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Abstract

“If we think oil is a problem now, just wait 20 ymsa It'll be a nightmare.” —
Jeremy Rifkin, Foundation of Economic Trends, Wagton, D.C., August 2003.
This statement harmonises with the reality that dwircivilisation faces today. As a
result, humankind has been forced to look for aligves to fossil fuels. Among
possible solutions, fuel cell (FC) technology heseived a lot of attention because

of its potential to generate clean energy.

Fuel cells have the advantage that they can be imsegimote telecommunication
sites with no grid connectivity as the majority telecommunication equipment
operates from a DC voltage supply. Power plansedan phosphoric acid fuel cell
(PAFC) have been installed worldwide supplying arbaeas, shopping centres and
medical facilities with electricity, heat and hotater. Although these are facts
regarding large scale power plants for on-site pegtable units have been explored
as well. Like any other fuel cell, the PAFC outmdwer is highly unregulated
leading to a drastic drop in the output voltagenvaihanging load value. Therefore,
various DC-DC converter topologies with a wide ®n§input voltages can be used

to regulate the fuel cell voltage to a required ID&d.

An interleaved synchronous buck converter intenecefficiently stepping down
the energy generated by a PAFC was designed aredoged. The design is based
on the National Semiconductor LM5119 IC. A LM51&9aluation board was
redesigned to meet the requirements for the apjica The measurements were
performed and it was found that the converter agudhe expectations. The results
showed that the converter efficiently stepped d@awvide range of input voltages
(22 to 46 V) to a regulated 13.8 V while achieviag®3 percent efficiency. The

conclusions reached and recommendations for fues®arch are presented.
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Glossary of abbreviations and symbols

A
A — Amperes
AC — Alternating current

AFC — Alkaline fuel cell

C

CCM - Continuous current mode

D

DC - Direct current

DCM - Discontinuous current mode
DEM - Diode emulation mode

DMFC — Direct methanol fuel cell

E

EMI — Electromagnetic interference

E
FC — Fuel cell
G
GND - ground
H

H — Hydrogen gas molecule
HF — High frequency

HO, — Water

H3PQ, — Phosphoric acid

IGBT - Insulated-gate bipolar transistor

IC — Integrated circuit

K
kHz — Kilo hertz being 10
kW — Kilowatt

L

LDO - Low drop out
LLP — Leadless package

M

MCFC — Molten carbonate fuel cell
MHz — Mega hertz being £0

Xii

MOSFET - Metal-oxide-semiconductor field-effect
transistor
mV — Milli volt being 10°

12

nC — Nano coulomb being 20

o
O, — Oxygen

P

PAFC — Phosphoric Acid Fuel Cell

PCB — Printed circuit board

PEMFC- Proton Exchange Membrane Fuel Cell
Pt — Platinum

PTFE — Polyetrafluroethylene

PWM — Pulse width modulation

R

RFI — Radio frequency interference

S

s — Second

SMPS - Switch mode power supply
SOFC - Solid oxide fuel cell

SiC — Silicon carbide

V]
us — Micro second being 0
UVLO - Under voltage lockout

v
V - Volt
V/gs — The gate to source voltage

Vref — Reference voltage

ZV'S — Zero voltage switching



Chapter 1 Introduction

1.1  Background

“If we think oil is a problem now, just wait 20 ysalt’ll be a nightmare.” — Jeremy
Rifkin, Foundation of Economic Trends, Washingt@hC., August 2003. This
statement harmonises with the reality that humanlization faces today. As a
result, humankind has been forced to look for deife resources other than fossil
fuels. Alternative energy sources such as fuds d€lCs) have received a lot of
attention because they are a potential technologgédnerating clean energy (Pareta,
Choudhury, Somaiah, Rangarajan, Matre & Palandé&:2@¥72).

A FC is an electrochemical device in which the ggenf a chemical reaction is

converted directly into electricity. Compared tbattery, a FC works as long as a
fuel and an oxidant are supplied continuously frautside the cell (Redmond 2007).
There are several different types of FCs, eachguaidifferent chemistry. FCs are
usually classified according to their operating penature and the type of electrolyte
they use. Applications for FC systems spread fragsidential applications,

uninterruptible power supplies (in houses, indestrand remote locations) to

automotive applications (Chakraborty 2011:1823).

The main types of FCs are:

e Phosphoric Acid Fuel Cell (PAFC);

* Proton-Exchange Membrane Fuel Cell (PEMFC);
* Molten Carbonate Fuel Cell (MCFC);

» Solid Oxide Fuel Cell (SOFC);

e Direct Methanol Fuel Cell (DMFC); and

* Alkaline Fuel Cell (AFC).

Closely associated to FCs are power electronicsuieed Because FCs are used

where efficiency is crucial, these modules helptl®e energy conversion by



improving the efficiency of power utilisation (Bo2606:4). Thus power conversion
is fundamental to FC systems. The operating F@agel can be stepped down or
stepped up. In order to control and shift the E@age to a required voltage level,
voltage regulators, DC-DC converters and choppeuits may be used. A range of
DC-DC switch-mode converters are used dependinghenapplication. They
achieve voltage regulation by varying tbe—OFF ratio or time duty ratio of the
switching element. The main types of electronidgtadves used in modern power
electronic equipment are the MOSFET and IGBT. @&hae two main applications
for DC-DC converters in FC systems. One is to pi@\DC isolation. This type
often requires the use of an isolating transformiére other application is to transfer
power from a fixed DC supply, which may be inverietb AC (Cheng, Sutanto, Ho
& Law 2001:2201).

Since most telecommunication equipment operatas foDC voltage supply, the
most convenient power electronics interface is aDC converter. Decades ago, all
equipment was located in a central office and gtidply was all that they needed.
Most recently, owing to new telecommunication netsp new challenges have
come to the fore. Telecommunication equipmeneiadplocated closer to customers
organised in diverse networks (Ribero, Cardoso,cBletti & Mendes 2009:433-
438). However, some areas where this equipmeliocated lack a proper AC grid

especially in remote areas.

Always situated at a distance from any form of graver or energy supply, remote
telecommunication sites’ greatest expenditure angekt problem are the supply of
energy for electrical devices housed in them. Ta&s to reliance on small-to-
medium-sized generation plants with or without haclatteries, supplying local
demand (Swanepoel 2005:1). According to Joub&%2) these small-to-medium-
sized generation plants may comprise electricatcgsusuch as fuel cells, batteries,
photovoltaic cells, windmill power, hydro-power,obenergy, generators, devices
using heat to generate electricity and the utibsabf storage devices such as super
capacitors and ultra capacitors. Some of thesbntdgogies are the object of

extensive research at the Telkom Centre of Exceflest the Vaal University of



Technology in order to provide solutions for thietcemmunication industry in terms
of backup power systems and rural power generatemts.

Another big area where the role of power electr®rfiads importance is when
connected to a FC system. In general most commergg storage devices such as
batteries, capacitors and ultra-capacitors areateatlvarious stages either to supply
auxiliaries or to improve the slow transient resgwiof the FC used, with a power
electronic interface. When series of battery paaies placed across the FC stack,
they require an additional circuitry for regulatitige DC bus voltage. Although
costly, this setup ensures a safe operation of dhiery packs (Chakraborty
2011:1824).

In these kind of systems, the FC operates moress ¢ontinuously at the average
power. When the total system power requiremergsl@w, the surplus electrical

energy is stored in a rechargeable battery or dapacIn the case that power
demand exceeds the amount that can be providetdeb¥ €, the energy is drawn
from the storage device. It stands to reason tti@tpower requirements are quite
variable. Such a situation can happen with daasmitters and certain types of
telecommunications equipment where for fairly lopgriods the device is in

‘standby’ mode and the FC will be recharging thétdsg. During transmission

periods, the battery supplies most of the powerr{iiaie & Dicks 2003:362-363).

1.2  Phosphoric acid fuel cell and power conditioning

According to Sammes, Bove and Stahl (2004:372)PAEC is a widely used and

well documented type of FC. It is used in statignpower plants ranging from

dispersed power to on-site generation plants. P@amts based on a PAFC stack
have been installed worldwide supplying urban grebepping centres or medical
facilities with electricity, heat and hot water. Ithough these are facts regarding
large scale power plants for on-site use, portabits have been explored as well. A
study by Sakai, Ito, Takesue, Tsutsumi, Nishizawd Hamada (1992:49-52) from

Sanyo Electric reported on a portable 250 W aied®AFC.



As the name implies, the PAFC uses phosphoric @t&80O,) as its electrolyte. The
phosphoric acid used is in a highly concentratechf®5 percent or higher). The
electrolyte is often immobilised in a porous siticcarbide (SiC) matrix by capillary
action. A PAFC works with pure hydrogen or hydrogieh gases as fuel and air is
invariably used as the oxidant (Li 2006:264). PAFQperate at temperatures
between 150 - 220°C. The electro-catalyst in llo¢ghanode and cathode is made of
platinum (Pt) or Pt alloys. The advantages ofRi¢-C are its simple construction,
its stability both thermally, chemically and electhemically. In addition, the use of
concentrated acid (100%) minimizes the water vapoessure so water management
in the cell is not difficult. These factors prohahbssisted the earlier deployment into
commercial systems compared to the other FC typasgdtte, Friedrich & Stimming
2001:15).

PAFC power generation makes intensive use of peeetronics because a PAFC’s
output voltage is unstable. According to Bernayaréhand and Cassir (2002:
Prospects of different fuel cell technologies for vehicle applications as quoted by

Sammes 2006:257) the cell voltage decreased fr8&h \0.to 0.62 V as the current
density increased from 10mA/érto 350mA/cri for a PAFC. Similar variations in

cell voltage with increasing operating current dies are reported for PEMFC,
MCFC, SOFC, DMFC and protonic ceramic FCs. A sngC produces a very low
voltage; therefore individual cells are usuallyegilin stacksas explained earlier.

Even if multiple FCs are carefully stacked togetherseries, the voltage of the
system will not be exactly what is desired for wegi application. In other words,
the electrical output power of a FC will not oftke at a suitable voltage and

certainly not at a constant voltage.
1.3  Problem statement
In order to efficiently regulate and stabilise théput voltage of a PAFC supplying

power to remotely located telecommunication equiptné¢here is a need for a
converter with the ability to handle a wide randeimput voltages and then to



convert the unstable electrical power generatec BBAFC into usable power for

telecommunication equipment operating on DC.

1.4  Methodology

The design and development of a converter for a@AHRI| be addressed in the
following manner. Firstly, an in depth literatuseudy will be conducted on the
PAFC and DC-DC converters for FCs. This will bdoiwed by the design of a
switched-mode converter utilizing pulse width madidn (PWM).

Once the various components of the converter haea designed, the converter will
be constructed; operational tests and refinemerth@fdesign will be performed.

Then the necessary experiments will be conductetth@®AFC’s converter system.
Finally, the conclusions and recommendations bapeda the analysis of the results,

will follow.

1.5 Delimitations

The design and development of a converter for PABGss not involve any
construction of a PAFC or a controller of some dortprevent overcharging of
batteries and will be limited to 200 W.

1.6 Importance of theresearch

“The engagement of South Africa with the potenbia@hefits of fuel cells is centered
on the strategic use of the country’s natural reses) including minerals, energy
resources and technical skills”, says the Southcafr Agency for Science and
Technology Advancement (SAASTA) science communicatmanager, Lorenzo
Raynard (Burger 2012). Since the FC market in ISdditica as well as the technical
expertise on FC ancillary technologies are curyestaring, this research will
address the need for a switched mode power comyaagiding usable DC current



from a PAFC in order to supply telecommunicatioruipment as it is fairly

economical and suited for low power applications.

The study will also be of great benefit in the getlgat it will constitute a building
block for future research on the topic of power\vasion for FCs at the Telkom
Centre of Excellence.

1.7  Overview of thereport

Chapter 2 consists of a literature review. Aftdirigf review on PAFCs, key design
considerations of DC-DC converters for FCs areqmiesl as well as the different
types of power electronic converters. Some ‘cotigenl’ and special switched-

mode DC-DC converter topologies are also examined.

Chapter 3 deals with the practical design procedma construction of the 200 W

converter.

In Chapter 4, the experimental setup, measurenagtsesults are presented.

Lastly, Chapter 5 contains the conclusions drawetommendations are made

regarding the PAFC converter as well as suggestarfsirther improvements.

18 Summary

In this chapter the background for the design andelbpment of a 200 W converter
for PAFCs was presented as well as the methodoledgyance and importance of
this researcihe methodologies of the study along with its intaoce and relevance

have been presented.

In the next chapter, a literature review on powmrverters for FCs is considered.



Chapter 2 Literature review

2.1 Introduction

This chapter discusses theoretical consideratiarth® design of DC-DC converters
for PAFCs as well as some converter topologies wvban be used with FCs. Before
delving into that, an explanation of the structarel working principle of a PAFC

and its voltage-curren¥(l) characteristics are examined in the followingisec

2.2 Review on the PAFC

Considered the ‘first generation’ of modern fudlé®AFC technology has the most
substantial record of operational experience. Atplof a stationary UTC PAFC is
shown in Figure 1. PAFC systems produced by UTEIl Eells were the world’s
first commercially available FC product (King & ikhwa 1996:86). It runs on
hydrogen as the fuel and oxygen as the reducingtagdydrogen FCs provide a
promising new method of power generation and enstgpage for both mobility and
stationary power applications (Dogterom & Kammex@05:401-405).

Figure 1: UTC PC25 Stationary PAFC



2.2.1 Structure and operation of a PAFC

As illustrated in Figure 2, a phosphoric acid dslicomposed of two porous gas
diffusion electrodes, namely, the anode and catlpideed side by side against a
porous electrolyte matrix. The electrolyte matrsed here is silicon carbide (SiC).
The gas diffusion electrodes are porous substthédgace the gaseous feed. On the
other side of this substrate, which faces the phasp acid electrolyte, a fine
platinised carbon powder electrocatalyst is rolted with polytetrafluroethylene
(PTFE) as a binder. PTFE also acts as a hydroprag®nt to prevent flooding of
pores so that reactant gas can easily diffuse ¢orélaction site. At the anode,
hydrogen ionises to H+ and migrates towards thieockt to combine with oxygen,
forming water vapour. The steam then comes outh& oxygen stream. An
electromotive force or voltage is generated betwden two electrodes through
conversion of Gibbs free energy — that is, the ggewailable to do electrical work.
This work involves moving electrons around an exdécircuit so that the electrical

power can be extracted (Basu 2007:177).

/@7 }Ilr—CCI't"ICdQ

———— — oxygen
auT

hydrogen —_
ouTt

product woter

hydrogen =—
IN

tho sphoric ocid

—cotolyst (Pt on carbond

Porous support (dif fusion) layer

Figure 2: Structure of a single cell PAFC (Basu 200189)



During operation, especially during high-temperatwperation, phosphoric acid
must be continually replenished because it grag@aidporates into the environment
(O’Hayre, Won Cha, Colella & Prinz 2009:262).

The reactions at the anode and cathode are as/fllo

At the anode: H, - 2H"+2¢e (2)
At the cathode: %OZ+ZH+ +2¢ -~ HC 2)

The only by-products of the FC are water and heatetated by the chemical
reaction. The overall reaction of a hydrogen-oxygéncan be given by:

H2+%Oz L H,0 @3)

The operating temperature is found to be compribetiveen the electrolyte
conductivity (which increases with temperature) aed life which decreases when
the temperature is increased (Brandon & Thompse®b52A57). Pure phosphoric
acid solidifies at 42 °C. Therefore, PAFCs musbperated above this temperature.
Because freeze-thaw cycles can cause serious Esegs, commissioned PAFCs are

usually maintained at an even operating temperature
2.2.2 V-l characteristics of a PAFC

A polarisation curve or cell voltage-load currewtlj characteristic may be used to
express the performance of a FC. Modelling Whlecharacteristics of FC systems
may well be necessary for the design of the povesditioning unit, FC system
controllers, FC stack simulator systems and opttros of FC operating points,
because they are largely dependent on such chasticee The performance of the
FC is improved by thermodynamics and electricaicefficy of the system. The

thermodynamic efficiency depends upon the fuel @semg, water management and



temperature control of the system. But the elealtrefficiency depends on the
various losses over the FCs such as ohmic logsatoh loss and concentration loss
(Kirubakaran, Shailendra & Nema 2009:2433). THesses contribute to the drop

of a FC output voltage as its current increases.

According to Barbir (2005:249) there are threeidaitregions on a FC polarisation
curve noticeable in Figure 3 which portrays thd geltage versus current density

characteristic of a typical fuel cell system:

» Activation polarisation (region 1),
e Ohmic polarisation (region 2),

« Concentration polarisation (region 3),

1.2

| A
_____ .

activation polarization

=2
@

cell potential (V)
[=]
(=]

1 Region 3=—%
0. b i b T
i ‘ :
!
0_2.,,,,} ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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0 - - - !
0 500 1000 1500 2000

current density (mA/cm?)

Figure 3: V-1 characteristic of a typical FC (Barbir 2005:250)

These losses are often referred to as polarisabeerpotential or overvoltage,
though only the ohmic losses actually behave assestance (EG & G Technical
Services Inc. 2004:2-10).

Zhao, Kreuer and Nguyen (2007:34-35) explain ed¢hase regions as follows:

» Activation polarisation: arises from the slow rate of electrochemical

reactions and a portion of the energy is lost fm@ns$) on driving up the rate

10



2.3

of electrochemical reactions in order to meet tite required by the current
demand. In other words, the activation polarisatmss is dominant at low
current density. This is caused by the slownesh®freaction taking place
on the surface of the electrodes. These lossdsaaieally representative of a
loss of overall voltage at the expense of forcing teaction to completion,
which is forcing the hydrogen to split into electsoand protons and for the
protons to travel though the electrolyte and themluine with the oxygen
and returning electrons. This loss is often ternoser-potential and is

essentially the voltage difference between thetemminals.

Ohmic polarisation: arises owing to electrical resistance in the cell,
including ionic resistance to the flow of ions hetelectrolyte and electronic
resistance to the flow of electrons in the resttloé cell components.
Normally, the ohmic polarisation is linearly depentl on the cell current.
Ways to reduce the value of the ohmic resistanee(aarminie & Dicks
2003:57):

» To use high conductivity electrodes,

» Good design of the appropriate materials for thmolair

plates or cell interconnections,
» Reduce the space of the electrodes in order tomeithe

electrolyte resistance.

Concentration polarisation: is caused by the slow rate of mass transfer
resulting in the depletion of reactants in the nilyi of active reaction sites
and the over-accumulation of reaction products twvHitock the reactants
from reaching the reaction sites. It usually beesnsignificant or even
prohibitive, at high current density when the sloate of mass transfer is

unable to meet the high demand required by the tugrent output.

Fundamentals of converters for a PAFC

The power electronics conditioning systems (inwsrte converters) are required in

11



order to supply normal customer load demand or seledtricity into the grid
supplied by a PAFC (Chakraborty, Kramer & Kropo2809:2327).

However, the electric characteristic of a convefterexample should match that of
the FC. This is particularly important for threeasens (Xu, Kong & Wen
2004:1136):

* The input side current/voltage ripple of the DC-@Gnverter should be
minimum, so as to reduce the ripple current/voltaigihe FC,

* When the FC is working under load current pulsks, DC—-DC converter
must apply a suitable strategy to adjust the oupowter of the FC, so as to
ensure high-efficiency and reliable operation,

e« The DC-DC converter should be able to adjust palisdribution in the case
of hybrid power configurations. Taking into accotime above requirements,
a DC-DC converter should be designed using a tggoktructure and
control strategy, which is slightly different frothose of conventional

converters.

Basu (2007:209) explains that there are variousnigces available to stabilise the
output potential from a PAFC stack. A typical neths to convert unstabilised low
potential DC into a high voltage AC. This is actgd by using switching devices in
series with the primary of the transformer. Theépati from the FC is connected to
the primary of the transformer through the switchdevice. As the device switches
ON and oFr at a pre-determined frequency, an AC potentiageserated at the

secondary of the transformer. The AC frequencylependent on the switching
frequency. The waveform of the AC potential isqaae wave and the one of the
current is a rounded square to near triangular fearedepending upon the circuit
impedance. The potential of the AC generated Eeddent upon the transformer
windings. The overall stabilisation of the higleduency AC voltage is carried out
by dynamically changing theN and oFr time of the switching device. The high
frequency AC is then either converted into a sisdil DC voltage through a rectifier

circuit or is converted into a lower voltage ACraguired by the application. The
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major losses that occur during the overall coneersare at the section where
variable DC input is converted to high frequency.ABence, the switching devices
and the switching control mechanisms are of primeoycern to achieve high
efficiency. Other aspects that are to be consalereolve output voltage regulation
and the variable DC input window. All these aspeuk interrelated and have to be
considered in a holistic manner. The transformeigiv (for smaller power plants)
needs to be low for easy transportation. To aehtbis, a higher frequency AC may

be selected but at the cost of more losses inviitelsng device.

2.4 PAFC converter key design considerations

Based on the fact that the behaviour of the owplitge is generally similar for all

types of FCs, the following subsections discussrkeyirements for FC converters.

