @etailed in [54]. Similar to
earlier converters, this approach is a cascadevofalready existing converters, a boost and
forward converter. Figure 1-10 shows there are mww primary windings connected with
separate bulk energy storage capacitors in seiibste isolation transformer of the DC/DC
stage. This arrangement implements a series cliprgen the switch is on, and a parallel
discharging of the capacitors when the power semdigotor is turned off. The results of these
actions effectively introduce a ‘two-to-one’ volaglivision on the original single storage
capacitor. Analysis by [65], shows that the busac#pr voltage can be maintained within 250
V of the peak line voltage, therefore enablingdaldeption of low voltage components.
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Figure 1-10Cascaded single-stage PFC with two switch DC/DGreder

Besides the topological manipulation of the comrbonst and buck type approaches
to series type power factor correction, the Cuk &agic converters have also been adapted to

operate as a single stage power factor corred6r68].

The power imbalance and high bus voltage causettidogombination of DCM input
current shapers and CCM DC/DC converters is adeldess [68]. A new family of single-
stage, single switch PFC converters is introdutiest, again cascade a boost type input stage
and buck type DC/DC converter. However in the togms presented, the energy storage
capacitor is in parallel with the power flow, @ Figure 1-11. Furthermore the concept of
similar current conduction operation modes for bsttges, to limit peak voltages across the
capacitor and power semiconductor componentsiigdated. In [68] it is suggested that both
stages should be operating in discontinuous cumesde in order to limit stresses at light
load. In this state of operation, over the entwadl range the DC bus voltage becomes
independent of the load. What's more, the princgale be applied to other modes, continuous

conduction mode for both stages [58].
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Figure 1-11Parallel capacitor in single-stage PFC BIFRED

Using the DCM approach for both stages is likelyasult in lower efficiency because
of the higher conduction losses, and the common G@poach generally has a lower power

factor and a high distorted input current waveform.

Development and optimisation of this family of ceners is conducted in [69-72]. In
[73], it is proposed that to limit the maximum \age, then the converters should be operated
in boundary current conduction mode, BCM. In thiates the converters would be able to
adjust the operating mode according to the loadlitions. It is found that the full load range
can be divided into the three modes of operatiocdM) CCM and BCM, determined by the
output condition.

Another parallel variation is proposed in [74], $@gure 1-12, again with the intention
of reducing the stresses that occur in the singlgesapproach. The converter is formed by
integrating a boost PFC with a two-switch clampégbdck converter. This topology
simultaneously provides good output regulation arfdgh power factor. The current stresses
in the two power switches are invariably lower tlihose of the single-stage, single-switch
approaches detailed earlier. Also a high PF iseseldl due to the absence of ‘dead banding’ of

the input current at the input voltage zero cragsin
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The disadvantage of the parallel is the high corepbrcount, in which the multiple
semiconductor devices share the high voltage angmustresses. Also the control strategy

requires two loops to synchronise the switching ponents.

Recently, resonant converters have been proposesirfigle-stage PFC, [75-79]. To
date the single stage PFC topologies presentedbeerelimited to a power range of <300 W,

for the reason that the topologies become too cexnpt the stresses become too great for

Figure 1-12Single stage PFC converter prososed in [74]

semiconductor devices.
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The proposed converters comprise a series-patadl@lthree level resonant converter,
see Figure 1-13. This approach provides the oppibytio operate at much higher power
levels with the addition of lower voltage stressBse topologies integrate the operation of a
boost converter for current shapers, and a threel [eELC resonant converter. Despite
achieving an efficiency of upwards of 90 % at a powf 2.3 kW, the system again requires
two control loops. The output voltage is regulabgdhe switching frequency of the resonant
stage, and the DC bus is controlled by the dutyecgtthe current shaper, which maintains a

near unity power factor.

1.2.5 Power Factor Correction Regulation Control Strategies.

Continuous current mode operation often uses aldop-control strategy such as

average or peak current-mode control. The outetagel loop sense¥,. and delivers a

control signal to the inner current loop which énsing the inductor current,, land actively

wave shaping the currenttd be sinusoidal and in phase with the input liokage \4[80].

Peak current-mode control operates by comparingptigtive current slope of the
inductor with a predetermined reference level sgttiie outer voltage loop. When the
instantaneous inductor current reaches the referéawel, the power switch is turned off.
Despite this approach being relatively simple tplement there are a number of issues. This
method is susceptible to jitter noise on the semsedctor current [81]. Above transistor duty
cycles of 50 %, inherent instabilities create saltonic oscillations regardless of the
switching topology. This can be compensated fothieyaddition of a ramp to either the sensed
inductor current or the current reference signadwklver, at duty cycles near 90%, slope
compensation results in a significant deviationweenn the ideal reference and the actual
inductor current which may cause increased distorif k [82].

Average current mode control, unlike peak curreodencontrol, has an additional
compensator [45]. The action of the current conliwop forces the input current to match a
reference signal. The amplified current error impared to a saw tooth waveform generated
by an external oscillator, to generate the PWM vi@wve. The gain bandwidth of the current
amplifier can be tailored for optimum performandéowing the current to track a near
sinusoidal waveform with a high degree of accurdtys is claimed to result in a power stage

with excellent noise immunity and no requirementd$lmpe compensation. The voltage loop
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however must have a relatively narrow bandwidtmgared to the current loop, otherwise the
second harmonic output voltage ripple would resulk modulation of the input curreng, to
keep the output voltage constant, therefore disgpit[46].

Hysteretic control presented in [83], is anotherthod for regulating ¥Wc whilst
performing power factor correction. For a convedperating in CCM with a two loop control
system, the switch turns on when the inductor curfalls below a predetermined minimum
level, and turns off again when the current goesvalan upper limit, resulting in variable
frequency operation. This control approach doee liae advantage that a compensation ramp
is not required, however the method is susceptleise due to the switching edges, also the
variable switching frequency makes magnetic dedifficult to optimise [84], and finally, the
inductor current, ), has to be sensed by some means.

An extension of hysteretic control is critical emt mode control [85]. The inductor
current is allowed to fall to zero, at which poihe switch is turned on until a predetermined
upper current level is reached. This approach allthe freewheeling diode to recover ‘softly’
as there is no recovery loss. Yet due to the n€ividperation the peak current levels tend to

be higher resulting in higher conduction losses.

In PWM control methods for converter topologies rapi@g in DCM, the internal
current control loop can be eliminated, due to @abématic input current wave-shaping of
discontinuous mode converter, Section 1.2.3. THage mode control approach is presented
in [45]. Apart from the obvious advantages of agified control loop, and no current sensing
components, this method uses a constant switcheggéncy, allowing for simple design of
magnetic devices and EMC filtering. However, thewt components are subject to higher

peak current levels than a continuous conductimwveder.

The second harmonic output voltage ripple in a B&@&erter the limits the achievable
dynamic response of the voltage control loop. Toidvoop instability, the voltage control
loop of all approaches mentioned previously, masteha unity gain cross ovef,, below the
line frequency. It is for this reason, that PFCwaaters have a poor transient response to line

and load fluctuations.
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A number of modifications or enhancements to théage loop are proposed by [86],
including a notch filter which is designed to attate only the twice mains frequency ripple
component. This approach allows a very high poweetor and a fast loop response to be
achieved, but presents some practical difficuliiesits implementation. High component
tolerances are needed or a complex active tradkteg of the input mains frequency must be

implemented.

A similar approach to a notch filter would be tansple and hold’ the output signal of
the voltage compensator. The voltage compensatmepses the ripple frequency but the
propagation of the disturbance through to the PV@MIliminated [87]. The disadvantages of
this approach are the complexity of the controplamplementation, poor frequency response
of the closed loop, and the difficulty of undertadkistability analysis due to the non linearity

of the ‘sample and hold'.

The proposal in [86] to overcome the limitationsiged by the second harmonic ripple
is the so called regulation band approach. Uppéri@ner voltage limits are determined, and

while V,. is between these limits the control loop does attempt to regulate/,.. The
control loop is essentially open loop during thasmdition. If V. were to exceed the limits
then the voltage loop would generate a signal waild forceV,. to return to within the

regulation band. This approach is simple to impletreand results in the removal of the low
frequency ripple from the feedback signal enablAngood power factor to be achieved. This
method is simple to implement, has a fast trangiespponse when operating within defined
limits, however like the ‘sample and hold’ methbeére is a nonlinearity to contend with when

analysing stability.

One final approach to enhance the voltage loofpe cancellation [88], where the
reference voltage that is fed into the voltage censator has a component superimposed that
has the same frequency but is 180t of phase with the output voltage. Despiteizedd a
fast transient response, practical implementateomifficult as the injected voltage has to
accurately reflect the sensed feedback voltagegtithe input current of the converter will be
distorted.

47



1.2.6 Magnetic Modelling and Integrated Magnetic Concepts

This section describes current integrated magmgoroaches, modelling techniques and

magnetic materials.

Integrated magnetic components are often seeneirgtitsse of coupled inductors [89].
One particular application of coupled inductorshis method of interleaving power converter
stages to reduce input and output ripple elememtisraduce the current level in individual
devices. Numerous authors operate these convarteBXCM with direct coupling of the

magnetic devices [90-92].

One of the main aims of integrated magnetics howeseot only to reduce the magnetic
component count but also to achieve electrical ggaifferent coupling methods realise
different behaviours. Inverse coupling can redub&SReurrents, the DC flux is eliminated and
the AC flux in the core is lower, whereas with direoupling, the device shows increased
current ripple per phase, resulting in increasqapeo loss and no cancellation of the DC flux
component [17, 89, 93, 94]. Unfortunately an adsiedes inductor is required for the inverse
coupling approach to filter the DC current compdnénmore common approach to magnetic

coupling is found in EMC suppression common moliers [95].

Transformers with multiple input and output windnghay be classed as integrated
magnetic devices and the concept can be developglef by combining inductive and

transformer components on a single core.

A number of methods have been proposed for theysisabf magnetic components. One
of the first proposed methods is that of the relace model. This approach is detailed in [15,
18, 96] and simplifies a magnetic structure intcegnivalent electrical model. Since magnetic
flux lines are closed paths, the flux becomes aymle to current. The primary assumptions
are that the magnetic field is constant and isakigto the direction of the path of integration.
Non-linear ferrous materials and points close tarsdéion are not taken into consideration.

A similar modelling approach to a reluctance maddehe inductance model, which is
more useful as it converts the electromagnetiaudiioto a purely electrical system [97]. To
form the inductance model, a persistence model testreated from the reluctance model
[26]. All parallel elements now become series eletmeand visa versa, and that all loops
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become nodes, and nodes become loops. Each relactamw becomes its inverse, a
permeance. All voltage sources become current eswand the flux behaves as voltage drop

across the respective permeances.

These methods are very effective for modelling sspamagnetic components, but if
the topology or integrated magnetic is complex e bas to consider the non-linearity of the

ferromagnetic material then these methods can becoirmanageable.

Another modelling method that can accommodate these-linear effects and
parasitics, is the Gyrator-Capacitor approach dised in [97-99]. A gyrator is an ideal two
port circuit element that reflects the impedancered port as its reciprocal at the other, that is
a capacitance at one port is reflected as an indattthe other port. The gyrators replace the
windings in this method and are represented a®wucontrolled voltage sources. The core is

modelled using the reciprocal of reluctance, that permeance.

To assist with the selection of the core materald shapes, [100] compiles a table of
the various magnetic materials and available cétewder iron toroidal cores have a
distributed airgap to allow high energy storageexgls ferrite materials have very low high

frequency loss characteristics [17].

New materials such as amorphous alloys allow fanwch higher saturation flux
density, approximately 1.6 T at 2&, compared to a ferrite, approximately 0.3 T at'@5
Despite the promising performance of these newetemads, they are invariably more

expensive and so not widely available at present.

1.2.7 Devices and Components

Rapid progress has been made in the developmenhigif voltage devices,
semiconductor technology and capacitive componémtsugh means of advanced processing
techniques and novel device structures. Device orgments have enabled topologies that
were previously dismissed, due to voltage/ currgnéss or cost, to become viable. The
driving factors for such developments are the gwersent demand for increased power
density, low system cost and high reliability. Thesction reviews the current status, discusses

the future trends of device technology and thepast upon emerging topologies.
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1.2.7.1 Power Diodes

Traditionally the most commonly used high voltagedeé is the silicon PiN structure.
These devices typically have an on-state voltagsgp dof approximately 1 V which is
acceptable at high voltages but is significantltav voltage applications. Being a minority
carrier device, they have a poor reverse recovbeayacteristic arising from the large stored
charge in the drift region during forward bias. §hheverse recovery can form a significant
contribution to the overall losses in the deviceal arcuit, therefore limiting its use and
application, especially at high frequency. Otheveade effects of reverse recovery include
electromagnetic interference and thermal managemidrdse devices are mature products,

and their limitations are well understood and aekiedged.

Numerous techniques are used to improve PiN diodaracteristics, such as
optimising the doping profile in the epitaxial lay@ by reducing the minority carrier lifetime
[101]. Typical PiN rectifier power diodes exhibiegiormances of 2000 V, 200 A with a
forward voltage drop of 1.25 V and reverse recovimes of approximately 25 ns. Any
further reduction in recovery times, requires apriovement to either the current technology

or a change of material.

An alternative to the PiN diode is the high voltégehottky barrier diode, SBD. The
conduction current of Schottky barrier diode cotssef majority carriers, therefore, unlike the
Silicon, Si, diodes, the stored charge is neglegibhd the diode turns off with a near zero
reverse recovery current [102]. The materials usdtiese devices are either GaAs, GaN, but
the leading candidate is Silicon Carbide, SiC. Sopelectrical performance is achieved with
these materials compared with Si due to high breakdield, high electron mobility and high
saturation velocity [103]. The material propertadsSiC devices make it an ideal choice for
high power, high temperature and high frequencyiegipons. Experimental evaluations of a
similarly rated Si diode and SiC diode in [103] eal/that despite elimination of switching
losses, due to the high forward volt drop, 3 Vpagsed with SiC SBD, conduction losses are

now the dominant loss factor.

Compared to Si diodes however, SiC material diadesoffer simplified power stage
design due to the elimination of snubbers, reduaogiponent count. Furthermore the

reduction in power losses leads to lower operat@mgperatures, and reduced EMC emission
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from switching transients. Cost however is a méjarrier for market uptake, currently a 3
inch SiC wafer is 25 times more expensive that aw&er of the same diameter. Further SiC

substrates contain a much higher level of defedts;h reduces yields.

As well as investigating the performance of diffaranaterials, various device
structures have been explored in order to improevice performance. Significant
improvements in the trade off between on-stateageltdrop and reverse recovery has been
demonstrated by altering the injection efficiensyng either a merged PiN/Schottky structure,
MPS [104], self adapting P-emitter diode, SPEERycstire [105] or a static shield diode,
SSD, structure [106]. These device structures peowa superior trade off curve between the

on state voltage drop and reverse recovery chahnge wompared to PiN diodes.

1.2.7.2 High Power Light Emitting Diodes

The development of high efficiency Indium Galliumitidle, InGaN, blue Light
Emitting Diodes, LEDs, in the early 1990’s was adir through for the development of ultra-
bright white HP LEDs [107]. The spectrum of ligtgrggrated by a white HP LED is shown in
Figure 1-14, along with the sensitivity of the humeye. The HP LED produces the visible
white spectrum by exciting an Yttrium Aluminium Gat, YAG, phosphor layer placed over
the surface of a blue HP LED die, Figure 1-14. dleeof the HP LED produces a blue to the
end of the visible spectrum near UV, of a wavelkragtapproximately 460 nm as seen in the
peak in the white HP LED spectrum at this wavelend08]. The interaction between the
blue light and the phosphor produces visible raoiatt longer wavelengths, approximately
500 to 750 nm through stokes shift [109].

The combination of blue light and phosphor generditght creates the perception of
white light. This approach currently has a luminaifciency of approximately 100 Im/W
[108], however it is by no means the only way fd? HEDs to produce white light. Other
approaches include mixing the colour from individwad, green and blue LEDs. This
approach is the most efficient as no energy isiloshe Stokes Shift and enables a tuneable
white point. However, systems using this effecenfemploy feedback to stabilise the colour
produced. Another approach is for the LED die toggate UV light, at 300 nm wavelength,
which then interacts with red, green and blue phosp This method produces a very stable
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white point and high colour rendering, but degramabf the HP LED package is rapid due to
the UV light damaging the phosphors [108].
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Figure 1-14Typical HP LED spectral distribution (solid) andustlard luminous sensitivity of the eye
(dashed).

These three approaches have developed to the thainHP LEDs can be seriously
considered for replacing conventional halogen awedndescent lamps in general illumination
and street lighting. Voluntary European legislatregarding the phasing out of incandescent
bulbs by 2012 makes this approach ever more attes|d10].

The key characteristics of HP LEDs are excelleritabdity, instant turn on,
dimmability, high operating hours, approximately,D, and good colour and temperature
rendering [34]. Their efficiency is typically 100M/W in 2010, and manufacturers indicate that
this value will improve. However, before wide spiteadoption of the technology can be

embraced, there are a number of outstanding iskaeseed to be addressed.
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Figure 1-15Schematic of a high power white LED.

Despite consuming less power than conventional Hdting for the same light
output, the advantages for implementation are iveays clear cut. Currently, HP LEDs are
invariably more expensive in terms of initial puasie cost, as they are a new technology. But

as market penetration increases, this initial sotreduce.

A more fundamental challenge is that of thermal ag@ment. Regardless of the
quoted high lumens per Watt of converted electrexatrgy to useful visible light by the
manufacturers, the die of a typical white HP LED caach temperatures up to T&[111].
This operating temperature is not conducive fogléfe and low luminaire maintenance. HP
LED manufacturers quote a maximum operating juncteanperature, ;Tof 85 C to ensure 70
% luminance after an operating life of 50,000 hp&igure 1-16. When the illuminance falls
below 70 % of the initial light output the deviedeemed to have failed. Therefore, to meet
the quoted lifetimes of the HP LEDs and preventessive light degradation, the thermal
conditions must be well regulated, and the die tmampre must be kept within the

manufacturer’s specification [112-115].
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Figure 1-16Relative HP LED light output lifetimes at variowsriperatures [29]

Once the thermal energy has been conducted awaytfre semiconductor junction to
the attached heat sink, the energy must then ts#pdied to the ambient environment. For
street lighting applications, natural convectiothe most suitable way of transferring heat to
ambient, due to its simplicity and reliability.

1.2.7.3 MOSFET

Since the introduction of power MOSFETs in the watB70s, there has been
continued development in the improvements in thegralensity of the device, which closely
reflect the advances achieved in power rectifiensexample through the introduction of new
materials and device structures. The key charatiesi of a MOSFET are high input
impedance, generally a low on-resistance, fastcbmg speeds and ruggedness [45].

The performance of the Si DMOSFET has approachedhioretical limit [101],
therefore other structures have been developederf@gcthe UMOSFET has become
commercially available. This trench gate device hasuperior channel density due to the
elimination of the JFET resistance present in thOSFET arrangement, allowing lower on
state resistances to be achieved. UMOSFET strisctean be further developed to
accumulation, inversion and extended trench fiffielce transistors (ACCUFET, INVFET and
EXFET) [116, 117]. The primary features of theseagements is that the trench UMOS gate
extends in to the N substrate, and into tiesMbstrate in the case of the EXFET. In this design
approach the current conduction occurs along thiae of an accumulation inversion layer

formed along the trench sidewalls, resulting inrexiely low on resistance. Of this series of
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structures the ACCUFET has the lowest of on restgs. Further the ACCUFET has the

advantage that it does not contain any parasiticjiactions.

Semiconductor material development that has greatpyroved the performance of
high power diodes has also been applied to MOSFISIS.power devices offer substantial
performance improvements over Si, enabling increkgsmver density, high efficiency and

higher temperature operation [102].

SiC MOSFETSs were first proposed in the early 19908], these power devices were
the vertical trench structure, UMOSFET. This camdion is attractive due to its straight
forward fabrication, however the electrical perfame of the DMOSFET SiC is far superior.
Due to higher bandgap of the material, SIC MOSFH&f#&s achieving voltages approaching
1800V [118].

Whilst engineering samples of some devices aréirgjaio become available, there are
a number of areas that need addressing such aspnevement of the Si9 SiC interface.
Reliability issues have been noted of the gate exidder high field conditions. A second
issue with SiC power MOSFETS is the low inversidrammnel mobility. This is the result of
the high density of interface states present inupger half of the bandgap [119]. In [120,
121], annealing with NO and J® can relieve this issue slightly, but inversionamchel

mobility in SiC remains approximately a order ofgnaude less than in a Si MOSFET.

1.2.7.4 Capacitors

Technological developments in the semiconductoricgsv such as diodes and
MOSFETSs have generally gone hand in hand. Howeawar progress in capacitor technology
has not been so rapid. A wide range of capacijpedyand technologies is available, and the

most common are listed in Table 1-2 along withrthgical performance figures.

Electrolytic capacitors, wet or solid types [44e ghe most suitable for addressing DC
filtering and energy storage. Limitations of thesenponents include a significant equivalent
series resistance, ESR, which may increase undgr ¢urrent ripple conditions and high
temperature. This could compromise the filteringfgenance of the capacitor or may lead to

control loop instability in some power supply applions. The relatively short life time of
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these capacitors is a serious concern in many agtgns, furthermore, the lifetime falls

rapidly at increased operating temperatures.

Table 1-2Capacitor table comparison

Capacitor Capacitance Voltage Expected Temperature
Type V) Lifetime (°C)
(hrs)
Aluminium 0.1 pF- 1500 pF 2 to 500 7,000 -55to0 +125
Electrolytic
Ceramic 0.01 pF - 27 pF 2 to 500 k 50,000 -60 t25+1
Film 0.5 pF - 30 pF 2 to 300 k 50,000 -40 to +85
Tantalum 1 nF - 9100 pF 2t0 2k 2,000 -55t0 +125

Ceramic capacitors types are often used for higquency filtering and EMC [122].
The IEC 60384-8 and IEC 60384-9 classify these @gpa into two types, Class 1 and Class
2 respectively. Class 1 capacitors are requiredréayuency compensation of control loops,
coupling and decoupling in high-frequency circwitisere low losses and narrow capacitance
tolerances are required. Class 2 capacitors aren agsed as coupling and decoupling
capacitors, but where higher losses and a redusqgacitance stability are demanded.

Film capacitors fulfil a number of roles, from gealefiltering, snubbing applications,
noise suppression, high voltage high frequencyiegibns to more specialised applications
such as mains filtering, or filtering between mdins and earth, known as X and Y capacitors
respectively. Film capacitors may be either filmi/fsound or metallised film types and use
materials such as; polyester, polyphelyne sulphigmlypropylene, and polyester
polypropylene [122]. Film/foil capacitors consist two metal foil electrodes that are
separated by a thin insulating plastic film. Feasuof such devices are high insulation
resistance, excellent current and pulse capalaktywell as good capacitance stability. For
metallised film capacitors, the capacitor platesistst of aluminium sprayed onto the
dielectric surface by thin-film vacuum depositidinis process allows a smaller device, lighter
weight and lower ‘self healing’ due to an intershbrt circuit from an overvoltage transient or

device fault. Though suffering no permanent damegpacitance may be reduced.

Tantalum capacitors are found in two forms, wet aolid. Wet electrolytic tantalum

capacitors are preferred in applications whereetherthe requirement for stable electrical
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parameters, high reliability and capacitance stghdt high temperatures. The wet tantalum
capacitor offers a very high number of microfargo unit volume, three times more than an

aluminium electrolytic. The dielectric used is &ot pentoxide.

Solid tantalum electrolytes contain manganese d@xiand they are the least
expensive of the two types. Both the wet and thiel santalums are polarised, but the former
can withstand a 10% reversal of the rated voltape. advantages of using the solid type are
no probability of electrolyte leakage and supecapacitor characteristics. When using a solid
tantalum, it is necessary to select a device thathigh electrolytic conductivity to obtain low
values of leakage current and dielectric loss.slthese issues that determine the choice

between a wet or solid device.