2.4.1 Wide input voltage and current window

Since the FC voltage varies significantly dependinghe current that it is supplying
to the load, a wide input range DC-DC convertererpuired (Todorovic, Palma &
Enjeti 2008:1248).

Polenov, Mehlich and Lutz (2006:1974-1979) reportkdt the wide FC output
voltage range results in two main requirementgherdimensioning of the switching

devices in converters for FCs which are:

e At no load condition a maximum FC voltage is apglie the converter input.
It determines together with topology charactersstite minimum necessary
blocking voltage of semiconductor devices at thedtd®. For most of the
popular topologies, the minimum required MOSFETcking capability is
the maximum converter input voltage which is thewe@tage. The push-pull
converter is an exception because its input voltageice the maximum FC

voltage.
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e The main requirement for dimensioning of the MOSFISTthe current
capability because the FC output current increasesnearly with the rising

output power.

As the requirement of high efficiency of the PAF@neerter is crucial, the power
loss caused by the low-voltage MOSFET needs tonbé/sed and reduced as far as
possible. For optimisation of the efficiency of ampnverter used for power
conditioning in FC systems, lofRps,, switches are necessary. Paralleling of several
MOSFETs is a way to reduce conducting losses. hewehis comes at a higher

cost as well as the need for additional space emptimted circuit board (PCB).

2.4.2 Efficiency

In a low potential high current device such as &€Athe target efficiency for the
DC-DC converter should be greater than 85 perdzagy( 2007:209). This is due to
the fact that the unregulated DC voltage can vadely with the load and ageing of
the stack. In addition, considering the low-vodadigh-current nature of the FC,
switching and conduction losses of the convertexdn® be minimized. A high
efficiency converter will contribute to improve thetal system efficiency (Huang,
Zhang & Jiang 2006:1616).

2.4.3 Reverse current

Current flow into the FC is detrimental to it. Tafore to avoid current acceptance
to the FC, a diod®gc can be inserted in series with the FC module asctésl in
Figure 4.

In applications, where reverse current can be drpeca capacitorCpc is
implemented to absorb the current. But cautionséhecting the capacitor and
operating the system is crucial to ensure that#pacitor is not overly stressed (Yu,
Starke, Tolbert & Ozpineci 2007:645-646).
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Fuel Cell Module — Coc | DC-DC Converter

Figure 4: Reverse current protection (Yuet al. 2007:646)

2.4.4 Input ripple current

FCs prefer a pure DC load. Any disturbance on tiddtput of the fuel cell can
have a significant impact on the conditions witthie fuel cell diffusion layer. Some
of this ripple current can be absorbed throughatiition of a capacitor (Yet al.
2007:646).

2.4.5 Electrical isolation

For safety purposes, electric isolation is esskemtigprotect a FC. This is made
possible by means of a transformer incorporatatienDC—DC converter interfacing
the low voltage output of the FC and high-voltag€ Dnk. This is particularly
needed when the difference in voltage is signifi¢aiu et al. 2007:646).

In a DC-DC converter combined with a DC-AC inversgistem, the DC-DC
converter is used for isolation and voltage stepalnile the inverter is needed to
provide an AC voltage from a DC source. In gendvath DC-DC converters and
DC-AC inverters have many topologies for selectianluding hard-switching and
soft-switching circuits (Blaabjerg, Chen & Kjaer(2D1188).
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2.5 Review of power electronics converters

DC-DC conversion technology is a vast subject artadeveloped very fast and
achieved much. DC-DC converters are power eleicsaircuits that convert a DC
voltage to a different DC voltage level, often pbrg a regulated output (Hart
1997:185).

There are believed to be more than five hundredtiexy topologies of DC-DC
converters according to current statistics. DC-do@verters have been widely used
in industrial applications such as DC motor driveemmunication equipment,
mobile phones and digital cameras. Many new tagpe®have been developed in
recent decades (Luo & Ye 2010:23).

A converter topology refers to the arrangementarhgonents within the converter.
Power DC-DC converters have plenty of topologiesi dhe corresponding
conversion technique is a big research topic. Dk Euo and Dr H Ye have
categorised all existing prototypes of power DC—-@Dverters into six generations
theoretically and evolutionarily since 2001. Thewnork is an outstanding
contribution in the development of DC-DC conversieshnology and has been
recognized and assessed by experts worldwide (Yeo& Rashid 2005:178). A

more detailed description on DC-DC converters aafohbnd in Luo and Ye (2004).

The notion of the DC-DC converter is closely intened with that of power supply.
A power supply is a constant voltage source witmaximum current capability.
According to Dorf (2006:9-14) “DC-DC converters avelely used in switch-mode
DC power supplies and in DC motor drive applicagion There are two general
classes of power supplies: regulated and unreglldeyure 5 shows a classification
of regulated power supply technologies. Two of thest popular categories of
voltage regulators are linear regulators and switgimode power supplies. There
are two basic linear regulator topologies: theesexioltage regulator and the shunt
voltage regulator. The switching-mode voltage tatgus are divided into three
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categories: PWM DC-DC converters, resonant DC-D@veders and switched-

capacitor (also called charge-pump) voltage reguatKazimierczuk 2008:1).

To highlight the benefit of a switching regulatohigh is intended to be used for this
work, an examination of the basic properties of ir@ceded them is discussed in
the following subsection.

Power
Supplies
Linear Switching
Regulators Regulators
Series Shunt PWM Resonant %‘“"”Ch?d'
Regulator Regulator Regulators Regulators apacitor
Regulators

Figure 5: Classification of power supply technologs (Kazimierczuk 2008:2)

2.5.1 Linear regulators

A linear regulator makes use of an amplifier analaasistor to control the current
supplied to the load (Shaffer 2007:187). This tygecircuit is called a linear
regulator or a linear DC-DC converter because itheststor operates in the linear
region, rather than in the saturation or cutofisag This means that the transistor is
used in a manner that it is not switched fully orfudly off. Rather, the gate voltage
is adjusted so that its resistance is at the cowalue to drop the voltage to the
desired value. This resistance will vary continslgudepending on the load current
and the supply voltage (Larminie & Dicks, 2003:336)he transistor, in effect,
operates as a variable resistance (Hart 1997:18Bhear regulators are used
predominantly in ground-based equipment where theegation of heat and low
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efficiency are not of major concern and also whewecost and a short design period
are desired. Figure 6 shows a series pass lin€aDIQ regulator.

Series-pass NPN transistor
+ +
v s Ri
. Error Amplifier 9 v
in
out
Base Driver
- + ref R
> -
2
Reference =
Voltage

Figure 6: Series pass linear regulator

The linear power supply offers three major advaesag The first advantage is its
simplicity. The second major advantage is its guigeration and load-handling
capability. The linear regulator generates litikeno electrical noise on its output
and its dynamic load response time — the timekiésato respond to changes in the
load current — is very short. The third advantegenat, for an output power of less
than approximately 10 W, its component costs andufaturing costs are less than
the comparable switching regulator (Brown 2001:BIso, since the power losses
are mainly due to the DC current and the voltagesscthe semiconductor switching
element, the loss and the overall efficiency arsilgecalculated. Lower radio
frequency interference (RFI) noise is an advantag®me applications, and for this
reason, linear regulators still have a place in emodpower supply applications
(Pressman, Billings & Morey 2009:5).

According to Kularatna (2008:83) “when high-speed goower-hungry processors
were introduced during the mid-1990s, much attenticas focused on transient
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response and industry trends were to mix linearsamtching systems to obtain the
best of both worlds”. This has led to low drop@udO) voltage regulators based on
linear designs. LDO regulators were introducegowver noise-sensitive and fast
transient loads in many portable products. Whempared to a high-frequency
switching technique based on switched mode poweplguSMPS) solution, LDOs
allow faster transients, have less noise and ame ma@mpact on a PCB (Kularatna
2008:83).

The disadvantages of the linear regulators are Whés their range of applications.
Firstly, it can be used only as a step-down regulaSecondly, each linear regulator
can have only one output. So for each addition@bwat voltage required, an entire
separate linear regulator must be added. Thigneagent for multiple voltages once
again drives up the system cost. Another majoadliantage is the average
efficiency of linear regulators. In normal appticas, linear regulators exhibit
efficiency of 30 to 60 percent (Brown 2001:1-2)urtRer, the high power loss in the
semiconductor device requires a large heat sink largk storage capacitors and

makes the linear power supply disproportionatelgdaPressmaet al. 2009:11).

According to Larminie and Dicks (2003:336) lineagulator circuits are widely used
in electronic systems, but they must nelerutilised with fuel cells. The reason is

that they waste energy by converting the surplltage into heat.

2.5.2 Switched regulators

Ang and Oliva (2005:1) define a switching convedsra power electronic system,
which converts one level of electrical energy iatmther level of electrical energy at
the load, by switching action. According to Mauailkt (2006:3) DC-DC converters
are the basic building blocks of modern high-fregryeswitching power supplies.
Switching power supplies gained popularity in thigl44970s owing to the fact that
they offer many advantages over linear regulatoBsvitching power supplies are
more efficient and smaller in size than linear tatars of similar ratings. They are,
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however, more difficult to design and radiate metectromagnetic interference
(Brown 2001:21).

Brown (2001:21-22) further says that in this tedbgyg, the direct current or the
rectified alternating current input voltage is ‘gped’ into pulses whose amplitude is
the magnitude of the input voltage and whose dytjecis controlled by a switching
regulator controller. Once the input is convetiz@n AC rectangular waveform, the
amplitude can be stepped up or down by a transformibe AC waveforms are then
filtered to provide the DC output voltages. Supmpatary output voltages can be
derived by adding secondaries to the transfornvany electronic circuits operating
at several different voltage levels using a DC-Dé@hwversion method make it
convenient to convert energy from a single souatker than to get the supply from
many different supplies. This DC-DC conversiorcuait has been classified as
SMPS. The SMPS method is more efficient (up tgp@8ent) than linear voltage

regulation which dissipates losses as heat.

2.5.2.1 PWM regulators

These converters employ square-wave PWM to achveMtage regulation. The
average output voltage is varied by varying theydaycle of the power
semiconductor switch. The voltage waveform actbssswitch and at the output is
square-wave in nature and they generally resutiigher switching losses when the
switching frequency is increased. Also, the switglstresses are high, accompanied
by the generation of a high level of electromagnatierference (EMI), which is
difficult to filter. However, these converters aasy to control, well understood and

have a wide load control range (Dorf 2006:9-18).

According to Lee (1993:2) there are three basiesypf switched semiconductor
DC-DC converters: the buck converter, the boostvedar and the buck-boost
converter from which many different SMPS circuipddogies have been developed.

For example, a buck converter with an isolatiomdfarmer is called a forward
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converter and buck-boost converter with an isohatimnsformer is known as a
flyback converter. The push-pull converter, haifige converter and full-bridge
converter are variants of the forward convertell these converters process power
in pulsed form and are called PWM converters odigvitching converters. This is
because in practice, PWM controller ICs are chdseproduce the square pulse to
drive the switching elements which are MOSFETs GBTs. The advantage of
using PWM controller ICs is their compatibility Wwitvoltage or current mode

topologies as well as with different switching paweapply topologies.

The methods of control of PWM converters are disedsnext. According to Dorf
(2006:9-18) the PWM converters operate with a fikeduency and a variable duty
cycle. Depending on the duty cycle, they can dpera either continuous current
mode (CCM) or discontinuous current mode (DCM). thé current through the
output inductor never reaches zero then the coewerterates in CCM; otherwise

DCM occurs.

PWM converters are suited for fuel cells becausg thake it possible for the energy
produced by a fuel cell to be converted efficientlythout significant losses
compared to linear regulators. PWM switched-mod&-DC converter topologies
which are at the heart of switching power suppieeduel cells are examined later in

this chapter. Other types of DC-DC convertersatse briefly examined.

2.5.2.2 Resonant regulators

The term ‘resonant’ here refers to a continuoususoidal signal. Resonant
converters which use the principle of a resonatifgtank circuit are those which
process power in a sinusoidal form and have longnbesed with high-power
systems. However, owing to its circuit complexityhad not found application in
low-power DC-DC converters until the early 19908he thrust toward resonant
supplies has been fueled by the industry’s demandniniaturisation, together with
increasing power densities and overall efficiensyell as low EMI. All resonant

control circuits keep the pulse width constant &ady the frequency, whereas all
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PWM control circuits keep the frequency constant amary the pulse width
(Kularatna 2008:137).

The advantages of resonant DC-DC converters atehya have a drastic reduction
of the switching losses within the supply, whichoise of the top heat-generating
losses. This removes 30 to 40 percent of the $osgthin a comparable PWM
supply when operated at the same frequency. Th@gmkr can then increase the
operating frequency in order to reduce the majonmanent sizes, hence increasing
the power density. As a result power supplies aijpay at 500 kHz and higher is
definitely achievable. An added advantage thahishe designer’'s favour is the
significant reduction in radio frequency interfecen(RFI) or electromagnetic
interference (EMI). By eliminating the very ragmnsitions in current and voltage,
the harmonic-rich waveforms are also eliminatechisTmakes it easier to pass the
RFI requirements imposed by the approval bodies Wass RFI filtering (Brown
1990:171).

However, the disadvantages of resonant convertershat they are more complex
than their PWM counterparts and consequently reqgaifonger time to design and

cost more to implement.

2.5.2.3 Switched capacitors regulators

According to Kularatna (2008:84) charge pumps, &wbt capacitors, flying
capacitors, and inductorless converters are dirdiht names for DC—DC converters
that use a set of capacitors rather than an indacttransformer for energy storage
and conversion. For many years, designers have cisade pumps for DC-DC
conversion in applications for which the regulatitmderance, current conversion
efficiency and noise specifications are not vergingent. These circuits use
capacitors combined with switches to boost or intlee input voltage and they do
not occupy more PCB or silicon area than a singip-converter, to implement.
Recent generations of charge pumps have becomdeviaB-DC conversion

methods for cellular phones, portable wireless mgent, notebook computers and
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PDAs, where high-density DC-DC conversion is nemgsand circuit area is at a

premium.

2.6 FC converter topologies

Conventional converter topologies used with FCeyst are first examined. These
converters are not only implemented in FC applicetj but have also been heavily
employed in everyday applications. Following thiscdssion of conventional
converters, a section representing DC—-DC convérfmlogies specifically designed
for FC usage is introduced (Ye al. 2007:647). Basically popular converter
topologies fall into two main categories: non-tf@nser-isolated and transformer-

isolated.

2.6.1 Non-transformer-isolated converter topologies

Non-transformer-isolated converters such as thek,bumost and buck-boost
converter topologies are generally used for lowargr level converter circuits and
are not so popular for higher-power applicationsul@atna 2008:108). These

converters have two main problems: linkage betwepuat and output and very large

output voltage ripple.

2.6.1.1 Step-down (buck) converter

The step-down DC-DC converter, commonly known &siek converter, is shown
in Figure 7. It consists of a DC input voltage m@Vs, controlled switchQs, diode
D, filter inductorL, filter capacitorC and load resistand® . Typical waveforms in
the converter are shown in Figure 8 under the apgamthat the converter works in
CCM. It can be seen from the circuit that when shdtch Qs is commanded to the
ON state, the diodd® is reverse-biased. When the swit@g is OFF, the diode

conducts to support an uninterrupted current inndactor (Rashid 2001:213).
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Figure 7: Buck converter topology
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Figure 8: Voltages and currents during on-off cycleof the buck topology (Ang &
Oliva 2005:23)
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The output voltage of a buck converter is always lthan the input voltage. The

switch produces a pulse-width-modulated waveformthie@ passive components.

When the regulator is at steady state, the averagmit voltage is

v, :vsﬂ%—":vSDD (4)

whereT = total period in s = 1/ (wheref is the switching frequency)
ton = power deviceN time in s
D = duty cycle =t,/T

A prominent application of the buck converter i®&-regulated power supply in
which the output voltage is regulated against #gations in the load resistance and
the input voltages. These power supplies are usedomputers and portable
instruments in the medical and communication fielgdgrawal 2001:178).
According to Mohan, Undeland and Robbins (2003:164% also used in DC motor
speed control.

The buck regulator topology has the limitation titatan only produce a lower

voltage from a higher voltage (Pressnstal. 2009:31).
2.6.1.2 Step-up (boost) converter

The boost converter or step-up converter is a Wwebwn switched-mode converter
capable of producing an output voltage larger ttheninput (Hart 2006:211). Its
circuit diagram is shown in Figure 9. An inductoris placed in series witlis and a
controlled switchQs to common or ground. The converter waveformspaesented

in Figure 10. When the switdBs is in theoN state, the current in the boost inductor
increases linearly and the dioBeis oFrFat that time. When the switds is turned
OFF, the energy stored in the inductor is releasedutin the diode to the output
circuit formed byR,_ andC (Rashid 2001:216).
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Figure 9: Boost converter topology

Figure 10: Voltage and current waveforms of a boosbpology (Ang & Oliva
2005:33)
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Zhang, Pittini, Andersen and Thomsen (2012:3) refiwat as to the non-isolated
converters, normally, boost-type converters aredaable to fuel cell application.
Still they require a bulky input inductor to limit the cemt ripple in the components,
especially when high voltage gains are required.minimize the input inductor size
and the current ripple, as well as to reduce thichwurrent stress, the converter can
be designed with multiple legs interleaving eacheotby meansof the input
coupling inductors and high efficiency can thereby obtained. In DC-DC
converters the efficiency of the conventional boomtverter is always greater than
the other converter topologies such as the pudh-palf-bridge, full-bridge, etc.,
because it has a reduced component count and sityph control. But from the
protection point of view, electrical isolation i®tnpossible in a boost converter
(Kirubakaranet al. 2009:2437).

In the CCM of operation, considerifmas the duty ratio, the input-output relation is

as follows:

= ()

S<

The use of this topology to boost the voltage seppby fuel cells is feasible when
the ratio between the output voltage and the impltage is not higher than two or

three times and when galvanic isolation is not &gl

2.6.1.3 Buck-boost converter

The buck-boost regulator is shown in Figure 11calt provide both a step-down and
a step-up function. With the switabn, the inductor current increases while the
diode is maintainedrr. When the switch is turneoFr, the diode provides a path

for the inductor current. The buck-boost convevwtaveforms are depicted in Figure

12.
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Figure 11: Buck-boost converter topology
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Figure 12: Waveforms inside the components of a bluéboost topology (Ang &
Oliva 2005:44)
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The input-output relation over one complete cysle i

V, t._ DT __( Dj ©)

V. t, @-p)od \1-p

The main application of the buck-boost convertanisegulated DC power supplies,
where a negative-polarity output with respect te dtommon terminal of the input
voltage may be desired and the output voltage eahigher or lower than the input
voltage (Moharet al. 2003:178).

When applied to FCs, the final output of the budkdt converter is usually set
somewhere within the operating range of the FC.il&\&uch circuits are technically
possible, their efficiency tends to be rather peertainly no better than the boost,
mostly worse. The consequence is that this isangbod approach (Larminie &
Dicks 2003:338)

2.6.1.4 Cuk converter

The circuit of the Cuk converter is shown in Figd® This topology consists of a
DC input voltage sourc¥s, input inductorL;, controllable switclQs, energy transfer

capacitorC;, diodeDyy, filter inductorL,, filter capacitorC, and load.

According to Rashid (2001:218) an important advgataf this topology is a
continuous current at both the input and the ougpuhe converter. Disadvantages
of the Cuk converter are a high number of reactemponents and high current
stresses on the swit, the diodeDys, and the capacitdC;. The main waveforms in
the converter are presented in Figure 14. Whesuliteh isoN, the diode i®FFand
the capacitoC,is discharged by the inductbg current. With the switch in therFr
state, the diode conducts the currents of the idsit; andL,, whereas capacit@;

is charged by the inductar current.
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Figure 14: Voltage and current waveforms of the Cukconverter topology (Ang
& Oliva 2005:54)
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The input-output voltage relation is the same a for the buck-boost converter.
Hence, the DC gain of the Cuk converter is:

(7)

The advantage of this circuit is that both the ents at input and output stages are
reasonably ripple free (unlike the buck-boost coterevhere both these currents are
highly discontinuous). It is possible to simultansly eliminate the ripples ip; and

iLo completely, leading to lower external filteringguerements. A significant
disadvantage is the requirement of a capaciowith large ripple-current-carrying
capability (Moharet al. 2003:186).

2.6.2 Transformer-isolated converters

Transformer-isolated converters such as forwarghgull, half-bridge and full-
bridge, etc. are particularly appreciated for eleat isolation and high boost ratio.
In this section, these converter topologies arengxed.

2.6.2.1 Flyback converter

The flyback converter is shown in Figure 15 andntsreforms are shown in Figure
16. In this converter, when the transistorors, energy is stored in the coupled
inductor (not a transformer) and this energy iagfarred to the load when the switch
is OFF (Dorf 2006:9-18).