Figure 1-17 shows the impedance/frequency compargol0 uF capacitors of the
different types presented in Table 1-2. The capadinpedances are all similar upto a
frequency of approximately 10 kHz, beyond this poiheir behaviours differ. Unlike

aluminium electrolytics, ceramic capacitors exhib&g most ideal frequency characteristics.
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Figure 1-17Capacitor impedance/frequency characteristics [44]
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1.2.8 Street Lighting Considerations and Regulations

The regulatory requirements for street lights amenmarised in this section. The
classification of lighting types and location, motays or strategic routes, detailed in [123],
determines the optical requirements and light dupeuformance of a street luminaire. Optical
requirements detail the lighting quality such astom of glare, colour temperature, colour
rendering, lifetime and illumination footprint, [AZT'he level of illuminance for the route type,

leads to the selection of lamp type and overaltaioeg power level.

A general code of practice for designing streethtBgis covered in [124].
Considerations such as weight, dimensions, chassisrial, appearance, vibration levels, and
resistance to heat and fire are all detailed. Tégilation also stipulates the accessibility of
the power converter and lamps should the need fmisservicing or replacement. To protect
the electrical connections and components [125faths that the system must be sealed to
water and dust ingress and have a degree of pianetct IP56 rating. The thermal design of
the luminaire and its housing is also importantsimuch of the electrical input power will be
dissipated as heat, for example, to achieve a ayg@treet light output of 12,000 lumens,
approximately 150 LEDs are needed with a total groe¥ around 180 W. Little of this 180 W
is converted to optical power, and so it can berassthat most of the 180 W is converted to

heat.

1.3 Summary of Literature Review

The main developments in the areas of single-gtager factor correction techniques,
integrated magnetics and high power light emittdigdes are summarised. Non-isolated,
passive and active PFC approaches are describéile A2FC methods produce the most
sinusoidal input current and highest power fadiurmerous control approaches are detailed
including current and voltage mode control. But téew suggests that there is no one single
control approach suitable for all requirements. Tomcept of single-stage power factor
correction is discussed. A vast amount of litemthas been produced on this topic, and a
number of complex topologies have been developeteder the most effective and simplest
approaches are the topologies that have purely ic@ulexisting power converters. Integrated
magnetic approaches are outlined, whereby a nurobetifferent magnetic devices are
combined onto a single core, the associated madakichniques, magnetic materials and core
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structures are described. The development of adgdbpower components also stimulates the
development of power electronic approaches and@otgchniques. The emergence of high-
power light-emitting diodes is described which opeamp the opportunity of making more

efficient lighting systems, however this also cesahew, demanding requirements for the

associated power conditioning equipment.

With the ever growing demand for power electronigiipment to be more power
dense and have a lower component count, the idesangfe stage power factor correction
appears to offer an attractive solution. Howeverehs little published material with regards
to an integrated magnetic component being usedmlsingle-stage power factor corrector
and its cost analysis. Secondly, with the emergefddéP LEDs and their superior operating
characteristics, the literature review clearly aades that the electrolytic capacitor needs to be
eliminated from the associated power supply in orag to compromise the overall system
lifetime. This however has an impact upon the adrapproach and the ability to meet input
harmonic standards. Therefore it was decided t@ldpva HP LED driver that would fulfil

these requirements.

1.4 Thesis Structure

Chapter 2 details the analysis and design of desstgge power factor corrector with
an integrated magnetic component. The operatidheofonverter is analysed and a theoretical
design is performed. The integrated magnetic compbms designed and wound, and a
SABER simulation is conducted of thPFC and the IM. The SABER results confirm the

analysis and design work.

Chapter 3 examines the dynamic behaviour and dorgguirements of the “BFC
with an IM. The line-to-output and control-to-outpcharacteristics of the converter are
examined with the aim of identifying a suitable tohapproach. The design of the control
loop is conducted and SABER and MATLAB simulatiars performed to verify the control

design.

Chapter 4 details the experimental verificatiorthef SPFC. A prototype converter is
developed and the laboratory setup is explainedctital schematics and printed circuit

board layouts are shown, along with the resulthefsteady-state and dynamic experimental
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testing. A discussion of the results is includeangl with the impact, performance and cost

benefits of this approach.

Chapter 5 describes the analysis and developmeat pidwer converter for a high-
power white-light emitting diode street light. Aisble topology is identified that can perform
without an electrolytic capacitor to fulfil the neéigement to operate for 50,000 hours. The
operation of the converter is discussed and a d¢tieat design is performed. SABER
simulations are conducted to verify the design.

The identification and analysis of the control aygmh for the HP LED driver is
described in Chapter 6. The principles of operatiod design are explained. The dynamic
performance of the selected control approach isaggd to determine its suitability for this
application.

Chapter 7 details the experimental verificationttod HP LED driver. A prototype
converter is developed which includes the constamtent converter required regulate the
current through each of the individual LED stringsectrical schematics and printed circuit
board layouts are shown along with the laborate@tus Results of the steady-state and

dynamic testing are presented and discussiongattults are included.

Finally Chapter 8 presents the key conclusion$efthesis, detailing the contributions

of this research and the recommendations for fuxtoek.
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2 Single-Stage Single-Switch Converter Analysis
with Integrated Magnetic

2.1.1 Introduction

This chapter details the analysis and design ofngl&Stage Single-Switch Power
Factor Corrector converter/f3C, with an Integrated Magnetic component, IM. Poever
topology is based upon a boost converter operatigjscontinuous Current Mode, DCM, for
Input Current Shaping, ICS, and a cascaded forwanyerter for output voltage regulation.
The steady-state operation of the converter isilddtaas well as the essential design
equations. MATLAB and SABER simulations charactetise steady-state performance of the
converter and verify the design equations. Analgsishe IM is performed, design methods
identified and its expected operation detailed, clwhiis also verified using SABER

simulations.

2.1.2 Principles of Operation of S*PFC
A steady-state analysis of the single-stage siagiéch power factor corrector is
detailed in this section. For simplicity, the fallmg assumptions are made: all of the devices

and components are ideal, and the switching freqyefi,, is much higher than the line

frequency, f, .. Figure 2-1 shows a schematic of tH#BC, a boost converter is combined

line *

with a forward converter forming the single-stageerter proposed in [68].

Figure 2-1 Single-stage, single-switch power factor corregiith an integrated magnetic component

To achieve a high power factor, the boost convarparates in discontinuous current-

mode resulting in automatic shaping of the inputent, L, whilst the duty ratio, D, regulates
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the output voltage, ¥ Operating the boost stage in DCM eliminates thguirement for

complex current mode control and also reduces itteef the boost stage inductgy [51].
The input voltage of the forward converter is capsatly the boost capacitor voltagé,.

The forward converter operates in CCM. In additiorcombining two power stages with a

simplified control, the concept of integrate maggseis used to reduce component count by
combining the boost inductor and forward convettaénsformer on to a single magnetic core,
Figure 2-1. The winding arrangement of this devieesuch that the magnetic coupling

between the inductor and transformer windings isalgntherefore it will not affect the

electrical performance of the topology, if they e/éo be independent.

Using a sequence of converter schematic diagramd-agure 2-3, the state-by-state
operation of the converter is now described. TH®FE is controlled by a single

semiconductor power switch, Q. The current throughbecomes zero during,, in each

switching cycle, resulting in a near resistive inpopedance [52].

Figure 2-2 Schematic diagram of théf&C with an IM during timé, to t;

Duringto to t; the MOSFET Q is on. The schematic for this modseeen in Figure

2-2.V,, is applied acrossd. and the boost inductor curreht increases to a maximum

rec

value of

[ =-'=DT, Eqn 2-1
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where D is the duty ratidl_, is the switching period and. is the rectified input voltage.

During this periodl, =1,_.

During this time diode Ris reversed biased by the boost capacitor voltdgeas G
is discharged through the primary windings;, Wf the transformer. The peak current of

winding N, is

Eqgn 2-2

where N is the turns ratio of the transformer primary @edondary windings, antAL . is

the peak magnetising current of Which is determined by

~ VDT,

LP,mag
LP

Egn 2-3

where |, is the magnetising inductance of N'he total current through MOSFET, Q, is

determined by

I, =1 +ILP Eqgn 2-4

Q D,

where I, is the current through£and | is the primary winding current.

Noting the dot notation of the transformer windingise peak currentfLS of the

secondary transformer windings is

= (=T N e =T, Eqn 2-5

fLO is the peak current through the output inductgr, L
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Figure 2-3Key waveforms of the ‘®FC with an IM
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Due to its orientation the secondary reset windMg,during this time and the peak

voltage across this winding is determineddmgn 2-6

V. =V, N

T

or Eqgn 2-6

where N is the turns ration of the transformer primary agsket winding

During timet; to ty, Q is turned off. The schematic for this modehswen in Figure
2-4. The boost inductor charges the boost capacgrdiode, D), is forward biased and the

transformer magnetising energy escapes throygb the load.

Figure 2-4 Schematic diagram of thé=C with an IM during time; to t,

The voltage V4 across the transistor during this period is thesb@apacitor voltage

plus the voltage referred from the conducting reseting.

Vo =Vs +l\\l/_o Eqn 2-7

p.r

where \4 is the output voltage of thé'BFC. O is reversed biased by the primary voltage. The

time taken forl,  to fall to zero may be calculated as

A

Ll
t,—t,=———=— =T, Eqn 2-8

' (VB _\/rec) "

where d is the proportion of the switching period for to fall to zero.
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The voltage across winding; forward biases diode Dallowing the energy stored in

the magnetic core to be transferred to the outpthe SPFC. The peak current in the reset

winding at §, IALr , may be written as

[, =—m Eqn 2-9

W Egn 2-10

As with a conventional forward converted, and N are not conducting, and diode

D3 is reversed biased, which enables diodetdireewheel and conduct the currdrgot.

During timet; to t; Q is still off, 1 is zero and the curren{ in the reset winding

continues to fall, reaching zero at time The circuit configuration for the converter duyin

this period can be seen in Figure 2-5.

LN R
s
| L, Kl
Vsé V 11
A i ' .
&,H_ NrD
L s

Figure 2-5Schematic diagram of'BFC with an IM during timé, to ts

The reverse voltage acrossip

V, =—2 Egn 2-11



The off state voltage acrosg)\6

Y/

Vo=V +—— Eqgn 2-12
N,
The reverse voltage across diodei®
Vo, =V =V, Eqgn 2-13

During the brief time period fromstto t+Ts, diode O is still conducting the
freewheeling current of 4. and there is no other current flow in the circMig is now equal to

the PFC stage capacitor voltagg. he voltages across the all of the integrated netics

windings are zero, and, =V —V,.

Figure 2-6 Schematic diagram of'BFC with an IM during timé; to tg+ Ty

So far, the analysis of thé'®C has been concerned with only the steady-statd D
conditions with a constant,) and duty ratio. However, over a line period theuinvoltage is

time-varying and can be defined as
V,(t) = V,sinat Eqn 2-14

Where\7S is the peak line voltageyis the angular frequency of the line voltage. Téaified

voltage Vecis described as
V. .(t) = V,[sinat Eqn 2-15
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With a constant duty cycle, over half a line peridge/2, the boost inductor current

I, is show in Figure 2-7.
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Figure 2-7 Inductor current waveform during a half line cycle

Using Egn 2-1 and Egn 2-15 the peak inductor current in a switching cycle now

becomes

=\7S|sina)t|

DT, Eqn 2-16
LB

O

The duration of the trailing edge of the boost ictdu current during;tto & in Figure

2-7, oT,,, may be calculated by equating the volt-seconds;of

VS
|VB - VS|

or,, = DT, Eqgn 2-17

where d is the portion of the switching period foy_ to fall to zero.

Therefore fromEgn 2-16 andEqn 2-17 the local average inductor current during a

switching cycle can be expressed as
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A

L0 =" (D)= WO

2I'E‘1ESVV1—L|sinax|
V B

Egn 2-18

Figure 2-7 shows the instantaneous peak inductoemt) which is always sinusoidal,
however upon plottingeqn 2-18 Figure 2-8, it is clear that the wave-shape of Il

average inductor current, , is dependent upon the rah/?/ , the smaller the ratio the more
B

sinusoidall becomes. This effect is due to the time takenlfoto fall to zero during the

transistor off time. A smah% implies a small value fod, Eqn 2-17.
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Figure 2-8 A normalised plot ofl L, over various ratios 0%
B

UsingEqn 2-18the input line currentis expressed as

_V.D*  sinat
2L, f /.
B SWl—£|smwt|
V

B

I(®)

Egn 2-19
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As | (t) is not necessarily a sinusoidal waveform, ugtg 2-19the line rms current,

I over a line period is

s,rms?

Is,rms = \/Ti Eine[l s(t )]zdt Egn 2-20

line

The instantaneous poweP, (t), over a complete line cycle is not constaRi(t) is

zero during theV,(t) zero crossing, and maximum whé,?g is reached, Figure 1-7, and is

calculated by
R (1) = V(1) 1,(t) Eqgn 2-21
The average input powePR, , during a half line cycle can be derived

p=—1 (™ v d Eqn 2-22
in_-l— /ZL s s an z-

line

As already detailed in Section 1.2.4 and Figure th@ instantaneous load pow&(t), is not
equal to the instantaneous input pov&(t), a capacitive storage component is required to

provide a low frequency energy storage elementumgsg a sinusoidal input, unity power
factor and a lossless converter, by equating te&maneous input and output power under
steady-state converter operating conditions thead#y voltage ripple from [126] is

expressed as

P )
V(1) =V, [1- ° — sin(2wt Eqgn 2-23
s(1) B\/ TV (2t ) an

B'B

where P, is the average output poweZ, is the 3PFC boost capacitor.

Assuming that average input powdy,, of the 3PFC, is equal to the average output
power , P, substitutingeqn 2-14andEqgn 2-19into Eqn 2-22 and rearranging for the duty

ratio, D, gives
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D= I 27Le 1P, Eqn 2-24

. i 2
V2 Elnelz S’\In (Cut) da}t

S

1—\\//:|sin(aij

To ensure that the boost stage of thARFE stays in discontinuous current mode, then

Egn 2-25must be satisfied for all operating conditions.
D+0<1 Ot Eqgn 2-25

Assuming an ideal operation, usign 2-23 the voltage transfer function of the

continuous conduction mode forward converter stfghe SPFC can be expressed by
V, = DVa(Y) N, ¢ Eqn 2-26

where N ¢ is the primary to secondary turns ratio of thensfarmer.Eqn 2-26 shows that

with a constant duty cycle, D, the twice line vgkaripple ofV;(t) will appear at the output

of the SPFC, but may be attenuated by thed, output filter of the CCM forward stage,
depending upon the design values of the compon&arieus control approaches to reduce
this low frequency ripple voltage are detailed kR27, 128], however they both require

complex control strategies.

To limit the current ripple through the output caipar, G, and limit the overall
power losses of the forward converter stage, thtpubunductor, l, operates in continuous
conduction current mode for all operating condisiofherefore, as opposedEqn 2-25 Egn
2-27 must be true for all operating conditions.

D+0=1 Ot Eqn 2-27

where dis the duty ratio for the falling currenit_until the the next switching cycle. The

output inductor, L, can be expressed as

L =V —osw Eqn 2-28
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Where\7Lo and fLO are the peak voltage across and current throygh L

2.1.3 Integrated Magnetic Principles of Operation

The transformer and the boost inductor are combiimé¢ide SPFC topology, as seen in
Figure 2-1. The aim is to reduce the overall congmbrcount without a detrimental impact on
the performance. The approach taken is that thenatmgcomponents should not interact, so
the magnetic flux produced by one will result inzeet effect on the operation of the other.
This section details the winding arrangement, tperation, and analysis of the integrated

magnetic. Figure 2-9 shows the IM core, its windilagd the flux paths.

The boost inductor, 4, is split into two equal-turn windings, wound drettwo outer
legs of the E-core. The coil former for the spitdiictor windings is bespoke. The flux

generated by the inductog_, plotted in red, flows in a clockwise directioroand the outer
legs of the core. Any flux flowing through the centeg due tog_cancels itself out, as they

have the same magnitude but opposite polaritiesydlult being that the centre limb can be

used for the forward converter transformer.

[ o T \)
Yo 1Y
|91T£ \/p N |IT|92

— —

Figure 2-9Winding arrangement of integrated magnetic E-core

Figure 2-10 shows the wave shape of flgx, which mirrors|,_. As there is no

magnetic flux in the centre limb produced by thductor windings, any windings wound

around the centre limb will not be coupled # L
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Figure 2-10Inductor generated flu>(;lEs in outer legs

The transformer windings, )NNs, and N are wound around the centre leg of the E-
core, which does not require a custom manufactaoed or coil former. The flux generated

by the transformer windings in Figure 2-@,, is drawn in green. Fluyg is generated in the

centre leg, divides equally, assuming the outebliar gaps are the same, and flows in

opposite directions around the outer legs of the.cbhe magnitude and wave shapegpin

the three legs of the core are drawn in Figure 2-11
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Figure 2-11Transformer generated flug, , in all three core legs

As the two magnetic components are wound arounddhe core, the magnetic fluxes

@ and ¢ interact, resulting in a modification of the totdlix levelg, , Figure 2-12.

Assuming that the magnetic material is linear apdhang the superposition theorem, the

instantaneous flux magnitude on the left leg ofdbee is determined by
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Bu. =4, % Eqgn 2-29
the instantaneous flux magnitude in the centreofee core is simply

Buc =@ Egn 2-30
and finally, the instantaneous flux magnitude ia tight leg of the core is

Bur =4, T4 Eqn 2-31

In this example, fronEqns 2-29to Eqns 2-31it can be seen that there is an imbalance
of flux levels. This results in a localised *hotogpof flux in the right leg of the magnetic core
leading to an increase of localised core lossestamgherature. This is unavoidable, as any
other winding arrangement allows inductor flux touple directly with the transformer
windings which may adversely affect the single-stpgwer factor corrector operation of the
converter. Alternative winding strategies are psgabin [99], which would ensure equal flux
magnitudes in each limb, but were considered ovedynplex and likely to have an

unacceptable cost penalty.
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Figure 2-12Integrated magnetic component flg, , waveforms

To assist with the analysis, understanding and Idpueent of a SABER simulation

model of the integrated magnetic component, a gapacitor model of Figure 2-9 is shown
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in Figure 2-13. This modelling approach is introgldign Section 1.2.6, and is a method that
can express the non-linear effects and parasificg magnetic device whilst providing an

insight to the core’s operation [97-99]. For sinopli, flux leakage of the IM is neglected.

The magnetic core paths and permeances are refgédmn capacitors, wher€,
the left hand core limbC; , is the left hand core gagg. is the centre core limkCy is the

right hand core limb and finally; . is the right hand core gap.

C = C = C =
L - Ip Rp A
Y ||_ IC + IR"
RNPIPT<> TRNI VLP
N, _
ls R
+

—
w
w

l_<—__
;m
»
0
o
<

Half of Lg Half of Lg

Figure 2-13Gyro-Capacitor model of integrated magnetic compone

The IM windingsN,_, N,, N; and N, are all represented by gyrators. The gyrator is

an ideal two-port circuit element that reflects timpedance at one port as its reciprocal at the
other, whereRis the gyrator resistance of the respective windengd a voltage source is

reflected as a current source.

The inductor windingN,_is split equally between the two outer core legshef IM
and is represented by and R respectively, with the inductor curreht being identical

through both windings.
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The transformer windingdN;, N, and N, are modelled as gyrator®, , R, and

R, respectively around the IM centre limb. The voltagerces of all the gyrators appear as

currents in the magnetic core path with the digectf current flow indicated.

2.2 S*PFC Prototype

This section details the design approach of tAeFS based upon the analysis in
sections 2.1.2 & 2.1.3. An iterative and practieplproach is followed to determine the
feasibility of the $PFC with an IM component. Design variables suchmaximum bus
voltage, \s, boost inductance, gl. and Lp/Ls/Lr ratios are selected whilst IM design
approaches, converter power losses and cost amaysi considered. Steady-state SABER

simulations are performed on th&P&C and the IM to verify the theoretical analysis.

2.2.1 Single-Stage Single Switch Power Factor Correction Specification

Table 2-1 details the specification of the poweagst which were set by the
sponsoring company PSU Designs. THEF is designed to operate at a nominal 23Q V
input with an output voltage of 14 V at power o018&/. The converter must also comply with
input current harmonic limitations for Class C gauent as shown in [13].

Table 2-1S'PFC Converter with Integrated Magnetic Specifiaatio

Description Value Unit
Input Voltage V4 230 Vims
+10, -6%
Max Input Current d 0.92 Ams
Output Voltage \ 14 Vims
Output Voltage Ripple \70 100 mV
Output Current d 12.8 A
Peak to Peak Inductor Ripple I 3 A
Switching Frequency f., 100 kHz
Line Operating Frequency fie 50 Hz
Output Power Range ol 90 - 180 W
Converter Efficiency Norc 80 % @ 180 W
Power Factor PF > 0.98
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2.2.2 Design Procedure
To ensure that the“BFC meets the specified input current harmonic letigms
detailed in section 2.2.1. The minimu‘ﬁg/VB needs to be determined. The low frequency

input current harmonics are generated due to #iknty edge boost current in each switching
cycle. Assuming the line currenf dveraged over a line period, is symmetrical, themex

fourier coefficients of the input current shown129] are derived as
1 2
Iy =— | f(8)e™dd Eqn 2-32
s(n) 2776[ ( ) an

where n is the harmonic number. Substitutigin 2-19into Eqn 2-32 and plotting over a
range of voltage ratio\jzA’S/VB using MATLAB Fast Fourier Transform simulator. Tresults

for the dominant odd harmonics with respect toftibelamental are shown in Figure 2-14.

The line connecting the cross symbols in Figured2idicates the harmonic limits
from the BS EN61000-3-2 standard Class C equiprfig3jt The line marked with crosses

indicates the boundary for the European applicaf\gn,, =216V, and the one marked with

circles indicates the boundary for universal agtiansyg,,,, = 90 V. From this the minimum

min

permissible voltage ratios can be deducég,VB<O.95 for European and?S/VB<O.83 for

Universal applications.

It can be seen that the largest input current haicsaccur for large voltage ratios of
\75/VB where the contribution of the trailing edge boastrent, I,_, Figure 2-3, to the total
input current is the highest. All input current mmanics diminish as the boost voltages, V

increases compared to the peak line voltage, The third harmonic is the most dominant

component, apart from the fundamental, well ach%]for\?S/VB ratios up to 0.43.
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Figure 2-14Dominant input current harmonics for a range ofagé ratios

To limit the MOSFET conduction losses, a low-votiadevice is preferred. This

however implies a low boost voltage and therefotd@gh distortion. Figure 2-14 is used to
identify the minimum\?S/VB ratio for which the input current harmonic conteamplies with

Class C of [13].

Since the third harmonic, for practical voItageiaat(\?s/VBsO.Ql), is much larger

than the other harmonics, compliance with the stethdn reference [13] for the third

harmonic, usually guarantees fulfilment of the dghe harmonics for this topology.

As well as determining the input current harmonite ratio\7S/VB is required to

determine the converter input power factor. PFrafiby [126] and is expressed as

B
S

PF = Egn 2-33

where R, is the real power, and,$ apparent power. Substitutiiggn 2-19 and Eqn 2-22
into Eqn 2-33gives the form



PF=—""— Eqn 2-34
V; ims
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Figure 2-15Power factor versuh?S IV

Plotting Egn 2-34over a wide range O?S/VB gives Figure 2-15. The BS EN 61000-3-

2 standard [13] does not specifically state a mummnpower factor requirement. However, a
value of power factor is required in order to detee the maximum permissible third
harmonic current, expressed as a percentage dutitmmental, for Class C equipment. To
ensure low input current harmonics, a high powetdia whilst limiting peak semiconductor

current losses 2sa?S/VB ratio of 0.7 is selected, giving a PF of approxieha0.98, and a third

harmonic 30 % of the fundamental frequency linegenir

The boost stage inductok,  not only determines the peak switching curréh;,, but

also peak magnetic core losses, power semicondectoduction losses, the output boost
voltage, \k, and more critically the converter stage operatmggde.Eqn 2-25 identifies the
condition that should be met in order for the PE&gs to remain in the DCM throughout the

entire line cycle. During a single switching cycdege Figure 2-3 , the boost stage inductgy, L

volt second balance is derived as
IV s| DTSW: |V s_VEla-Tsv Eqgn 2-35
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UsingEgn 2-14andEgn 2-35 Eqn 2-25now becomes

D 1+\@§|—nq <1 (Osat<n) Eqn 2-36
Vg =V, sinawt
Eqgn 2-36shows that k is most susceptible to entering the CCM at thé& pédhe line
voItage,\?S. Using the MATLAB symbolic toolbox, the criticabiue of L, to maintain DCM
over half a line period is determined by substitg&qn 2-24into Eqn 2-36 giving

~A \2

i,

B orit = ZPBf Lﬂ S\}n o da Eqn 2-37
o lsu/ 1-==sinat

VB

To determine the critical boost inductance, Fig2t&6 plotsEqn 2-37 with \7S/VB

ratio of 0.7, an output power of 180 W and a switghrequency of 100 kHz, determined in
Table 2-1.