The output voltage is calculated by means of thenéda,

V, =2 mw, ®)
1-D

wheren is the transformer turns ratio.
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Figure 15: Flyback converter topology
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Figure 16: Voltage and current waveforms of the flpack converter topology
(Ang & Oliva 2005:149)

Flyback converter operation can lead to confusiahd approach in the design of its

magnetics is considered to be a transformer. ExXoephe case of multiple output

windings, the magnetics in a flyback converterrasea transformer. An easy way to
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view this is as an energy bucket that is alterydiééd (when the switch i®N) and
dumped (when the switch &FF. In other words, a flyback magnetic (sometimes
called a transformer choke) is an energy-in, enexgypower transfer device where
input and output windings do not conduct currentudtaneously. A gapped core is
used in general to have adequate leakage inductanttee input side for energy
storage during the switch-on period (Kularatna 2008).

Low cost and simplicity are the major advantageshef flyback topology. These
converters are inexpensive because the transfdmimech really works as a coupled
inductor) is part of the output filter and genemngtmultiple outputs merely requires
the addition of another secondary winding alonghwitiodes and output filter
capacitors (Kularatna 2008:129).

Other advantages of this converter are that thikeabga inductance is in series with
the output diode when current is delivered to tlwpot and, therefore, no filter
inductor is required. It is ideally suited for higoltage output applications. Flyback
converters are used in the power range of 20 toVROOHowever, at power levels
greater than 200 W, because of excessive peakntsirie the switching transistor

and excessive voltages across the switches, fhaddgy reaches its limitations.

Some of the disadvantages are that large outpietr filapacitors are required to
smooth the pulsating output current, inductor s&zéarge since air-gaps are to be
provided and owing to stability reasons, flybackwerters are usually operated in
DCM, which results in increased losses. To avoie stability problem, flyback

converters are operated with current mode conDotf(2006:9-18, 9-19).

2.6.2.2 Forward converter

The forward converter represented in Figure 17eidvdd from the buck topology
family, generally employing a single switch. Thewmw switch in the forward

topology is ground referenced (also called a lodesswitch), whereas in buck

topology the switch source terminal floats on theitching node (Kularatna
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2008:108). It is usually operated in CCM to redtloe peak currents and does not
have the stability problem of the flyback convert&igure 18 shows the waveforms

associated with the forward converter.

o¥Y
)
)
D)
b)

‘om om

o<

] JE:

D
PANESS R
4 Ver Error
Amplifier
- “bet

Base Pulse-width

Driver Modulator %\%

ref

Figure 17: Forward converter topology
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Figure 18: Voltage and current waveforms of the foward converter (Ang &
Oliva 2005:133)
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The output voltage is calculated by means of theaggn:

V. =DM, (9)

The high frequency (HF) transformer transfers epaiigectly to the output with
very little stored energy. The output capacitaresand peak current rating are
smaller than they are for the flyback. A resetdimg is required to remove the
stored energy in the transformer. Maximum dutyleys about 0.45 and limits the
control range (Dorf 2006:9-20).

The main advantage of the forward topology is thairovides isolation and the
capability to provide a step-up or step-down fumtti(Kularatna 2008:108).
Additionally, it has the advantage of having a lowtput ripple voltage.

The main limitation of the topology eventually canabout, rather, from the
available size of MOSFETSs. Increased power traeslanto increased currents and
eventually losses in the MOSFETs become unaccepta¥dlhen this is the case, a
topology with more than one transistor to share Ileden is desirable (Lenk
2005:31).1t also has a poor transient response and its&ffiy is low owing to poor

transformer utilisation.

2.6.2.3 Push-pull converter

A push-pull topology is shown in Figure 19. Thisneerter is used to produce a
square-wave AC signal at the input of the high-iestcy transformer. The square
wave is then fed to the transformer in order tq-stp or step-down the voltage.
Finally, this voltage is rectified by output diodsget a DC output. The duty ratio
of each switch in a push—pull is less than 0.5nc&ithere are two switches, which
work alternately, the output voltage is doubled.

The output voltage is calculated with the formula:
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V, = 2D MV, (10)
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Figure 19: Push-pull converter topology

Each secondary delivers a pair of 180° out-of-phspeare-wave power pulses
whose amplitude is fixed by the input voltage ahé number of primary and
secondary turns (Pressmah al. 2009:45). The waveforms within a push-pull

converter are given in Figure 20.

A push-pull converter is used to reduce the condndbss in switches by operating
only one switch at any time to interface the FQagé to the DC bus. But the major
problem is the transformer saturation which resultsonverter failure because the
two half portions of the centre-tapped transform@mdings cannot be equally or
symmetrically wound. Therefore the push-pull cotmeris suitable for low and

medium power applications only (Kuribakaretral. 2009:2437).

Two of the advantages are that the transformerdiixgs fully and thereby the size
of the transformer is much smaller (typically halfe size) than single-ended
converters and output ripple is twice the switchingquency of the transistors,
therefore needing smaller filters. Some of the dirsatages of this configuration are
that the transistors must block twice the supplitage, flux symmetry imbalance

can cause transformer saturation with special obwtrcuitry required to avoid this
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problem and use of a centre-tap transformer regugodra copper resulting in a
higher volt—ampere (VA) rating. Current mode cohtfor the primary current) can

be used to overcome the flux imbalance. This gométion is used in the 100 to 500
W output range (Dorf 2006:9-21).
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Figure 20: Push-pull topology waveforms (Ang & Oliva 2005:138,139)
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2.6.2.4 Weinberg converter

The Weinberg converter is a push-pull convertehwai inductor in series with the

input power source as shown in Figure 21.

Basu (2007:336) explains that using an input angbudumagnetic coupling, the
Weinberg converter overcomes the strict switchiaguirements for a voltage-fed
push-pull converter. Further, no output inductsremployed. Nonetheless, the
Weinberg converter is also susceptilidevoltage spikes owing to the existence of
leakage inductance in not only the centre-tappadsftormer but also the input

magnetics.
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Figure 21: Weinberg converter topology (Basu 20073)

2.6.2.5 Half-bridge converter

As depicted in Figure 22, in the half-bridge coofigtion a centre-tapped DC source
is created by two smoothing capacitorgi(@nd Go), and this configuration utilizes
the transformer core efficiently. The voltage asr@ach transistor is equal to the
supply voltage (half of push—pull) and, therefosaitable for high voltage inputs.
The equation for the half-bridge converter outpaitage is:
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V, =DMV, (11)

The disadvantage of this configuration is the regraent for large-size input filter
capacitors. The half-bridge configuration is u$edpower levels on the order of
500 to 1000 W (Dorf 2006:9-21). The ideal wavefsrai the half-bridge converter

are given in Figure 23.
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Figure 22: Half-bridge topology
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Figure 23: Waveforms of the half-bridge converter Ang & Oliva 2005:142)
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2.6.2.6 Full-bridge converter
The full-bridge converter, as shown in Figure 24thie most frequently implemented

circuit configuration for FC power conditioning wihelectrical isolation is required

(Yu etal. 2007:647). The output voltage is calculated adogrtb the formula:

V, = 2D MV, (12)
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Figure 24: Full-bridge topology

The full-bridge converter is well developed andyjfrently used for FC applications.
The main advantage of this topology is its shamttgt protection and it does not
have transformer saturation problems (Cheng, Saitétd & Law 2001:2201).

One of the salient features of a full-bridge coteers that, by using a proper control
technique, it can be operated in zero-voltage $wite (ZVS) mode, which results in
negligible switching lossesHowever, at reduced load currents, the ZVS propsrty
lost. Recently, there has been a lot of effort mmdevercome this problem. Full-
bridge topology is used for very high-power apgdimas. The use of this topology
requires the consideration of losses in the cirand the design complications due to
high-side switches operating with their source feais (in the case of MOSFETS)
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or emitters (in IGBTs or power transistors) at fiog levels (Kularatna 2008:129).

Typical waveforms of the full-bridge converters ah®wn in Figure 25.
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Figure 25: Waveforms of a full bridge topology (Ang& Oliva 2005:145)

2.6.3 Specialised DC-DC converters for FCs

Although conventional DC-DC converters are oftepleamented in FC applications,
not all of the problems encountered with FC conditig have been resolved (¢t
al. 2007:647).

In the following sections, some DC-DC converterssigieed specifically for

application in FC power conditioning are the foliag:.

* Multiphase isolated boost converterthe circuit schematic of a multiphase
isolated boost converter is shown in Figure 26e Tincuit consists of twelve
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controlled switches§-S2) and six diodesl¥;-Dg) to generate a DC voltage
output. Because theurrent is shared by three phases, the currerdsste
each device reduces. As a result, the problenasoofe recovery and higher
switch and diode losses are substantially allesliateAlso, because the
topologyis a buck-derived type of converter, the controleplementation is
simplified (Basu 2007:335).
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Figure 26: Multiphase isolated boost converter (Bas2007:335)

Isolated Cuk converter: The isolated Cuk converter in Figure 27 steps up
the input voltage to a high intermediate DC voltagel provides galvanic
isolation as well. The isolated Cuk converter infafewer components,
enables integrated magnetics leading to low inplt @utput current ripples
and lower electromagnetic interference (EMI) as parad to other

conventional isolated step-up converters. The mtgnntegration yields

significant savings in weight and volume as welowever, because the
current through the transformer sees an almosinteteous change owing to
the switching ofS,, the leakage inductance of the Cuk converter haseto
really low, otherwise, the voltage spike acr@&qandS;) could potentially

destroy the device. A higher voltage ratingf(S;) leads to higher losses.
Non-dissipative (resonant) or dissipative snublie and RCD) can be used

to overcome the voltage spike problem. Also, amasbclamp circuit across
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the transformer primary can be used to clamp thHéage overshoot to a
predetermined value. However, all of these optibage a drawback from
the standpoint of efficiency (Basu 2007:335-336).

C
S] L) Sz
=] B F ok
cell stack A Cixx= WV

Figure 27: Schematic of the isolated Cuk convertewith integrated magnetics
(Basu 2007:336)

» Full-bridge converter with multiple secondary coils According to Yuet
al. (2007:647) the full-bridge converter with multigecondary coils (shown
in Figure 28) utilises a transformer with multidecondary coils connected
in series. This full-bridge converter topology the capability to achieve
ZVS allowing for high-efficiency operation. Furtineore, if the correct
control algorithm is implemented, this convertgudlmgy can shift the phase
as much as 180°, thus regulating the output voltad@s converter also has
the capability to operate either under constantagel mode or constant

current affording flexibility for the designer.

To control the amount of voltage gain, the convertatilises

electromechanical relays in the transformer seagndails that manipulate
the transformer turns ratio. Through this methodg| if the FC’s stack
voltage decreases because of increasing load, herhtgansformation ratio

can be chosen to maintain the output voltage.
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Figure 28: Full-bridge converter with multiple secadary coils (Yu et al.
2007:647)

2.6.4 Interleaved multiphase converters

According to Ang and Oliva (2005:321) a parallelnoection of switching
converters results in what is called interleavexvesters. Compared to single power

stage converters these converters offer numerowengaes such as:

e Low current ripple on the input and output capasito
« Fast transient response to load changes,

* Improved power handling capabilities at greatent®@ percent efficiency.
Interleaved converters are used in application$ wotv ripple such as the new

generation of personal computers and switching caaplifiers (Ang & Oliva
2005:321).
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According to Eirea and Sanders (2008:137) this ltupohas some drawbacks such
as the fact that it requires more components anchoge complex controller.

Additionally, it suffers from current unbalance.i3loccurs when there exist small
variations in the characteristics of each chanmal ¢his situation generates a
significant current unbalance. This needs to bekddoat closely because many
advantages of the multiphase topology are lostuifrents in each phase are

unbalanced.

2.7 Choice of topology

Topology selection is a crucial task because dieotdesign selections such as
component selection, magnetic design, loop compiemsand so on depend on it. If
the topology changes, these must change as wall.befre getting started, it is
always a good idea to spend some time, carefutbkify at the power supply’s
requirements and specifications to ensure thatoagurtopology is selected (Lenk
2005:17).

Furthermore, it is essential to be familiar witte tmerits, drawbacks and areas of
usage of all converter topologies. Table 1 sunzearthe merits and as well as the
drawbacks of some of the converter topologies erachi It is very important to
select the right converter in order to achieve m@ximum utilisation of the FC
energy and to minimise losses. The investigatioa@sign considerations of FC and
PAFC converter systems made possible the estaldishai the requirements for the
DC-DC converter so that design choices can be maffent. Making a proper
choice at the beginning is vastly less costly ametconsuming than trying to make
corrections later (Lenk 2005:22).

Table 1: Comparison of converter topologies (Kulartna 1997:68)

Topology Vin IV out Advantages Disadvantages Typical Typical
Application Efficiency
Environment (%)
Buck D High efficiency, No isolation, potentia| Small-sized 78
simple, low switch | over-voltage imbedded
stress, low ripple if switch shorts systems
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Table 1: Comparison of converter topologies (Kulartna 1997:68) continued

Topology | Vin/Vou Advantages Disadvantage Typical Typical
Application Efficiency
Environment (%)
Boost 1/(1-D) | High efficiency, No isolation, high| Power-factor 80
simple, low input switch peak correction,
ripple current current, regulator| battery up-
loop hard converters
to stabilise, high
output ripple,
unable to control
short circuit
current
Buck-boost| -(D/1-D) | Voltage inversion No isolation, Inverse output 80
without a transformer, | regulator loop voltages
simple, high frequency| hard
operation to stabilise, high
output
ripple
Flyback n-D/(1-D) | Isolation, low parts Poor transformer | Low output 80
count, has no utilisation, high power,
secondary output output ripple, fast| multiple
inductors recovery output
diode required
Push-pull 2nD Isolation, good Cross conduction| Low output 75
transformer utilisation, | of switches voltage
good at low input possible, high
voltages, parts count,
low output ripple transformer
design critical,
high voltage
required for
switches
Half-bridge n-D Isolation, good Poor transient High input 75
transformer utilisation, | response, high voltage,
switches rated at the | parts count, cros§ moderate
input conduction to high
voltage, low output of the switches power
ripple possible
Full-bridge 2nD Isolation, good High parts count, | High power, 73
transformer utilisation, | cross conduction | high input
switches rated at the | of switches voltage
input possible

voltage, low output
ripple

46




When comparing the efficiencies presented in Tdbleth the target efficiency for
FC’s DC-DC converters (which should be greater t@arpercent), it is clear that
these efficiencies are too low. In order to achiéigher efficiencies, a multiphase
synchronous buck converter circuit topology canused. This topology will be

expounded in the next chapter.

2.8 Summary

This chapter presented some facts regarding theCPAFalso highlighted the broad
range of DC-DC converters which can be used witls Rfthough this list is not
comprehensive.  Conventional and some specific eders used with FC
technology were reviewed. In Chapter 3, the depigrcedure of the proposed DC—-
DC converter is presented.
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Chapter 3 Design aspects of the converter

3.1 Introduction

The choice of the most suitable DC-DC converterdaspecific application may
prove to be a daunting challenge (Nowakowski & T&0§9:15). In the case of
FCs, the requirement for greater efficiency is pidgl issue. Kuyula and van
Rensburg (2012) presented the experimental restiltse development of a push-
pull converter for FC applications with 63 percefficiency at the SATNAC 2012
conference held at Fancourt, George, South AfriBcause FCs are used where
conversion efficiency is a key requirement, anot@ology with the possibility of
achieving more than 90 percent efficiency was s$etec Achieving high energy
conversion efficiency by means of a switching ragui is key to prolong a FC’s life
and improve its power reliability (Basu 2007:333).Most applications in
telecommunications today, require DC-DC converteapable of regulating a
relatively low output voltage at increasing loadreats from a wide range of input
voltages while meeting efficiency requirements (dladl Semiconductor 2010).
Taking this trend into account, Chapter 3 presentiesign of a 200 W converter
using an interleaved multiphase synchronous bugkolégy. The hardware

construction is shown as well.

3.2 Interleaved multiphase synchronous buck convest

According to Hegarty (2007) a poly-phase or mubltigd synchronous buck converter
is a suitable topology for various applicationsn riecent decades, interleaved
multiphase buck converters have received consiteratiention with regard to
applications in computing. This topology has foutsdvay into many other spheres
such as telecommunications and others. Depictedrigure 29 is aN-phase
synchronous buck converter. It consistdNo$ynchronous buck converters (two or
more single phase converters) operated in paraiézling the same filter capacitor
and load. (Kazimierczuk 2008:77).
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Figure 29: N-phase interleaved buck converter (Hegarty 2007)

This topology has the followingdvantages (Hegarty 2007):

e Minimum EMI filtering requirements,

« Excellent transient response,

» High efficiency,

* Small size and low cost,

* The effective switching frequency is multiplied llye number of phases

while the load current is divided by the numbepbéses.

3.3 Operation of the multiphase synchronous buck cwerter

Before explaining the operation of this topologyijsi fitting to understand what a
synchronous buck converter is. A noticeable défiee between a conventional buck
converter and a synchronous buck converter is sbstgution of the freewheeling
diode by a second switch as illustrated in Figude Zhis results in an improvement
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of the efficiency of the buck converter. The didtat is replaced by the second
switch, is accountable for substantial losses fegadd poor efficiency of the buck
converter (Hart 2011:207). The connecting pointesghthe two switches and

inductor of a switching converter meet is callee $fvitch node.

Conventional Buck Converter Vin

o

'—
1

Control o |"_ Q

Switch Node . |

Lout
[ 4 Vour

'—

Control o7 Q2 X D1 ICOUT

Additional Switch Q2 in case of
| Synchronous Buck Converter_I I_

Figure 30: Synchronous and nonsynchronous buck citits (Nowakowski &
Tang 2009:15)

To illustrate how the multiphase synchronous buchkverter works, a two-phase
interleaved buck converter is shown Figure 31. Toxes with dashed lines
represent the individual phases. In other wordsh gghase corresponds to one

synchronous buck converter.

The duty cycleD is expressed as:

=—our (13)
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Figure 31: Two-phase interleaved buck converter (Kaimierczuk 2008:78)

The waveforms of a two-phase buck converter argvsho Figure 32. The control
drive signalsVgs; andVss are separated from each other by a 180° phasethiso
topology, the output voltage ripple is reduced abermbly owing to ripple
cancellation when each phase of the converter ifcls®d complementarily
(Kazimierczuk 2008:78).

Furthermore, according to Kazimierczuk (2008:78ritwo-phase buck converter,
the sum of_; andi , is a constant at duty cycl2 = 0.5. The AC component of the
sum of the two currents is zero. Hence, this tesala zero ripple voltage as the AC
component of the current through the filter capaas zero. However, partial ripple
cancellation occurs at $0.5.

It is important to mention that a dead time is iegpl to avoid simultaneous

conduction of high-side and low-side switches. iDgithis time both high-side and
low-side switches arerr(Perutka 2011:161).
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Figure 32: Waveforms in two-phase buck converter (zimierczuk 2008:79)
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3.4  Specifications

The first step in any successful design is to dete the power supply
specifications (Brown 2001:5). The following sd&etions are used for the design

of the prototype:

* Input DC voltage range: 22 — 46 V
e Output DC voltage: 13.8 +0.5Vat1 A-14 A

» Efficiency: > 85 percent
3.5  Webenck designer
The Webench Designer (online software package from Texas umsénts) was

used to design the converter. The converter gpatidns were entered in the
software as shown in Figure 33.

|:Fg::| .
WEBENCH ™~ Designer MyDesigns

Power §FPGAP § Sensors LED

Enter your power supply requirements:;

Min hax
Win 22|y 46 |y
ot lout
Output 13.8 |y 14 |4
Ambient Temp B0 |e
Multiple Loads Single Qutput

Power Architect Start Design

f

Figure 33: Specifications entered in Webené%Designer
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Figure 34 shows the suggested design solution ibene? Designer. The PWM
controller proposed for this design was the LM5%18n National Semiconductor.
Additionally, a basic schematic is provided as veal other design considerations
such as the bill of materials, type of topologyfjcgncy, the operating frequency

and so on.

Part Create WEBENCH® Schematic BOM Images Design BOM BOM Eff BOM Freq | Vout p-
Tools Considerations | Footprint| Cost (%! Count | (kHz) | p (mV)
{mm2)

IF @.@@.,.m 65V Dual Output
1 Synehronous AT em w32 100 12691

2747 Buck Controller

LM5119

Figure 34: Webenclf Designer solution for a synchronous buck convertewith
the LM5119

As it can be seen from Figure 34, the design udiegLM5119 achieves a higher
efficiency (97 percent) and it has a low peak-takpeutput ripple voltage (126 mV).

Besides, the circuit is relatively small in sizdence, the LM5119 synchronous buck
controller was selected for the DC-DC convertebaéaused in conjunction with the

PAFC.

3.6 LM5119 controller
The LM5119 is a dual-phase or dual channel syndusrbuck controller intended
for step-down regulator applications for a hightagé or widely varying input

supply (See Annexure B). It has several intergdatures such as a wilfg range,

multiphase operation, programmable soft-start aiedled emulation mode (DEM).
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Additional features include thermal shutdown, cyajecycle and hiccup mode
current limit and adjustable line under-voltage klmat (UVLO). All these
characteristics give the designer a variety ofarsifor control of all applications
(Pur 2010). For more details on the LM5119 cotdradee Annexure B.