- L —
300 |
)
= 250
S
3]
—l
200 |
150 : : : : : : : : ‘
90 110 130 150 170 190 210 230 250 270

S

Figure 2-16 L ., over the universal line input voltage range
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In order to maintain DCM for all operating condit®l, <L, . Figure 2-16 plots

Eqn 2-37 over a universal input voltage range with an oufpawer of 180 W. Aware of the
limited winding space available on an integratedynedic E-Core, the number of turns that

can be wound round the outer limbs and the packaetpr, an inductance of 114H is

chosen forL;. This value oflL;, guarantees that the converter PFC stage stajdC

despite not achieving the minimuArLg possible.

The instantaneous boost stage capacitor vokage, is given byEqn 2-23 Plotting
this equation for various capacitances at outputgos of 90 W & 180 W, the twice line ripple
frequency voltageAV, is shown in Figure 2-17. Decreasing tﬁse’VB ratio would reduce

AV, further, however the peak voltage stresses acaaponents would increase.

120

o
R

\ \ P =180W

) \ K P, =90W

0 20 40 60 80 100 120 140 160 180

Co(uF)

AV, (V)
L

Figure 2-17Boost capacitor stage low frequency voltage rigle,= 90 W & 180 W

Table 1-2 in section 1.2.7.4 summarises the pedon®a and specification parameters
of a number of different capacitor types. Figur&72shows that a capacitance of > 180
MF would provide the lowesAV; . Electrolytic capacitors can both adequately viéthd high
voltages whilst providing sufficient capacitance émergy storage, however this capacitance

is not achievable at ‘ﬁB of 570 V, unless specialised devices are usedactaps of the 350
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V range are more readily available, therefore td0 J/F 350 V components in series are

used.

Since the CCM forward converter stage utilisesstime MOSFET as the DCM boost
converter, the turns ratio of,Nof the SPFC are dictated by the values chosen for the détio

Vs/V, and the duty cycle, unlike a standard forward eoter.

As the parameters such as duty ratio, D, and beagsicitor voltagey, have already

been determined by the requirements of a high immwer factor and low input current

harmonics, in order to realise the low output \gdtaV,, listed in Table 2-1, then only the

primary-secondary turns ratidN __, of the IM can achieve this. Using the steadyestaitage

p.s’

conversion ratio of a continuous conduction modevéod converterN . the required turns

ration is calculated as

VO
N = Eqgn 2-38
= DV,

At a nominal input line voltage and a maximum ouigpower of 180 W, the duty ratio

D= 0.16 generate¥, of 460 V, therefore usinggn 2-38the turns ratio of the*BFC N bs IS

0.19.

To limit the MOSFET peak voltagaZQ during the transistor off-time, assuming that
the transformer reset time is equal to the traosisff-time, then the ratio ofN, S is

calculated by

Nr — VO
N, Vo-Vq

Egn 2-39

where N, and N, are the number of turns of the IM core reset arithary windings

respectively. Again using the converter operatiagameters that have been already defined,

the reset-primary turns ratidl, | is 0.13. Determining the IM primary winding indante,

p

L ,, is an iterative process, as if too a low valuesed|, will become large, increasing the
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primary conduction losses. Also if the number ahtuin the windings is too low, the core

flux will be excessive, resulting in high core leseven saturation.

If L is too large, then the total number of tuldsg, may not be accommodated by the IM

winding window. Efficient power MOSFETS that canthgtand the converter parameters thus

far are detailed in section 2.3, and udiiyn 2-2andEqn 2-3, L ; is defined as 1.InH . The
turns ratios defined ifEqn 2-38 and Eqn 2-39 define L, and L, as 41 4H and 20 yH

respectively.

To ensure that the forward converter stage of tABFS stays in continuous

conduction current mode for all operating condiiothe peak to peak current ripple of the

output inductor,llo , must be smaller thaﬁ1 defined in Table 2-1. The output inductby, is

expressed as

L =—+—2 Eqgn 2-40

UsingEqgn 2-4Q L, is chosen as 6(/H .

2.2.3 Design Summary

Table 2-2 lists a summary of the key componentesblerived in section 2.2.2.

Table 2-2 S'PFC key component values

Parameter Calculated Unit
Lg 111 uH
L, 1100 uH
L, 41 MH
L, 20 MH
L, 60 MH
Cs 50 MF
G, 1000 UF
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Using the component values listed in Table 2-2, tieddesign approaches in section
2.1.2, Table 2-3 lists the key calculated valueshef SPFC with a nominal input voltage of
230 Vims and an output power,Bf 180 W and 90 W.

Table 2-3Key calculated values of'BFC at a R, of 180 W and 90 W

Parameter Pou= 180 W Pou= 90 W Unit
Calculated Calculated

V, 230 230 Vs
[ 1.37 0.59 A
f":e 50 50 Hz

fou 100 100 kHz
D 0.16 0.13 -
o 0.40 0.21 -
[ . 4.8 3.8 A
\7Q 563 663 Vv
[ o 7.9 5.7 A
g 460 566 Vv
I 5 3.15 1.92 A
v, 14 14 Vv

2.2.4 Integrated Magnetic Design

This section details the design procedure for $selgc gapping and winding the
integrated magnetic component. The principles & thtegrated magnetic component
operation and winding arrangement are introducesdertion 2.1.3, the aim of the IM is to
reduce the overall component count without havirdgimental impact on the performance
of the SPFC. A winding approach is already proposed so tti&tmagnetic components do
not interact, therefore the magnetic flux produbgdne will result in zero net effect on the
operation of the other, Figure 2-12. Despite thbeing no magnetic coupling, the two
magnetic components are utilising the same cord, sm the design procedure must be
complementary to ensure that the magnetic corencaronly achieve the desired electrical
performance but also accommodate the total numbesirmlings. Figure 2-19 shows a flow

chart detailing the iterative design process foddvior the integrated magnetic component.
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The first stage of the integrated magnetic desgythe selection of a suitable core
material. Table 2-3 details the switching frequentyhe SPFC converter, a ferrite material

survey using [130], shows 3F3 to be the least lasskis frequency range.

Selecting the E-Core size is an iterative procassit is not yet known whether the
initially selected core will suffice until the dgsi process in Figure 2-19 is completed. After a
number of iterations however the core size ETD44elected. An ETD E-Core construction
was chosen due to the centre limb of the core beingular in cross section, therefore

increasing the winding area window and increashg gacking factor [130]. The maximum

allowable peak flux densityé, is determined from the magnetics ferrites corauna

Due to the custom gapping arrangement used inntiegrated magnetic, that is only

the outer limbs are gapped, the gap was calcuiattek following way.

OH

Figure 2-18ETD core dimensions, not to scale

Using the physical core dimensions from Figure 2th8 effective magnetic core path

length, .., the effective core volume , and the effective cross sectional aredsof each of

the limbs are identified.
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Using the physical dimensions of the selected cihre,effective permeability of the

core, 4, is calculated as

ﬂ

M =—F"— Egn 2-41
u[%)
where £ is the initial permeability of the core, [130],ca is the air gap length.
The inductance factor is determined by
Aﬁ_ _ MM, Eqgn 2-42

CS(H/A)

where 4, is the permeability of free spacémrx10” Hm?, and (1 /A) is the core factor, a

ratio of the sum of the core limb lengths and csmsgional areas.

Using the required inductance values listed in &&bR, the total number of turns for

N, . N,, Ny andN, respectively is found using

N = L Eqgn 2-43
VA

Using Faraday’s law, the peak AC fluq?;\, , generated in a winding is

@ = VWN DT,, Eqn 2-44

where V,, is the voltage across the winding. The total flaxeech core limb is found using

Eqgn 2-29to Eqn 2-31in section 2.1.3

The peak flux density in each core limb is

o>
1
Ss>

Egn 2-45

87



where B, ng and A,, are the peak flux density, peak flux and coressrsectional area

respectively of that particular limb.

From Figure 2-17, if the peak flux density in tight hand core IimbBR, exceeds the
already established maximum peak flux density ef ¢bre, then either increase the core air
gap length or increase the core sizeEASFUis within limits, the windingsN,_, N, N; and N,

can now be calculated. Selecting the current dgnsit for each winding, the total cross

sectional area of wired,,, is

A, == Eqn 2-46
wherel . is the respective RMS current of that particulanding. The skin depth, SK, of the
current in each of the windings is calculated as

sk=-28 (mn[131] Eqn 2-47

Ji.

Due to the skin and proximity effects, multiple aléel wire strands are used to

minimise the AC resistance of the winding.

Should A, .., Shown inEqn 2-48 be less than the total core winding area availabl

then the core may be wound, if not, then the wigaiarrent densities) , must be increased.

Atu,total = pz I\In Aq, Eqgn 2-48

wheren=N,_,N,, N, N and pis the packing factor which includes winding build and

insulation.

The DC wire resistance of each winding is deterchimg

|
R, =0 Eqn 2-49
u
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where p is the resistivity of copper, and1s724x 10°Qcmat 20°C .

The AC wire resistance of each winding is determibg

R - 832 10°/f,,

¢ SK

Egn 2-50

Table 2-4 lists the IM component parameters, indgdhe magnetic core details, the
number of turns required for each winding, the p#ak generated in each winding and
finally the main integrated magnetic loss composent

Table 2-4Integrated magnetic core parameters and operadilugs at 180 W

Parameter Unit
Core manufacturer Ferroxcube -
Core type ETD 44 -
Core material 3F3 -
Effective volume 17800 mm
Effective length 86 mm
Effective area 174 mm
Max flux density 350 mT
Initial permeability 1740 -
Effective permeability 50 -
Cc CLr

Core factor 0.589 0.164 mm
Mean turn length 77 56 mm
Inductance Lg Lp Ls L,

111 1100 41 20 uH
Number of turns 32 101 20 14 -
Flux 20 7.8 - uWeb
Flux density 111 40 - mT
Wire length 2.77 7.8 1.51 1.05 m
Current density 3.00 3.00 3.00 3.00 A/Mmi
Wire diameter 0.82 0.68 1.42 1.03 mnm
Skin depth 0.20 0.20 0.20 0.20 mm
DC Wire resistance 0.24 0.25 0.12 0.16 Q
AC Wire resistance 0.35 0.95 0.91 0.3 0O
Copper loss @ 100 1.46 1.42 3.76 1.41 wW
Core loss @ 10C 0.51 0.05 - W
Total losses @ 100 8.57 w
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Numerous transformer winding arrangements were stiy&ted, but the winding
arrangement seen in Figure 2-20 was found to mgankeakage between the transformer
windings N, Ns and N, and minimise losses due to winding proximity efée

The primary winding, |y is divided in two and sandwiched between windiNgsind
Nr. This results in a transformer winding arrangemehi layer of %2 I\ a layer of N the
second layer of %2 Nand finally a layer of windings of ) This transformer winding
arrangement also allows for the effective coolifidNg as it is the most lossy winding in the
IM device due to the high current of the outputhe converter. The boost inductor windings

N, are a single layer of turns around the two owgs lof the core.

Insulation

N/2 N/2ZN, Tape

)0 00000

NN\

)0 00000
nd000000 ¢

Z
<
N

Left Centre Bobbin
Leg Leg

Figure 2-20Cross section of transformer winding arrangement

The final magnetic prototype incorporating all bétwindings is shown in Figure 2-21.
It can be seen that all of the window area avaslét winding is used and is the main limiting

factor for this IM design. A higher value of lwould be ideal to reduce tHAQB , but with this

core, the window area is insufficient.
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Figure 2-21Integrated magnetic prototype

2.3 Component Selection and Loss Audit

MOSFET devices are the natural choice for this pmwer high frequency application.
Assuming that the voltage and current waveformhatswitching instants of the MOSFETSs
are linear, an approximation of MOSFET losses waslanusing the procedure set out in
Appendix A. A number of suitable MOSFETs for Q weadentified and listed in Table 2-5.
Despite MOSFET FQP3N80 being the cheapest, ithinig losses are the highest. To strike
a balance between cost and efficie®@W10NK80 was chosen. The costs of all components

in this section are single piece quotes at 2008epri

Table 2-5Selection of suitable Si MOSFETSs for Q

Component | Voltage | Continuous | Rdso, T, Power Device
Rating Current Norm (ns) Loss Cost
V) (A) Q) (W) (£)
STW10NK80 800 9 1.6 27 8.62 2.55
FQP3N80 800 3 4.0 40 26.5 0.31
STP8NK80 800 6 1.75 14 13.6 2.96
SPA11N80C3 800 11 0.7 37 1.57 3.77

Despite silicon carbide diodes, discussed in secti@.7.1, having very low switching
losses, they are expensive, therefore all of tbeedi shortlisted in Table 2-6 to Table 2-9 are
silicon devices. Table 2-6 is a shortlist of sugatiodes for . Again, assuming that the
voltage and current waveforms at the switching antst of the diode are linear, an

approximation of diode losses was made using tbeeplure set out in Appendix B. Diode
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BYV-29 has the lowest estimated losses, howeverctdst is more than twice that of diode

SF36whose combined conduction and switching lossesa@mgarable, therefore tI8F36is
the preferred device for.D

Table 2-6Selection of suitable Si diodes fog D

Diode

Rated Rated T Forward Power Cost
Voltage | Current Voltage Loss (E)
V) (A) (ns) W) (W)
UF5408 1000 3 75 1.70 1.8 0.30
SF36 400 3 35 1.30 1.4 0.52
FEP14GT 400 16 50 1.30 1.5 0.90
BYV-29 400 9 60 1.03 1.1 1.7

Table 2-7 is a list of a number of diodes apprdpriwr D,. As the currentl is

discontinuous, the switching losses are signifigaltwer. Diode FEP16GT has the lowest
estimated losses. Diode UF5408 is the least expenlgvice but has the highest loss538

is the preferred device based upon cost despit@dpaimilar estimated losses as 31DF6.

Table 2-7Selection of suitable Si diodes fop D

Diode Rated Rated T Forward Power Cost
Voltage | Current Voltage Loss (E)
W) (A) (ns) W) (W)
UF5408 1000 3 75 1.70 2.2 0.30
SF38 600 3 35 1.70 2.0 0.52
FEP16GT 600 16 50 1.50 1.6 0.90
31DF6 600 3 35 1.70 2.4 0.86

A common cathodes dual diode package was chose®sf@nd DO to reduce the

overall component count. The candidate componestiisted in Table 2-8, of those listed the
BYW51-200is selected due to the lowest power loss andvelabst.
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Table 2-8Selection of suitable Si diodes fog Bnd D)

Diode Rated | Rated Ty Forward Power Loss Cost
Voltage | Current Voltage (W) (E)
V) (A) (ns) V) Ds D4
BYW51-200 200 10 25 0.85 4.0 8.0 0.60
DSA-20 100 10 40 0.80 3.8 7.5 0.69
ON- 100 10 30 0.85 4.1 8.0 1.28
BMRF20

The possible components for the transformer remeted D;, are seen in Table 2-9.

Due to the low forward voltage drop and low pieostcthe diodé&JF5401is the most suitable
device in this case.

Table 2-9Selection of suitable Si diodes fog D

Diode Rated Rated T Forward Power Cost
Voltage Current Voltage Loss (E)
W) (A) (ns) V) (W)
UF4004 400 1 75 1.7 4.0 0.09
UF5401 100 3 50 1.0 2.5 0.41
HERG302 100 3 50 1.0 2.5 0.57
ES3B100 100 3 30 0.62 1.5 0.69

Table 2-10 lists a number of suitable electrolyapacitors for g To achieve the
necessary capacitance and voltage stresses, yetphble of withstanding the ripple current,
two 350 V capacitors need to be arranged in sefi@seach of these devices, calculations in

Appendix C show that capacit®iEUE2E101 generates the lowest losses and is relatively
inexpensive.
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Table 2-10Selection of suitable electrolytic capacitors fgr C

Capacitor Rated Rating l'rms tano Power Cost
Capacitance| Voltage Loss (E)
(uF) (V) (mA) (W)
EEUE2E101 100 350 2100 0.15 0.03 1.53
107LBB400- 100 350 1700 0.15 0.02 2.97
M2
EEUE2V101 100 350 1600 0.20 0.03 0.57
TF10118- 100 350 2160 0.15 0.02 1.78
X25

Suitable output capacitors for, @re detailed in Table 2-11. Due to converter outpu
voltage ripple requirements, these capacitors karelytic devices. As Yis relatively low,

there is no requirement to series this compondrrefore capacitoEKZE250ELL is

selected.

Table 2-11Selection of suitable electrolytic capacitors fqr C

Capacitor Rated Rating l'rms tano Power Cost
Capacitance| Voltage Loss (E)
(uF) (V) (mA) (W)
108KXM025 1000 25 2360 0.14 0.004 0.77
EKZE250- 1000 25 2360 0.14 0.004 0.43
ELL
25YXF1000 1000 25 2360 0.14 0.004 0.67
25ZKL1000 1000 25 2250 0.16 0.005 0.9¢

For the selected devices Figure 2-22 shows a bovakdf the estimated power losses

in the SPFC operating at a worst case condition gf 216 Vims @ maximum duty ratio of 20

% and a By= 180 W. Parasitic losses in the input filter, ihpectifying diodes, PCB tracking,

input/ output connectors and control circuitry &eored and not included in this analysis.

of a two-stage PFC/regulator approach.
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Figure 2-22Estimatedbower losses in“®FC power devices.

The MOSFET, STW10NKS80, exhibits the largest singtes of all the power devices
in the SPFC, with 5 W of conduction loss and 3.6 W of shiitg losses. The MOSFET
SPA11N80C would have produced a total loss of W5Dut the cost is significantly higher.

Diodes b and © are UF5408 and have comparable losses of 1.87d/2.48 W. The
conduction losses are the dominating loss contiihaind could be significantly reduced by
using SiC diodes, but again like the MOSFET wouighact the overall cost of théFFC.

The forward converter stage rectifying diodesand D, are a single package device
consisting of two diodes, BYW51-200. This packagedrefully heat-sinked, as the combined
power losses of the two diodes are the largestesimeat source in the converter. Like &hd
D,, the diodes have little switching losses.
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Table 2-12A summary of the expected losses detailed in Eigu22

Device Component Loss (W)
Q STWI10NKS80 8.62
D; SF36 1.87
D, SF38 2.18
D3 BYW51-200 4.06
D4 BYW51-200 8.02
Ds UF4004 4.03
Cs EEUE2E101 0.02
Co EKZE250ELL 0.004
IM - 8.57
Lo - 3.58

Total 40.95
Efficiency 81.4%

If the more efficient devices were used the esemi@ower loss of the*BFC would
be 27.4 W with a system efficiency of 87 %. Howether relative component cost increase
would be 55 %, which would have made the convemeompetitive for the target

application.

2.4 Steady-State SABER Simulation

A SABER model was designed to confirm the predicesililts detailed in Table 2-3.
Figure 2-23 shows an idealised model of tABFEC with an IM component, a simple control
block provides the duty cycle pulses to achievertbeessary output voltage. A differential

mode filter and line-frequency rectifier is inclubior completeness.

The converter was modelled by assuming all the patege components are ideal
devices, the MOSFET is modelled as an ideal switith zero on-state resistance and infinite
off-state resistance. The power diodes are piese Winear components with zero forward volt
drop. The output capacitors are also ideal withpagasitic resistance or inductance. The
integrated magnetic, comprising the boost induatudt the forward converter transformer is
modelled discretely. The core legs are modelledhayr respective inductance factors,, A
derived from the core dimensions detailed in [1304 respective air gaps, section 2.2.4. The
magnetic core material is ideal, with no hysterésises. The IM windings, are lossless, with

no parasitic resistance, interwinding capacitarrdeakage inductance.
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Figure 2-23SABER schematic capture off§C with IM

The following simulation results demonstrate theadiy-state performance of the
S'PFC forVe= 14 V, Ls= 111 pH, L= 1.1 mH, L& 41 pH, L= 20 pH, L= 60 uH, G= 50
uF, Co= 1000 pFand f_,= 100 kHz

Figure 2-24 shows a number of key simulated waves$dior the $°FC operating over

a number of switching frequency cycles at an inmltageV = 230 V{ms and an output power
Pou= 180 W. All waveforms are captured afs.These ideal simulated waveforms closely

correspond to the theoretical waveforms seen inr€i@-3, and to the calculated results as
seen inTable 2-3. Despite using an integrated magneticpmorant, the winding arrangement

of the two magnetic components does not impact tipemperformance of the'BFC.
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Figure 2-24Key SABER simulated waveforms %230 Vrms, B=180 W

Figure 2-25 details simulation results demonstgatime steady state performance of
the SPFC, again, for an input voltage=/230 Vims and \4= 14 V, however the output power
is Pou= 90 W. All other component values are as beforacédagain, the steady state

measurements from SABER simulations corresponceblosith calculated results, as shown

in Table 2-13.
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Figure 2-25Key SABER simulated waveforms %230 Vrms, =90 W

Figure 2-26 shows plots of,, I, V; and \, over a number of line cycles with a
power output of 180 W. As the boost stage of tHPFE is operating in DCM,l is
proportional and in phase witlf, indicating a near unity power factor and low hanm
current content. The input current,, is not purely sinusoidal however, this is duéhi® non-

linear operation of the DCM boost converter. Theegamains frequency voltage ripple can be

clearly seen in the trace & . The amplitude of the AC ripple decreases withuoed load,
but the DC level oW/, increases with the lighter load. The output vadtad, has a small AC

ripple component, due to the twice mains frequaipple of ;.
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Figure 2-27SABER simulated waveforms ofM, Vg, and \,at R=90 W

Figure 2-27 shows plots of,, |, V; and \, over a number of line cycles with a

power output of 90 W. With a reduced load of 50 #4h@ nominal, the boost stage output

voltage,V,, increases as expected with DCM operation, buttiage ripple decreases from

30 Vto 12 V. The output voltage rippl\ie, also reduces in amplitude to 38 mV.

Table 2-13 lists a comparison of calculated resudtsection 2.2.3 and simulated

results of the $FC. As expected it shows a close correlation betvike two and reinforces
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the validity of the calculations. Any disparitieseadue to simulation sampling rates,

algorithms employed by the simulator and approxiomstin the analysis.

Table 2-13Comparison of key calculated and simulated results

Parameter Pou= 180 W Pou= 90 W Unit
Calculated | Simulated| Calculated | Simulated
V, 230 230 230 230 Mis
[ 1.37 1.49 0.59 0.69 A
f":e 50 50 50 50 Hz
fo 100 100 100 100 kHz
0.16 0.17 0.13 0.14 -
I 4.8 5.1 3.8 4.1 A
\7Q 563 566 663 669 \Y,
} o 7.9 8.1 5.7 5.9 A
V, 460 458 566 569 Vv
\7Lp 460 457 566 560 Vv
|“Lp 3.15 3.07 1.92 1.80 A
V, 14 14.04 14 14.04 \%

Figure 2-28 shows simulated and calculated inputeot harmonics and compares
them with respect to the allowable harmonic limatsan operating power of 180 W. The
calculated results are accurate for the dominanhuaics, namely the'3 5" and #, with
noticeable errors for the low line conditions. Theen harmonics are too small to be

considered and are deemed negligible.

As expected the worst case input current harmasgcar at low line due to the higher

peak currents generated by the DCM boost indudioese results verify Figure 2-14 that a

\% ratio of 0.7 would limit input harmonic currentsffstiently to satisfy allowable limits.
B
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Figure 2-28Simulated and calculated input current harmoni¢%a: 265 Vs and (b)VS: 216 Vims
Figure 2-29 plots the flux in each of the legs lo¢ tSABER simulated integrated
magnetic seen in Figure 2-23. Due to the windimgragement of the split boost inductorg, N

and the transformer windings,NNs, N, there is an increased flux level in the right téghe

core, g, compared to the left core leg,,Gvhich will result in added core losses in thig.le
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This effect can be overcome by increasing the nurabeirns of N, and reducingN, = but

this will destroy the core symmetry.