The LM5119 is available in 5 mm by 5 mm 32-pin Llgackage (National
Semiconductor 2010). Figure 35 depicts the adizal of the LM5119 and next to it
is a South African five cent coin which has diamete21 mm.

Figure 35: Size of the LM5119 Controller
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3.7 Design calculations

Based on the LM5119 datasheet (see Annexure Bjoll®ving parameters were

calculated.
3.7.1 Oscillator frequency

Rr is used to set the switching frequency of eachuleegr phase or channel.
However, the oscillator frequency is twice the shilmg frequency. The converter’s
oscillator frequency can be adjusted by mearRrofits value is calculated using the

following formula, obtained from the LM5119 datashésee Annexure B):

R = M - 94¢ (14)

fSN

The frequency selected for this design was 230 kHaAus the value oRy is

calculated:

_ 52x10

= ==~ .048=21.7 x 10Q
230 x 16

R

The value oR used for the prototype is 22Xk
3.7.2 Choice of output inductor per phase
The inductor value is determined using the opegatiequencyfsy, ripple current

Ipp, the maximum input voltag¥inwax) and output voltagd/our according to the

following equation:

V

IN(MAX)

L: VOUT X{l_ VOUT j (15)
SwW
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Taking into account that the maximum ripple curnergenerally between 20 and 40
percent of the total load current, for this desegid5 percent current ripple of the
output currentioyr was assumed. The reason behind this assumptitm asoid
putting unnecessary burden on the output capaCigr. On the contraryCout Will

have to smooth a consistent amount of ripple ctrren

Sinceloyr is 7 A per phase, the ripple currégtis calculated as follows:

| _15><IOUT_15><7A_105A
PP 100 100 '

Hence, according to Equation (15) the inductor easu

_ 13.8V x(1_13.8\/j “311x 18 |
1.05 Ax230x 1D Hz 46 V,

The closest standard inductor value selected panrefl was a 33 pH, 12 A from

Wurth Elektronik with a tolerance of 15%.
3.7.3 Current sense resistor

According to National Semiconductor (Annexure Bipopto determining the value
of the current sense resistBg, it is essential to understand the K factor naqtion
which is defined as the ramp slope multiple chosenslope compensation. It is
common practice that the K factor is varied froto B and it is expressed as:

K = L
10% Rs X Reave X Crawe

(16)

It is important to mention that the K factor habearing on the performance. Table
2 gives a summary of how this notion affects thaveoster performance. For this

design, a K factor of 2.5 was selected.
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Table 2: Performance variation owing to K factor

K<1 l1—«K—>3 K>3

Peak inductor current
with short output ) Lower | Higher i

Subharmonics Introduces additional
condition o

oscillation may pole near cross-over
Inductor Size occur Smaller| Larger | frequency
Power dissipation foRs Higher | Lower
Efficiency Lower | Higher

The current sense resistor value is calculatedjubie equation:

V,

_ CS(TH)
= (17)
RS IOUT(MAX) +VOUT XK -
fgu XL 2

whereVcegmhy = Current limit threshold voltage,
K =K factor,

lout(maxy = The maximum current capability.

The maximum current capability needs to be 20-5@que higher than the required
output current to account for tolerances and ripplerent. Therefore, for this

design, a 120 percent of 7 A (8.4 A) was chosesnsure safe operation.
CalculatingRs using equation (17):

B 0.12 B
Re= 138V x 25 To5 A~ 10%100

S84A+ R
230 x16 Hzx33 10 H 2

A current resistor of 10 2 was used because it was available.
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3.7.4 Ramp resistor and ramp capacitor

To enable full discharge of the LM5119 internal teWibetween cycles, tl@pacitor
Cravp should be of a good quality, thermally stable oecacapacitor with a 5
percent or less tolerance as recommended andutdshe not more than 2 nF.

The value of the ramp capacitor was chosen to Bep82

With the ramp capacitor selected as well atHactor, the sense resistor and output
inductor calculated, the ramp resistor is calcualatsing the equation:

_ L
_1OXRSXKXCRAMP

Reave (18)

Hence the value of ramp is:

33x10° H
10 x 0.01 x 2.5 x 820 16

Reave = z 161x16 Q

A ramp resistor of 200k was used instead of the calculated one. The mef@so
this choice is that the 20@Xis in the range of resistors that can be usedrdoapto

Webencf Designer.

3.7.5 Output capacitors

The role of the output capacitor is to smooth tauctor ripple current. A 470 uF,
25 V surface mount electrolytic capacitor from Kledronics was selected. To

negate the output voltage ripple and spikes, twoR2ow ESR and ESL capacitors

are connected in parallel wi@yyt for each channel.
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3.7.6 Output voltage divider

Figure 36 highlights the output voltage dividertbé voltage feedback loop. To

obtain an output voltage of 13.8 V, the valuesRpg, and Reg; needed to be

determined.
Vour
LM5119 0.8V —
Rrpz
S I fB
Rcome  Ccowmp
COMP T
r’”'“"”' | T
|l
1) RFB1
CHE L —
Figure 36: Output voltage divider of the converterfeedback loop
The ratio of these resistors is calculated fromféflewing equation:
RFBZ - VOUT _1 (19)

R, 0.8V

Hence the ratio dRegy andReg; is:

Ree, = Vour 1= 138V
R, 0.8V 0.8V

-1=16.2

In order to obtain a 13.8 V output voltage for thissign, the value oRgg; was

chosen to be 19.1Ckwhich results in &g; value of 1.18 R calculated as follows:
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_ Ry _ 19110

= =1.1810Q
16.25 16.25

RFBl

3.7.7 Error amplifier compensation

In order to configure the error amplifier gain chaeristics so as to achieve a stable
voltage, the network consisting BEomp, Ccomp andCye is required (See Figure 37)
However, onlyRcomp andCcovp are needed to close the voltage loop and improve
the phase margin of the voltage loop with increastablility. The voltage loop gain

is the product of the modulator gain and the earoplifier gain.

LM5119 0.8V
RFpz
- * FB
Mg c
com coue Ceoup |
| '|‘
[l
|| I RFg1
CHE - 4

Figure 37: Error amplifier compensation network

The DC modulator gain of the LM5119 is modeledd®ws:

DC _GAINyop) = (ARZ%RS) (20)

whereA = Gain of the current sense amplifier (For the LM$1A = 10),

RiLoap = Ratio ofVout/ lout
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The dominant low frequency pole of the modulatordetermined by the load
resistancdr oap and the output capacit@oyr. The corner frequency of this pole is

obtained by means of the equation:

1

f = 21
PO (2% R opp X Cour ) @D

HenceR o0 = =Y = 1.9710,

7A
The total output capacitan€yr = 514 uF,

1

ThUS, fowon = 5 51 9710 x 514 <10 F

=157.064 H:

1.971Q

=19.714=259d
(10 x 10 x 16 Q)

And the DC _GAIN, yop) =

The Bode plots of the system were obtained fromL#18119 quick start worksheet
calculator available on the Texas Instruments webdihis calculator was used to
ascertain whether the system is stable or not.ichugg of the Excel worksheet is
shown in Figure 38. The Bode plots are shown gufés 39 (the modulator gain vs.
frequency characteristic), Figure 40 (error ametifjain and phase) and Figure 41

(overall voltage loop gain and phase).

The error amplifier of the LM5119 is configured agype |l amplifier by means of
Rcomp and Ccomp. This configuration enables the error amplifierazéo cancel the
dominant modulator pole leaving a single pole respat the crossover frequency of
the voltage loop. This yields a stable voltage laah 90° of phase margin.

For this design a 71.5(k resistor was selected f&ovp and a 1.8 nF capacitance

was selected fo€Ccomp. Figure 40 shows the error amplifier gain andsghalot.
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LM(2)5119 Wide Input Range Dual Synchronous Buck Controller

attribute.
designs.

Note: The components calculated in this worksheet are reasonable starting values for a
design using the LM(2)5119. They are not optimized for any particular performance

Only one channel is shown.
Each channel is identical for interleaved designs.

Calculate each channel separately for d

ual output

Enter Design parameters in the shaded
Cells

Step 1 General Requirements

Step 2 Interleaved or Dual Output

Step 3 Switching Frequency
Step 4 Frequency Programming

Step 5 Inductor Value

Step 6 Current Limit

Step 7 Ramp Configuration

Step 8 Output Capacitors

Step 9 Input Capacitors

Step 10 VIN UV Shutdown

Step 11 Feedback Resistors

Step 12 Compensation Network

Step 13 Soft Start Capacitor

Step 14 MOSFET Gate Charge

Step 15 Cgoot & VCC Capacitor

Step 16 Restart Capacitor

V,n(min (V) 22
Vin(max) (V) 46
Vour (V) 13.8
Max. Load Current per Channel (A) 8.4
Ripple Current % of Max. Load Current (%) 15%
Minimum Duty Cycle 0.30
Maximum Duty Cycle 0.63

Interleaved Operation
Package Type

Recommended IC

Fow (<H2)
Ry (kQ)l 21.7

i

Dual Output
LLP32

LM5119

L per Channel (uH) 33.3
Nearest standard value for L (uH)
Target (% Beyond Max. Load)
Max Output Current at Current Limit (A) 10.08
K Factor (K) 2.5
Current Sense Resistor Rs (Q) per Channel 0.0086
Choose Closes Standard Value for Rs (Q) 0.010
Peak Output Current with Output Short (A) 12.1
Rrave (KQ) 200
Crawe (PP 660 ]
Coumi (MF) 470
Courz (MF) 44
Net ESR (Q) 0.01
Cour Total (uUF) 514
Peak-Peak output voltage ripple (mV) 13

Input Capacitor Cy (UF)
Input Voltage Ripple (V)

300.0
0.03

UV Shutdown Voltage (V)

17.9

Desired UV Hysteresis, Vyys (V)

1.098

Ruvz (kQ)

54.90

Ruvi (kQ)

4.12

Reg1 (kQ)
Reg2 (kQ)

Bandwidth (kHz)
Ccome (PF)
Cue (PF)

Soft-Start Time (ms)
Soft-Start Capacitor Cgg (UF)

High-side MOSFET Qg @Vycc (nNC)
Low-side MOSFET Qg @Vycc (NC)
MOSFET total gate charge (nC)

Minimum Cycc (UF)
Minimum Cyg (UF)
VCC Run Current lycc (MA)

Restart Time (ms)
Restart Capacitor Crgs (nF)

1.18
19.18

5

36.5

8721

129

3.8
0.048

46

46

92

0.61

0.31

25

59
0.47

Figure 38: LM5119 Excel sheet used to obtain the Be plots
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Modular Gain/Phase
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Figure 39: Modulator gain and phase
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Figure 40: Error amplifier gain and phase
The overall voltage loop gain can then be predittecause it is the product of the

modulator gain and the error amplifier gain. Therall loop gain plot is shown in

Figure 41.
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Overall Loop Gain

80° Phase Margin
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Figure 41: Overall voltage loop gain and phase

According to Dostal (2008:3) a minimum phase mamgfit5° to 50° is necessary
and more is better. In the case of this designnptaximum phase margin was found

to be 80° which yields the conclusion that the giesd system is stable.

The results of the step load transient tests valpbesented in Chapter 4 in order to

verify if the practical setup is really stable asrid theoretically.

3.7.8 MOSFETs

As the input voltage for this design is limited46 V, the PSMN5R5 MOSFET is an
appropriate choice for the reason that it has amamx drain-source voltage of 60 V
and a drain current of 100 A. This MOSFET hasva Ryson) (5.2 m2) and a total

gate charge of 56 nC.

Switching devices used for multiphase buck convertave different criteria. For
example thdRpgon) Of the synchronous rectifier should be as low assiide because
it conducts current during most of the switchingcley Another criterion is the

switching speed so as to minimize the switchingéss The switching speed has a

65



direct relation with the gate charge because adate charge allows the gate driver
to switch the MOSFET rapidly (Schuellein 2000).

3.8 Converter construction

To be able to meet the above requirements, the W¥5dvaluation board (see
Annexure C) from Texas Instruments was used toempht the prototype. Figures

42 and 43 show the top and bottom views of thesigded converter.

The construction of a multiphase synchronous bunkverter requires a multilayer
board on which careful layout considerations neelet taken into account. Some of

these considerations are (Schuellein 2000):

» Output inductors and capacitors should be situatedide planes connected
to the load so as to minimize drops during heaag$oand transients.

* The area of the inductor switching node should lr@msed by placing the
inductor and the MOSFETSs of each phase close to eher.

e High current traces such as those of the induatotcking node and gate
drive should be as short and wide as possiblegateghe effect of EMI.

* Input capacitors should be placed as close to witcling MOSFETs as

possible and with the output capacitors closehéoldad.

Figure 42: Top view of the redesigned LM5119 evaltdi@n board and input
capacitors on the left-hand side
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Figure 43: Bottom view of the redesigned LM5119 ewaation board and input

capacitors on the left-hand side

The LM5119 evaluation board was redesigned accgrdio the converter
specifications because the board comes alreadylgteduwith components. Hence,
the components replaced include the input and owggeacitors, inductors as well as
some resistors and capacitors associated with theraton of the LM5119

controller.

3.9 Summary

A brief presentation of the topology used was presst The design procedure and
calculations regarding components as well as tmstoaction of the converter were

considered.

The next chapter will discuss the measurementsesuts.
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Chapter 4 Results

4.1 Introduction

Chapter 4 considers the simulation performed taioktheoretical waveforms. The
tests and measurements performed on the converteralso presented. A
comparative analysis of some simulated and expetaheesults of the converter
power stage is also presented. The converterdws imainly tested according to the

problem statement set out in Chapter 1.

4.2 Simulation

The simulated results were obtained by means oe@a OrCAD. This software
package is widely used to simulate SMPS. It inetud schematic capture program
called Capture and a SPICE simulator called PSp@wing to Cadence OrCAD’s
widespread use in industry most semiconductor namtwifers produce device

models for both the PSpice and Capture.

After completion of the design phase, a simulabbm portion of the converter was
implemented. The simulation model consists ofraylsi phase synchronous buck
converter. As the LM5119 PSpice model is not add, the LM5117 model was
downloaded from the Texas Instruments website. OVM&117 is the one channel
version of the LM5119. The reason behind thishat tthe designed converter
consists of two identical synchronous buck converte Hence, to simplify the
analysis, a single channel synchronous buck wad. uSée desired frequency and
the pulse width signals for the gates of the MOS§mvere obtained using the
LM5117 controller. It is important to note thatngponents used in the schematic
were modeled to be similar to the components optbéotype.

Figure 44 shows the simulation circuit diagram. e Thput of the power supply is

modeled by a constant voltage souvde The circuit is simulated for a run time of
at least 3.5 ms to ensure that the simulation e=sacieady state. Each input and
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output capacitor's ESR (Equivalent Series Resigpatong with inductor's DCR
(Direct Current Resistance) are also modeled smgmmnulation in order to get a good
representation of what is happening in each phbeactual hardware circuit. The
circuit’'s performance was then studied by obtairptags of critical parameters such
as the output voltage, the inductor current, éigure 45 shows the output filter and
load current waveforms during typical operationhvatload of 22. This plot shows
that the inductor ripple current is filtered out the output capacitance. Hence the
load sees the DC current.

ol

Figure 44: Single channe synchronous buck circuit used to obtain simulation
results

0.8m  1.0ms  1.2ns  l.4ms  1.6ms  1.8ms  2.0ms  2.2ms  2.4ms  2.6ns  2.8ms  3.0ms  3.2ns  3.4ms 3.6ns

Figure 45: Output inductor (green trace), output capacitor (red trace) and load
(bluetrace) current waveforms
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Figure 46 shows the simulation result for the outfmitage.

Figure 46: Result of the simulated output voltage.

4.3  Turn-on input voltage test

This test was performed to ascertain at what vafutbe input voltage the converter
starts delivering the required output voltage. Waweforms were obtained using a
Rigol DS2102 100 MHz digital oscilloscope. Figdieshows the recorded the input
voltage while monitoring the output voltage comimgo the specified regulation

range.

g/ D -TB11Z0000ms T '§ '@ -460Y

INPUT VOLTAGE

OUTPUT VOLTAGE

113.8 \Y

Figure 47: Turn-on input voltage test result
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The measured input voltage was found to be 22 \ghwis the lowest voltage within
the specified range of input voltages.

4.4 Soft-start time test

The soft-start time is a small time duration neefiiedhe output voltage to reach the
specified accuracy when the output is loaded intessstive load. A sequence of
events occurs when power is applied to the conve@eft-start capacitors and other

components allow for a linear increase in outputages (See Annexure C).

Figure 48 shows the soft-start waveform obtainedenheasuring the output voltage
on the hardware (Input voltage: 34 V, @2load on 13.8 V output). The soft-start
time of the converter is 1.28 ms.

Figure 48: Output voltage waveform and start-up time

45  Loadtransient test

The load transient test is the simplest way toyasathe loop stability of a converter
(Simpson 2007:2). This test gives a qualitativdidation of the feedback loop

circuitry performance. In case the results indicabtential instabilities, then

stability margin measurements tests are usuallyogpiate if feasible (Leon 2010:7).
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Figure 49 illustrates the block diagram of the s=ttup diagram needed to evaluate
the regulator’'s response to a transient I3dte test was done at different resistance
loads. The test set-up included a PIC microcontroller meeetb generate a step
voltage to switchoN a MOSFET. When the switching elemenbis, the value of
the load changes. The oscilloscope connectedetaditput shows a small voltage
droop, which recovers to the steady state valwer aftshort time. Figure 50 shows

the practical setup used for the measurement.

% RLOA\D
<
DC-DC
DC source() converter
T (ouT) PIC -
gl

o000
© ooo
o0 o o

o o o

I 1
Oscilloscope

Figure 49: Load transient test setup

Oscilloscope

DC-DC
converter
(DUT)

PIC MOSFET and resistors mounted
microcontroller on a bread board

Figure 50: Practical of thetransient load test
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Figure 51 shows the step load response of the camvelrhe upper waveform shows
the 12 V step voltage applied to the gate of theS®BT. The lower waveform
shows a voltage droop in the output voltage dutimggsudden change in the value of
the load. The converter output current went fraBiAto 2 A in about 380 ns. This
is called load transient recovery time or transiesponse time (Brown 2001:76). It
represents how long it takes for the converteretinirn to its set voltage after an

abrupt change in load current.

RIGOL H 200.0ns

Vour load step response

b e

Figure51: Hardware step load response

According to Simpson (2007:4) the appearance o¥the load step response should
extinguish very cleanly and have the fastest ptssbttling time. Based on this
criterion, the converter shows a very good stabiithich is in accord with the

theoretical calculations presented in Chapter 3.

In a converter, the type 2 error amplifier compabresconverter output voltage with
a reference voltage to produce an error signalithased to adjust the duty ratio of
the switches. Compensation associated with thelif@enpdetermines the control

loop performance and provides for a stable comsystem (Hart 2011:308).

The converter prototype includes a type 2 amplifibich acts in keeping the output
voltage constant under varying input current aradiloonditions. The measurement
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shown in Figure 51 indicates how the controllengsi the load voltage back to its set
point in 380 ns. The two dashed lines highliglat éinea of interest.

4.6 Further measurement results

In Figure 52 the complete circuit diagram with thet points (TPs) is shown. The
prototype consists of a power stage with two syoicbus buck converters connected
in an interleaved configuration. The controllesigd is constituted by the LM5119
PWM controller.
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Figure 52: Complete circuit diagram of the converter
Figure 53 is obtained simultaneously from test iifP1 and TP2 of the

experimental model. The trace on top is the hige-MOSFET gate pulses fQ2.
It shows as well its period being 4.560 us yieldagwitching frequency of 219 kHz.

74



Figure53: Q2 and Q4 high-side MOSFET gate voltages wavefor ms obtained at
TP1and TP2

This frequency approaches the 230 kHz set outanmegfuirements. The frequency is
not accurate due to the tolerance in the valubefiming resistoRr. The bottom
trace is high-side MOSFET gate pulse@#. It can also be seen that there exists a

180° phase shift betwe&pR andQ4 switching pulses.
Figure 54 shows the switch node voltages for edas® obtained simultaneously at

TP3 and TP4. Figure 55 shows the simulated modefslt for the switch node

voltage.

Phase 1 Phase 2

Figure 54: Switch node 1 and 2 wavefor ms obtained at TP3 and TP4
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. .
- Phase 1 - . %

Figure 55: Simulated voltage of the switch node voltage

From the waveforms, shown in Figure 54, it is clémeat the phases are interleaved
because the waveform at the switch node 1 is tivee s the one at switch node 2.
According to Baba (2012) interleaving minimisespte currents at the input and

output.

4.7  Efficiency and wide input voltage experiments

A DC-DC converter test apparatus shown in Figurevaé used in order to obtain
the efficiency and wide input voltage measuremeiitse converter input power was
supplied by a BK precision XLN6024 high power pragmable DC power supply.
Values of voltages and currents were obtained fdogital multimeters. Finally, a
TTi LD 300 DC electronic load was used as a loadHerconverter.

Input Voltage Input Current Output Current Output Voltage

P T L

DC power supply Unit under test Electronic load

Figure 56: Hardwar e setup for efficiency and wide input voltage measur ements
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The testing of the redesigned LM5119 evaluationrdhoaelded results shown in
Table 3 and Figure 57. Table 3 and Figure 57 sthevefficiency of the converter as
the load was increased. The converter functioffiedlently with loading up to 7 A

with an output voltage which varied slightly fror8.& to 13.4 V.

Table 3: Test of re-designed LM 5119 evaluation board at a input voltage of 22 V

nput I nput Input | Output [ Output [ Output
Voltage | Current | Power | Voltage | Current | Power | Efficiency (%)

(Vin) (lin) (Pin) (Vou) (Tout) (Pout)
22 0.935 20.57 13.7 14 19.18 93
22 1.852 40.744 13.59 2.8 38.032 93
22 2.744 60.368 13.51 4.2 56.742 94
22 3.669 80.718 13.47 5.6 75.432 93
22 4.595 101.09 13.4 7 93.8 93

I, Vs Efficiency

L 14A93% 4.2 A,94%

. + 7A 93%

90 2.8 A, 93% 5.6 A, 93%

75
60

45

Efficiency [%]

30

15

0 1 2 3 4 5 6 7 8
Output current (1) [Al

Figure 57: Efficiency plot of theredesigned L M5119 evaluation board for an
input voltage of 22 V
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The testing of the redesigned evaluation boardraa@imum input voltage of 46 V
yielded the results shown in Table 4 and Figure 58.

Table4: Test of re-designed L M5119 evaluation board at a input voltage of 46 V

Input I nput Input | Output | Output | Output
Voltage | Current | Power | Voltage | Current | Power | Efficiency (%)
(Vin) (l in) (Pin) (Vout) (l out) (Pout)
46 0.46 21.16 13.7 1.4 19.1¢8 91
46 0.89 40.94 13.65 2.8 38.22 93
46 1.35 62.1 13.6 4.2 57.12 92
46 1.78 81.702 13.5 5.6 75.6 93
46 2.2 100.98 13.48 7 94.34 93
loyt Vs Efficiency
J14A93% JA2AG% o 7A, 93%
%0 2.8 A, 93% 5.6 A, 93%
75
E 60
g
o
S 45
30
15
]
0 1 2 3 4 5 6 7 8
Output current (1) [A]

Figure 58: Efficiency plot of theredesigned L M5119 evaluation board for an
input voltage of 46 V

These results showed that the converter is camdlilandling a wide range of input

voltages as set out in the specifications. Thevedar efficiency was above 90
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percent. This indicates that the requirementsgein the problem statement were

met successfully.

More importantly, it was found that the convertperated safely up to 7 A, instead
of the 14 A, that was initially necessary to attdia required 200 W mark. In order
to attain this wattage, the proposed solution isdonect two redesigned LM5119
evaluation boards in parallel. This will be disag$urther in Chapter 5.

45  Calculations
The efficiency is defined as the ratio of total puttpower to total input power. It

expressed as a percentage. It is normally spdc#iefull load and nominal input
voltage (Lenk 2005:179).

(22)

Calculating the efficiency of the system at futhéband a nominal voltage of 34 V:

= 945w
101.32 W

93%

The load regulation is defined as the change ipuwuvoltage over the specified
change in output load. It usually specified in patage (Maniktala 2006:5). Figure
59 shows the result of the experimental convedad regulation.

The load regulation is expressed as:

% Load Regulation= Voagmn = Vioamer, 1(C (23)

loadnom

where Vigadmin = OUtput voltage at minimum load
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Vioadmax = OUtput voltage at maximum load

Vioadnom = Specified output voltage
Calculating the overall percentage of load regatatf the converter:

% Load Regulation %4 x100 = 2

The load regulation results as obtained, are ptederAt this stage, no attempts

were made to keep the voltage steady.

Output Voltage vs Output Current
1= — + o— o— -
12
= 10
[
%]
g 8
©
z 6
=
o
g 4
2
0 T T T T T T T 1
0 1 2 3 4 5 6 7 8
Output current (lout) [A]

Figure 59: L oad regulation of the converter

46 200 W PAFC Moddlling

According to Pholo (2008:58) the output power ofiagle cell for a PAFC was
found to be 3.3 W. The obtained converter measeinémesults have shown that its

input voltage ranges between 22 and 46 V. In om@btain a mathematical model

for a 200 W stack, a value bf (number of identical cells) is required. Therefor

80



Ne =

3.3W

The rounded value of cells is thus 60 cells.

Furthermore, Table 5 gives the output voltage ef smgle cell PAFC at different
currents (Pholo 2008:57). The performance of aig-Getermined by the use of a

polarisation curve. The polarisation curve in Feg60 presents the performance of

=60.6 Cells

(24)

the PAFC designed in research at the Vaal UniweasiTechnology.

Table5: Measured data of a PAFC stack (Pholo 2008:57)

Stack voltage (V) Current (A) Current density (mA.cm?)
0.73 0.03 1.2
0.64 0.04 1.6
0.63 0.05 2.0
0.62 0.06 2.4
0.60 0.08 3.2
0.59 0.1 4
0.57 0.2 8
0.56 0.3 12
0.55 0.4 16
0.54 0.5 20
0.53 0.6 24
0.52 0.7 28
0.51 0.8 32
0.50 1.0 40
0.49 15 60
0.48 2.0 80
0.47 2.5 100
0.46 3.0 120
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Table5: Measured data of a PAFC stack (Pholo 2008:57) continued

Stack voltage (V) Current (A) Current density (mA.cm™)
0.45 3.5 140
0.44 4.0 160
0.43 4.5 180
0.42 5.5 220
PAFC polarisation curve
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Figure 60: Performance curvefor a single cell PAFC. (Pholo 2008:76)

The data in Table 5 can be used to predict theeBf stack PAFC model. By means
of simulation, it can be verified that the stackl we compatible with the converter’s

wide input range of voltages. But this analysisgbeyond the scope of this study.

47  Summary

The experimental measurements and results of tmeec@r module have been
covered in this chapter. Some waveforms of thegooand control sections have
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also been presented. The results related to thmalrproblem statement have been
discussed. These facts indicate the successfuémpoanversion of a wide range of

input voltages to a stable voltage around 13.8 ¥ wicurrent of 7 A.
Chapter 5 is the final chapter of this dissertatidhwill consider the conclusions

reached and recommendations for future researcthetodved from the study of the

design and development of a 200 W converter for BAF
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Chapter 5 Conclusions and recommendations

51 Introduction

The last chapter of this document presents thelgsioos that have been reached
based on the results obtained regarding the designdevelopment of a 200 W

converter for phosphoric acid FCs. As the studyumements for the converter

pointed out in the original problem statement wachkieved, the recommendations
for future research will be considered.

52 Conclusions

At the outset of this study, the analysis of theréiture available showed that the
obstacles for integrating FCs with modern electsrdre the low output voltage of
the FC combined with its instability over the rangkeelectrical loading. Thus,
power conditioning circuitry to accommodate for theonsistencies and load-driven
output voltage variation is a critical component asfy FC system. A DC-DC
converter with a wide range of input voltages wasrafore required to regulate the

FC voltage.

Accordingly, it was found that one of the most tautsling conclusions that can be
made regarding this project was that the deciseganding the choice of DC-DC
converter topology is of paramount importance. Tdsearch showed that a change
in topology means that the components used wilhghaas well. Hence it was
necessary to spend sufficient time to determineclwtopology will be suited for the
application. Originally, three converter topolagibave been investigated with
regard to their wattage specifications. These omiln a two-switch forward
converter, a half-bridge converter and a push-putiverter. The latter was selected
mainly because it is used in application wherewh#&age range varies from 200 W
to 1 kW.
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The push-pull topology uses magnetic componenth agca centre tap transformer
and inductors which have a tremendous impact onothexall efficiency of the
converter. Several attempts were made to condtradransformer using a N87 Mn-
Zn ferrite core material mounted on a EPCOS ETz@@ shape. The transformer
also comprised a primary as well as a secondaryrecgéap winding made with
copper foils in order to achieve good layer coupliminimise leakage inductance
and skin effect. Inductors were constructed ugorgid cores and copper wires.
Besides the magnetic components, the semicondsetiiches had to be chosen
according to their voltage and current handlingrabgeristics taking into account
that the push-pull converter switches must handleet the input voltage. Another
time consuming task was to design the control geaif the converter. The control
scheme was built around a PWM IC UC3825 from Tdratruments which drove
the gates of the two MOSFET switches. The UC382p’'s€main role was to
maintain the regulated output voltage. While theotq@ype did not meet
expectations, it operated open-loop at a switctirequency of 50 kHz, whilst it

delivered 13.8 V with a 40 W of output power andeffitiency of 63 percent.

Later, recent comprehensive studies highlightedf#éice that the power electronic
system interfacing directly to the FC stacks hagyaificant impact on the long-term
durability and reliable energy efficiency of the .FEnergy conversion efficiency for
the FC then came to the fore as of significant ingee. Today, the efficiencies of
power-electronics conversion technology have exeg&f percent. However, under
severe cost constraints, most of these technol@gesot economically viable. As
such, achieving high power-conversion efficiencyaaignificantly low cost for the

viability of FC power systems was a daunting chmagjk

Taking these concerns into account, a new desigrsisting of an interleaved
synchronous buck converter was implemented. Thagdewas based on the
National Semiconductor LM5119 IC using an LM511%lewation board. The
evaluation board was redesigned to meet the ragaimes for the application. In
total, three LM5119 evaluation boards were usedhe Tirst one worked well.

However a short circuit led to it being damagedse&ond board was purchased and
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accordingly redesigned using a lower value fordheent sense resist& (5 mQ)

in order to increase the power output. Unfortulyatbere was no change, the
maximum current stayed at 7 A. A third evaluatbhmard was offered free of charge,
courtesy of Texas Instruments and the board wassigded accordingly. The
module worked well as the parameters used in teeglace with the first LM5119

evaluation board were kept as they were.

The focus was directed on building a converter begpaf handling a wide range of
input voltages. This was made possible using th&119 controller. This IC is

well suited for operation of the DC-DC regulatothwa wide range of voltages (5.5
to 65 V). The efficiency was found to be greatemti®0 percent. This result is well
above the minimum efficiency that a FC’s convesteould have which is 85 percent
according to the literature. Hence the objectivesped with regard to the design
and development of a highly efficient and wide mamgput voltages converter was

achieved.
53 Recommendations

As stated in Chapter 4, the converter module wagyded to produce 14 A of output
current. However, the experimental converter agder A. In order to reach 14 A,
which will result in the targeted 200 W output powevo of the redesigned

converters need to be connected in parallel inrdadebtain 14 A.

However, studies have shown that connecting DC—D@Qverters in parallel has
advantages and disadvantages. Besides, modulles shme kind can be connected
directly in parallel. This method retains efficignc But differences in current
between modules can cause unequal heating andlgskange in output voltage.
This situation requires that the output voltage&éd equal.

When connecting converter outputs it should be rebezed that the switching will

not be synchronous, hence some form of couplingldime employed. One possible
solution is to use a diode feed,; this is suitabéenty for 12 to15 V output types only
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where the diode voltage drop (typically 0.6 V) wiiot affect the circuit

functionality. This method also has a beat fregyetiat will superimpose itself
over the ripple of the two converters; this canrbduced by using an external
capacitor at the paralleled output. The prefemathod of connecting converters in
parallel is via series inductors on the outputisTonfiguration not only has a lower
loss of voltage than the diode method, but by bietahoice of inductor and an
additional external capacitor, the beat frequeray lze significantly reduced, as will
the ripple from each converter. This aspect remtorbe investigated with regard to

the connection of two DC-DC synchronous buck camverin parallel.
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Bill of materials

ANNEXURE A

Part Value Package

Cbootl 1uF, 16V 0805

Choot2 1uF, 16 V 0805

Ccomp1l 1.8nF, 25V 0805

Ccomp2 1.8nF, 25V 0805

Cin 3 x 100 uF, 200 V CAPPR7.5-16X25 324 m
Cinx 100 nF, 100 V 0805

Coutl 470 uF, 25 V CAPSMT_62_JAO 151 rfim
Crampl 820 pF, 50 V 0805

Cramp2 820 pF, 50 V 0805

Cres 470 nF, 16 V 0402

Cssl 18.0 nF, 50 vV 0805

Css2 18.0 nF, 50 V 0805

Cvccl 1uF, 16V 0805

Cvcc2 1uF, 16 V 0805

D1 60V,1A SOD123F

D2 60V,1A SOD123F

L1 33pH IND_WE-HCF 540mm2
L2 33pH IND_WE-HCF 540mm2
Rcompl 715K 0805

Rfbl 1.181kQ 0805

Rfb2 19.11Q 0805

Rrampl 200 Kk 0805

Rramp2 200 kK 0805

Rsensel 10 m 1206

Rsense2 10 m 1206

Rt 40.2 K2 0805

Ruvl 54.9 K 0805

Ruv2 4.12 Q) 0805

U1 LM5119PSQ SQA32A 49mm
LM5119 EVALUATION BOARD*

* Arrow Altech Distribution (Pty) Ltd

LM5119EVAL/NOPB

Pricing for units

Break 1-9 units at R2065.80 ea
Break 10-99 units at R1968.12 ea

Lead time +- 2 weeks.
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LM5119 Wide Input Range Dual Synchronous Buck Controller

1§ Texas

INSTRUMENTS

Literature Number: SNVS676E
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ANNEXURE B

. September 28, 2010
National
Semiconductor LM5119
Wide Input Range Dual Synchronous Buck Controller
General Description Features
The LM5119 is a dual synchronous buck controller intended ~ m Emulated peak current mode control
fqr step—doyvn _regulator applications from a high voltage or  w Wide operating range from 5.5V to 65V
widely varying input supply: _The contrel.method is based ups m Easily configurable for dual outputs or interleaved single
on current mode control utilizing an emulated current ramp. output
Current mode control provides inherent line feed-forward, cy- . R g + 3.3A peak gate dri
cle-by-cycle current limiting and ease of loop compensation. obust 3.9A peak gate drive
The use of an emulated control ramp reduces noise sensitivity ~ ® Switching frequency programmable to 750kHz
of the pulse-width modulation circuit, allowing reliable control ~ m  Optional diode emulation mode
of very small duty cycles necessary in high input voltage ap-  w Programmable output from 0.8V
plications. The switching frequency is programmable from u Precision 1.5% voltage reference
50kHz to 750kHz. The LM5119 drives external high-side and e g .
low-side NMOS power switches with adaptive dead-time con- ™ Programmable current limit
trol. A user-selectable diode emulation mode enables discon- @ Hiccup mode overload protection
tinuous mode operation for improved efficiency at light load ~ w Programmable soft-start
cor_]dmons. A high volta_ge bias rggulator wnh _automauc = Programmable line under-voltage lockout
switch-over to external bias further improves efficiency. Ad- Automati itch to ext | bi |
ditional features include thermal shutdown, frequency syn- " Aulomaliciswilc ‘ove-r .o extemal biasisupply
chronization, cycle-by-cycle and hiccup mode current limit ~® Channel2 enable logic input
and adjustable line under-voltage lockout. The device isavail- ~ m Thermal Shutdown
able ina power enhanced leadless LLP-32 package featuring  w | gadless LLP32 (5mm x 5mm) package
an exposed die attach pad to aid thermal dissipation.
Typical Application
ViN
T 1
I veel VIN vee2
I HB1 HB2 I
Voutt ;“ HO1 HO2 lF Vour2
’ Y'Y\ Y'Y\ .
J_ sSwi SW2 - J_D
I | Lot Loz l I
= ::_\— cst LM5119 cs2 —/_:: =
) <E_/— CSG1 CSG2 —\_:: !
S & PGND1 PGND2 + 2
RAMP1 RAMP2
:: = = ::
FB1 FB2
4 Vi L
2 J—ww COMP1 comP2 w—]| b3
— < _| I—"— e
UVLO  AGND SS1 RT RES S§S2
TiTT
) i i i 30124001

© 2010 National Semiconductor Corporation 301240

www.national.com
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LM5119

Connection Diagram
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Top View
32-Lead LLP
Order Number | Package Type NSC Package |Supplied As
Drawing
LM5119PSQ LLP-32 SQA32A 1000 Units on
Tape and Reel
LM5119PSQX LLP-32 SQA32A 4500 Units on
Tape and Reel
LM5119PSQE LLP-32 SQA32A 250 Units on Tape
and Reel
www.national.com 2
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-
Pin Descriptions %
-
Pin Name Description ©
1 VCCH Bias supply pin. Locally decouple to PGND1 using a low ESR/ESL capacitor located as close to
controller as possible.
2 LO1 Low side MOSFET gate drive output. Connect to the gate of the channel1 low-side synchronous
MOSFET through a short, low inductance path.
3 PGND1 Power ground return pin for low side MOSFET gate driver. Connect directly to the low side of the
channel1 current sense resistor.
4 CSG1 Kelvin ground connection to the external current sense resistor. Connect directly to the low side of
the channel1 current sense resistor.
5 CSt Current sense amplifier input. Connect to the high side of the channel1 current sense resistor.
6 RAMP1 PWM ramp signal. An external resistor and capacitor connected between the SW1 pin, the RAMP1

pin and the AGND pin sets the channelt PWM ramp slope. Proper selection of component values
produces a RAMP1 signal that emulates the current in the buck inductor.

7 SS1 An external capacitor and an internal 10pA current source set the ramp rate of the channel1 error
amp reference. The SS1 piniis held low when VCC1 or VCC2 < 4.9V, UVLO < 1.25V or during thermal
shutdown.

8 VCCDIS Optional input that disables the internal VCC regulators when external biasing is supplied. If VCCDIS

>1.25V, the internal VCC regulators are disabled. The externally supplied bias should be coupled to
the VCC pins through a diode. VCCDIS has a 500k pull-down resistor to ground to enable the VCC
regulators when the pin is left floating. The pull-down resistor can be overridden by pulling VCCDIS
above 1.25V with a resistor divider connected to the external bias supply.

9 FB1 Feedback input and inverting input of the channel1 internal error amplifier. A resistor divider from the
channel1 output to this pin sets the output voltage level. The regulation threshold at the FB1 pin is
0.8V.

10 COMP1 Output of the channel1 internal error amplifier. The loop compensation network should be connected
between this pin and the FB1 pin.

11 EN2 If the EN2 pin is low, channel2 will be disabled. Channel1 and all other functions remain active. The
EN2 has a 50kQ pull-up resistor to enable channel2 when the pin is left floating.

12 AGND Analog ground. Return for the internal 0.8V voltage reference and analog circuits.

13 RT The internal oscillator is set with a single resistor between RT and AGND. The recommended

maximum oscillator frequency is 1.5MHz which corresponds to a maximum switching frequency of
750kHz for either channel. The internal oscillator can be synchronized to an external clock by
coupling a positive pulse into RT through a small coupling capacitor.

14 RES The restart timer pin for an external capacitor that configures the hiccup mode current limiting. A
capacitor on the RES pin determines the time the controller will remain off before automatically
restarting in hiccup mode. The two regulator channels operate independently. One channel may
operate in normal mode while the other is in hiccup mode overload protection. The hiccup mode
commences when either channel experiences 256 consecutive PWM cycles with cycle-by-cycle
current limiting. After this occurs, a 10uA current source charges the RES pin capacitor to the 1.25V
threshold which restarts the overloaded channel.

15 COMP2 Output of the channel2 internal error amplifier. The loop compensation network should be connected
between this pin and the FB2 pin.

16 FB2 Feedback input and inverting input of the channel2 internal error amplifier. A resistor divider from the
channel2 output to this pin sets the output voltage level. The regulation threshold at the FB2 pin is
0.8V.

17 DEMB Logic input that enables diode emulation when in the low state. In diode emulation mode, the low

side MOSFET is latched off for the remainder of the PWM cycle when the buck inductor current
reverses direction (current flow from output to ground). When DEMB is high, diode emulation is
disabled allowing current to flow in either direction through the low side MOSFET. A 50kQ pull-down
resistor internal to the LM5119 holds DEMB pin low and enables diode emulation if the pin is left
floating.

18 S82 An external capacitor and an internal 10pA current source set the ramp rate of the channel2 error
amp reference. The SS2 pin is held low when VCC1 or VCC2 < 4.9V, UVLO < 1.25V or during thermal
shutdown.

3 www.national.com
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Pin Name Description

19 RAMP2 PWM ramp signal. An external resistor and capacitor connected between the SW2 pin, the RAMP2
pin and the AGND pin sets the channel2 PWM ramp slope. Proper selection of component values
produces a RAMP2 signal that emulates the current in the buck inductor.

LM5119

20 CS2 Current sense amplifier input. Connect to the high side of the channel2 current sense resistor.

21 CSG2 Kelvin ground connection to the external current sense resistor. Connect directly to the low side of
the channel2 current sense resistor.

22 PGND2 Power ground return pin for low side MOSFET gate driver. Connect directly to the low side of the
channel2 current sense resistor.

23 LO2 Low side MOSFET gate drive output. Connect to the gate of the channel2 low-side synchronous
MOSFET through a short, low inductance path.

24 VCC2 Bias supply pin. Locally decouple to PGND2 using a low ESR/ESL capacitor located as close to
controller as possible.