20u
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Figure 2-29SABER simulation of integrated magnetic flux wavefs

2.5 Summary

This chapter presents a theoretical study, analysisdesign of a single-stage, single-

switch power factor correctorBFC, with an integrated magnetic component.

The steady-state analysis of th#BC with an integrated magnetic component goes

beyond any current work presented for this topologpdes of converter operation are
detailed and expected waveforms drawn. Design emssuch as fo}% ratio to determine
B

the dominant input current harmonics, and the marinduty cycle are realised, with an
understanding of the design trade offs such as costplexity and performance. Integrated
magnetic analysis, design calculations/ process waimdling approaches are realised that
enable the amalgamation of two magnetic componamtis a single core yet avoid electrical

interaction.

MATLAB and SABER simulations verify the predicteteady-state performance of
the SPFC as well as characterising the IM components@hesults allowed for optimisation
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of the power stage and provided results for thetraogable components to be selected for a
prototype $PFC.

Part of this work formed a conference paper andepgsesentation at the IEEE Power

Electronics and Drives Systems Conference, Nove2@@5, in Malaysia.
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3 Single-Stage  Single-Switch PFC  Converter
Dynamic Behaviour and Control Design

3.1 Introduction

This chapter details the dynamic behaviour of theFE with an IM and its control
requirements. Small-signal models of tH@SC converter are realised and the requirements of
a control loop discussed. A suitable control appinoia identified from Chapter 1, along with
an analysis of the characteristics of the controllsing MATLAB Control Toolbox, the line-
to-output, control-to-output and compensator trangtinctions are realised and modelled.
Design of the compensator is performed and a mactontrol approach that provides
galvanic isolation is designed and modelled. A misgnal switching SABER model of the
power stage and control loop is conducted thatlasdis the predicted operation, stability and

performance of the loop.

3.2 Line-to-Output

The SPFC converter analysed in Chapter 2 is a cascaniest bonverter operating in
DCM and a forward converter operating in CCM, Feg@rl. Neglecting the input EMC filter,
the line-to-output transfer function for a DCM bbosnverter [126] is shown iBgn 3-1

A A
Qe o
1 Ds
Pt
Gate
Drive
A

A

Control Loop

Figure 3-1Single-stage single switch power factor correctithwsimple control block
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Egn 3-1

where the » symbol over a lower case variable denatsmall perturbation around the steady-

state operating point and
V
G,=M=-—= Eqgn 3-2
VB
and

2-M o Eqn 3-3

W =—=
"TA-MIRG

2
where R is the effective boost stage load resistance défloy R, =V% and G is

0

the boost stage capacitance. The line-to-outpustea function ofEgn 3-1 exhibits a single

pole atw, .

Assuming the turns ratio of the forward convertgk N 1:1, the line-to-output transfer

function for a CCM forward converter from [126] is

A

G, (9=2

Ve

D 1 Eqgn 3-4

d=0 (14_ S + 822]
Q) wy

where D is the duty ratiay, =1 and Q is defined by

JLC,

Q —_ \] LOCO
°" L/R+R,G,

Egn 3-5

where Ly is the forward converter output filter inductor, i€ the output capacitance, R the
output load resistance andsRs the Equivalent Series Resistance, ESR, o£fT@e line-to-

output transfer function degn 3-4 exhibits a double pole aj and a resonant peak €f,.
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Therefore the total line-to-output transfer funotiof the single-stage, single-switch power

factor corrector is realised IB3gn 3-6

G (9=G.G,(3 Eqn 3-6
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Figure 3-2 Magnitude and Phase plot of(€) atV =230 V andP, = 90 W and 180 W

Using the MATLAB Control Toolbox, Figure 3-2 is dopof Eqn 3-6 with the SPFC

converter component values listed in Table 2-¥ at 230 V and an output power of 90 W
and 180 W. At P, = 90 W the magnitude plot shows the low frequencyepol the
discontinuous boost convertef, at 2.3 Hz, the -20 dB/dec slope above 2.3 Hz thed
associated -90phase shift. The high frequency complex pofg, due to the continuous

forward converter stage is at 650 Hz, and an amuiti— 180° phase shift is added to the
response. Above 650 Hz the magnitude plot showetezoif -60 dB/dec slope.

At P, =180 W, the high frequency complex pol,, does not change, apart from an
increase in gain magnitude. However the low fregyepole of the discontinuous boost

converter, f_, increases to 8 Hz.

) p 1

107



3.3 Control-to-Output

The control-to-output transfer function of th#EC converter is that of a conventional

CCM forward converter shown Bqgn 3-7[126].

)
(;vd (59 = }{EL ,

N ( s g j
1+ +
(QOa)O) a)OZ

where @, :}f/ﬁ and w, =}é R, Inserting the $FC component parameters from

Eqgn 3-7

Table 2-2 intoEgn 3-7, Figure 3-3 shows a plot of the control-to-outpfithe SPFC using
MATLAB, traced in orange a¥, = 230 V and a maximum power output of 180 W. The

resonant polef is at 650 Hz with a —40 dB/dec magnitude roll-atfbve this frequency. The
high frequency zerof,, due to the parastic ESR of S at 650 kHz. Reducin, to 90 W,

does not change the frequency positiorfpfor f,, only increasing the resonant pe@k

BV - 1{Hz)
. | SABER

60.0

50.04

-?- BV - f{Hz)

25.0 1 © I MATLAB
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Figure 3-3SABER and MATLAB plots of control-to-output of tf##PFC
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Figure 3-3 clearly shows that the small-signal béha of the DCM boost stage of the
S'PFC has no impact upon the performance of the @statrouput of the converter

Using the SABER simulation model shown in Figuré, 3he results of a time domain
system analyser, TDSA, is plotted on the same agithe MATLAB simulation results in
Figure 3-3. The two plots show a close correlati@tween the simulation approaches, any
disparities that are seen is due to the samplitegohithe SABER simulation approach. The
parameters for the TDSA are listed in Table 3-1.iByeasing max_nper and increasing the
quality factor of the input band pass filter thewacy of the SABER plot can be improved at
the expense of computational time and memory. Tinelation time required to provide the

results for Figure 3-3, took an average of 4 haumd 6 GB of memory.

Input Filter and Rectifier Boost Converter Integrated Magnetic Forward Converter

’_g L LBzL

T e I
@WVCM T CX2T

Cj

Frequency Analysis Set-Up

=< =

Figure 3-4 SABER simulator arrangement to determiffle/sC G, ()
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Table 3-1Control parameters for the TDSA component in SAB#Rulations

Name Value
fbegin 50
fend 100000
ampl 0.1
Offset 0
npoints 100
Mode logswp
Max_err 0.01
Max_nper 30
Min_nper 3
Min_tspp 40
2 1
Qo 10
Filter Yes
ac mag = 1, phase =0

3.4 I|dentification of Suitable Control Approach the S*PFC

This section identifies a suitable control approfim section 1.2.5 which reviews

power factor correction control methods for CCM &M converters.

As the boost stage of thé=C operates in discontinuous current mode, théraon
loop is not required to perform power factor cofi@t, only output voltage regulation.
Therefore, commonly implemented current mode amtres such as average and peak
control, are not necessary unless a current or pbwiing function is required. The simplest

approach is a single-loop voltage-mode controlufég3-5, whereG.(s), G,,.(9), G4(9),
and G, _(s) are the transfer functions of the compensator,R#éM modulator, the PFC

control-to-output and the feedback attenuator retspedy.
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Figure 3-5Single loop voltage mode control

The closed loop equation of the single-input, srglitput control loop in Figure 3-5 is

expressed as

H(s) :L Eqgn 3-8
1+G,,G.K,

C

Closed loop stability of a linear system is acbkekVf all the roots of its characteristic

equation,1+ GG K, = 0, has negative real parts [132], that is, the raotsto the left of the

imaginary axis in Figure 3-6. To achieve closedlatability and a fast transient response, a

suitable control compensat@; is required.

Im

X

Stable
Region

Figure 3-6 Stability regions in the complex plane for rootdltd characteristic equation



The control-to-output transfer functiorG,,, plotted in Figure 3-3, shows the gain
magnitude exhibiting a second-order responsé aand a phase shift tending towards <180

To ensure system stability and fast transient nespoa PID controEEgn 3-9, is required to

perform loop compensation [126]. This control ag@to can obtain both a wide frequency

bandwidth and a zero steady-state error.

a)Z a)Z
G.(9 = : 2 Eqn 3-9
s[1+S J(u S ]
a)pl a)pz

The compensatoB,(s) exhibits the following characteristics, the zetawg adds low

frequency gain. The second zero @ adds phase lead at the vicinity of the loop gain
crossover frequencyf,. Combined,w, and w, can provide a phase boost upto 180he
poles atw, andw, provide high frequency roll off to attenuate thghhfrequency switching
ripple interfering with the pulse width modulatéinally, ), is the gain of the compensator at

f.. Figure 3-7 shows the*®BFC with a simplified block diagram of the voltageode
feedback loop.

L > 2
F ko]
| !D Cp=— Np — R,
vsé !
A A
— N ~
ﬂ%_ ! D5 Vo
P
Gate
Drive \7 \7K
Cc d
T—a Gpur(9—H G, (9 - Gy (9

Figure 3-7 S'PFC with a block diagram of the proposed voltagelencontrol loop
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To ensure that galvanic isolation is maintained satation stage is required in the
feedback loop. A common approach is detailed irB[Ehd shown in Figure 3-8, this circuit

consists of the feedback attenuator network, & error amplifieiG,,(s), an optocoupler,

G,.(9) and a PWM modulator with gate driv@,,,.(s) .

O,

Gom(9

Figure 3-8 Practical implementation of isolated feed back emehpensation

The attenuation resistor networkg,Kcomprising the resistor networkR and R,,
reduces Y to 2.5 V which is the internal precision voltagderence of the TL431 [134]. The
TL431 comprises of a stable internal 2.5 V refeeemchich is connected to an internal
operational amplifier inverting input. The operatiamplifier output drives an internal open
collector transistor. In this approach, the TL43l used as the error amplifier of the
compensator and eliminates the need for an auxipawer supply for the error amplifier
network. The output of the TL431 is powered throulga resistor R and the optocoupler
signal diode, connected in series with the outmltage, \é. The TL431 error amplifier now

operates as a transconductance amplifier, there®(e) comprisesG,,(s) and G, .(s). By
generating the compensation error signgl,on the primary side, as opposed to transferring a

proportional signal of the output voltage to thenary side, the impact of the optocoupler’s
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non-linearity and high gain variation is minimisethe optocoupler error signal,, is

compared with a set/reset latch in bloGk,, . (s) , where duty cycle, D, is generated.

For the practical control approach in Figure 3H& subsequent position of the zeros
and poles oEqgn 3-9are determined bign 3-10to Eqn 3-14[135].

w, =i Egn 3-10
R.G
The second zero positiom, is realised by
1
W, =—————— Eqn 3-11
(R+R)G
The first pole positiorw, is expressed by
w. = —1 Eqn 3-12
® RG
The second pole positiow, is expressed by
w -1 Eqn 3-13
P2 R:CC q
Finally «, is realised by
w, =&CTR Egn 3-14
R

where CTR is the current transfer ratio of the eqapler.

3.5 Design of Control Loop

To achieve a fast transient response whilst maiimgiloop stability, the overall open
loop gain, G, (), should have a unity gain cross over frequenty, approximately 1/8

below the switching frequencyf, _ , with a slope of -20 dB/dec and the correspongingse

sw?
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margin at the unity cross-over should be approxaéga#i5’- 70°to ensure a satisfactory

damping ratio. The overall open-loop transfer functG, (), is expressed as

Gol (S) = Q/d Q: (Bpwmc-:k1 ( $ Eqn 3-15

Figure 3-8 shows the practical implantation of tleedback attenuator, (s),
comprising of resistor®} and R,. To ensure that the TL431 reference input is ciaffitly
biased, the current througR, I, should be greater thah,, over the entire temperature

range [134]. The attenuator network is derivedElgy 3-16andEqgn 3-17.

Vref
R, = Eqgn 3-16
I,
whereV, is the internal reference of the TL431, and=1; ~1 ..
Vo _Vref
R = Eqgn 3-17
g

FromEqn 3-16andEqn 3-17arbitrarily choosingl; to be 1 mA, therR = 11.5kQ

and R, = 2.5kQ, thereforeG, (s) is 0.17.

To ensure a stable switching frequendy, , a pulse width modulator and efficient

MOSFET gate drive, a UC2842 control IC is used [1B&ure 3-9 shows a block diagram of
the UC2842, detailing its functionality.

The SPFC switching frequency is set by the UC2842 irgkoscillator and by the
addition external componeni andC, and is derived bfqn 3-18[136].

=— Egn 3-18

The MOSFET gate driver is realised by an interotdrh pole arrangement. The PWM

is determined by a set-reset latch, theref@g, (s) = 1. The control IC also provides a
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regulated 5 V reference/,. As the loop compensatoG,(s), is defined by the approach

shown in Figure 3-8, the UC2842 internal operati@maplifier is redundant along with the

internal voltage reference. The output voltage, of the compensatoG,(s) is fed directly

into Pin 1 of the UC2842.

vee (7 12}—+ * VA
34V uvLO : ZE /
SIR | mer (8]14] 5.0v
Gnd [5]9] |1 I 50mA

Internal | ————— | Totem Pole
Gate Driver
1

Internal -_——t—
Reference J L |_ o Vrer Bias I 0 |
11| Ve
CT T - f I

Internal I

Oscillator RT\GT 4/7] 10] Output |

:‘ Pwr
Ground|

Internal I
Operational=pw
Amplifier |

Figure 3-9Block diagram of UC2842 control IC

Before the design ofG_(s)can take place, the transfer functioG,(s) must be

characterised and is expressed as
G,(9) = Gy GG (3 Eqgn 3-19

Figure 3-10 shows a plot &qgn 3-19and that at a required overall open loop transfer

function, at the target frequency cross ovkr,of 10 kHz, the gain magnitude is -25 dB with
a phase shift, PS, of — 178Therefore to achieve an overall open-loop trandaction,

G, (9, of unity gain crossover at, and a phase margin, PM, of gthe compensatofG,(s) ,

must provide a gain at, of 25 dB and a phase boost, PB, 0f'152
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Figure 3-10Plot of G,(9)

The phase boost, PB delivered@ys) is defined as
PB=PM- PS-90 Eqgn 3-20

Placing the zerosq, and w, of Eqn 3-9 at 3455 rad$, and w, and w, at 3.5x10
rads’, to attenuate any high frequency switching naissylts in the compensatgy(s) plotin
Figure 3-11. At the targef_, 10 kHz, the gain magnitude is 25 dB with a pHasest totalling
152.

UsingEgn 3-10to Eqn 3-14 the practical component values of Figure 3-8cioieve
the G,(9) plot in Figure 3-11, ard} = 11.5kQ andR, =2.5kQ, R, =54 Q, R =5.6kQ,

R, =20kQ, C, =25nF, C, =50nF andC, = 145 pF.
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Figure 3-11MATLAB plot of G,(9)

The resulting open-loop gaiG, (s) is plotted in Figure 3-12. It can be seen thateher

is a unity gain cross over at 1/6f the f,, with a —20 dB slope. The phase marginfatis

65° as expected.
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Figure 3-12MATLAB plot of G,,(S)
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Figure 3-13 shows a normalised step response dfdhsfer function H(s) ikqn 3-8
It confirms that the loop is stable with a respotygecal of a system with a phase margin of

65, settling within 2 ms of the disturbance.

Step Response

Amplitode

1] 0.2 0.4 0.6 0.a 1 1.2 1.4 16 18 2
Time (sec) « 10-3

Figure 3-13A normalised step response of closed loop systesh H(

3.6 SABER and MATLAB Simulation Verification

The results of the MATLAB control analysis in secti3.5 are verified with SABER
mixed signal switching simulations. Figure 3-14 whothe SABER model of the control

systemK,(s), Vi, G.(9), and G, (s) . The control loop is simulated along side tHesc
SABER switching model in Figure 2-23.

The following SABER simulations demonstrate the awic performance of the
S'PFC converter and the proposed control approack. fEsults presented are all for a

nominal input voltage ¥= 230 Vims With the output power, &2, stepping from 180 W to 90 W
back to 180 W.
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Figure 3-14SABER simulation schematic of control loop f8PEC converter

Figure 3-15 shows the response of tHEPFEC with a step load change of 180 W to
90 W, whereV,, 1, V; andV, are plotted. At time 0.14 s to 0.2 s the outpwgois 180 W,

the input current], is in phase with the input voltages, Vhdicating a high power factof,

Is not purely sinusoidal, as it is distorted by tien-linear performance of the DCM boost

converter. At time 0.2 s, a step load change odcans 180 W to 90 W. The input currenlt,,
remains in phase witW, but reduces in amplitude, whilst the control loafpFigure 3-14,
maintains the regulation &f . AsV; is not regulated there is an increase in thisagaltfrom

460 Vto 560 V. The amplitude of the ripple content\gfalso reduces with the reduced load.
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Figure 3-15SABER simulation of \, Is, Vg, and \} in response to a step load change of 180 W - 90 W
att=0.2s

Figure 3-16 is a magnified image of Figure 3-15 noletting V, and I,. At time
0.1992 s to 0.2 s the load is 180 W, the outputagel is closely regulated to 14 V and the
output current is 12.8 A. At time 0.2 s, a step dawload to 90 W occurs. The output voltage
responds by rising to 14.29 V at time 0.2001 s. Tésponse ofG (s) overcompensates
causing \ to undershoot at 0.2005 s, however by time 0.204, $1as settled to the steady-

state value, exhibiting a classic second orderomesg.
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Figure 3-16Magnified view of SABER simulation,land \}, response to step load of 180 W to 90W
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Figure 3-17SABER simulation of \ |5, Vg, and \ in response to a step load of 90 W to 180 W at t =
04s

Figure 3-17 shows the response of tABFE to a step load change wheéfe I, V;
andV, are plotted. At time 0.36 s to 0.4 s the outpwyg@ois 90 W, the input current,, is in
phase with the input voltagesVagain indicating a high power factor. At time @.4a step
load change occurs from 90 W to 180 W. The inputesy, |, remains in phase witk, but
increases in amplitude, whilst the control loogufe 3-14, maintains regulation gf. As V,

is not regulated there is a decrease in this veltegm 560 to 460 V. The amplitude of the

ripple inV, also increases with the increased load.

Figure 3-18 is a magnified image of Figure 3-17véng V, and |, . At time 0.3992 s

to 0.4 s the load is 90 W, the output voltage ésely regulated to 14 V and the output current
is 6.4 A. At time 0.4 s, the load steps to 180 We Dutput voltage responds by dropping to

13.75 V at time 0.4001 s. The responseéspfs) overcompensates causing 8 overshoot at

0.4005 s, however by time 0.4018 s,has settled to the steady-state value.
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Figure 3-18Magnified view of SABER simulation,land \,, response to step load 90 W to 180 W

From these simulations it can be seen that thelatedimodel of the power stage and
its control loop are performing as expected. Neigtep up or step down load changes appear

to cause any sub harmonic instabilities.

3.7 Summary

This chapter details the dynamic performance ard rédguirements of the*8FC
converter control loop. The dynamic analysis of §®FC with an IM has not been found in
any of the literature reviewed by the author. Thewerter line-to-output and control-to-output
transfer functions, suitable control approachesrasadised, as well as the necessary circuit
protection measures to ensure there is no oveag®Ibf the DCM boost stage capacitors
under light load conditions.

A suitable control approach is identified from Cteapl, and evaluated using
MATLAB and SABER simulations, designed and impleteely ensuring a fast transient
response to step load changes, whilst ensuring ktapility. A practical approach is
developed that allows for fast dynamic response, dso provides the required galvanic

isolation between the primary and secondary.

The MATLAB and SABER switching model simulations nfiom the theoretical
results increasing the confidence in tHPBC small-signal analysis and validate the idesifi

control approach.
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4 Experimental Performance of S*PFC with IM

4.1 Introduction

Following the analysis and design of tH#BC with an IM device in Chapters 2 and 3,
this Chapter details the development of the pr@®tyonverter. Firstly, the construction and
layout approach used is shown along with the ewrpmntal laboratory set-up. Secondly,
verification of the operation of theé'BC with an IM device is performed, comparing SABER
simulations and experimental waveforms, validating design. Finally, a cost analysis is

discussed.

4.2 Circuit Construction and Experimental Setup

This section details the experimental laboratotygeincluding the design and layout
of the Printed Circuit Boards, PCBs, the equipmes#d for verifying the performance of the
single-stage, single-switch power factor correclidre PFC stage and the respective control
components are arranged so that they occupy a smel to minimise parasitic inductance
loops. The power stage and the control loop areetyoarranged on a single board. The PCB
is FR4 insulating fibre glass with a single sidexd topper layer. Full schematic drawings of
the SPFC circuit diagram can be found in Appendix D.

Figure 4-1 PCB capture of ®FC layout and tracking
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Figure 4-1 shows the circuit layout for th8#EC converter. The input line connection,
Vs, is on the bottom left hand side of the power Hodris input is fused for safety and
voltage surge suppression components are also abetediately following the fused input
are the EMC components, X-capacitors C103, C104aacmmmon-mode inductor, L100. The
network of components in the upper left corner igluFe 4-1 is the UC2842 PWM controller
and supporting devices. The main switching power¥8&T, Q, is labelled Q100 in this
diagram. The main boost capacitors are locatedencentre of the board and are labelled
C107 and C110. The integrated magnetic componeriesly seen as it is the largest single
device on the PCB and is labelled IM100. L200 s tlutput filter inductor of the forward
converter stage. Use of space was minimised toremcsimpactness and efficiency. There are
also numerous test points situated across theichoard for ease of testing. The dimensions
of the converter in Figure 4-2 is 250 mm x 150 md0® mm.

MOSFET Bogs! D3.4& Ds
Capacitors

- oo

—
-

T
Control Sl B
Inductor
1= §  Output
imw%eﬁ%t\zm l } \ | p
-
b0
Input Filter Integrated
e D;&D )
& Rectifier 1T Magnetic

Figure 4-2 S'PFC with integrated magnetic prototype

Once the PCB had been populated, detailed testasgundertaken using a artificially
generated single phase AC sine voltage to ensgood distortion free voltage waveform, a
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Yokogawa WT3000 power analyser recorded and astetbee line voltage and current
waveform quality and harmonic content, and a LedgveRunner oscilloscope along with a
high voltage differential probe ADP305 and a APIfiBrent probe was used to measure

converter waveforms. Figure 4-3 shows the laboyag®t up used to evaluate th&PSC

prototype.
Single Phase AC Supply Oscilloscope
Current ={) 35532
@ w & Frohe U %éé 2
@@ (i)(fJ(EJ @@ ¢ o0 mLLLLLUJ&Ir\aDEI
Fower .
Analyser
— EEBEEBB%
mm|m wfml]
E— Unit Under Test
D @aa O @@
IMPUT QUTRUT LOad
| [ |

]
i —
. &

®+
= |

Volt Meter

7
2 8
Ammeter |

Figure 4-3 Laboratory setup

4.3 Experimental Verification and Performance Comparisons

The following sections detail the measured steddiesvaveforms of the prototype
S'PFC and compare them with the theoretical predistiand SABER simulations over a
number of operating conditions. Input current gyadnd harmonics are plotted at various line

and loads states, as well as comparisons of keyectan waveforms.
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4.3.1 Input Current Quality and Harmonic Content

Figure 4-4 and Figure 4-5 show experimental anduited results of the*BFC line
supply voltageV,, and supply current,_, to determine wave shape quality, power factor and
current harmonic content. The SABER simulationss@néed in this section are the result of

mixed signal modelling of the steady-stat8PBC schematic in Figure 2-23 with the

component values listed in Table 2-2, and the cbidpp shown in Figure 3-14.

The simulated results are plotted in solid blaakedi, whilst the corresponding

experimental results are plotted in colour. Figd#€ compares experimental and simulated

and I, whereV,= 230 Vins and the converter output power is 180 W. The phitew

comparable current waveforms. Despite the inputetity |, not being purely sinusoidal due
to the non-linearity of the DCM boost stage, ifrisphase withV,, indicating a high power

factor and low harmonic current content.

) 1s)

500.0 500.0
i vs Sim

HLGIRC!
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lig)}
=
=
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-500.0 -500.0

(A) 1)

i| 15 Sim

HIORS!
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Figure 4-4 Simulated and experimental waveformslgfand V, whereV, = 230 Vs and B =180 W

The amplitude of the experimentélresults is larger than that of the simulatkd

results due to the’BFC parasitics and resistive losses that are mitdaed in the SABER
simulations. The small phase shift between the mxgatal results and the simulated results
is due to slightly different line frequencies, gimulated frequency is accurately set to 50 Hz,
however, in practice this is not precisely matched.
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Figure 4-5Simulated and experimental waveformslgfand V, whereV, = 230 V,m,sand B =90 W

Figure 4-5 plots simulated and experimental resefits, and V, at an output power of

90 W. |, is again in phase with; and there is a closer correspondence with thelatron

data.
Table 4-1S'PFC input measurements over various operating tiondi

Vs I Ps Po S Q @ PF Vs l's

V) (A) (W) W) | (VA) | (VAR) | (%) (%) | THD | THD
(%) (%)

260 0.44 114 90 79 21 10.8 98 0.200 2.8

230 0.50 115 90 78 20 10.C 98 0.217 2.7

215 0.54 116 90 77 19 9.6 98 0.215 2.8

260 0.60 156 120 76 11 4.1 99 0.187 4.0

230 0.69 158 120 75 9 3.3 99 0.176 5.4

215 0.77 165 120 72 10 3.5 99 0.178 6.2

260 0.92 239 180 75 12 2.9 99 0.169 7.1

230 1.05 241 180 75 12 2.8 99 0.166 7.5

215 1.13 242 180 74 11 2.8 99 0.168 7.0

Using a Yokogawa WT3000 power analyser, Table #t$ the experimental results of

the input voltage and current quality at variousraging conditions of th*®FC. WhereS is

apparent powelQ is reactive powerg is the phase angle betwe¥p, and|,. Power factor

is labelled a®®F andTHD is the total harmonic distortion &, and | respectively. Since
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is small across the operating conditions listedable 4-1, the subsequent power factor is near
unity as expected with a boost converter operatifigCM, resulting in a low apparent power

and successive reactive losses.

4.4 Steady State Waveforms

Figure 4-6 to Figure 4-8 show simulated and meaksteady state waveforms of the
S'PFC with an output power of 180 W and an input lrmétage of 230 Vs All of the
simulations were performed with ideal componenta aitvitching frequency of 100 kHz. The
SABER simulated results are plotted in solid blaokes, whilst the corresponding
experimental results are plotted again in colouigufe 4-6 plots waveforms of the

discontinuous boost inductor current, , and correspondingV, . The experimental

waveforms show close correlation with the simulategults in terms of wave shape and
magnitude. The phase shift seen between the siaduktd experimental results is due to
slightly different switching frequencies and formnag discrepancies, the simulated frequency
is accurately set to 100 kHz, however in practiwe éxperimental switching frequency is 101
kHz, due to component tolerances. This applies litdigures in this section comparing

simulated and experimental results.
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Figure 4-6 Simulated and experimental waveformd pfandV, for V =230 V and =180 W

The higher peak current, in the experimental result is attributed to PCBcuwit

losses, resistive winding losses and other patasiibt included in the simulation. These
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parasitic effects also have an impact upon the datip of the experimental results as the
control loop automatically increases the duty ratiocompensate for the circuit losses and
maintain the output voltage at the required level.

Despite efforts to ensure a compact and efficiémuit layout, track inductance and
parasitic semiconductor capacitances also causeartringing of the boost inductor voltage
during the discontinuous current stage of the wawe$. This parasitic oscillation is
especially evident in Figure 4-8 and Figure 4-1H amvariably adds to converter power

losses. A small overshoot is also evident in\YQeNaveform at the turn-off instant which was

attributed to the layout inductance and the leakagectance of the transformer.
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Figure 4-7 Simulated and experimental waveformd gand V, for V=230 V and =180 W

The results in Figure 4-7 show that the experimard simulated waveforms closely
agree, however once again, unaccounted for comp@aeasitics cause leading edge parasitic
ringing in the experimental results. The experirakntaveform of voltageV,, is slightly
lower than the simulated result due to a numbeeasons. Higher than expected resistive and

parasitic losses increase the load on the outptiteoboost stagéurther, withV; being lower
than predicted, the duty ratio, D, must increaseoiider to achieve output voltag¥®,,
regulation. The result of increasing D consequerghjuces the time periog to t,+T,, in

Figure 2-3, pushing this recovery stage close t#MCas seen in the lack of step in the
experimental wavforny, in Figure 4-7.
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Figure 4-8 shows plots of simulated and experinfemgaeforms ofl, andV, at an
output power of 180 W. The two waveforms of show close correclation, yet the
experimental Vi, shows significant high frequency ringing at the exse bias voltage
transition and low frequency ringing whep becomes discontinuous due to a less than ideal

component layout, contributing to converter lossHse near continuous conduction mode

operation of the transformer reset winding is apparent in the experimental waveform of

Vi, as seen in the lack of step in Figure 4-8.
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Figure 4-9 Simulated and experimental waveformd pfandV, for V =230 V and p=90 W
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Figure 4-9 to Figure 4-11 shows steady state mibtae SPFC at an output power of
90 W. Again like the converter operation at 180 Mg experimental results at 90 W shows

close correlation to the simulated plots especitilyy experimental current plots of,_, I,

I, and I , for all of the conditions shown, confirming thepected performance and design

of the integrated magnetic.
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Figure 4-11Simulated and experimental waveformd gfandV;, for V=230 V and =90 W

Considering magnetic core utilisation, the analyssumes that there is better core
usage of the integrated magnetic approach comptiredsing separate magnetics. This
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assumption is based upon the total core volumeshiad in each case. Yet in practice, the
desired core cannot always accommodate the totabeu of windings required, making it
difficult to realise appreciable volume savings.nNdeal elements in the converter still

dominate during periods (1-D)f causing unwanted oscillations.

In conclusion to this section, the comparisons betwthe experimental results and the
ideal SABER simulation results validate thorouglhe steady-state analysis and design
performed in earlier sections, with the integratembnetic performing as expected.

4.5 Cost Analysis

A cost evaluation of the*BFC is conducted in order to determine whethersinigle-
stage single switch with an integrated magnetia@gugh is financially viable compared to the
standard two-stage approach. In order to simpii&/dost analysis and comparison of the two

approaches, the'BFC and the two-stage prototypes are based orathe specifications.

Table 4-2 outlines the critical component analydithe PFCs. The first column is the
standard two-stage converter approach, the secetailsdthe $FC with separate magnetic
components. Finally, the third column shows agai$'BFC, however this now utilizes
integrated magnetics. All figures are normalized gomplicity, and the standard two-stage
rectifier converter is used as a cost reference. Vilue of ‘3’ for the IM is with reference to

the combined cost of the boost inductor and thesfaamer in the two-stage converter.

Table 4-2 further shows the evident cost incredsleawing to utilize a high voltage
and current rating for the MOSFEZ,75 The technology used for this device is a reld§ive

new introduction to the commercial market and d@st¢herefore will fall with time.

Again, like the MOSFET, high rated parts that cathstand the voltage imposed and
current ripple tend to be more costly components.i$the SPFC two boost capacitors are
arranged in series to withstand the stresses indpassulting in the high cost for this

component.

The IM assembly is more expensive than that ofcihieventional separate magnetic

components. This is again due to the technologydgoenmature, therefore there is a high cost
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associated with the tooling of non-standard bobformers, the complex winding and

assembly of the constituent parts.

Table 4-2Cost analysis of critical components

Component Two-Stage $FC S'PFC with IM
MOSFETs 2 2.75 2.75
Le 1 1 B
Transformer 1 1 -
IM - - 3
D; 1 15 15
D, - 1 1
Cs 1 2.5 2.5
D3 1 1 1
D 1 1 1
Ds 1 1 1
Lo 1 1 1
Co 1 1 1
Control Circuitry 2 1 1
Relative Cost 1 1.2 1.28

Other major cost contributors to the total bill mbterials include the PCB and the
chassis. Despite the notable reduction in ovemtigonent count with the’BFC, the increase
in the power ratings of various components, caadethe effect for a reduced PCB area.
Therefore, there was no effect on the volume arst, af the PCB and metal work of all

designs.

It can be noted however, that the manufacturinggsses impeded the opportunity to
reduce the overall volume of the single-stage apgrosignificantly; single-sided, through-
hole techniques were used on all converter assemflhe use of double-sided, surface mount
technologies would certainly reduce the overallumoés of the converters, but would

correspondingly increase the cost of manufacture.
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Further associated cost savings with the singlgesRC that are not detailed in Table
4-2, include the costs of tracking, storing andeagsiing 26% fewer components than the
two-stage Converter, this is mostly due to the iglation of a control loop.

This very small cost saving, compared to the higicgntage savings from component
reduction, is due to the manufacturing stage inctvlihese components are inserted. Variable
Centre Distance, VCD, and Axial Insert, Al, equiphavas used to place all of these
components automatically. Therefore, the impactaaofeduction in assembly time/cost is

minimal.

4.6 Summary

This chapter has described the development ofxperignental prototype ‘B®FC with
an IM device. The detailed experimental results@need for the ‘®FC circuit show excellent
correlation with earlier theoretical predictionsdasimulations, showing that this approach
exhibits a near unity power factor with input curtré@armonics falling within specified limits,
whilst being able to provide a regulated outputtagé. An important contribution is
demonstrating that this IM arrangement can be implged within the %FC topology,
reducing component count and increasing core usalgdst having little detrimental affect

upon the performance of the power stage.
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5 Ultra Bright White Light Emitting Diode Driver

5.1 Introduction

This chapter details the design and developmeatpmfwer converter for a high power
white light emitting diode street luminaire. A fbte power topology is identified for the
power factor correction stage and the constanteotirregulator stage, and necessary
modifications are made in order to fulfil the reguments specified in Chapter 1. The steady-
state operation of the converter is detailed, dsasehe essential design equations. MATLAB
and SABER simulations characterise the steady-p&t®rmance of the converter and verify
the design equations. Finally, simulated and erpemtal results verify the design methods
and validate the approach for a HP LED street lamenThe street light is to be used on main
distributors, and is of lighting class M3a. Mainstdibutors are routes between strategic

highways such as dual carriage ways and urbanesnirhere speed limits are < 40 mph
[123].

These issues impact on the design of the HP LEE&etstight, leading to an unusual
electrical design. Taking into account these camgeFigure 5-1 shows the design of the

concept luminaire which will adhere to the reguasi, and includes both the power converter
and HP LED strings.

Figure 5-1 CAD drawing of proposed LED Street Light
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5.2 HP LED Power Converter Requirements

As already detailed in Chapter 1, HP LEDs cannodlibectly connected to the mains
supply, as firstly they require reverse voltagetgebon, secondly, the current through the HP
LEDs needs to be regulated, and finally there aembnic limits specified for lighting
equipment that is connected to the mains grid. f¢tweer factor correction stage limits line
harmonic currents, minimises total harmonic disportand provides sufficient energy storage
during the twice per cycle voltage zeros. A secopdanverter is required to regulate the

current through the HP LED strings.

An added difficulty is the elimination of any eleslitic capacitors, so that a long
converter lifetime can be achieved, see sectior?Y 22as the useful operational lifetime of HP
LEDs is 50,000 hours. Many commercially availabeCPdrivers implement the lowest cost
electrolytic capacitors available for the requiremeo minimise 100 Hz ripple frequency and
perform energy storage. Yet these electrolytic capes have an operating lifetime of
typically several thousand hours [40]. If exposechigh temperature environments or high
ripple currents, the lifetime of these wet elegtticl capacitors will be reduced further due to
the electrolyte evaporating and venting and soofferating life of the entire system would be
compromised. In order to provide continuous powewfto the load and avoid 100 Hz
stroboscopic effects, a capacitor with the necgseaergy storage capacity is needed. This
can be realised by using a long life, > 50,000 &pelectrolytic capacitor, which is expensive
and too large to fit in the luminaire, or using @relectrolytic capacitor operating at a high

voltage to provide the necessary energy storage.

Metal film capacitors are suitable for high voltagge and have long lifetimes. These
capacitors are inexpensive and physically smalf[X®mpared to long life time electrolytic
capacitors [43]. Other characteristics include B®R, low ESL, low dissipation factor and
high reliability. These attributes all indicate thiis capacitor type would be suitable for this
application. Metal film polyester dielectric consttion is preferred over a film/foil
construction due to the self healing propertiesalln relative size and lower cost per

microfarad, see Figure 5-2.
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Figure 5-2 Metallised film capacitor construction

Assuming metal film capacitors are used, the orffC Ronverter options are those

topologies that can boost the output voltage higih@n the peak line voltage.

As well as being electrically efficient, durabledarequiring low maintenance during
its lifetime, the power converter must also meegett luminaire optical standards which
govern the quality of the light output [42, 12381&nd section 1.2.8. Of particular concern
are stroboscopic effects.

To avoid these unwanted effects a secondary cadcaateerter is required to produce
a constant current in the LEDs. This converter nogsrate at switching frequencies beyond
the sampling frequencies of camera equipment amaahuwisual perception. The converter

also performs a light dimming function if required.

Figure 5-3 is a block diagram of the HP LED powenwerter arrangement. The power
factor block contains the input EMC filter, mairtifier, energy storage, and auxiliary power
supplies. The other three blocks are controlledstant current regulators which each supply a
HP LED string. These regulators are independeminef another, as this approach allows for
control of the street luminaires optical footprint.
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Figure 5-3HP LED power converter block diagram

5.3 Power Factor Correction Converter Selection

Since the HP LED street light will draw more tham\® of power from the supply, it
is subject to Class C requirements of British Séad®1000-3-2:2006 [13]. This class is more
stringent than other classes, as it is the onlg sasere a limit for the ™ harmonic input

current is specified, see Table 1-1.

Referring to Figure 5-3, the capacitor, C, mustestenough energy to allow it to
supply the LED drivers during the twice per cyclains voltage zeros, so that the voltage
supplied to these never falls below the minimumessary for correct operation.

This requirement precludes passive PFC approacméshee active buck switching

converter topology identified in Chapter 1, sinkke DC link voltage must be higher than the
peak line voltagevs. Section 1.2.3 describes the power imbalanceth®tctive PFC stage

must compensate, and usiggn 5-1, the output voltagey, ., of the PFC, must be higher

us !

than \73.

Vbus = \/EC meaﬁ iF%S#(zax) Eqn 5-1

Therefore the remaining suitable converters aresband buck-boost type converters.
An isolated topology such as the flyback conveidanot required, as galvanic isolation adds
complexity to the power stage. Other converterstified for PFC include the Cuk, Sepic and
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Zeta converters. The operation of these convergastion 1.2.3, reveal that they do not have
an inherent PFC ability, produce a distorted inputrent waveform and are not suitable for
this application.

The author believes the buck-boost converter isntbet suitable power topology for
the role of street luminaire PFC. The converteabte to boost its output voltage to a level
significantly higher than its input voltage, albditis is a negative voltage. The negative
voltage is not problematic for this application, #ee load comprises constant current
regulators and HP LED strings. The converter caoferated in DCM, which automatically
shapes the input current to be directly proportidodhe input voltage, ensuring a near unity
power factor and a simpler approach to control tb@mtinuous current mode operation. This
is beneficial since lighting harmonic current regigdns are more stringent than for other

equipment.

5.4 Principles of Operation of Power Factor Correction Stage

This section details the discontinuous operatiothef power factor correction buck-
boost converter, Figure 5-4. As this power stagersfno significant research interest, only
brief principles of operation of the power stage given along with simulations and a power

loss audit of the regulator.

IQl |Dl D,
! A’lh DR

I  § _1| g
VSgP g Viee L, C,= Rbu! V..

O

bus

Figure 5-4Buck-boost power factor corrector stage
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Described is the state-by-state operation and kayeferms, see Figure 5-6. This
section also details the analysis and predictedbpeance of the power factor correction
circuit. With the buck-boost converter operatindi@M, the topology can eliminate the need
for unnecessary complex control circuitry and reegiionly a smalll, value compared to a
CCM inductor. Control circuit simplification is a@ved due to the inherent operation of the
DCM. The current through, becomes zero at some time within the off-perio@gfin each
switching cycle, thereby ensuring the peak valumpdit current is proportional to voltage and
in phase with it, resulting in a near resistive uhpimpedance for the stage. With this

approach, a high PF can be realised. Along withufeigh-6, a description of the operating
principles of a DCM buck-boost restifier is given.

Vel L3V, T R |

vsg? g

Figure 5-5Buck-boost converter ajto t;

During period nT,, to t,;, the effective circuit of the buck-boost convelgeshown in
Figure 5-5. MOSFET Qis conducting and the input voltageMs applied to inductor 4. The
current through Land Q is given by

F |—1 Egn 5-2

where D and J,, are the duty cycle and switching period of thekdogost power stage

respectively.
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Figure 5-6 Key waveforms of DCM buck-boost converter
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Diode D is reversed biased and capacitarsGpplies the current to the output load.
Thus

IA _ ’\73 DTSW
P — Eqn 5-3
L
The reverse bias voltage across diodésyjiven by
VDl = \/rec +‘\/buJ Eqn 5-4

During the time, 4 to to, Q1 is off and the circuit is shown in Figure 5-7. Tihductor
Is connected to the output load and capacitor yviarid the energy stored in transfers to €
and the output load. [Qoltage becomes

Vi = Viee *[Voud Eqn 5-5

rec

The voltage across; lis now equal to Vs

Figure 5-7Buck boost converter duringtb t,

In discontinuous current mode contrdl, falls to zero before the start of the next

switching cycle. This periotl, to t_, is given by
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! L D]'l — Vrec DTsw Eqn 5-6
V

trn
S/

bus

bus

During the remaining off periogAto (n+1)Tsw the inductor current, is zero. This

time period is determined as

(n+DT, —t, = Ts{ DT+ \\//SD TSVJ Eqn 5-7

bus

The output capacitor {ow supplies current to the load during this perio

Vbus
\J
Figure 5-8Buck boost converter during peridg, to (N+1)T,,
The high frequency output voltage ripN@u%Wis
Vi =Lt —nT
bus, SW_E( a— N sv) Eqn 5-8
1

Thus far, the analysis of the buck-boost convengs only been concerned with the
steady-state DCM condition over a single switchiiygle. Neglecting the effect of an input

filter, over a single line period the input voltade, is time varying as described by
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V,(t) = V,sinat Eqn 5-9

where\7S is the peak line voltagay, is the angular frequency of the line voltage. ifirty

the rectified voltagey.,., is defined as

ec’?
V. .(t) = V,[sinat Eqn 5-10

With a constant duty cycle, over half a line peritide DCM buck-boost inductor
current is similar to that of the DCM boost curreftthe SPFC shown in Figure 2-7.

However, unlike the DCM boost converter the trgledge ofl _is not seen by the input, as

shown in Figure 5-9.

N

— ——, |

- - \/
A V _ P < - s
e N |
/7 AN S
/ N\
/7 — T T T~
/ _ - - — -~ L \
[ 7 ~L N\
/. ~ X\

7 N

e ~—
V4 | 77
| w

I : I >

0 . .
nT, (e, t
Figure 5-9 Buck boost input voltagéy, , and current| ;, over a half line period.
FromEqn 5-3andEqn 5-9, the peak inductor current, can be defined as
R ’\7$sina)t‘
|, =—DT,, Eqgn 5-11
L,

From Figure 5-6, the average currentl pfduring nT,, and (n+1)T;, can be found as
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|| ==0bh Eqn 5-12

Substitutingeqn 5-4, Egn 5-6andEqn 5-11into Eqn 5-12yields

2 ~
I :%Vssinwtn Eqgn 5-13
" 2L:I.Vbus
Therefore the average current of inductgraver a half line period of 0 tar/ w is

described as

n 7 27
IL :QE %Sinzﬂ dt:% Eqn 5-14
b | 2Ly, aLy

bus

Assuming no converter losses, thgs= P, fromEqn 5-13

DZ\/ASTSW — D2\73 — Vbus
= = Eqgn 5-15
4L:I.Vbus 4L1Vbusf sw R bus

From [139] the voltage gain is defined as

Egn 5-16

wherer, ~Lfy is the normalised inductor time constant.

us

To ensure that the converter remains in disconinourrent modeEqn 5-17

determines the boundary conduction conditions.

V. 2(1-D)

Mg = Eqn 5-17

Figure 5-10 plots the duty cycle against the cotevaroltage gain oEqn 5-17
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Figure 5-10Boundary conduction of buck boost PFC coverter

Therefore to maintain discontinuous current modgeitiequality ofEqn 5-18 must be

satisfied.

L, < % T, Eqgn 5-18
fSW '
As C, will be a metal film capacitor of a fewF value, so the voltage across it,,¥Y

will have a high component of ripple at 100 Hz esrsin Figure 5-11. The RMS current af C

is

— 2 2
|C1,rms - \/l Dl,rms | bIJSrms Eqn 5-19
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Note, that fromEgn 5-2Q V,

t(s)

V,

/ bus,min

75

bus KT T TN T T T Voo
e L ~
V  J 10ms Vbusmax
Figure 5-11V,,swaveform
The 100 Hz ripple voltage can be determined by
Vbus = Vbusmin - Vbusnax Eqn 5-20
where
P
Vbu = |V 2 _ [—0]
s min bus Eqgn 5-21
2ﬂnflinec:l
and
P
Viusmax = \/Vbuf + (— j Eqn 5-22
2n’flinecl

and P, are the line frequency and the output power ofRR€ converter respectively.

varies with load current, this result is of imsr when

us?

determining the control parameters, see Chapter 6.

5.5 Buck Boost Power Factor Correction Specification

Table 5-1 details the specification of the poweagset which were set by the

sponsoring company Dialight Lumidrives. The HP LEIBC is designed to operate at a

nominal 230 Vs input with an output power of 180 W. The converterst also comply with

input current harmonic limitations for Class D g@uent as shown in [13].
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Table 5-1HP LED power factor corrector specification

Description Value Unit
Input Voltage \ 230 Vims
+10, -6%

Max Input Current d 1.0 Ams
Line Operating Frequency fine 50 Hz
Output Power Range ol 60 - 180 W

Converter Efficiency Nere 80 % @ 180 W

Power Factor PF > 0.98

5.6 Converter Optimisation and Component Selection

In order to achieve maximum performance of this @owonverter stage whilst
obtaining long operating lifetime and converteiaieility, parameters such as the switching
frequency and peak component voltage stresses toeled identified. The design approach
becomes an iterative process, as not only doemts¢ optimal electrical performance need to
be chosen but also the component cost and physimheeds to be evaluated and a balance
found. This section details the design and seleatibthe key electrical power components
discussing the balance to achieve maximum convpeigormance whilst minimising size and
cost. Before the optimisation process can begirumber of parameters are defined. The
operating phase voltage range is 23@s%10 % -6 %, the output bus voltage of the PFCestag
iIs -600 V, this value was arbitrarily chosen toweesa high PF, provide sufficient energy
storage due to the low buck-boost capacitance,tarabtain an efficient duty ratio for the
current regulator stage. The output power rangbettage is 60-180 W. Therefore frégn
2-17the voltage ratio M, varies between 1.60 and 1.96.

Using the normalised inductor time constamt, and inserting various values fox, la

value of 900 #H ensures that the buck-boost PFC converter stayisgontinous current

mode over all line and load conditions.

Figure 5-12 plotsr, over low and high line, low and high output poweads showing

the operating area of the PFC power stage. Thecfdatly shows the converter operating in

DCM with sufficient margin as to ensure no CCM bdary cross over.
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Figure 5-12DCM buck boost PFC operating area.
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As the minimum value of 1to maintain DCM has been identified, peak and ayera

currents can be determined and consequently sethictor and capacitor devices can be

shortlisted.

Table 5-2 lists a number of suitable switching poM®SFETS for Q. These devices

are all rated to withstand the peak voltage, asrdehed byEqgn 5-5, and are inexpensive and

readily available.

Table 5-2Selection of suitable Si MOSFETS for Q

Component Voltage | Continuous Rdson ter Device
Rating Current Norm Cost
(V) (A) () (ns) )
Toshiba 2SK1120 1000 8 1.75 50 5.07
Toshiba 2SK1119 1000 4 1.9 18 3.79
ST STP5NB100 1000 5 1.75 11 4.90
ST STP8NK100Z 1000 6.3 1.75 19 3.23
IR IRFBG50 1000 6.1 1.6 35 8.79
IR IRFBG30 1000 3.1 2.0 25 1.66
Vishay IRFPG40 1000 4.3 1.75 33 3.51
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The operation of the buck boost converter in DCMpases its semiconductor
components to significantly higher voltage and entrstresses than that of a boost converter
operating under similar conditions. The diode, iB subject to high peak currenggn 5-3,
and a high reverse voltagegn 5-4. Suitable power diodes that will withstand thesesses
are listed in Table 5-3.