25 Ssw2 Switching node of the buck regulator. Connect to channel2 bootstrap capacitor, the source terminal
of the high-side MOSFET and the drain terminal of the low-side MOSFET.

26 HO2 High side MOSFET gate drive output. Connect to the gate of the channel2 high-side MOSFET
through a short, low inductance path.

27 HB2 High-side driver supply for bootstrap gate drive. Connect to the cathode of the channel2 external

bootstrap diode and to the bootstrap capacitor. The bootstrap capacitor supplies current to charge
the high side MOSFET gate and should be placed as close to the controller as possible.

28 UvVLO Under-voltage lockout programming pin. If the UVLO pin is below 0.4V, the regulator will be in the
shutdown mode with all function disabled. If the UVLO pin is greater than 0.4V and below 1.25V, the
regulator will be in standby mode with the VCC regulators operational, the SS pins grounded and no
switching at the HO and LO outputs. If the UVLO pin voltage is above 1.25V, the SS pins are allowed
to ramp and pulse width modulated gate drive signals are delivered at the LO and HO pins. A 20pA
current source is enabled when UVLO exceeds 1.25V and flows through the external UVLO resistors
to provide hysteresis.

29 VIN Supply voltage input source for the VCC regulators.

30 HB1 High-side driver supply for bootstrap gate drive. Connect to the cathode of the channel1 external
bootstrap diode and to the bootstrap capacitor. The bootstrap capacitor supplies current to charge
the high side MOSFET gate and should be placed as close to controller as possible.

31 HO1 High side MOSFET gate drive output. Connect to the gate of the channel1 high-side MOSFET
through a short, low inductance path.

32 SWi1 Switching node of the buck regulator. Connect to channel1 bootstrap capacitor, the source terminal
of the high-side MOSFET and the drain terminal of the low-side MOSFET.

EP EP Exposed pad of LLP package. Nointernal electrical connections. Solder to the ground plane to reduce

thermal resistance.

www.national.com 4
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=
Absolute Maximum Ratings (vote 1 N 3 osen, esGzte AN BON |
If Military/Aerospace s_pecified d_evices are required, i PGND to AGND 0.3V {0 0.3V {o‘
please contact the National Semiconductor Sales Office/ ;
Distributors for availability and specifications. ESD Rating HBM (Note 3) 2KV
Storage Temperature -55°C to +150°C
VIN to AGND 03175V Junction Temperature +150°C
SW1, SW2 to AGND -3.0to 75V
HB1 to SW1, HB2 to SW2 -0.3t0 15V Operating Ratings (ot 1)
VCC1, VCC2 to AGND -0.3to0 15V VIN 5.5V to 65V
(Note 2) s VCC 5.5V to 14V
FB1, FB2, DEMB, RE -0.3to0 15V
: ’ » ’ HB to SW 5.5V to 14V
VOORE, V1010 AGND Junc(t)ion Temperature -40°C to +1025°C
HO1 to SW1, HO2 to SW2 -0.3t0 HB+0.3V P

LO1,L02
S81, 882

to AGND
to AGND

EN2, RT to AGND

-0.3 to VCC+0.3V

Note: COMP1, COMP2, RAMP1, and RAMP2 are output pins. As such they

are not specified to have an external voltage applied.

-0.3to 7V
-0.3t0 7V

Electrical Characteristics Limitsin standard type are for T = 25°C only; limits in boldface type apply over the
junction temperature range of -40°C to +125°C. Unless otherwise specified, the following conditions apply: VIN = 36V, VCC =8V,
VCCDIS =0V, EN2 = 5V, R; = 25kQ, no load on LO and HO. Electrical characteristics are per channel where applicable. See

(Note 4) and (Note 5).

Symbol | Parameter Conditions | Min | Typ | Max | Units
VIN Supply
lgas | VIN Operating Current S$81=882=0V 6 73 mA
VCCDIS =2V, SS1 =882 =0V 400 550 pA
lyee VCC1 Operating Current VCCDIS =2V, SS1 =882 =0V 3.9 45 mA
VCC2 Operating Current VCCDIS =2V, 881 =882 =0V 1.4 2.0 mA
Issutoown | VIN Shutdown Current UVLO =0V, 881 =S882=0V 18 50 pA
VCC Regulator (Note 6)
Voorea) | VCC Regulation 6.77 | 76 | 8.34 \Y
VCC Regulation VIN = 6V, No external load 5.9 5.95 v
VCC Sourcing Current Limit VCC =0V 25 40 mA
VCCDIS Switch Threshold VCCDIS Rising 119 | 125 | 1.29 \%
VCCDIS Switch Hysteresis 0.07 \Y
VCCDIS Input Current VCCDIS = 0V -20 nA
VCC Under-voltage Threshold Positive going VCC 4.7 4.9 5.2 Vv
VCC Under-voltage Hysteresis 0.2 \
EN2 Input
Vi EN2 Input Low Threshold 2.0 1.5 v
Vig EN2 Input High Threshold 29 25 Vv
EN2 Input pull-up resistor 50 kQ
UVLO
UVLO Threshold UVLO Rising 120 | 125 | 1.29 \
UVLO Hysterisis Current UVLO =1.4V 15 20 25 pA
UVLO Shutdown Threshold 0.4 V%
UVLO Shutdown Hysterisis Voltage 0.1 '
Soft Start
SS Current Source SS=0V 7 10 13 vA
SS Pull Down Rpgoy 10 Q
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5 Symbol |Parameter Conditions | Min | Typ | Max I Units
E Error Amplifier
Veer | FB Reference Voltage Measured at FB pin, FB = COMP 0.788 | 0.8 | 0.812 \
FB Input Bias Current FB=0.8V 1 nA
FB Disable Threshold Interleaved Threshold 25 \
COMP VOH Isource = 3mA 2.8 \
COMP VOL Isink = 3mA 0.31 \
Aol DC Gain 80 dB
faw Unity Gain Bandwidth 3 MHz
PWM Comparators
thoorr) | Forced HO Off-time 220 320 | 430 ns
tongminy | Minimum HO On-time Crawp = 50pF 100 ns
Oscillator
fowi Frequency 1 Ry =25kQ 180 200 220 kHz
fsw, | Frequency 2 R; = 10kQ 430 | 480 | 530 | kHz
RT Output Voltage 1.25 \
RT Sync Positive Threshold 25 3.2 4 \
Sync Pulse Minimum Width 100 ns
Current Limit
Vosw) | Cycle-by-cycle Sense Voltage RAMP =0 106 120 134 mV
Threshold (CS - CSG)
CS Bias Current CS=0V -70 -95 UA
Hiccup Mode Fault Timer 256 Cycles
RES
lres | RES current Source 9.7 pA
Vees | RES threshold Cges Charging 120 | 1.25 | 1.30 \Y
Diode Emulation
Vi DEMB Input Low Threshold 20 | 1.65 \
Viy DEMB Input High Threshold 2.9 2.6 \Y
DEMB Input Pull-Down Resistance 50 kQ
SW Zero Cross Threshold -5 mV
LO Gate Driver
Voo |LO Low-state Output Voltage I o =100mA 0.1 0.18 v
Vouu | LO High-state Output Voltage I, o =-100mA, 0.17 | 0.26 \
Vou =VCC - Vio
LO Rise Time C-load = 1000pF 6 ns
LO Fall Time C-load = 1000pF 5 ns
loy. | Peak LO Source Current Vio=0V 25 A
lo..  |Peak LO Sink Current Vo =VCC 3.3 A
HO Gate Driver
Vo |HO Low-state Output Voltage lyo = 100mA 0.11 | 0.19 \Y
Vony  |HO High-state Output Voltage lio =-100mA, 0.18 | 0.27 \
Vour = Vis - Vio
HO Rise Time C-load = 1000pF 6 ns
HO Fall Time C-load = 1000pF 5 ns
lony  |Peak HO Source Current Vo =0V, SW=0,HB =8V 2.2 A
lotn Peak HO Sink Current Vo = Vg =8V 3.3 A
HB to SW Under-voltage 3 \
HB DC Bias Current HB - SW =8V 70 100 A
www.national.com 6

104



LM5119 datasheet ANNEXURE B

|
Symbol Parameter Conditions | Min | Typ | Max | Units %
SWITCHING CHARACTERISTICS ‘-5
LO Fall to HO Rise Delay No load 70 ns
HO Fall to LO Rise Delay No load 60 ns
THERMAL
Tgp | Thermal Shutdown Rising 165 °C
Thermal Shutdown Hysteresis 25 °C
0a Junction to Ambient 40 °C/W
8¢ Junction to Case 4 °C/W

Note 1: Absolute Maximum Ratings are limits beyond which damage to the device may occur. Operating Ratings indicate conditions for which the device is
intended to be functional, but does not guarantee specific performance limits. For guaranteed specifications and test conditions see the Electrical Characteristics
Table.

Note 2: These pins must not exceed VIN.
Note 3: The human body model is a 100pF capacitor discharged through a 1.5kQ resistor into each pin.

Note 4: All limits are guaranteed. All electrical characteristics having room temperature limits are tested during production at T, = 25°C. All hot and cold limits
are guaranteed by correlating the electrical characteristics to process and temperature variations and applying statistical process control.

Note 5: Typical specifications represent the most likely parametric normal at 25°C operation.
Note 6: Per VCC Regulator
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Typical Performance Characteristics
HO Peak Driver Current vs Output Voltage LO Peak Driver Current vs Output Voltage
vee = 1ov vee=Tov
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FIGURE 1. Block Diagram
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Detailed Operating Description

The LM5119 high voltage switching regulator features all of
the functions necessary to implement an efficient dual chan-
nelbuck regulator that operates over a very wide input voltage
range. The LM5119 may be configured as two independent
regulators or as a single high current regulator with two inter-
leaved channels. This easy to use regulator integrates high-
side and low-side MOSFET drivers capable of supplying peak
currents of 2.5 Amps (VCC = 8V). The regulator control
method is based on current mode control utilizing an emulat-
ed current ramp. Emulated peak current mode control pro-
vides inherent line feed-forward, cycle-by-cycle current
limiting and ease of loop compensation. The use of an emu-
lated control ramp reduces noise sensitivity of the pulse-width
modulation circuit, allowing reliable processing of the very
small duty cycles necessary in high input voltage applications.
The switching frequency is user programmable from 50kHz
to 750kHz. An oscillator/synchronization pin allows the oper-
ating frequency to be set by a single resistor or synchronized
to an external clock. An under-voltage lockout and channel2
enable pin allows either both regulators to be disabled or
channel2 to be disabled with full operation of channell. Fault
protection features include current limiting, thermal shutdown
and remote shutdown capability. The under-voltage lockout
input enables both channels when the input voltage reaches
a user selected threshold and provides a very low quiescent
shutdown current when pulled low. The LLP32 package fea-
tures an exposed pad to aid in thermal dissipation.

High Voltage Start-Up Regulator

The LM5119 contains two internal high voltage bias regula-
tors, VCC1 and VCC2, that provide the bias supply for the
PWM controllers and gate drive for the MOSFETSs of each
regulator channel. The input pin (VIN) can be connected di-
rectly to an input voltage source as high as 65 volts. The
outputs of the VCC regulators are set to 7.6V. When the input
voltage is below the VCC set-point level, the VCC output will
track the VIN with a small dropout voltage. If VCC1 is in an
under voltage condition, channel2 will be disabled. This in-
terdependence is necessary to prevent channel2 from run-
ning open loop in the single output interleaved mode when
the channel2 error amplifier is disabled (if either VCCis in UV,
both channels are disabled).

The outputs of the VCC regulators are current limited at 25mA
(minimum) output capability. Upon power-up, the regulators
source current into the capacitors connected to the VCC pins.
When the voltage at the VCC pins exceed 4.9V and the UVLO
pin is greater than 1.25V, both channels are enabled and a
soft-start sequence begins. Both channels remain enabled
until either VCC pin falls below 4.7V, the UVLO pin falls below
1.25V or the die temperature exceeds the thermal limit thresh-
old.

When operating at higher input voltages the bias power dis-
sipation within the controller can be excessive. An output
voltage derived bias supply can be applied to a VCC pins to
reduce the IC power dissipation. The VCCDIS input can be
used to disable the internal VCC regulators when external bi-
asing is supplied. If VCCDIS >1.25V, the internal VCC regu-
lators are disabled. The externally supplied bias should be
coupled to the VCC pins through a diode, preferably a Schot-
tky (low forward voltage). VCCDIS has a 500k<2 internal pull-
down resistance to ground for normal operation with no
external bias. The internal pull-down resistance can be over-
ridden by pulling VCCDIS above 1.25V through a resistor
divider connected to an external bias supply.

The VCC regulator series pass transistor includes a diode
between VCC and VIN that should not be forward biased in
normal operation.

If the external bias winding can supply VCC greater than VIN,
an external blocking diode is required from the input power
supply to the VIN pin to prevent the external bias supply from
passing current to the input supply through the VCC pins. For
VOUT between 6V and 14.5V, VOUT can be connected di-
rectly to VCC through a diode. For VOUT < 6V, a bias winding
on the output inductor can be added as shown in Figure 2.

vce

SwW

30124011

FIGURE 2. VCC Bias Supply with Additional Inductor
Winding

In high voltage applications extra care should be taken to en-
sure the VIN pin does not exceed the absolute maximum
voltage rating of 75V. During line or load transients, voltage
ringing on the VIN line that exceeds the Absolute Maximum
Rating can damage the IC. Both careful PC board layout and
the use of quality bypass capacitors located close to the VIN
and AGND pins are essential.

UvLO

The LM5119 contains a dual level under-voltage lockout (UV-
LO) circuit. When the UVLO pin is less than 0.4V, the LM5119
is in shutdown mode. The shutdown comparator provides
100mV of hysteresis to avoid chatter during transitions. When
the UVLO pin voltage is greater than 0.4V but less than 1.25V,
the controller is in standby mode. In the standby mode the
VCC bias regulators are active but the controller outputs are
disabled. This feature allows the UVLO pin to be used as a
remote enable/disable function. When the VCC outputs ex-
ceed their respective under-voltage thresholds (4.9V) and the
UVLO pin voltage is greater than 1.25V, the outputs are en-
abled and normal operation begins.

An external set-point voltage divider from the VIN to GND is
used to set the minimum VIN operating voltage of the regu-
lator. The divider must be designed such that the voltage at
the UVLO pin will be greater than 1.25V when the input volt-
age is in the desired operating range. UVLO hysteresis is
accomplished with an internal 20pA current source that is
switched on or off into the impedance of the set-point divider.
When the UVLO pin voltage exceeds 1.25V threshold, the
current source is activated to quickly raise the voltage at the
UVLO pin. When the UVLO pin voltage falls below the 1.25V
threshold, the current source is turned off causing the voltage
at the UVLO pin to quickly fall. The UVLO pin should not be
left floating.
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Enable 2

The LM5119 contains an enable function allowing shutdown
control of channel2, independent of channell. If the EN2 pin
is pulled below 2.0V, channel2 enters shutdown mode. If the
EN2 input is greater than 2.5V, channel2 returns to normal
operation. An internal 50kQ pull-up resistor on the EN2 pin
allows this pin to be left floating for normal operation. The EN2
input can be used in conjunction with the UVLO pin to se-
quence the two regulator channels. If EN2 is held low as the
UVLO pinincreases to a voltage greater than the 1.25V UVLO
threshold, channel1 will begin operation while channel2 re-
mains off. Both channels become operational when the UV-
LO, EN2, VCC1, and VCC2 pins are above their respective
operating thresholds. Either channel of the LM5119 can also
be disabled independently by pulling the corresponding SS
pin to AGND.

Oscillator and Sync Capability

The LM5119 switching frequency is set by a single external
resistor connected between the RT pin and the AGND pin
(Ry). The resistor should be located very close to the device
and connected directly to the pins of the IC (RT and AGND).
To set a desired switching frequency (fgy,) of each channel,
the resistor can be calculated from the following equation:

9
_52x10° o0

Re fow
(1)

Where RT is in ohms and fg, is in Hertz. The frequency fg,y
is the output switching frequency of each channel. The inter-
nal oscillator runs at twice the switching frequency and an
internal frequency divider interleaves the two channels with
180° phase shift between PWM pulses at the HO pins.

The RT pin can be used to synchronize the internal oscillator
to an external clock. The intemnal oscillator can be synchro-
nized by AC coupling a positive edge into the RT pin. The
voltage at the RT pin is nominally 1.25V and the voltage at
the RT pin must exceed 4V to trip the internal synchronization
pulse detector. A 5V amplitude signal and 100pF coupling
capacitor are recommended. Synchronizing at greater than
twice the free-running frequency may result in abnormal be-
havior of the pulse width modulator. Also, note that the output
switching frequency of each channel will be one-half the ap-
plied synchronization frequency.

Error Amplifiers and PWM
Comparators

Each of the two internal high-gain error amplifiers generates
an error signal proportional to the difference between the reg-
ulated output voltage and an internal precision reference
(0.8V). The output of each error amplifier is connected to the
COMP pin allowing the user to provide loop compensation
components. Generally a Type Il network is recommended.
This network creates a pole at 0Hz, a mid-band zero, and a

noise reducing high frequency pole. The PWM comparator
compares the emulated current sense signal from the RAMP
generator to the error amplifier output voltage at the COMP
pin. Only one error amplifier is required when configuring the
controller as a two channel, single output interleaved regula-
tor. For these applications, the channel1 error amplifier (FB1,
COMP1) is configured as the master error amplifier. The
channel2 error amplifier must be disabled by connecting the
FB2 pin to the VCC2 pin. When configured in this manner the
output of the channel2 error amplifier (COMP2) will be dis-
abled and have a high output impedance. To complete the
interleaved configuration the COMP1 and the COMP2 pins
should be connected together to facilitate PWM control of
channel2 and current sharing between channels.

Ramp Generator

The ramp signal used in the pulse width modulator for current
mode control is typically derived directly from the buck switch
current. This switch current corresponds to the positive slope
portion of the inductor current. Using this signal for the PWM
ramp simplifies the control loop transfer function to a single
pole response and provides inherent input voltage feed-for-
ward compensation. The disadvantage of using the buck
switch current signal for PWM control is the large leading
edge spike due to circuit parasitics that must be filtered or
blanked. Also, the current measurement may introduce sig-
nificant propagation delays. The filtering, blanking time and
propagation delay limit the minimum achievable pulse width.
In applications where the input voltage may be relatively large
in comparison to the output voltage, controlling small pulse
widths and duty cycles are necessary for regulation. The
LM5119 utilizes a unique ramp generator which does not ac-
tually measure the buck switch current but rather reconstructs
the signal. Representing or emulating the inductor current
provides a ramp signal to the PWM comparator that is free of
leading edge spikes and measurement or filtering delays. The
current reconstruction is comprised of two elements; a sam-
ple-and-hold DC level and the emulated inductor current ramp
as shown in Figure 3.

_f VIN x ton
RAMP = o0—F——
Rerawe X Cravp
RAMP

Sample and
Hold DC Level

o

10xRs VIA

30124012

FIGURE 3. Composition of Current Sense Signal
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The sample-and-hold DC level is derived from a measure-
ment of the recirculating current flowing through the current
sense resistor. The voltage across the sense resistor is sam-
pled and held just prior to the onset of the next conduction
interval of the buck switch. The current sensing and sample-
and-hold provide the DC level of the reconstructed current
signal. The positive slope inductor current ramp is emulated
by an external capacitor connected from RAMP pin to AGND
and a series resistor connected between SW and RAMP. The
ramp resistor should not be connected to VIN directly be-
cause the RAMP pin voltage rating could be exceeded under
high VIN conditions. The ramp created by the external resistor
and capacitor will have a slope proportional to the rising in-
ductor current plus some additional slope required for slope
compensation. Connecting the RAMP pin resistor to SW pro-
vides optimum slope compensation with a RAMP capacitor
slope that is proportional to VIN. This “adaptive slope com-
pensation” eliminates the requirement for additional slope
compensation circuitry with high output voltage set points and
frees the user from additional concemns in this area. The em-
ulated ramp signal is approximately linear and the ramp slope
is given by:

dVRAMP_ 10 x Kx V) X Rg

The factor of 10 in equation (2) corresponds to the internal
current sense amplifier gain of the LM5119. The K factor is a
constant which adds additional slope for robust pulse-width
modulation control at lower input voltages. In practice this
constant can be varied from 1 to 3. Rg is the external sense
resistor value.

The voltage on the ramp capacitor is given by:

tPER\OD
Vraup = Vin X (1 - gruse x Craey @)
Veaup = Vin X teeriop
Rramp X Cravp (@)

The approximation is the first order term in a Taylor Series
expansion of the exponential and is valid since tpeg op is small
relative to the RAMP pin R-C time constant.