Table 5-3Selection of Si ultra fast power diodes

Diode Rated Rated T Forward Cost
Voltage Current Voltage (E)
V) (A) (ns) )

RHRP8120 1200 8 50 1.0 0.56
UF4007 1000 1 75 1.7 0.36
RHRG30120 1200 30 70 2.6 1.20
FFPF10F150S 1200 10 85 1.9 0.50
RURD10F150 1200 4 68 2.5 0.60
ISL9K301G3 1200 30 45 2.6 1.56

The diodes shown in Table 5-3 are all Si diode8. @odes, see section 1.2.7.1, would
be more appropriate due to their lower switchingsés. However due to the commercial

constraints of cost and availability, they were cansidered for this application.

Table 5-4Section of metallised film capacitors

Capacitor Rated Rating dv tano Cost
Capacitance Voltage Max dt (E)
(uF) V) (V1 us)

MMK37.5475K 4.7 1000 10 0.008 3.50
R60QW4470 4.7 1000 10 0.010 3.52
MMK37.5395K 3.9 1000 10 0.008 3.20
940C10W2K 2.0 1000 480 0.001 3.18
MMKP386 1.8 1000 350 0.001 2.98
MKP1840M 1.5 1000 195 0.002 1.89
MWA10W1K 1.0 1000 40 0.005 1.75

Table 5-4 lists a number of metallised film caparst and their characteristics.
Capacitor selection for the output filter stagettté buck boost converter is dependent upon

the rated voltage, current ripple, lifetime and rapieg temperature for this particular
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application. The capacitor is subjected to a camtirs voltage of around 600V with an

additional voltage ripple at twice the line frequgnFigure 5-13 shows a plot of the total
power loss of the shortlisted MOSFETSs in

Table 5-2 versus various lalues when operating at a fixed switching frequyehe
power loss mechanisms of MOSFETs are detailed ipeAdix A. The MOSFET type

2SK1120 has the lowest combined losses of all teeicds at all operating conditions.
However from

Table 5-2, it is one of the most expensive. Sinogt ¢s also a driving factor in this
application, the STP8NK100Z was chosen as the pesfalevice as it only has an increased

power dissipation of 0.5 W over the 2SK1120, and #xtra power loss was considered
acceptable.
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=i}

0.8 Inductance
09 (mH)

25K1119
STPSNE100
IRFPGAD
IRFPGA0PEF
IRFBG30

STPBMIK100Z

Component

Figure 5-13Total losses of MOSFETS versus inductance
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Figure 5-14 shows the total power loss of the podiedes suitable for Dversus
various L values at fixed switching frequency. By inspectibmis seen that diode RHRP2180
is the most appropriate device, having the ledat fmwer loss, yet having an acceptable cost,
see Table 5-3.

Identifying the best switching frequendy,,, is dependent upon a number of factors.

The higher the switching frequency, the smaller tignetic devices can be. However an
excessively high switching frequency will causetshing losses to dominate over conduction
losses, and EMC will become a greater issue. FiftkB illustrates the loss of the MOSFET
type STP8NK100Z at1=900 uH over various frequencies.

Power
(W)

U8 mductance
{mH}

RURD4120
FFPF10F1505 |f
RHRG30120
UF4007
RHRP&120

Component

Figure 5-14Total diode losses versus inductance
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Figure 5-15MOSFET STP8NK100Z power losses versus frequency
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Figure 5-16Diode RHRP8120 losses versus frequency

As the switching frequency increases, so condudberes reduce, but losses due to

switching dynamics increase. From this plot, thedst power loss is at 90 kHz, and the same

is true for the diode RHRP8120 in Figure 5-16. Hosveat frequencies above 60 kHz, using

Eqgn 5-18 the buck boost converter tends further towards icoatis conduction mode.

Therefore 60 kHz is the maximum switching frequealtgwable.
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Figure 5-17Capacitor losses against converter switching fraque

There is little to distinguish between the outpltieff capacitors for the PFC stage listed

Table 5-4. The capacitor selected was the 4.7uF Hox Rifa MMKS35.7
475K1000R08L4, based purely on cost and capacitaabge. In order to limit the low

frequency voltage rippIeVbus, using Eqn 5-20 a total output capacitance of 14.1 uF is
required. Using=gn 5-19, I, and the manufacturers specificationgarfo , the power loss

of C; can be determined. The power loss of this capaegisus switching frequency is shown
in Figure 5-17.

The losses associated with the metal film capacioe negligible across the range of

switching frequencies considered. ThereforedGes not impact upon the selection ff,.

The loss mechanisms of the capacitor can be se&ppendix C.

5.7 Selection of Magnetic Components

The choice of magnetic core subtly affects the eot@vs operation. The magnetic core
structure and winding arrangement can radiate EMttlwcan interfere with and disturb
electrically sensitive control stage componentsjsoay converter instability. Due to the
compactness required in the luminaire, switchingvgroelectronic components and control
circuit components are closely located to one amvotfiherefore a magnetic structure that

inherently shields generated switching parasititsb& needed.
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An RM type core [130] was chosen foi. L This core is mechanically robust, has a
large copper window area, and provides magnetieldihg as the windings are totally
enclosed. 3F3 core material is the most suitabiehe selected switching frequency, as it

provides the lowest losses.

Magnetic core optimisation is an involved iteratpr®cess. A balance has to be struck
between core hysteresis losses and limiting wippeolosses. Hysteresis losses are a function
of the converter switching frequency and the fluxing of the core [45]. Wire losses are
invariably a result of the resistance of the winel éhe current through it. Figure 5-18 depicts
the calculated winding and core losses incurredQd °C, [46, 130]. From this graph the

lowest total power loss occurs at a core gap ofiné

10

8 - Total
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6 Copper
Losses

Power (W)
A

Core
L Losses

0.7 0.9 11 13 15 17 1.9
Air Gap (mm)

Figure 5-18Magnetic losses at various core air gaps

Owing to the high specific resistance of ferritetenils, the eddy current losses in the
frequency range of interest, 1 kHz - 2 MHz, maypbactically disregarded except in the case
of core shapes having a large cross-sectional @&eafesign summary of the discontinuous

current mode buck boost inductor is given in Tdbk
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The completed inductor was tested by an HP 4284 L@eter. The measured
inductance showed a value of 904 uH, a wire rasistaf 1.01Q and a winding capacitance
of 12 pF.

Table 5-5Characteristics of the power factor correctors atdu

Parameter Calculated Unit
Core manufacturer Ferroxcube -
Core type RM12 -
Core material 3C90 -
Core factor 0.38 mih
Effective volume 8340 mrn
Effective length (m) 55.6 mm
Effective area 146 mm
Max flux density (T) 380 @ 10¢C mT
Mean turn length 61 mm
Initial permeability 1730 -
Effective permeability 30.9 -
Air gap 1.6 mm
Inductance factor 114.7 nH
Inductance 900 uH
Number of turns 88 -
Flux 35 uw
Flux density 254 mT
Wire length 5.4 m
Current density 3.0 A/mMm
Wire resistance @ 10C 1.01 Q
Copper loss @ 108C 5.8 w
Core loss @ 108C 2.11 W
Total losses @ 108C 7.9 w

5.8 Loss Audit

Table 5-6 lists the significant power loss compdsai the PFC converter. The worst
case operating condition is whep,#s maximum, \is at its minimum input. This estimation

does not include the power loss due to track, ccion@r cabling resistance.
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Table 5-6Estimated power losses of converter componentg,atlB0 W and Vs

Component Device Switching | Conduction | Core Loss | Total Loss
Loss (W) Loss (W) (W) (W)

Q STP8NK100Z 2.2 8.3 - 10.5

D; RHRP8120 0.04 1.2 - 1.24

Ly RM12 - 5.8 2.1 7.90

Cy MMK35.7 475K - 0.015 - 0.01
Total Estimated Power Loss 19.65

Expected Efficiency 90%

Table 5-6 shows that the conduction loss efi€the largest single source of power
loss in the PFC converter. This loss could have beduced by using the IRFBG50 MOSFET
from International Rectifier, however the 8 %R reduction does not justify the 63 % cost
increase. Furthermore the switching rise and fadetof the IRFBG50 is increased by 45 %,

thus increasing MOSFET switching losses.

The second largest loss component is the windisg & L;. To reduce this power loss
would require a reduction in inductance, the consage being an increased peak current.
Litz wire could be used to reduce ac resistance bos this wire is expensive and any decrease

of power loss would be minimal [10].

Diode power losses are mostly due to the forwanmdaotion losses of the device,
switching losses are minimal, as DCM operation ceduhe switching losses during turn on

of any semiconductor component. Capacitor lossesegligible, due the lowano .

5.9 Summary of PFC Design

Table 5-7 details the key calculated parameteth@PFC buck-boost converter at the
nominal input voltage, 230 s for three output powers. The buck-boost convestepecified
to operate from 180 W to 90 W, which is the spedifoutput of the HP LED street luminaire.
The power converter will never have to operate o doad condition.
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Table 5-7Key PFC component parametersat= 230V, at R,,=60 W, 120 W and 180 W

Parameter 60 W 120w 180 W Unit
V, 230 230 230 Vs

L 0.26 0.52 0.78 s

P 50 50 50 Hz
£ 60 60 60 kHz

k 0.018 0.036 0.054 -

D 0.35 0.49 0.60 -

Y/ 325 325 325 \

v, =V, 936 947 958 Y
=0, =M, 2.10 2.98 3.65 A

T, - t, 5.83 8.25 10.10 I

t, -t 3.16 4.47 5.48 Hs

t, - (n+1T, 7.67 3.95 1.090 ps
Ve 600 600 600 Vs

\7bus (at 2% f;..) 23 46 68 \
Vous fon 0.21 0.41 0.60 Y,

o 0.10 0.20 0.30 s

5.10PFC SABER Simulation

A SABER model was constructed to confirm the prestiaresults detailed in section
5.9. Figure 5-19 shows this idealised model, whichsists of a simplified buck-boost power
stage and its control stage.

All the power stage components are ideal devicee MOSFET is modelled as an
ideal switch with zero on state resistance anadhitefioff state resistance. The power diodes are
piece wise linear components with zero forward dotip. The power inductor is linear with
no resistance or interwinding capacitance. Thewutppacitor is also ideal with no resistance
or inductance. The following simulation results derstrate the steady state performance of

the DCM buck-boost converter and the proposed geltagulation band control. The results

159



presented are for a voltage inpl= 230 Vims With an output powelP,,= 180 WandL ;= 900
uH, C1=14.7 pF, f_,=60 kHz.
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Figure 5-19SABER schematic capture of DCM buck boost PFC stage

Figure 5-20 shows a number of key simulated wawesoior the buck boost converter
operating in discontinuous current mode over a remalb switching frequency cycles. These
simulated waveforms closely correspond to the ptedi waveforms, Figure 5-6, and
calculated predictions of Table 5-7. There is oisparity in Figure 5-20,f, is not exactly 60
kHz, this is due to the resistor capacitor comlamaichosen for generating the oscillator

signal.
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Figure 5-20Key steady-state SABER simulated wavefowhthe DCM buck boost converter

Figure 5-21 shows waveforms &, I _,

V

bus

and | over one and a half line

bus

cycles. The energy transfer imbalance between iapdtoutput of the PFC stage, results in a

phase shift betwee‘vA(rec and \7b

us *

As the buck boost is operating in DCM, is proportional to

V.. and is a clear haversine waveform, indicating nestry power factor and low harmonic

current content.

Figure 5-21 also shows the twice mains frequendyage ripple superimposed on

Vius The amplitude of this ac oscillatio¥,

calculated results in Table 5-7. At lower powerd®#he amplitude

us?

at twice the line frequency, corresponds to the

o _decreases.

bus
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Figure 5-21Input current and voltage SABER simulated wavefoofithe DCM buck boost converter

Table 5-8Comparison of key calculated and simulated

Parameter Calculated Simulated Unit
V, 230 230 Vins
fi. 50 50 Hz

N 60 58.6 kHz
D 0.60 0.59 -
ALi 325 322 \
Vg =V, 930 930 v
|AL1 = |AQl = |ADl 3.65 3.65 A
nT, - tg 10.10 10.17 us
t, - t, 5.48 5.36 HUs
t, » (N+1T,, 1.090 1.08 HS
V.. 600 601 Vins
Vous (8L 2% fi,,) 68 68.2 v
Vius fon 0.60 0.58 \Y
| bus 0.30 0.29 Ans
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5.11Power Factor Correction Converter Prototype Design

This section details the prototype PFC convertesigihe showing the operational

parameters and expected performance. Front end fittdS are discussed, and designed.

5.11.1 Design Specifications
To summarise the previous design sections, TalflesBews the specifications of the

power factor correction stage, with component valofel, =900 H and C, =14.1uF.

Table 5-9PFC converter specification

Description Value Unit
Input Voltage \ 230 Vims
+10, -6%
Max Input Current d 1.0 Ams
Output Voltage Vus 600 \%
Output Voltage Ripple \7IDUS 06atf,, \
69 at f,,
Output Current bus 0.3 A
Line Operating Frequency fie 47-63 Hz
Converter Switching Frequency f, 60 kHz
Output Power Range ol 60-180 W
Efficiency Norc 90 % @180 W
Inrush Current Protection - Varistor
Power Factor Correction PFC <0.98
Total Harmonic Distortion THD 4%

5.11.2 EMC Filter

Generally all switching converters have a filteage at the input to minimise the
injection of high frequency current harmonics ik@ supply and protect against spurious
electromagnetic interference generated by otherpetggnt. Regulations such as [140] and
[141] limit injected current amplitudes to valuggpitally 40 — 80 dB less than peak 50 Hz
current over a frequency range typically 150 kH8@0oMHz. Approaches taken to limit EMC
emissions and to limit converter susceptibilitygalumerous guises. Differential mode filters
limit harmonics generated by the power convertgrolkogy between line and neutral.
Common mode filters attenuate the currents flowtlmpugh parasitic capacitances between
sources of high dv/dt and earth chassis.
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EMC is well understood and the filter stage willvdittle impact on the performance
of the control loop. Therefore the EMC filter isokely designed to provide token EMC
attenuation of high frequency current harmonicsSABER simulation of the input EMC
filter, see Figure 5-22, was conducted in orderptovide an approximate value of the
harmonic current attenuation. Accurate experimengification was not performed as
suitable laboratory equipment such as a Line Impeelé&tabilization Network, LISN, and a

Spectrum Analyser were not available to optimigeEMC filter and verify design.

Vrec

o ko

L Lg 3
- C2 i C6
_Lc — — -
N 1_L = 1
L
p— f p—
E S T e

Figure 5-22EMC filter for PFC

The mr-filter consisting of ‘X-type’ capacitors £and G, and inductancelattenuates
differential mode currents. Capacitorg Cs, Cs and Gare all ‘Y-type’ capacitors and provide
a path to earth for the common mode currents.

5.12Summary

This chapter has presented the requirements andsis¥ developing a power factor
correction converter for driving HP LEDs. With tleessues clearly defined a suitable power
factor correction stage is identified from the certer approaches detailed in Chapter 1, that
can significantly boost the output voltage withpest to the line voltage. This requirement is
due to the limited output capacitance of the mital capacitors implemented in this PFC, as
electrolytic capacitors, despite their high capawe, lack the useful operating lifetimes
needed for this application. A brief description tife operation of the steady-state
performance of the PFC is characterised along thighdesign procedure, fundamental design

equations, magnetic design and expected loss amalyall devices.
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Analysis of this approach reveals that due to thek lof any significant output
capacitance of the PFC stage, a large voltageeriggbears at the converter output that has the
ability to draw significant input harmonic currerftem the supply if the correct converter

control approach is not adopted.

Finally, SABER switching simulations are shown tligate the theoretical design.
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6 HP LED Power Factor Correction Control Stage
Design

6.1 Introduction

This chapter discusses the issues and controlresgents of the HP LED power factor
corrector converter controller. A suitable appro&cidentified from the methods shortlisted
in Chapter 1. The principles of operation are lyieéviewed and the design of the control
loop is conducted. MATLAB and SABER simulations ion the operation, stability and

predicted performance of the loop.

6.2 ldentification of Control Approach

Section 1.2.5 reviews power factor correction aantnethods for CCM and DCM
converters. As the buck-boost PFC converter isaiper in DCM, commonly implemented
current mode approaches, average and peak camteahot necessary to perform this task.

The simplest approach to DCM PFC control summariseskction 1.2.5, is the single
loop voltage mode control. The control loop needly @o regulate the DC bus voltage and
power throughput. Yet this approach makes the agBamthat the output voltage ripple of
the PFC is negligible. This case is not applicdi#ee however, since the use of metal film
capacitors results in a low capacitance and thexefte PFC output bus voltage has a high

ripple component at thé'2harmonic of the mains supply.

To accommodate thigpple, the functionality of the buck boost DCM tage loop
controller needs to be addressed. If the voltagdrobloop was designed for a fast transient
response, the controller would constantly atteroptdrrect the voltage ripple, causinff' 2
harmonic input current flow. Likewise, if the cooittcompensator bandwidth was limited to
reject twice mains ripple frequency, the transiesponse of the closed loop system would be
slow, with possible loss of output voltage regaatand even converter failure under line and

load condition changes.

Numerous voltage control loop methods to accomneodhis ripple with varying
degrees of success, are detailed in section 1Th&.notch filter method [86] is the most
logical approach as the tuned filter would rejdet twice mains ripple frequency, allowing

only the high frequency components of the outpltage to be compensated. In order to
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achieve good results, the filter would require ghhiQ, factor with exact peak tuning,

otherwise the performance of the filter would benpoomised. As the mains frequency is not
always at 50 Hz due to line loading conditionsgérency tracking methods would need to be
employed to ensure accurate filtering. This appnaaguires high tolerance components and

adds unnecessary expense.

Other solutions proposed are to ‘sample and hdid ¢ensed output voltage [86].
Despite effectively eliminating the voltage rippthould the converter be subject to transient
load or line conditions between sampling periotlg, ¢ontrol loop will not respond until the
next sampling period, possibly subjecting convedemponents to high voltage or current

spikes.

The most suitable approach to limiting the respasseegulation band control [86,
142, 143]. This method can accommodate the volipgée and minimise converter instability
whilst maintaining a fast transient response t@/load perturbations. Figure 6-1 shows a
practical approach for this controller. Componekhisand A are comparators, s2and A, are
operational amplifiers. This circuit carries ou¢ tlollowing functions. Output voltage p) is
attenuated by resistors,RR, and R and sensed by comparatorg &d A. The value of R
determines the regulation band. If,ylies within the regulation band then, Bnd 0 block
the outputs from Aor A, and K remains unchanged. If the sensed outptag®lleaves the
regulation band due to line or load perturbatiohen either comparator;/r A, will generate
an output voltage which passes by the appropriatedand is integrated by the compensator,

comprising componentszARy, Rr and G.
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Power Factor Corrector
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Iemd
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Multiplier
A
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rec

Figure 6-1 Regulation band control block diagram [86]

The output of A, the voltage K, is multiplied with the attenuatéd. signal and the
resulting output is compared with the sensed impatified current, k., in A, to produce an
error voltage for the PWM stage, which in turn getes the duty ratio, D. As there is a
multiplication between K and thed signal in the feedback loop,,is used to optimise the

transient response [143].

By implementing regulation band control with AndA, at the input to the integrating
compensator 4 it is ensured that Adoes not respond to voltage perturbations withm t
preset dead band, and a fast voltage control regpoan be achieved with low line current

harmonics.

The stability aspects of this control approach ifaib three parts; firstly the setting of
the upper and lower limits of the regulation bamtie band needs to be large enough to
include the maximum expectedyy ripple. If the regulation band is too narrow to

accommodate the ripple, K will vary due to the nakmutput ripple, and cause distortion of
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the input line current. Conversely, if the reguwatiband is too large, the output voltage
regulation will be loosely coupled and over and emdoltages may occur, compromising

converter integrity.

Secondly, the response of the controller when dgeilation band is exceeded by the
output voltage is critical. Over or undershoot be toutput bus voltage may cause the
converter to operate outside its intended regioromdration, possibly compromising the
withstand voltages of components connected 4@ \hirdly a stable value of K is needed to

maintain the output voltage within the limits disteady state.

The author has modified the proposed control metbaghable it to operate in DCM
with a buck-boost converter. The current sense lsgmnecessary when the power stage is
operating in this mode. The author’s improved agltér is shown in Figure 6-2, in which the

regulation band method only has to reguMfe.Thus the multiplier, Y signal, R and A in

Figure 6-1 are not required.

Vrec. DCM Buck Boost . Vs
ul
Power Factor Corrector
3
D
Ds
0, Vg R >
¢ N\— Ry f
Vi,

A\ A
o
WA

Figure 6-2 Modified regulation band control for DCM operation
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6.3 Principles of Operation

Figure 6-2 shows a simplified version of the maatifiregulation band control for the
DCM buck boost converter. Full schematic diagramesgiven in Appendix E. Operation of
the regulation band voltage controller is similarthe previous approach described earlier.

The operation of this control loop is as follows.

The output voltage, Ms is attenuated by resistors Bnd R, and the signal is sensed
by the regulation band comparatorg Ehd IG. If the attenuated s signal, 4, is between
reference voltagesmn and Mow, see Figure 6-3, then the outputs of #dd IG are blocked
by D; and D and K remains unaltered. During this operatiortates the controller is

essentially open loop, as there is no continuoegidack loop.

A Time (s)
0 A\ >
Vi,
+Vrai| n | | _Vrail

Vee, -
| |

0 A\ | | -
W\ [ \
7 c

Figure 6-3Buck boost output voltagegulation band limits

If Vax exceeds the limit Mgy then IG will generate a negative rail voltage which is
passed by Pto the input of IG. If V4 goes below the limit M, then IG will generate a
positive rail voltage which is passed by © the input of IG. These signals are integrated by

the operational amplifier I£Xo produce an updated value of K. The output gfisCompared

with a reference sawtooth voltage waveform, atahiig frequency,f,, by 1C, to produce

the required duty ratio, D. The output signal, ®now fed directly to the gate drive circuit of

MOSFET Q in the power factor corrector.
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Zener diode, B in the feedback loop of the compensator limits thaximum and

minimum voltage error signal K, which in turn limithe maximum and minimum duty ratio.

6.4 Design of Voltage Regulation Band Control

A block diagram of the DCM buck boost and the ragjah control loop is shown in

Figure 6-4. It consists of four linear time varidadcks; the voltage compensat@,(s) , the
PWM stage, G,,,.(9), the buck-boost power stag&,(s) and the feedback attenuator

Gy, (9. The final block in the diagram is the static noedrity, a relay with dead band (R),

which represents the regulation band comparators.

0 d 5
° . C e |—» G,(9 —» G G (9 >Vous
3 Gy, (S) |«

Figure 6-4 Control loop block diagram

A small signal analysis of the DCM buck boost catee conducted in [126]

determines the control-to-output transfer functiGp(s) to be

A~

VY% _ Gy
G, (9 =—=2= = = Eqn 6-1
d =0 1+ ——
C()p
where
V,
G, =—2us Eqn 6-2
do D q
and
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2
W, =—— Eqn 6-3
" RC u

where w, is the buck boost power stage pol,is the equivalent converter load andi€the

output capacitance acrossyY Vius and D are the steady state output voltage and rdtity

respectively, andj, ., d and v, are small ac perturbations about the quiescemtpof Vs

D and \4.

The compensator.(s), in Figure 6-4 is a Proportional-Integral conteo]lPI. This
compensator increases the low frequency gain, aoMhisis well regulated and sets the open

loop zero dB cross over frequency, to be below the converter switching frequendy,.

The transfer functionG.(s) of this Pl compensator is determined by

s+ T
S+wzj__Rf RG

S

GC(S) = Qﬁw(

Egn 6-4
R S

where G_,, is the gain of the PI at high frequency ass the compensator zero determined
by C,and R, in Figure 6-2. R, is the value of the input resistor tosJCeither R or Rs

depending on whether limitpn or Viow has been exceeded.