Multiplying (2) by teeriop to convert the slope to a peak volt-
age, and then equating (2) with (4) allows us to solve for
Cramp:

CURRENT LIMIT

COMPARATOR 12V

CURRENT SENSE
AMPLIFIER

C _ L

RAMP 10 x Rg X K X Rgpyp )
Choose either Cpayp OF Rgayp @nd use (5) to calculate the
other component.
The difference between the average inductor current and the
DC value of the sampled inductor current can cause instability
for certain operating conditions. This instability is known as
sub-harmonic oscillation, which occurs when the inductor rip-
ple current does not return to its initial value by the start of
next switching cycle. Sub-harmonic oscillation is normally
characterized by alternating wide and narrow pulses at the
switch node. The ramp equation above contains the optimum
amount of slope compensation, however extra slope com-
pensation is easily added by selecting a lower value for

Rrawp Of Crawe:

Current Limit

The LM5119 contains a current limit monitoring scheme to
protect the regulator from possible over-current conditions.
When set correctly, the emulated current signal is proportion-
al to the buck switch current with a scale factor determined by
the current limit sense resistor, Rg, and current sense ampli-
fier gain. The emulated signal is applied to the current limit
comparator. If the emulated ramp signal exceeds 1.2V, the
present cycle is terminated (cycle-by-cycle current limiting).
Shown in Figure 4 is the current limit comparator and a sim-
plified current measurement schematic. In applications with
small output inductance and high input voltage, the switch
current may overshoot due to the propagation delay of the
current limit comparator. If an overshoot should occur, the
sample-and-hold circuit will detect the excess recirculating
current before the buck switch is turned on again. If the sam-
ple-and-hold DC level exceeds the internal current limit
threshold, the buck switch will be disabled and skip pulses
until the current has decayed below the current limit threshold.
This approach prevents current runaway conditions due to
propagation delays or inductor saturation since the inductor
current is forced to decay to a controlled level following any
current overshoot.

cs

30124013

FIGURE 4. Current Limit and Ramp Circuit
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Hiccup Mode Current Limiting

To further protect the regulator during prolonged current limit
conditions, an internal counter counts the PWM clock cycles
during which cycle-by-cycle current limiting occurs. When the
counter detects 256 consecutive cycles of current limiting, the
regulator enters a low power dissipation hiccup mode with the
HO and LO outputs disabled. The restart timer pin, RES, and
an external capacitor configure the hiccup mode current lim-
iting. A capacitor on the RES pin (Cggg) determines the time
the controller will remain in low power standby mode before
automatically restarting. A 10pA current source charges the
RES pin capacitor to the 1.25V threshold which restarts the
overloaded channel. The two regulator channels operate in-
dependently. One channel may operate normally while the
other is in the hiccup mode overload protection. The hiccup
mode commences when either channel experiences 256 con-
secutive PWM cycles with cycle-by-cycle current limiting. If
that occurs, the overloaded channel will turn off and remain
off for the duration of the RES pin timer.

The hiccup mode current limiting function can be disabled.
The RES configuration is latched during initial power-up when
UVLO is above 1.25V and VCC1 and VCC2 are above their
UV thresholds, determining hiccup or non-hiccup current lim-
iting. If the RES pin is tied to VCC at initial power-on, hiccup
current limit is disabled.

Soft-Start

The soft-start feature allows the regulator to gradually reach
the steady state operating point, thus reducing start-up
stresses and surges. The LM5119 will regulate the FB pin to
the SS pin voltage or the internal 0.8V reference, whichever
is lower. At the beginning of the soft-start sequence when SS
=0V, the internal 10pA soft-start current source gradually in-
creases the voltage on an external soft-start capacitor (Cgg)
connected to the SS pin resulting in a gradual rise of the FB
and output voltages.

Either regulator channel of the LM5119 can be disabled by
pulling the corresponding SS pin to AGND.

Diode Emulation

A fully synchronous buck regulator implemented with a free-
wheel MOSFET rather than a diode has the capability to sink
current from the output in certain conditions such as light load,
over-voltage or pre-bias startup. The LM5119 provides a
diode emulation feature that can be enabled to prevent re-
verse (drain to source) current flow in the low side free-wheel
MOSFET. When configured for diode emulation, the low side
MOSFET is disabled when reverse current flow is detected.
The benefit of this configuration is lower power loss at no load
or light load conditions and the ability to turn on into a pre-
biased output without discharging the output. The diode em-
ulation mode allows for start-up into pre-biased loads, since
it prevents reverse current flow as the soft-start capacitor
charges to the regulation level during startup. The negative
effect of diode emulation is degraded light load transient re-
sponse times. Enabling the diode emulation feature is rec-
ommended and allows discontinuous conduction operation.
The diode emulation feature is configured with the DEMB pin.
To enable diode emulation, connect the DEMB pin to ground
or leave the pin floating. If continuous conduction operation is
desired, the DEMB pin should be tied to either VCC1 or VCC2.

HO and LO Output Drivers

The LM5119 contains a high current, high-side driver and as-
sociated high voltage level shift to drive the buck switch of
each regulator channel. This gate driver circuit works in con-
junction with an external diode and bootstrap capacitor. A
0.1uF or larger ceramic capacitor, connected with short traces
between the HB pin and SW pin, is recommended. During the
off-time of the high-side MOSFET, the SW pin voltage is ap-
proximately OV and the bootstrap capacitor charges from
VCC through the external bootstrap diode. When operating
with a high PWM duty cycle, the buck switch will be forced off
each cycle for 320ns to ensure that the bootstrap capacitor is
recharged.

The LO and HO outputs are controlled with an adaptive dead-
time methodology which insures that both outputs are never
enabled at the same time. When the controller commands HO
to be enabled, the adaptive dead-time logic first disables LO
and waits for the LO voltage to drop. HO is then enabled after
a small delay. Similarly, the LO turn-on is disabled until the
HO voltage has discharged. This methodology insures ade-
quate dead-time for any size MOSFET.

Care should be exercised in selecting an output MOSFET
with the appropriate threshold voltage, especially if VCC is
supplied from the regulator output. During startup at low input
voltages the MOSFET threshold should be lower than the
4.9V VCC under-voltage lockout threshold. Otherwise, there
may be insufficient VCC voltage to completely turn on the
MOSFET as VCC under-voltage lockout is released during
startup. If the buck switch MOSFET gate drive is not sufficient,
the regulator may not start or it may hang up momentarily in
a high power dissipation state. This condition can be avoided
by selecting a MOSFET with a lower threshold voltage or if
VCC is supplied from an external source higher than the out-
put voltage. If the minimum input voltage programmed by the
UVLO pin resistor divider is above the VCC regulation level,
this precaution is of no concemn.

Maximum Duty Cycle

When operating with a high PWM duty cycle, the buck switch
will be forced off each cycle for 320ns to ensure the boot-strap
capacitor is recharged and to allow time to sample and hold
the currentin the low side MOSFET. This forced off-time limits
the maximum duty cycle of the controller. When designing a
regulator with high switching frequency and high duty cycle
requirements, a check should be made of the required maxi-
mum duty cycle (including losses) against the graph shown
in Figure 5.

The actual maximum duty cycle will vary with the operating
frequency as follows:

- -9
Dyyax = 1~ fg X320 x 10 6
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FIGURE 5. Maximum Duty Cycle vs Switching Frequency

Thermal Protection

Internal thermal shutdown circuitry is provided to protect the
integrated circuit in the event the maximum junction temper-
ature is exceeded. When activated, typically at 165°C, the
controller is forced into a low power reset state, disabling the
output driver and the VCC bias regulators. This feature is de-
signed to prevent catastrophic failures from overheating and
destroying the device.

Application Information

EXTERNAL COMPONENTS

The procedure for calculating the external components is il-
lustrated with the following design example. Only the values
for the 5V output are calculated since the procedure is the
same for the 10V output. The circuit shown in Figure 14 is
configured for the following specifications:

* CH1 output voltage, Vg = 10.0V

¢ CH2 output voltage, V1, = 5.0V

* CH1 maximum load current, lory = 4A

*  CH2 maximum load current, lor, = 8A

¢ Minimum input voltage, Viygy = 14V

* Maximum input voltage, V yax) = 55V

* Switching frequency, fgyy = 230kHz

Some component values were chosen as a compromise be-
tween the 10V and 5V outputs to allow identical components
to be used on both outputs. This design can be reconfigured
in a dual-channel interleaved configuration with a single 10V
output which requires identical power channels.

TIMING RESISTOR

Ry sets the switching frequency of each regulator channel.
Generally, higher frequency applications are smaller buthave
higher losses. Operation at 230kHz was selected for this ex-
ample as a reasonable compromise between small size and
high efficiency. The value of R; for 230kHz switching fre-
quency can be calculated as follows:

9
=32x10° 946 - 2166 k0
SW (7)

Rr

A standard value or 22.1kQ was chosen for Ry. The internal
oscillator frequency is twice the switching frequency and is
about 460kHz.

OUTPUT INDUCTOR

The inductor value is determined based on the operating fre-
quency, load current, ripple current and the input and output
voltages.

L

1
Tt
fsw

30124015

FIGURE 6. Inductor Current

Knowing the switching frequency, maximum ripple current
(Ipp), maximum input voltage and the nominal output voltage
(Vour), the inductor value can be calculated:

Vour Vour

" lep x fow ’ Vingmax)

®
The maximum ripple current occurs at the maximum input
voltage. Typically, Ipp is 20% to 40% of the full load current.
When operating in the diode emulation mode configuration,
the maximum ripple current should be less than twice the
minimum load current. For full synchronous operation, higher
ripple current is acceptable. Higher ripple current allows for a
smaller inductor size, but places more of a burden on the out-
put capacitor to smooth the ripple current. For this example,
a ripple current of 15% of 8A was chosen as a compromise
for the 10V output.

5V

015 xeAx230 Kz~ ||

L =16.5 uH

5V

=Y

©)

The nearest standard value of 15uH was chosen for L. Using

the value of 15uH for L, calculate I, again. This step is nec-

essary if the chosen value of L differs significantly from the
calculated value.

Vour Vour
lpp = x|1-o——
L x fow ViNMAX)
(10)
- AR
o = 15 ur w230 kriz |1 eV | = 1-92A

1)

CURRENT SENSE RESISTOR

Before determining the value of current sense resistor (Rg), it
is valuable to understand the K factor, which is the ramp slope
multiple chosen for slope compensation. The K factor can be
varied from 1 to 3 in practice and is defined as:
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K= L
10 x Rg X Rgaue X Cramp

(12)

The performance of the converter will vary depending on the
selected K value (See Table 7). For this example, 2.5 was
chosen as the K factor to minimize the power loss in sense
resistor Rg and the cross-talk between channels. Crosstalk
between the two regulators under certain conditions may be
observed on the output as switch jitter.

The maximum output current capability (IOUT(MAX)) should be
20~50% higher than the required output current, (8A at
Vouro) to account for tolerances and ripple current. For this
example, 120% of 8A was chosen (9.6A). The current sense
resistor value can be calculated as:

Ves(th)
Rg =
loutmax) * Your xK lee
fsz L 2 (13)
0.12 B
Rs '96A+ 5Vx25  1.32A =0.00%
’ 230kHzx15puH 2 (14)

Where Vg ry is the current limit threshold voltage (120mV).
Avalue of 10mQ was chosen for Rg. The sense resistor must
be rated to handle the power dissipation at maximum input
voltage when current flows through the free-wheel MOSFET
for the majority of the PWM cycle. The maximum power dis-
sipation of Rg can be calculated:

Vour
- 2
Prs=|1- Voo lourRs
(15)
- 5V 2 -
PRS_ 1- BBV x 8“x0.01=0.58W

(16)

During output short condition, the worst case peak inductor
current is limited to:

_ Vesm  Vingaxtonpany
ILIM_F’EAK ~ R * L
s (17)
012 55V x100ns _
mpeac =0 010t 15 uH o 1237A (18)

Where toy ) i the minimum HO on-time which is nominally
100ns. The chosen inductor must be evaluated for this con-
dition, especially at elevated temperature where the satura-
tion current rating of the inductor may drop significantly. Atthe
maximum input voltage with a shorted output, the valley cur-
rent must fall below Vg 1 / Rg before the high-side MOSFET
is allowed to turn on.

RAMP RESISTOR AND RAMP CAPACITOR

The value of ramp capacitor (Cp,yp) should be less than 2nF
to allow full discharge between cycles by the discharge switch
internal to the LM5119. A good quality, thermally stable ce-
ramic capacitor with 5% or less tolerance is recommended.
For this design the value of Cp,\e Was set at the standard
capacitor value of 820pF. With the inductor, sense resistor
and the K factor selected, the value of the ramp resistor
(Rgamp) can be calculated as:

N S
RAMP ™ 10 x Rg X K X Cayp (19)
15 uH
i, =732kQ
RravP = 10X 0.010x 25X 820 pF '~ 20)

The standard value of 73.2kQ was selected.

OUTPUT CAPACITORS

The output capacitors smooth the inductor ripple current and
provide a source of charge during transient loading condi-
tions. For this design example, a 470pF electrolytic capacitor
with 10mQ ESR was selected as the main output capacitor.
The fundamental component of the output ripple voltage is
approximated as:

2
1
AV, 7 = lop X 4 |[ESRZ + | ————
OUT PP (8 XfSW XCOUJ
(21)

2

1
AVour = 1.32A%,/0.010% + | ———————
8 x 230 kHz x 470 uF

@
AVOUT =13.3mV (23)

Two 22pF low ERS / ESL ceramic capacitors are placed in
parallel with the 470pF electrolytic capacitor, to further reduce
the output voltage ripple and spikes.

TABLE 1. Performance Variation by K Factor

K<1 1<—K—3 K>3
Cross Talk Higher Lower
Peak Inductor Current with Short Output h X Lower Higher Intrgguceels I
Condition Subl- afmonnc additional pole near
- oscillation may occur cross-over
Inductor Size Smaller Larger
frequency
Power Dissipation of Rs Higher Lower
Efficiency Lower Higher
www.national.com 16
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INPUT CAPACITORS

The regulator input supply voltage typically has high source
impedance at the switching frequency. Good quality input ca-
pacitors are necessary to limit the ripple voltage at the VIN
pin while supplying most of the switch current during the on-
time. When the buck switch tumns on, the current into the buck
switch steps to the valley of the inductor current waveform,
ramps up to the peak value, and then drops to the zero at tumn-
off. The input capacitance should be selected for RMS current
rating and minimum ripple voltage. A good approximation for
the required ripple current rating necessary is lgys > loyr/ 2.
Seven 2.2uF ceramic capacitors were used for each channel.
With ceramic capacitors, the input ripple voltage will be trian-
gular. The input ripple voltage with one channel operating is
approximately:

out
AVN="—7 A
4x foy xCpy (24)
AV =——A - q565v
4x 230 kHz x 15.4 uF (25)

The ripple voltage of the input capacitors will be reduced sig-
nificantly with dual channel operation since each channel
operates 180 degrees out of phase from the other. Capacitors
connected in parallel should be evaluated for RMS current
rating. The current will split between the input capacitors
based on the relative impedance of the capacitors at the
switching frequency.

When the converter is connected to an input power source, a
resonant circuit is formed by the line inductance and the input
capacitors. To minimize overshoot make Cyy > 10 x L. The
characteristic source impedance (Zg) and resonant frequency
(fg) are:

I‘IN
2o =

S _
CIN (26)

foz —————
S
2. Ly xCy @7)

Where L, is the inductance of the input wire. The converter
exhibits negative input impedance which is lowest at the min-
imum input voltage:

-

2
7 = Vin
INT p
ouT (28)
The damping factor for the input filter is given by:
1 R, +ESR Z

§= 3% N LS

ZS ZIN
(29)

Where R, is the input wiring resistance and ESR is the equiv-
alent series resistance of the input capacitors. When 8 = 1,
the input filter is critically damped. This may be difficult to
achieve with practical component values. With & < 0.2, the
input filter will exhibit significant ringing. If & is zero or nega-
tive, there is not enough resistance in the circuit and the input
filter will sustain an oscillation. When operating near the min-
imum input voltage, a bulk aluminum electrolytic capacitor
across G, may be needed to damp the input for a typical
bench test setup.

VCC CAPACITOR

The primary purpose of the VCC capacitor (Cy¢) is to supply
the peak transient currents of the LO driver and bootstrap
diode as well as provide stability for the VCC regulator. These
peak currents can be several amperes. The recommended
value of Gy should be no smaller than 0.47pF, and should
be a good quality, low ESR, ceramic capacitor located at the
pins of the IC to minimize potentially damaging voltage tran-
sients caused by trace inductance. A value of 1pF was se-
lected for this design.

BOOTSTRAP CAPACITOR

The bootstrap capacitor between the HB and SW pins sup-
plies the gate current to charge the high-side MOSFET gate
at each cycle’s turn-on and recovery charge for the bootstrap
diode. These current peaks can be several amperes. The
recommended value of the bootstrap capacitor is at least
0.1pF, and should be a good quality, low ESR, ceramic ca-
pacitor located at the pins of the IC to minimize potentially
damaging voltage transients caused by trace inductance. The
absolute minimum value for the bootstrap capacitor is calcu-
lated as:

Cig >_9
AV (30)

Qg is the high-side MOSFET gate charge and AVg is the
tolerable voltage droop on C,5, which is typically less than
5% of VCC. A value of 0.47F was selected for this design.
SOFT START CAPACITOR
The capacitor at the SS pin (Cgg) determines the soft-start
time (tgg), which is the time for the output voltage to reach the
final regulated value. The value of Cgg for a given time is de-
termined from:
_ tgg X 10 pA
ST 08V @31)

For this application, a value of 0.047uF was chosen for a soft-
start time of 3.8ms.

RESTART CAPACITOR

The restart pin sources 10pA into the external restart capac-
itor (Creg). The value of the restart capacitor is given by:

10 pA X teeg
Where tgeg is the time the LM5119 remains off before a restart

attempt in hiccup mode current limiting. For this application,
a value of 0.47pF was chosen for a restart time of 59ms.

Cres =

OUTPUT VOLTAGE DIVIDER

Regy and Reg, set the output voltage level, the ratio of these
resistors is calculated from:

Reg - Vour i}

0.8v

Reg1 (39)
1.33kQ was chosen for R, in this design which results in a
R, value of 6.98KQ for Vi, of 5V. A reasonable guide is
to select the value of Ry, in the range between 500Q and
10kQ. The value of Rg; should be large enough to keep the
total divider power dissipation small.
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30124059

FIGURE 7. Feedback Configuration

UVLO DIVIDER

The UVLO threshold is internally set to 1.25V at the UVLO
pin. The LM5119 is enabled when the system input voltage
VIN causes the UVLO pin to exceed the threshold voltage of
1.25V. When the UVLO pin voltage is below the threshold, the
internal 20pA current source is disabled. When the UVLO pin
voltage exceeds the 1.25V threshold, the 20pA current source
is enabled causing the UVLO pin voltage to increase, provid-
ing hysteresis. The values of R, and Ry, can be deter-
mined from the following equation:

\Y

R = HYS
Uv2 = 20 A (34)
1.25V xR,
Ruvi = ViN- 125 (35)

Vhys is the desired UVLO hysteresis at VIN, and VIN in the
second equation is the desired UVLO release (turn-on) volt-
age. For example, if it is desired for the LM5119 to be enabled
when VIN reaches 13.5V, and the desired hysteresis is 1.2V,
then Ry, should be set to 60kQ and R, should be set to
6.12kQ. For this application Ry, was selected to be
60.4kQ, Ry, was selected to be 6.19kQ. The LM5119 can be
remotely shutdown by taking the UVLO pin below 0.4V with
an external open collector or open drain device. The outputs
and the VCC regulator are disabled in shutdown mode. Ca-
pacitor Cgy provides filtering for the divider. A value of 100pF
was chosen for Cgr. The voltage at the UVLO pin should nev-
er exceed 15V when using the external set-point divider. It
may be necessary to clamp the UVLO pin at high input volt-
ages.