The PWM stageG,,.(9) , is considered linear, therefore the transfer tionds

1
Gpwm(s) = V_ Egn 6-5

m

whereV,_ is the peak to peak saw tooth voltage of the PVeMmarator.

The attenuators, (s), transfer function is

R,

G (9=—= Eqn 6-6

R
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The first step of the control design is to detemniine values of the voltage dead band
limits Vhigh and Mow. Using Eqn 5-17 the peak to peak voltage ripple ok can be
determined. Table 5-7 lists the steady state pammef the DCM buck boost PFC operating
in various modes. From this table, the worst caggripple is identified a8/, =68 V at 180

W output. The voltage dead band must not be smiléar the low frequency voltage ripple at
full power. For practicality a 10 % margin has besided to account for component

variability and drift.

The other factors determining control responseirecqumore iterative process. Figure
6-4 can be consolidated and simplified to beconmure 6-5, by combining the transfer

functions G;, G G, andG, to become the transfer function H(s), whilst thatis

pwm?

nonlinearity remains as R. The transfer functioi () is

H(s) = G GunG-G (3 Eqn 6-7

The conventional approach of establishing a fastsient response and closed loop
stability by methods of small signal modelling istailed in [144, 145]. Unfortunately, this
approach is not suitable for loops containing nwedrities. The proposed method for
achieving stability with a non linearity is based the circle criterion [146, 147]. This
approach provides a means for analysing nonlineag-varying systems to obtain system

stability.

Figure 6-5 Simplified model of the buck boost and control
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The conditions for stability must satisfy
Re[l+ zH (jw)]> 0 Ow Eqn 6-8

where z=Ar/A¢, the slope of the dead band relay seen in Figiie ©he upper and lower
voltage limits of the regulation zone are represéiity ¢ and —& respectively, and the output

signals of block R, are shown lsyand -r .

L

q
]

\J

Figure 6-6 Operation of the relay with dead band

Subsequent Nyquist plots @ft zH( jow) must remain in the positive sector of the real
axis, Figure 6-7. The valuas and —r are determined by the output voltages of &@d IG,
and € and —¢ are predetermined by the attenuatgraRd R and the reference values;y

and Mo in Figure 6-2.

Stable
Region

Re

Figure 6-7 Circle criterion stability requirements
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6.5 Open Loop Analysis

This section details the analysis of the open lspgtem of block®k and H(s) and

analysis is conducted using MATLAB. Plots of theattol to output transfer function of the
DCM buck boost converter, the PWM stage, the atttaruthe gain of the voltage dead band
relay and the Pl voltage compensator are given.nperating in DCM, the duty ratio of the
buck boost converter and therefore its bode plaffescted by the loadegn 6-1is plotted for

a nominal input voltage, & 230 Vins, at either output voltage limit, -640 V and -560’he

output power is varied from full power, 180 W, tenimum power, 60 W.
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Figure 6-8 Control-to-output magnitude and phase plots otthek-boost converter, ¥230 Vi
P,.=180 W, (a) \u& -640 V, (b) Vbus= -560 V
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Figure 6-10Control-to-output magnitude and phase plots otthek boost converter, 230 Vi
Pou=60 W, (@) Ve -640 V, (b) Vbus=-560 V

A summary of the key points of these plots is giveable 6-1. With an increase of
power output the low frequency gain decreases withits frequency of the pole and the zero
dB cross over point increases. With these chaiatitsr in mind, the frequency of the PI

compensator zero is critical.
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Table 6-1Summary of control-to-outpqu(S) , phase and gain bode plots at various loads

Vs Vbus Pout Galn @ |OW fp fC
(Vims) V) (W) frequency (Hz) (kHz)
(dB)
230 -640 180 59.1 9.92 9.03
230 -560 180 57.8 12.92 10.3
230 -640 120 60.9 6.60 6.96
230 -560 120 59.6 8.60 8.22
230 -640 60 63.9 3.30 5.77
230 -560 60 62.6 4.30 5.90

The magnitude and phase of the PWM st#gg, (s) , are constant at -20 dB and zero
degrees for all frequencies. The magnitude andepledshe attenuator stag&, (s), are

constant at -40 dB and zero degrees for all fregeen

The voltage dead band relay, block R, is modeltedsamaximum gain, i.e. when
either limit Vhigh or View is exceeded by the attenuatedus\Woltage. From Figure 6-6,
parameters ‘r' and -r’, + 12 V. The limitss” and ‘-&’, are Vhigh and Mow, -5.6 V and -6.4 V.
Therefore usingz=Ar/Ag, the magnitude and phase of the voltage dead ttedawgl are given

by 29.5 dB and zero degrees for all frequencies.

Now that transfer function&,(s), G,,.(9), G, (9 andR have been defined, the PI

pwm
compensatorG. (s) , can be designed to ensure a stable closed lotgnsyshilst achieving a

fast response. The requirement for the open loap mathat it should be high at low

frequencies to minimise steady state error, thesscrover frequency,, should be
approximately an order of magnitude beldyy,, and the magnitude gain plot should cross the

zero dB axis with a slope of -20 dB per decade.[4B] achieve a high open loop gain cross
over frequency, the gain of the Pl needs to be.higke result of this is that when,Mreaches
Viow, the PI will compensate by decreasing its outljuto momentarily stop the PWM stage
switching. The input currentg, Iwill be interrupted, possibly causing a curreatge at the

next MOSFET turn on and an increase in input ctitneanmonics.
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Using the MATLAB control toolbox SISOTOOL, the maxim gain of the
compensator can be determined to ensure closed dgsfem stability whilst ensuring
acceptable phase and gain margin of the open loop.

6.6 Proportional Integrator Compensator Design

This section shows the results of the empiricalhoés$ used to determine the position
of the compensator zero and the respective gaingut#ie MATLAB control toolbox
SISOTOOL. Simulations show that placing the zerthefPI compensator at a slightly higher
frequency than the pole of the buck boost powegestaesults in the real part of

1+ zH( jw) crossing into the negative plane, thus not satigfyine Circle Criterion.

For Figure 6-8 to Figure 6-10, frequencies abdye the magnitude decays at — 20

dB/dec. In order to achieve an open loop zero @Bswver slope of -20 dB/dec, for bloRkk
and H(s), the zero of the linear compensator needs to batei at a lower frequency than
the pole of the power stage, otherwise a -40 dBA&lepe would occur at the zero dB

crossover point.

From Table 6-1, the lowest value of the controbtaput pole of the power stage is 3.3
Hz, therefore by ensuring the Pl compensator zexguiency is below this value, the system
stability can be assured for all operating condgioA bode plot of the Pl compensator is

shown in Figure 6-11, where the zero is at 1.6 narz, the high frequency gain is 32 dB.

179



Magnitude (dB)
v

Phase (deg)

10" 107 102 10" 10° 10 10° 10°
Frequency (Hz)

Figure 6-11Bode plot of G ()
The resulting transfer function of the linear comgegtor in Figure 6-11 is

-39s-0.39
G (9 = —SS Eqn 6-9

6.7 Voltage Loop Response at Regulation Band Limits

As the control loop is effectively open whep,Ms within the voltage regulation band,
the output is unregulated. Hence system stabihty @esponse is only of concern whep,sV
exceeds the limits. Therefore the following anaylsioks only at the stability occurring at
these boundaries. Figure 6-12 (a) shows the maimiand phase plots afH(9, where
z=Ar/A¢g, at nominal \, an output power of 180 W and when the attenufgdsignal,

Va IS more negative thani. The compensator zerd,, is at a lower frequency than the

power stage single polef , allowing for a —20 dB/dec slope at the zero dBssrover

p 1

frequency, and a 9(phase lead. Figure 6-12 (b) is the Nyquist ploi 6%ZH ( jw) at the same

input and output conditiondt can be seen that the Circle Criterion is satsfior stability, as
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the entire plot remains in the positive half of tieal axis. For clarity, Figure 6-12 (c) is a

close up of the real axis of Figure 6-12 (b).

Figure 6-13 (a) shows the magnitude and phase plotgH(9, at nominal \, an
output power of 180 W and whernyMs more positive than pn. As before, the compensator

zero, f,, is below the power stage single pofg, allowing for a —20 dB/dec slope at the zero

dB cross over frequency, and a°9phase lead. Figure 6-13 (b) is the Nyquist plot of
1+ zH(jw) at the same input and output conditiolhsan be seen that the Circle Criterion is

satisfied for stability, as the entire plot remainsthe positive portion of the real axis. For
clarity, Figure 6-13 (c) is a close up of the raeik of Figure 6-13 (b).
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Figure 6-12(a) Magnitude and phase dfl (S) andR, (b) & (c) plots ofl+ zH ( jw) for V= 230

VimsVous -640 V and B,= 180 W.
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VimsVbus -560 V and B,= 180 W

Figure 6-14 and Figure 6-15 again plot the magmeitadd phase diagrams aH(9
and a Nyquist plot ofl+ zH( jw) for a nominal \{ of 230 Vinhs, an output voltage exceeding

Vhigh and Mow, however the output power is reduced to 120 W.
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Finally Figure 6-16 and Figure 6-17 plot the magaé and phase diagrams zifi( 9
and a Nyquist plot ofl+ zH( jw) for a nominal ¥ of 230 Vims, an output voltage exceeding

Vhigh and Mow, however the output power is reduced to 60 W.
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Table 6-2 summarises the frequencies of the Pl eosgior zero, and the power stage
pole at a fixed V but with varying values of & and s It can be seen, that under the
various line and load conditiond,, f. and the gain change. The tables shows that ttes cro
over frequency oH (s) andR varies from 5.22 kHz at (#230 V, Wus=-640 V, B,=60 W),
to a maximum of 10.3 kHz at (¢230 V, W& -640 V, R,= 180 W).

A final point of observation to be made of Tabl@,Gs the consistent phase margin of

90°. As f, is below f_, the 90’ phase lag off  dominates the phase dt, thus ensuring
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stability of the open loop system. Generally a phasirgin of45°to 60° is used in a control

system for a fast response [45], however this tsachievable in this instance. From [148] a
phase margin 080’ relates to a damping ratio of 3.0. This ensuresttigre is no overshoot

or oscillation of the open loop system to a steqallor input voltage change.

Table 6-2Summary of Figure 6-12 to Figure 6-17

Vs Vius Pout fz fp fC Gain Phase
V) V) (W) (MHZ) (H2) (kHz) (dB) Margin
(°)
230 -640 180 1.6 9.92 10.3 60.7 90
230 -560 180 1.6 12.92 10.1 57.8 90
230 -640 120 1.6 6.60 8.67 62.5 90
230 -560 120 1.6 8.60 9.59 61.2 90
230 -640 60 1.6 3.30 5.22 63.8 90
230 -560 60 1.6 4.30 6.83 64.2 90

6.8 SABER Simulation Pl Compensator Design

From the results detailed previously for the SIS@LGimulated Pl compensator, the
experimental component values for compensatpwére found to bé&;= 990 kQ, R,= 10

kQ, Rssse 51k, Ry= 102 kQ, R= 20 kQ, Ci= 0.5pF andDs= 7.8 V zener.

6.9 SABER Simulation Verification of Control Loop

The results of the MATLAB control analysis were ified with a SABER simulation.

The control block, in Figure 6-18, consists of doaverter output feedback attenuator, and an
extra operational amplifier acting as a buffer ¥oid loading the resistor chain, the non linear
relay with voltage dead band, the Pl voltage corepem, a saw tooth waveform generator,
the PWM stage comparator and a gate drive interfHoe feedback attenuator reducessWy

a factor of 100. Regulation dead band limiigvand M, are set by ideal voltage sources of
-5.6 V and — 6.4 V respectively. A fixed 60 kHz sévoth waveform is generated by an
LM555 timer and fed to the PWM stage comparatdreacompared with the output of the Pl

compensator.

The following simulations demonstrate the dynanecfgrmance of the DCM buck-

boost converter with the proposed voltage regutatiand control. The results presented are
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all for a nominal input voltage #230 Vims With the output power, &, varying in a stepped
manner. ldeal operational amplifiers were usedhi@ simulation, thus there is no offset
voltage at the input of the Pl compensator to thice a positive or negative drift in K, hence

making D vary and ¥,sdrift between voltage limits.

Power Slage

Inpul Filler and Reciiier DCM Buck-Boosi

----------------------------

Gontol Block

----------------------------------------------------------------------------

Sawloolh Wavelom !

Generalor Vaw

Auxiliary Supplies  Reguilion Band
Limis

Fezdback Aflznuator
and Butier Rely with Dead Band

___________________________________________________________________________

; A v ' Fuke Widih Modulior
" 1 !

Figure 6-18 SABER simulation schematic of control loop and Rie@verter

The following plots, Figure 6-19 to Figure 6-21,08hthe converter control loop
response being subjected to a step load chang&\bfd60 W, 0 W to 120 W and O W to 180
W. At 80.0 ms there is no load across the outpplcior, G, and K is low to prevent
MOSFET switching and charging of;.CAt 0.1 s the step load occurs, causing the veltag
across @ to reduce. The control loop does not respond Wik reaches the upper voltage
limit, - 560 V. The capacitor £is the only source of energy to the load before upper
voltage limit is reached. The control loop only ukdes s when the -560 V limit is
exceeded, as is seen by an increase in K at addds. The response of K in these figures is

such that it does not overcompensagg;\due to thed(’ phase margin, forcing it towards the
lower voltage boundary, -640 V, where the contoald again would have to correct, causing

further oscillations.
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Figure 6-20SABER V\,sresponse to step load 0 W to 120 W

189




6.0

4.0

v)

2.0

0.0

400.0 30
300.0 20

100.0 10
£ 00{Z o0
400.0 o

3000 20
-400.0 a0

-500.0

550 0 Lewel. 560,538 ; T i ; i FESRURURRUUN S ot A ittt ARSI

v

ol i\ f AWAWAWAY A LA AL A fd

Level: 6400 : : : : : : : : -3

-650.0

T T T T T T T T
80.0m 0.1 0.12 014 0.18 018 02 022 024 026 028

Figure 6-21SABER V,sresponse to step load 0 W to 180 W

During the step load changeyVrepeatedly becomes more positive than limig\or
a number of cycles despite the Pl compensator ptiegito regulate Vs back within the
voltage regulation band. The maximum output voltaf¢ghe compensator, K, is limited by
zener diode B and a high frequency oscillation can be seemduttie cross over of y\s at
around 0.11 s as K increases and the natural 10@pBIE of s attempts to pull the voltage
beyond the regulation band. This high frequencyllaton can be eliminated by reducing the
gain of the Pl compensator, which will in turn reduhe band width of the open loop stage.
However, reducing the Pl compensator gain wouldead,s to sag significantly during step
load increases, and the subsequent constant cysoever stages to operate beyond their

specifications.

For this application step load changes would ordguo at the turn on of the LED
constant current regulators. Other step load cmmditto which the application may be subject
are those when the LED string is required to dirbraghten. Figure 6-22 details the converter
subject to a change in load from 0 W to 60 W wikpdoad increases to 120 W and finally
180 W at 10 ms, 0.1 s and 0.3 s respectively. Ei¢d23 shows the converter subject to a
change of load from 0 W to 180 W followed by stepd decreases to 120 W and 60 W, at 5
ms, 0.1 sand 0.3 s.

190



V) tis)
a0 f-B|-k
= :
20{-f-
0o
20
#):1(s)
4000 a0 \
5
300.0 50
200.0
1000 09 :

5 0] < 00 LA s
1000 ol vs
200.0
3000 20
-400.0 3.0

V):ts)
5000
: Vhus
550.0
g 3
-600.0 ; ;
Level -54053
650,01 : : :
T T T T T T T T T T T T T T T T T T T T
00 200m 400m 600m 800m 01 012 014 016 048 02 022 0O24 026 028 03 03 034 036 038
trs)
Figure 6-22SABER V,sresponse to step load from 0 W to 60 W to 120 W80 W
8.0
60
40
z
20
0o
20
400.0 a0
3000 20
200.0
1000 IRE ¥
s o0{E o0
1000 40
200.0
3000 209
-400 0 a0
-500.0
-550.0 Le)zel::SGO.SE,,Q,
S ] H H H H H H
-600.0 TE —————— A R B P e A - -y i r i i A o IR M R
Level: 7:640.53
650 0 - : : : - : - - : : : - : : - : :
T T T T T T T T T T T T T T T T T T T
00 200m 400m B00m 800m 01 042 014 016 018 02 022 024 026 028 03 032 034 036 038
(s

Figure 6-23SABER V,sresponse to step load from 0 W to 180 W to 12®@\W80t W

From these simulations it can be seen that thelatedimodel of the power stage and

its control loop are performing as expected andsar@ble for this application.

6.10Summary

This chapter has presented a thorough analysisnoddified regulation band voltage
controller for a HP LED power factor correction gerter. Due to the implications of the

performance characteristics of the PFC stage, taldeicontrol loop had to be realised that
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whose operation would regulate the PFC output geltabut would not generate any
significant input current harmonics. A modified uégtion band controller detailed in Chapter

1 is developed that fulfils this criterion.

A detailed description of operation of this methediscussed and the dynamics of the
control loop are analysed. Due to the non linegoitgsented by the regulation band, Circle
Criterion is applied to determine the system lotgbility whilst MATLAB and SABER
simulations validate the initial theoretical anadysFinally a discrete regulation band

controller is designed for implementation in a grobconcept prototype.

An important contribution of this chapter is thevdl®pment, analysis and design of a
control approach that has not been presented iritengture for this application. This work
forms part of a conference paper and presentatiohealEEE Power Electronics, Machines
and Drives, 2008, York.
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7 Experimental Verification and System
Performance

7.1 Introduction

This chapter details the prototype developmenthef HP LED driver designed in
Chapters 5 and 6. After a review of the HP LED elrivequirements the design of a current
regulator and control approach is conducted witBBER simulations to validate the design.
The development of the prototype HP LED driver, P&@ regulator stage is undertaken
showing the layout and tracking of the two topoésgiFinally, the prototypes experimental

measurements are compared with the predicted SABERVMATLAB simulation models.

7.2 HP LED Constant Current Regulators

This section details the design of the power togpl@and control approach for
regulating the current through each of the thre® Id&ings introduced in section 5.2. High
power LED devices need to be supplied with a regdlaurrent. The current flow through
them defines the lumens output. In order to achiaveegulated LED current, whilst
minimising peak current and voltage ripple stressesecondary converter is required. The
LED power system arrangement detailed in Figure sh@ws a front end PFC delivering a
regulated Vs and unity power factor, and three strings of hpglwer LEDs. Each string of
LEDs is independently current regulated. In ordeachieve a lumen output of 8,000 Im, 144
HP LEDs are necessary, in this case arranged ee teeparate strings. Each LED string
comprises of 48 LEDs in series. The maximum voltagess a string at 350 mA is around
180 V at T=50C. As Vusis -600 V, a step down converter is required fopspeach LED
string with a regulated constant current. Sectioh3lidentifies the buck converter as a
topology able to perform this step down conversida. maintain simplicity, achieve high
reliability and efficiency, the buck converter caperate in near Critical Current Conduction
Mode, CCCM see Figure 7-1o0 perform current regulation. By not using anpaotfilter
capacitor while in this operating mode, long operalifetime can be realised and a simple
method of converter control realised. Control mdthalentified in Section 1.2.5, show that

simple hysteretic control would meet the regulatieeds.
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7.3 Principles of Operation of the Constant Current Converter

Figure 7-1shows the schematic of the buck converter and ekbibagram of the
hysteretic control loop. Along with Figure 7-2, tleperation of this converter stage is as

follows. During pto i, MOSFETQ, is on, andV, =(V,,~ V) appears across inductoy,.

| increases from, to |, .Whenl_reachesl _ transistorQ, turns off. DiodeD,

in

is reversed biased during this period.

-600v
| 4
Gate QA
Driver
Qa ::I Vo,
—
| |
kD LA
V
Vbus lDAw LA l La
e
I-A,se \/DA ! DA
o4
Ved
I ~,
LA,sense b
A ) D
ov

Figure 7-1Constant current buck regulator with control

The time §to t; is given by

LA(l

LAmax_ I-Amin
t,-t,= : '
1 0

Vi,

)

Eqgn 7-1

During the periodt, to t+ T, the current in the inductor falls fror‘r[Amax to |

I-A,min !

and diodeD, conducts.
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Figure 7-2Key waveforms of buck converter
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Whenl,  is reachedQ, is turned on again and the cycle repeats. Theageer
current through the HP LEDs is

I +1
— I-A,max |-A,min Eqn 7_3
2

LA, ave

The buck converter operates close to boundary atiwfucurrent mode, i.el, is

in

nearly zero.

By using this method simple hysteretic current oans possible. Hysteretic operation
eliminates the need for small-signal control logpmpensation. To reduce the average current

supplied to the HP LED strind, _ needs to be reduced so that the required valug ofis
reached. The value bf is set by the circuit to be equallto_, a control voltage input
level. Sol is adjusted by controllind, ., either from a separate voltage source or via a

potentiometer. There is a consequential changwiiictsing frequency from approximately 40
kHz to 80 kHz for an average supply current to tE®s of 350 mA to 100 mA. Switching

the HP LED string at these frequencies will notsgastroboscopic effects.

7.4 Control of Buck Converter

Figure 7-3 shows a diagram of one buck convertstengtic controller. The HP LED

current flows through a sense resistB,,,.. creating a voltage signal which is inverted and
amplified by a factor of 10 by the instrumentatimplifier, 1C,,. The output waveform is
applied to the inverted pin of comparat¢€,,. The feedback componenk,,,R,, and D,
form the Schmitt trigger. The upper and lower Igréire not set byr,, and R,,. The lower
Schmitt trigger level is determined by voltage ... and the upper Schmitt trigger level is

setbyl, .

The output fromIC,, is a square wave, which is a function of the afigglisensed

inductor current and the upper and lower voltagatd of the Schmitt trigger. This signal is

applied to the gate drive circuits switching MOSEET
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7.5 Constant Current Converter Optimisation

Gate Drive

Figure 7-3Buck Control block diagram

This section details the buck converter designnoigaition as well as inductor design

and component selection. The principles of openaitiothe previous section outline the key

design equations to help identify the most appadprinductance, which will in turn realise

the optimum frequency operating range and powey. los

With La= 5 mH, Table 7-1 details the key calculated opegatonditions at a constant

input voltage and at minimum and maximum power.

Table 7-1Key calculated values of constant current convexteninimum and maximum load

Parameter 30 W 60 W Unit
Vus -600 -600 \
Duty 0.31 0.31 -
Fsw 86.4 40.0 kHz
LA pk -0.32 -0.65 A
ILA.ave -0.16 -0.32 A
VQA:VDA -600 -600 V
loarms 0.10 0.2 A
IbAms 0.15 0.3 A
Vied -186 -186 \
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Using the magnetic design approach in section 2&2simmary of the buck magnetic
component design can be found in Table 7-2. Theesamne material and type as the PFC
inductor was used again due to its availability gedformance characteristics. The relative
size of the core allowed the magnetic core and wctimh losses to be minimised to a

minimum in order to maintain converter stage ediindy.

A power loss break down of the converter operaséintull power, 60 W, is detailed in
Table 7-3. The power losses of the interconnedatadges, tracks and connectors are ignored.
At maximum output the total estimated power loss2ig0 W, a theoretical converter
efficiency of 95 %. A slight increased efficienay 96.4 % (2.2 W loss) of the converter can
be achieved by reducing the buck inductance. Howtheresult of this would be a marked
increase in maximum operating frequency to 205 kidzich is near the optimum operating
limit of the magnetic core material and increas@&dCEinterference with the rest of the HP

LED lighting system.

Table 7-2Characteristics of constant current converter itmuc

Parameter Calculated Unit
Core manufacturer Ferroxcube -
Core type RM12 -
Core material 3C90 -
Core factor 0.38 mih
Effective volume 8340 mth
Effective length (m) 55.6 mm
Effective area 146 mm
Mean turn length 61 mm
Initial permeability 1730 -
Effective permeability 30.9 -
Air gap 0.5 mm
Inductance factor 351 nH
Inductance 5.1 mH
Number of turns 119 -
Flux 26.8 uw
Flux density 189 mT
Wire length 7.30 m
Current density 3.00 A/mm
Wire resistance 13.5 Q
Copper loss @ 10TC 1.85 w
Core loss @ 106C 0.25 w
Total losses @ 10TC 2.10 w
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Table 7-3Estimated power losses of converter at full load

Component Device Switching | Conduction | Core Loss | Total Loss
Loss (W) Loss (W) (W) (W)
Qa STP10NK70Z 0.16 0.05 - 0.21
Da RHRP8120 0.08 0.311 - 0.391
La RM12 - 1.85 0.25 2.10
Total Estimated Power Loss 2.70

7.6 Constant Current Regulator Specifications

To summarise the previous design sections, Talfledétails the specification of the

current regulator stage.

Table 7-4Current regulator specifications

Description Value Unit
Input Voltage \bus 600 5 % \%
Max Input Current Hus 122 mA
Output Voltage Ve 180 +2 % V
Output Voltage Ripple \7bus 5 \%
Output Current tkd 350 mA
Converter Switching Frequency f, 40-86 kHz
Output Power Range ol 30-60 W
Efficiency Norc 95 % @ 60 W

7.7 Constant Current SABER Simulation

The predicted design calculations of the powerestaigd the hysteretic control loop
were verified in a SABER model. Figure 7-4 shows simulation schematic of the HP LED
constant current regulator. The MOSFET is an ideaice with negligible on-state resistance
and high off-state resistance. The power diodesaliqgiece wise linear components with no
forward volt drop. The power inductor is also aehn device with no parasitic ESR and

interwinding capacitance.

199



The key simulated results plotted in Figure 7-5 @ptured where the input voltage
Vpusis set to -600 V with a power output deliveredite HP LEDs of 60 W. The results show
a close correlation to the predicted design detarielable 7-1.

Buck Converter Power Stage Buck Converter Control Stage

¥,
Vbus 1 9

1
| . |
A
%
m
D v D, Vax{+]
&

sense

% i
Waux(+) Vaux(-)

Figure 7-4 SABER simulation model of constant current HP LEQulator
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Figure 7-5 SABER simulation of key waveforms of constant cotidP LED regulator
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7.8 Experimental and Laboratory Setup

This section details the experimental laboratotyseincluding the design and layout
of the Printed Circuit Boards, PCBs, the equipmes#d for verifying the performance of the
HP LED power converter, and finally the layout #iag of the 180 W LED string.

7.8.1 Power Factor Corrector Circuit Layout

The power factor corrector power stage and theese control board components
were arranged so that they occupied a small areartonise parasitic inductance loops. The
PFC stage comprises two circuit boards, the povwagesand a separate control board. The
PCBs are FR4 insulating fibre glass with a douldeds1 oz copper layer

Full schematic drawings of control and power stagasbe found in Appendix E & F.

c | Cargor -

Figure 7-6 PCB capture of power board layout and tracking

Figure 7-6 shows the circuit layout for the buclostostage. CON 100 on the bottom
left hand side of the power board is the line inparinector ¥ This input is fused for safety
and current surge suppression components are dtssdaThis connector input is keyed so
that no connection errors can be made during gesfihis also applies to the outputyy
connector CON 101, bottom right hand side. The eotors CON 104 and CON 105, centre
bottom, are the power stage’s interface with thetrod board, see Figure 7-7. CON 105 is the
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Vus feedback and CON 104 is the output of the gateedriAs the buck boost MOSFET

Q100, is not directly referenced to ground, anasog pulse transformer T100, is used to
transfer the low side voltage gate signal from ¢batrol loop, to the high side connected
MOSFET, Q100. The RM12 buck boost inductor is |eaetlevice L103 in Figure 7-6 and the
metallised film capacitors C111-C113. All inputsdasutputs were capacitively decoupled to a

copper earth plane, so to ensure EMC suppression.

The control board, see Figure 7-7, consists ofaimput voltage Vs attenuator, the
relay with dead band, the linear PI compensatsgvetooth waveform generator to supply the
PWM comparator, MOSFET gate drive circuitry and ibary + 15 V supplies provided by
onboard linear regulators. Again, use of space masmised to ensure compactness and
efficiency. There are also numerous test pointgated across both circuit boards for ease of

testing.

"

b
-

]| I:!?LD

Figure 7-7PCB capture of control circuit layout and tracking

Figure 7-8 is a picture of the DCM buck boost Pi@ &s associated control board.
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7.9 Constant Current Regulator Circuit Layout

The HP LED current regulators comprise three idahgpower converters. The buck
regulator is a physically compact design to minangarasitic loops, and minimise EMC
generation. The PCB is of FR4 fibre glass with alde sided 1 oz copper layer. The same
principles of design and layout were applied. Poa@nnectors were keyed and minimum
voltage clearances were observed as to preverdgeoltreep. The input connector, CON200,
is fused to provide protection should the LED gjrifail to a short circuit. As the buck
MOSFET Q200, source is connected to -600 V, aaisg pulse transformer T200, is used to
transfer the low side voltage gate signal from ¢batrol loop, to the MOSFET. The power
inductor La is labelled L200 in this layout, and is also setded RM core.

A start up oscillator that momentarily pulses ansigto the input of the comparator
which provides a leading edge on which the convecn start switching. The pulse

frequency is sufficiently low enough so not to nfieee with steady state operation.
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Figure 7-9PCB layout of constant current buck regulator

Once the PCBs had been populated testing of thetppe boards used the following
to acquire and record experimental data; a Lecray&Runner oscilloscope along with a high
voltage differential probe ADP305 and a passive @d¢urrent probe, were used to capture
voltage and current waveforms. A Yokogawa WT300&groanalyser recorded and assessed
the line voltage, current waveform quality and hamio content. Laboratory set-up is shown

in Figure 4-3.

7.10 HP LED String

In order to fully test the performance of the cameestages, and to realise whether
they are suitable for this application, an LED rgjriwas constructed, see Figure 7-10, the
measured outer dimensions of which are 216 mm l@yrB&h. The total display consists of
three individual strings of 48 ultra white Cree Xhga XR series HP LEDs. These high power
devices emit a lumens output of 70 Im/w at a curteroughput of 350 mA.
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Figure 7-10PCB layout of HP LED string

Despite the individual LEDs not dissipating theemgrated heat via radiation as with
conventional light sources, they need to be bortdea thermally conductive PCB and heat
sink in order to prove reliable. A single sidedrainium clad laminated with a 1 0z copper
PCB is used, to which the LEDs can be directly lsahdrhis approach not only provides an
excellent thermal path but offers electrical isolatas well as a means for tracking. Finally
this board was enclosed in a suitable heat sinklatenses covered with an optically opaque
film to protect the observer’s vision and otherdediory users, and to reduce harmful glare,

see Figure 7-11.
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Figure 7-11HP LED strings and protective cover

7.11Verification and Results

This section validates the calculated design, cderpsimulations and experimental
data of both the power factor corrector and thepeeive LED current regulators.
Experimental results show the compatibility of thieility of the PFC to be able to meet
harmonic regulations and maintain a sinusoidal irquurent waveform,s] in phase with its
respective voltage ¥

7.11.1 Power Factor Corrector

Key design equations and converter operationalnpeters are detailed in Section 5.9.
Table 5-7 lists a number of key design figures jmtety the various peak currents and
voltages that the components are subject to. lires presented make the assumption that

the converter is operating under ideal conditioes,no parasitic elements.

Table 1-1 in Chapter 1 details the Class C harmbmiits for all lighting equipment
rated above 25 W. The first ten specified limits plotted against the measured input current
harmonics of the PFC stage. Again like Table $i&,ihput current harmonics in Figure 7-12
are taken at a nominal input voltage over thre@wuaroutput power loads. It can be seen that
all input harmonics fall well within the specifidichits, especially that of the second harmonic
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that has been all but eliminated by the controlrapggh. The measured power factor of the

system was near unity at 0.99.

Table 7-5Measured parameters of PFC

Parameter Test1 Test 2 Test 3 Unit
Input Voltage, ¥ 216 230 265 Vs
Input Current, d 0.94 0.86 0.74 rrths
Input Power, B 203.4 200.2 198 W
Apparent Power, 5 203.6 201 198.6 VA
Reactive Power, £ 8.48 8.11 9.46 VAr
Power Factor, PF 0.998 0.999 0.998 -
Phase Angle@ 2.39 2.35 2.74

Vs THD 0.93 0.93 0.93 -
Is THD 5.08 5.108 5.57 -
Output Voltage, Vus 602 595 599 Vs
Output Current,pl;s 0.29 0.30 0.30 rrhs
Output Power, R 179.8 180.1 180.2 W
Efficiency, n7 88 90 91 %
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7.11.2 Buck boost steady state experimental waveforms

In this section the recorded steady state expetahevaveforms of the buck-boost
PFC. These signals are superimposed and compattednei SABER simulated waveforms to
verify the performance and operation of the prgietyThe following steady state plots are
captured at an input voltage of Mm at various load conditions.
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Figure 7-13Comparison of simulation and experimental resats£=230 Vs at R =60 W

Excellent correlation between simulated and expenta waveforms can be seen, in
terms of similar wave shapes and magnitudes. Dupatasitic observations observed in
Section 4.4, parasitic components are modelledcéethe high frequency oscillations
occurring during the DCM in the simulated steaditestvaveforms. However there are some
minor discrepancies that are worth noting. Agaiarghis a slight mismatch between the
switching frequency of the simulation and the ptgte. This is due to prototype component
tolerances in the PWM oscillator. Switching integiece is observed on the experimental
waveforms of the duty cycle of all figures. Thedquency of this interference corresponds to

the switching frequency of the cascaded buck cdexelEMC suppression approaches
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diminish this interference to the magnitudes seefigure 7-13 to Figure 7-15, and do not

degrade the performance of the PFC power stagesarantrol loop.

Parasitic elements of the prototype were introduodtie simulation model to improve

the accuracy and verify the performance. Againecl@dationship of the parasitic oscillations

can be seen apart from the damping ratio.
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Figure 7-14Comparison of simulation and experimental reswtsvi=230V,,s at B,,=120W

Figure 7-15 shows the PFC operating at full powet with an input line voltage of

230 Vims The converter can clearly be seen to be operatosg to the limit of discontinuous

current mode. Parasitic oscillations are not evidanboth the simulated or experimental

waveforms as the dead time is near zero. The opgnaitode of the PFC tends to near critical

current conduction mode as the input voltage ambpres \, min Experimental observations

show that critical conduction mode is not realisedess the supply voltage exceeds its

defined limits.
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Figure 7-15Comparison of simulation and experimental reswtsvi=230V,,s at B,,=180W

Besides the parasitic elements of the switchingieamductor, of which one has no
control, there is very little leading or trailinglge current or voltage spikes, owing to the

careful and compact circuit layout.

7.11.3 Parasitics

Note the oscillations of the simulated SABER wavef® and that of the measured
experimental waveforms duringe«l The oscillation observed during the period thHas t
inductor current falls to zero is due parasiticucidnces and capacitive components, most
notably during low load, 60 W. Figure 7-16 detdit®se main components such as track
inductance, semiconductor capacitances, and induétwling capacitance. Track inductance
can be deemed to be negligible as the layout ispastn The semiconductor capacitances can

easily be determined by referring to their respectiatasheet.
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Figure 7-16Parasitic components of buck boost

The winding capacitance of the inductarik more difficult to determine. In order to
realise this parameter an HP-3577B Network Analysas used to determine the resonant
frequency. An impedance measurement over a frequspeead of 10 kHz to 5 MHz

determines the resonant frequendy to be approximately 1.8 MHz. Using

C|_1 = Eqgn 7-4

where w, =fi, the winding capacitance becomes 9 pF. From Figut& the high

frequency of the measured oscillation was deterchilmebe 467 kHz. Further investigation
showed the oscillation to be excited by the induotal; and output capacitance,cof the
MOSFET. The MOSFET output capacitar€g,=C.+C, is 174 pF. These parasitic

components were simulated and a comparison carbalseen in Figure 7-17. The conditions
for this figure are =230 Vims, Vous-629 V, By=60 W, k=58 kHz, Duty= 0.36. These
oscillations are difficult to suppress with a tydicresistor, capacitor, diode, RCD,

combination without excessive power dissipation.
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Figure 7-17Comparison of simulated and experimental parasitoponents

The resonance damping seen in the experimental ureaents is due to track
resistance and inductor resistance, which is diffico estimate for a simulation. These
parasitic components are now included in the sitiariafor all line and load conditions and

the results can be seen in the next section.

7.11.4 Buck boost transient experimental waveforms

The transient response of the prototype convedeshiown in this section were it
undergoes step load changes. The key waveformsiredpare the output power step load,
Pout, the output signal of the Pl compensator, K, thekbboost inductor current ;l and

finally the output voltage, ¥s

Figure 7-18 shows the PFC being subject to a stag ¢thange of 0 to 60 W at time 18
ms. When the step load change occurs, the outpatctars are discharged angdMends to
zero. Upon exceeding the predetermined voltage Vitil of -560 V 18 ms later, the PI
controller responds by increasing K, which increadee switching duty ratio and bringing
Vus back within the limits. At this point K maintaints level until another transient. The

calculated and simulated models are verified byprdormance of the prototype. The 100 Hz
output voltage rippley, ., the peak currenfLl and the response time in the below figures are

the same as those calculated and predicted by sodel
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Figure 7-18Experimental results of PFC output with a step loa@ W to 60 W
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Figure 7-19Experimental results of PFC output with a step loa@ W to 120 W

A disparity between the simulated and experimemghsurements is the DC offset of

Vus When it is within the voltage bandwidth. In thiste the power converter is in an open
loop condition therefore it is not possible to eaptthe same voltage level twice. The same is

true for the value of signal K.
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Figure 7-20Experimental results of PFC output with a step load W to 180 W
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7.12Summary

This chapter details the design and developmerd simplified critical conduction
mode buck converter and its respective hysteretidroller to regulate the current through
each of the HP LED strings. SABER simulations penfed confirm the suitability of this

approach prior to the prototype buck regulator pelaveloped and tested.

A laboratory set up is shown for the evaluationtted performance of the HP LED
power converter system and the bank of HP LED<hieae the 8,000 Im is tracked out and
populated. The experimental results of the PFCestag shown, revealing that the converter
and the regulation band control operate as pratlidtee 2% harmonic of the input current is
well within specified limits, and the regulationrigh control regulates the output PFC bus
voltage with good transient response at the bamitsliand showing loop stability under

steady-state conditions.
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8 Conclusions and Further Work

8.1 Introduction

Power electronic development has always been drbsethe advancement of new
design techniques and emerging technologiestliteise innovations that have led to the recent
advances in active power factor correction mettausthe commercial release of high power

light emitting diodes.

A comprehensive literature review identifies theinmassues and requirements to
successfully develop these technologies, inputecdirharmonic limits are specified, power
converter operating conditions are described, kl@t@ower/control methods are reviewed,
magnetic modelling techniques are identified andalfy a discussion of the current

development status of power components is included.

8.2 Summary of the Thesis

The merging of advanced power topology techniqued @tegrated magnetic
approaches had led to the development of a sirigigessingle-switch power factor corrector
with an integrated magnetic component. A suitabdevgr converter topology has been
identified that can perform single-stage powerdacorrection and which can accommodate
the integration of a complex magnetic componentis Tinagnetic device combines the
functions of a DCM boost inductor and a power tfamser. Steady-state analysis of the
power converter and state-by-state descriptiorhefdperation provide an understanding of
the complex waveforms and enabled the design amdl@ment of an integrated magnetic
prototype. The construction of the IM ensured that SPFC was able to operate unaffected

by the IM whilst achieving optimum performance.

To confirm the operating principles and design bé tconverter and magnetic
component, steady-state SABER switched modelling wanducted. The simulation also
allowed the operating conditions of the magnetiedo be examined, in particular to check
that the saturation limits were not exceeded. Tihailation results correlated closely with
initial design predictions and showed that the tnpurrent harmonics complied with
regulations. Steady-state simulations did highlipbtvever the limitations of the*8FC,
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namely, under light load conditions, the boost agdt increases as it is not directly regulated

by the controller.

Small-signal models of the"BFC were developed and the dynamic performandeeof t
power stage was characterised by MATLAB simulatidiige results showed that the control-
to-output transfer function is similar to that ohan-isolated CCM buck converter, and the
input-to-output transfer function, neglecting amput filtering, is similar to that of a DCM
boost converter in series with a CCM buck converiéese dynamic characteristics suggest
that a simple voltage-mode control can be impleemnd perform output regulation. A PID
control loop was designed and modelled using MATLA&®RI SABER which ensured that the
S'PFC was stable under transient conditions and héabtatransient response. A 180 W
prototype SPFC with an IM was developed, and the measuredtseserified the theoretical

and simulated steady-state operation and dynamiorpgnce.

High power light emitting diodes offer numerous adtages over current lighting
solutions in terms of light quality, efficiency amndeful operating lifetimes. However one of
the main factors limiting the take up of HP LEDghe comparatively poor lifetime of many
of the power electronic converters used to suppdyrt which is due to the use of electrolytic

capacitors to provide energy storage and hold-ppluities.

In contrast metal film capacitors can operate fortas 100,000 hours, even over large
temperature variations, but have significantly lowapacitance than electrolytics however
they withstand much higher voltages. Therefore dalise the necessary energy storage
requirements of a power factor correction stag@guiong-lifetime capacitors, the output

voltage of this stage must be increased.

A buck-boost topology operating in discontinuousreat mode was identified as the
most suitable topology for the HP LED PFC stagdtasan achieve both automatic input
current wave-shaping, limiting current harmoniasg @rovide a high output voltage. Steady-
state analysis was performed to verify the approhah indicated that due to the low PFC
stage output capacitance, there was a significaitetline-frequency voltage ripple at the
output. As the input harmonic current limits arerentightly regulated for lighting equipment,

a control approach was identified that would prevaiitput regulation but would not process
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the 100 Hz ripple voltage, thereby preventing tipple voltage from propagating around the
control loop and disturbing the input current.

A modified regulation band voltage mode controllaas developed and designed. A
SABER simulation was performed and analysis, basedhe circle critereon was used to
determine the stability conditions. MATLAB simulaitis verified this approach, and provided
a basis for the design of a regulation band cderoEABER simulations of the regulation
band controller and PFC stage validated the thieatetesign.

To regulate the current through the HP LEDs, a rs@&ny constant current buck
regulation stage was developed and simulated. A\W8@rototype HP LED power factor

corrector and constant current converter validdtedheoretical and simulated predictions.

8.3 Contributions of this Research

To the best of the authors knowledge, there is ravipusly published work that
examines an integrated magnetic component witmglesistage, single-switch power factor
corrector. The analysis presented in this Thestaildehe flux waveforms that occur within
the core of the integrated magnetic in this topglobhe solution that has been developed

offers a well utilised core and optimised windingaagement.

The dynamic analysis of théBFC with an IM has not been undertaken previowyy.
determining the % FC line-to-output and control-to-output transfendtions, suitable control

approaches were identified and demonstrated.

To address the limited lifetime of current powepglies for HP LEDs, the author
proposes a power topology and control solution tie®s metal film capacitors instead of
electrolytics for the PFC output stage, and theiltieg increased output voltage ripple is

regulated by adopting a modified regulation bancti@d approach.

This controller regulates the PFC output voltagéhivi defined limits, with a fast,
stable response at these boundaries, whilst lignitire generation of the second harmonic
input current. Circle criterion analysis is usedewaluate the dynamic performance of the

regulation band control loop and the closed loapisity of the HP LED power system.
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8.4 Future Development

Analysis and operating results of th#§C indicates that due to the unregulated DCM
boost output voltage and increased current thohghMOSFET, this device is particularly
stressed. Therefore the MOSFET that meets thesgreatents is invariably more expensive
than that used in a two-stage PFC approach. Ascsedhictor technology invariably
advances, then the piece cost of these devicesdwif), making this approach much more

attractive for future designers.

Due to the complex winding structure of the IM dvior the $FC, this approach
may be unattractive due to cost and assembly ceraidns. An alternative construction
approach would be to use planar magnetic structurashich the windings are either etched
on to PCBs or stamped out copper sheets. This approvercomes the need for custom coil

formers, and may also enable more rapid prototypmdjautomated assembly.

As HP LEDs become more widely used and as thedfiz¢P LED strings increase,
higher capacity power supplies will be required &mdher research is therefore needed to
identify optimium solutions, for example to detemmiwhether interleaved power factor
corrector approaches can be realised using thdateguband controller. The possibility of
current imbalances between the interleaved topetognust be examined, which might

interfere with regulation, stability and input cemt harmonic content.

One possible alternative application of the HP LEBDSn communication systems
where the LED string would pulse at high frequentar, beyond the range of human
perception. Investigations need to be conductetbashether the regulation band control

approach is still suitable for this application.
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Appendix A

MOSFET losses are a combination of conduction kdse to on-state resistance, and
switching losses. The conduction losses were ezhliyy determining the normalised on-state

drain-to-source resistanci,, expressed as

Rj%n = F\:j%n,@zgc;x l%%n, norn Al
and the RMS current flowing through the MOSFET dgrthe on-time DT, .and |, . is the
rms current through MOSFET;(and is given by

A2.

|
=

Figure A.1. Ideal transistor curremi,Q waveform
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Conduction losses are now calculated using tHeviihg
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Figure A.2. Shows the parasitic elements of a typical MOSFET

The calculation of the MOSFET switching losses m@e involved, as the devices
parasitic elements contribute to the system, Figuf® shows the typical turn on/turn off
current and voltage waveforms for a MOSFET opegaitincontinuous current mode. It is this
period of current and voltage crossover that datexrthe magnitude of MOSFET switching

loss.

1 1
Fosw™ E | QVQ(t ot F Lol Tt E C OS\JZQf ¢ [126] A4

where &, Vg and f_, are the MOSFET current, voltage and switchingdssgpy respectively.
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Figure A.3. Voltage and current waveforms of a MOSFET duringahing transitions

The variablest ,and t are the turn-on and turn-off times of the MOSFEifid are

estimated by

I A.4.

| ,is the MOSFET gate current a@d, is the gate switch charge. The output capacitahice

is defined by
Coss = ng+ Cds A.5.

However, as the PFC stages are operating in DCad/lindfuctor current Ihas fallen to
zero before the next MOSFET turn-on transient, eftge switching losses during this

transition are non-existent.

As described previously the total MOSFET power lassthe combination of

conducted and switching losses therefore

PQ = I:)Q,cond-i- PQ Sw A.6.
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Appendix B

The diode losses are a result of two mechanisntsyafd conduction losses and

switching losses. Conduction losses are defined by

I:)D,cond =1 D, rmyF B.1.
whereV. is the forward conducting voltage drop of the diode

Losses as a result of the switching dynamics areenmvolved, but never the less a
well understood process. During conduction the @istbres a minority charge of magnitude
Qs which is dependent on the forward currentdee Figure B.1. Before the diode can be
reversed biased this charge must be removed. Hase dissipation occurs through two
processes, firstly by passive recombination andrs#lg via active current reversal. The

actively removed charge @; and is defined by

1
QR ZEtrr lRM B.2.

where t, is the reverse recovery time, ang,,is the peak reverse recovery current

defined by

| = 4 di. ) _dl. t,
S N ) A R RS

and S is referred to as the ‘snappiness factah®tiode, and is expressed as

t B.4.
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Figure B.1.Diode reverse recovery mechanisms during turn-off
During the reverse recovery timeg,, negative current flows through the diode yet the
diode remains forward biased thus the instantanpower loss is relatively high. The amount

of stored chargeQ,, that is recovered by this active process is dégenupon the rate—+,

dt
the lower this rate enable a significant amourthefstored charge to recombine during diode
turn off. Reverse recovery diode power loss can hewdefined as a function of reverse

recovery chargeQ,, reverse bias voltage gYand the switching frequency,, .

I:)D,sw = QRVR FS\A [45] B.5.
Thus total diode power loss is
I:)D = I:)D

,cond + I:)D, SW

B.6.
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Appendix C

The power dissipation for a capacitor is determibgd
— 2
P.=2mrf CV*tand (45] c1

tand is the dissipation factor of the capacitor andiésermined as the ratio of the

ESR to the capacitive reactance, Xeries capacitance.

tano = E_SR

Cc

C.2.
The dissipation factor reflects the polarisatiossks of the dielectric film and the
losses caused by the contact resistance of thénasn

Therefore, rearranginiggn C.2.for ESR:

tano
2rf_ C

Sw

ESR=

C.3.
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Single-State Single-Switch Power Factor Correatbematic diagram

Appendix D
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Appendix E

Power factor correction converter and control scigrdiagram

(51 L |
I D‘*’ F L.
N
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Appendix F

HP LED current regulator and control schematic diag

240