VIN

LM5119

20 pA

wLo
STANDBY

SHUTDOWN

30124057

FIGURE 8. UVLO Configuration

MOSFET SELECTION

Selection of the power MOSFETs is governed by the same
tradeoffs as switching frequency. Breaking down the losses
in the high-side and low-side MOSFETs is one way to com-
pare the relative efficiencies of different devices. When using
discrete SO-8 MOSFETSs, generally the output current capa-
bility range is 2A to 10A. Losses in the power MOSFETSs can
be broken down into conduction loss, gate charging loss, and
switching loss. Conduction loss Py is approximately:

Poc o-mosren = D X (lo” X Roson X 1.3) (36)

Poc (Lo-mosrer) = (1= D) x (I* x Rosom X 1.3) (37

Where, D is the duty cycle and the factor of 1.3 accounts for
the increase in MOSFET on-resistance due to heating. Alter-
natively, the factor of 1.3 can be eliminated and the high
temperature on-resistance of the MOSFET can be estimated
using the Rpgoy) Vs Temperature curves in the MOSFET
datasheet. Gate charging loss, P, results from the current
driving the gate capacitance of the power MOSFETSs and is
approximated as:

Psc =nx VCC x Qg x fsw (38)

Where Qg refers to the total gate charge of an individual
MOSFET, and ‘n’ is the number of MOSFETs. Gate charge
loss differs from conduction and switching losses in that the
actual dissipation occurs in the LM5119 and not in the MOS-
FET itself. Further loss in the LM5119 is incurred if the gate
driving current is supplied by the internal linear regulator. In
this example, VCC is supplied from the 10V output through a
diode to minimize the loss of the internal linear regulator.
Switching loss occurs during the brief transition period as the
MOSFET turns on and off. During the transition period both
current and voltage are present in the channel of the MOS-
FET. The switching loss can be approximated as:

Psw=0.5xVinxlgx (tR + tF) X fsw (39)

Where tg and t- are the rise and fall times of the MOSFET.
The rise and fall times are usually mentioned in the MOSFET
datasheet or can be empirically observed with an oscillo-
scope. Switching loss is calculated for the high-side MOSFET
only. Switching loss in the low-side MOSFET is negligible be-
cause the body diode of the low-side MOSFET turns on
before the MOSFET itself, minimizing the voltage from drain
to source before turn-on. For this example, the maximum
drain-to-source voltage applied to either MOSFET is 55V.The
selected MOSFETs must be able to withstand 55V plus any
ringing from drain to source, and be able to handle at least
the VCC voltage plus any ringing from gate to source. A good
choice of MOSFET for the 55V input design example is the
PSMN5RS5. It has an Rpg oy of 5.2m< and total gate charge
of 56nC. In applications where a high step-down ratio is main-
tained in normal operation, efficiency may be optimized by
choosing a high-side MOSFET with lower Qg , and low-side
MOSFET with lower Rpg on)-

MOSFET SNUBBER

A resistor-capacitor snubber network across the low-side
MOSFET reduces ringing and spikes at the switching node.
Excessive ringing and spikes can cause erratic operation and
couple noise to the output. Selecting the values for the snub-
ber is best accomplished through empirical methods. First,
make sure the lead lengths for the snubber connections are
very short. Start with a resistor value between 5 and 50Q.
Increasing the value of the snubber capacitor results in more
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damping, but higher snubber losses. Select a minimum value
for the snubber capacitor that provides adequate damping of
the spikes on the switch waveform at high load. A snubber
may not be necessary with an optimized layout.

ERROR AMPLIFIER COMPENSATION
Reompr Coomp @nd Cye configure the error amplifier gain
characteristics to accomplish a stable voltage loop gain. One
advantage of current mode control is the ability to close the
loop with only two feedback components, Royp and Cogyp-
The voltage loop gain is the product of the modulator gain and
the error amplifier gain. For the 5V output design example,
the modulator is treated as an ideal voltage-to-current con-
verter. The DC modulator gain of the LM5119 can be modeled
as:
Riosp
DC_GAINmon) (AxRs) @)
Note that A is the gain of the current sense amplifier which is
10 in the LM5119. The dominant low frequency pole of the
modulator is determined by the load resistance (R, oap) and
output capacitance (Coyr)- The comer frequency of this pole
Is:

1
femon) = (27 x Rioap X Cour) (41)

For R oap = 5V / 8A = 0.625Q and Cq; = 514pF (effective)
then fpyop) = 496Hz
DC Gaingyop) = 0.625Q / (10 x 10mQ) = 6.25 = 15.9dB

For the 5.0V design example, the modulator gain vs. frequen-
cy characteristic is shown in Figure 9.

20 45
T TN
0 ¥ 0
~ ™ M| e ~
o N o
s N @
Z .20 N -45 <
< N I
[&] \‘ o
N
-40 A -0
1T
PHASE
_ ” | _1 35
100 1000 10000 100000

FREQUENCY (Hz)

30124016

FIGURE 9. Modulator Gain and Phase

Components Rgoyp and Cooyp configure the error amplifier
as a Type |l configuration. The DC gain of the amplifier is
80dB with a pole at OHz and a zero at f,gy = 1/ (21T
Rcomp X Ccomp)- The error amplifier zero cancels the modu-
lator pole leaving a single pole response at the crossover
frequency of the voltage loop. A single pole response at the
crossover frequency yields a very stable loop with 90 degrees
of phase margin. For the design example, a conservative tar-
get loop bandwidth (crossover frequency) of 11kHz was se-
lected. The compensation network zero (fzz,) should be
selected at least an order of magnitude less than the target
crossover frequency. This constrains the product of Rggyp
and Cgqyp for a desired compensation network zero 1/ (21

X Reowp X Ceopp) to be about 1.1kHz. Increasing Rgoyps
while proportionally decreasing Cqqyp, increases the error
amp gain. Conversely, decreasing R,» While proportionally
increasing Cgyp, decreases the error amp gain. For the de-
sign example Cq» Was selected as 6800pF and R, Was
selected as 36.5kQ2. These values configure the compensa-
tion network zero at 640Hz. The error amp gain at frequencies
greater than f,¢, is: Rooyp / Reg,, Which is approximately 5.22
(14.3dB).
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FIGURE 10. Error Amplifier Gain and Phase

The overall voltage loop gain can be predicted as the sum (in
dB) of the modulator gain and the error amp gain.
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FIGURE 11. Overall Voltage Loop Gain and Phase

If a network analyzer is available, the modulator gain can be
measured and the error amplifier gain can be configured for
the desired loop transfer function. If the K factor is between 2
and 3, the stability should be checked with the network ana-
lyzer. If a network analyzer is not available, the error amplifier
compensation components can be designed with the guide-
lines given. Step load transient tests can be performed to
verify acceptable performance. The step load goal is mini-
mum overshoot with a damped response. C,- can be added
to the compensation network to decrease noise susceptibility
of the error amplifier. The value of C,;z must be sufficiently
small since the addition of this capacitor adds a pole in the
error amplifier transfer function. This pole must be well be-
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yond the loop crossover frequency. A good approximation of
the location of the pole added by Cy is: fp, = fze4 X Cooyp/
Cyr- The value of C- was selected as 100pF for the design
example.

MISCELLANEOUS FUNCTIONS

EN2 is left floating which allows channel2 to always remain
enabled. If EN2 is pulled below 2V, channel2 is disabled.
The DEMB pin is left floating since this design uses diode
emulation. For fully synchronous (continuous conduction) op-
eration, connect the DEMB to a voltage greater than 2.6V.
VCCDIS is left floating to enable the internal VCC regulators.
To disable the internal VCC regulators, connect this pin to a
voltage greater than 1.25V.

INTERLEAVED OPERATION

Interleaved operation can offer many advantages in single
output, high current applications. The output power path is
split between two identical channels reducing the current in
each channel by one-half. Ripple current reduction in the out-
put capacitors is reduced significantly since each channel
operates 180 degrees out of phase from the other. Ripple re-
duction is greatest at 50% duty cycle and decreases as the
duty cycle varies away from 50%.

Refer to Figure 12 to estimate the ripple current reduction.
Also, the effective ripple in the input and output capacitors
occurs at twice the frequency of a single channel design due
to the combining of the two channels. All of these factors are
advantageous in managing the higher currents and their ef-
fects in a high power design.

1.0
0.9

0.8 /
07 N

o6 |\ /
By N1/
o \ 1/
o \I/

0.0
0001020304050607080910
DUTY CYCLE

ATTENUATION FACTOR

30124019

FIGURE 12. Cancellation Factor vs. Duty Cycle for Output
Capacitor

To begin an interleaved design, use the previous equations
in this datasheet to first calculate the required value of com-
ponents using one-half the current in the output power path.
The Attenuation Factor in Figure 12 is the ratio of the output
capacitor ripple to the inductor ripple vs. duty cycle. The in-
ductor ripple used in this calculation is the ripple in either

inductor in a two phase design, not the ripple calculated for a
single phase design of the same output power. It can be ob-
served that operation around 50% duty cycle results in almost
complete ripple attenuation in the output capacitor. Figure
12 can be used to calculate the amount of ripple attenuation
in the output capacitors.

0.50 I ]

0.45 |—Normalization Factor : lr=1A
0.40
0.35
0.30
0.25
020
0.15

oro |f \I/ \

0.05
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00
000102030405060708091.0
DUTY CYCLE

30124020

FIGURE 13. Normalized Input Capacitor RMS Ripple
Current vs. Duty Cycle

Figure 13 illustrates the ripple current reduction in the input
capacitors due to interleaving. As with the output capacitors,
there is near perfect ripple reduction near 50% duty cycle.
This plot can be used to calculate the ripple in the input ca-
pacitors at any duty cycle. In designs with large duty cycle
swings, use the worst case ripple reduction for the design.

To configure the LM5119 for interleaved operation, connect
COMP1 and COMP2 pins together at the IC. Connecting the
FB2 pin to VCC2 pin will disable the channel2 error amplifier
with a high output impedance at COMP2. Connect the com-
pensation network between FB1 and the common COMP
pins. Connect the two power stages together at the output
capacitors. Finally use the plots in Figure 12 and Figure 13
along with the duty cycle range to determine the amount of
output and input capacitor ripple reduction. Frequently more
capacitance than necessary is used in a design just to meet
ESR requirements. Reducing the capacitance based solely
on ripple reduction graphs alone may violate this requirement.
In the LM5119 evaluation board (schematic shown in Figure
14) interleaved operation can be enabled by shorting both
outputs together (with identical components in the power
train), and using zero ohm resistors for R22 and R21. This
shorts VCC2 to FB2 and COMP2 to COMP1 respectively. Al-
so the channel2 feedback network C14, R6, and C15 should
be removed. The easy re-configuration between two channel
and single channel operation will allow insight into the benefits
of interleaved operation.
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PCB Board Layout
Recommendations

The LM5119 consists of two integrated regulators operating
almost independently. Crosstalk between the two regulators
under certain conditions may be observed as switch jitter.
This effect is common for any dual channel regulator. Cross-
talk effects are usually most severe when one channel is
operating around 50% duty cycle. Careful layout practices
help to minimize this effect. The following board layout guide-
lines apply specifically to the LM5119 and should be followed
for best performance.
1. Keep the Loop1 and Loop2, shown in Figure 15, as small
as possible
2. Keep the signal and power grounds separate
3. Place VCC capacitors (C6, C7) and VIN capacitor (C9)
as closes as possible to the LM5119
4. Route CS and CSG traces together with Kelvin
connection to the sense resistor
5. Connect AGND and PGND directly to the underside
exposed pad
6. Ensure there are no high current paths beneath the
underside exposed pad
Switching Jitter Root Causes and Solutions
1. Noise coupling of the high frequency switching between
two channels through the input power rail
A. Keep the high current path as short as possible
B. Choose a FET with minimum lead inductance
C. Place local bypass capacitors (Cyy;, Cyy) as close
as possible to the high-side FETs to isolate one
channel from the high frequency noise of the other
channel
D. Slow down the SW switching speed by increasing
gate resistors R29 and R30
E. Minimize the effective ESR/ESL of the input
capacitor by paralleling input capacitors
2. High frequency AC noise on FB, CS, CSG and COMP
A. Use the star ground PCB layout technique and
minimize the length of the high current path
B. Keep the signal traces away from the SW, HO, HB
traces and the inductor
C. Add an R-C filter between the CS and CSG pins
D. Place CS filter capacitor (C30, C31) next to the
LM5119 and on the same PCB layer as the LM5119
3. Ground offset at the switching frequency
A. Use the star ground PCB layout technique and
minimize the length between the grounds of Cy;and
Cinz

VIN

Rr18 RFB2B

RFB2A RFB1A

The bold lines indicate a solid ground plane. Make the
m——  traces to the widest and the shortest and use the star
ground technique.

These lines indicate the high current paths. Make the
traces as wide and short as possible

These lines indicate the small signal paths. The traces
can be narrow but keep them away from any radiated
noise and away from traces that may couple noise
capacitively

These points require the maximum bypassing of the high
Y frequency switching noise. Isolate each channel from the
high frequency switching noise of the other channel.

30124022

FIGURE 15. Recommended PCB Layout
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and other changes to its products and services at any time and to discontinue any product or service without notice. Customers should
obtain the latest relevant information before placing orders and should verify that such information is current and complete. All products are
sold subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its hardware products to the specifications applicable at the time of sale in accordance with TI's standard
warranty. Testing and other quality control techniques are used to the extent TI deems necessary to support this warranty. Except where
mandated by government requirements, testing of all parameters of each product is not necessarily performed.

Tl assumes no liability for applications assistance or customer product design. Customers are responsible for their products and
applications using TI components. To minimize the risks associated with customer products and applications, customers should provide
adequate design and operating safeguards.

Tl does not warrant or represent that any license, either express or implied, is granted under any TI patent right, copyright, mask work right,
or other Tl intellectual property right relating to any combination, machine, or process in which TI products or services are used. Information
published by Tl regarding third-party products or services does not constitute a license from Tl to use such products or services or a
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Reproduction of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration and is accompanied
by all associated warranties, conditions, limitations, and notices. Reproduction of this information with alteration is an unfair and deceptive
business practice. Tl is not responsible or liable for such altered documentation. Information of third parties may be subject to additional
restrictions.

Resale of Tl products or services with statements different from or beyond the parameters stated by Tl for that product or service voids all
express and any implied warranties for the associated TI product or service and is an unfair and deceptive business practice. Tl is not
responsible or liable for any such statements.
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be expected to cause severe personal injury or death, unless officers of the parties have executed an agreement specifically governing
such use. Buyers represent that they have all necessary expertise in the safety and regulatory ramifications of their applications, and
acknowledge and agree that they are solely responsible for all legal, regulatory and safety-related requirements concerning their products
and any use of Tl products in such safety-critical applications, notwithstanding any applications-related information or support that may be
provided by TI. Further, Buyers must fully indemnify Tl and its representatives against any damages arising out of the use of Tl products in
such safety-critical applications.

Tl products are neither designed nor intended for use in military/aerospace applications or environments unless the Tl products are
specifically designated by Tl as military-grade or "enhanced plastic." Only products designated by Tl as military-grade meet military
specifications. Buyers acknowledge and agree that any such use of Tl products which Tl has not designated as military-grade is solely at
the Buyer's risk, and that they are solely responsible for compliance with all legal and regulatory requirements in connection with such use.

Tl products are neither designed nor intended for use in automotive applications or environments unless the specific Tl products are
designated by Tl as compliant with ISO/TS 16949 requirements. Buyers acknowledge and agree that, if they use any non-designated
products in automotive applications, Tl will not be responsible for any failure to meet such requirements.

Following are URLs where you can obtain information on other Texas Instruments products and application solutions:

Products Applications
Audio www.ti.com/audio Communications and Telecom www.ti.com/communications
Amplifiers amplifier.ti.com Computers and Peripherals www.ti.com/computers
Data Converters dataconverter.ti.com Consumer Electronics www.ti.com/consumer-apps
DLP® Products www.dlp.com Energy and Lighting www.ti.com/energy
DSP dsp.ti.com Industrial www.ti.com/industrial
Clocks and Timers www.ti.com/clocks Medical www.ti.com/medical
Interface interface.ti.com Security www.ti.com/security
Logic logic.ti.com Space, Avionics and Defense  www.ti.com/space-avionics-defense
Power Mgmt power.ti.com Transportation and Automotive www.ti.com/automotive
Microcontrollers microcontroller.ti.com Video and Imaging www.ti.com/video
RFID www.ti-rfid.com
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LM5119 Evaluation Board

Introduction

The LM5119EVAL evaluation board provides the design en-
gineer with a fully functional dual output buck converter, em-
ploying the LM5119 Dual Emulated Current Mode Syn-
chronous Buck Controller. The evaluation board is designed
to provide both 10V and 5V outputs over an input range of
14V to 55V. Also the evaluation board can be easily config-
ured for a single 10V, 8A regulator.

Performance of the Evaluation
Board

* Input Voltage Range: 14V to 55V

* Qutput Voltage: 10V (CH1), 5V (CH2)

¢ Output Current: 4A (CH1), 8A (CH2)

* Nominal Switching Frequency: 230 KHz
* Synchronous Buck Operation: Yes

* Diode Emulation Mode: Yes

* Hiccup Mode Overload Protection: Yes
* External VCC Sourcing: Yes

Powering and Loading

Consideration

When applying power to the LM5119 evaluation board, cer-
tain precautions need to be followed. A misconnection can
damage the assembly.

PROPER BOARD CONNECTION

The input connections are made to the J1 (VIN) and J2 (RTN/
GND) connectors. The CH1 load is connected to the J3
(OUT1+) and J4 (OUT1-/GND) and the CH2 load is connect-
ed to the J6 (OUT2+) and J5 (OUT2-/GND). Be sure to

Current-meter

Volt meter

National Semiconductor
Application Note 2065
Eric Lee

September 28, 2010

choose the correct connector and wire size when attaching
the source power supply and the load.

SOURCE POWER

The power supply and cabling must present low impedance
to the evaluation board. Insufficient cabling or a high
impedance power supply will droop during power supply ap-
plication with the evaluation board inrush current. If large
enough, this droop will cause a chattering condition during
power up. During power down, insufficient cabling or a high
impedance power supply will overshoot. This overshoot will
cause a hon-monotonic decay on the output.

An additional external bulk input capacitor may be required
unless the output voltage droop/overshoot of the source pow-
er is less than 0.7V. In this board design, UVLO setting is
conservative while UVLO hysteresis setting is aggressive.
Minimum input voltage can goes down with an aggressive
design. Minimum operating input voltage depends on the out-
put voltage droop/overshoot of the source power supply and
the forced off-time of the LM5119. Refer to the LM5119
datasheet for complete design information.

LOADING

When using an electronic load, it is strongly recommended to
power up the evaluation board at light load and then slowly
increase the load. If it is desired to power up the evaluation
board at maximum load, resistor banks must be used. In gen-
eral, electronic loads are best suited for monitoring steady
state waveforms.

AIR FLOW

Prolonged operation with high input voltage at full power will
cause the MOSFETSs to overheat. A fan with a minimum of
200LFM should be always provided.

LM5119 DUAL BUCK
0-55V, 16A OUT2+(5.0V) + Electric Load
DC Power With Current Meter
Supply OUT2-(GND) - 0A-8A
RTN(GND) OUT1-(GND) - Electric Load
With Current Meter
OUT1+(10.0V) + 0A-4A
| Volt-meter | | Volt- meter

FIGURE 1. Typical Evaluation Setup

30126006
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QUICK START-UP PROCEDURE

STEP 1: Set the power supply current limit to at least 16A.
Connect the power supply to J1 and J2.

STEP 2: Connect one load with a 4A capacity between J3 and
J4. Connect another load with an 8A capacity between J6 and
J5.

STEP 3: Set input voltage to 24V and turn it on.

STEP 4: Measure the output voltages. CH1 should regulate
at 10V and CH2 should regulate at 5V.

STEP 5: Slowly increase the load current while monitoring the
output voltages. The outputs should remain in regulation up
to full load current.

STEP 6: Slowly sweep the input voltage from 14V to 55V
while monitoring the output voltages. The outputs should re-
main in regulation.

Waveforms

SOFT START

When applying power to the LM5119 evaluation board a cer-
tain sequence of events occurs. Soft-start capacitors and
other components allow for a linear increase in output volt-
ages. The soft-start time of each output can be controlled
independently. Figure 2 shows the output voltage during a
typical start-up with a load of 3Q on the 10V output, and 1Q
on the 5V output, respectively.

30126007
Conditions:
Input Voltage = 24VDC
3Q Load on 10V output
1Q Load on 5V output
Traces:
Top Trace: 10V Output Voltage, Volt/div = 5V
Bottom Trace: 5V Output Voltage, Volt/div = 5V
Horizontal Resolution = 1 ms/div

FIGURE 2. Start-Up with Resistive Load

LOAD TRANSIENT

Figure 3 shows the transient response for a load of change
from 2A to 6A on 5V output. The upper waveform shows out-
put voltage droop and overshoot during the sudden change
in output current shown by the lower waveform.

30126008
Conditions:
Input Voltage = 24VDC
Output Current 2A to 6A
Traces:
Top Trace: 5V Output Voltage, Volt/div = 100mV, AC coupled
Bottom Trace: Output Current, Amp/div = 2A
Horizontal Resolution = 0.5 ms/div

FIGURE 3. Load Transient Response

OVERLOAD PROTECTION

The evaluation board is configured with hiccup mode over-
load protection. The restart time can be programmed by C11.
Figure 4 shows hiccup mode operation in the event of an out-
put short on CH2 output. One channel may operate in the
normal mode while the other is in hiccup mode overload pro-
tection.

30126009
Conditions:
Input Voltage = 24VDC
Output Short on 5V
Traces:
Top Trace: SW Voltage on CH2, Volt/div = 20V
Bottom Trace: Inductor Current, Amp/div = 10A
Horizontal Resolution = 20 ms/div

FIGURE 4. Short Circuit

www.national.com
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EXTERNAL CLOCK SYNCHRONIZATION

ATP1 (SYNC) test point has been provided on the evaluation
board in order to synchronize the internal oscillator to an ex-
ternal clock.Figure 5 shows the synchronized switching op-
eration. Each channel operates 180 degrees out of phase
from the other.

30126010
Conditions:

Input Voltage = 24VDC

4A on 10V Output

8A on 5V Output

Traces:

Top Trace: SYNC pulse, Volt/div = 5V

Middle Trace: SW voltage on CH1, Volt/div = 10V

Bottom Trace: SW voltage on CH2, Volt/div = 10V

Horizontal Resolution = 1 ps/div

FIGURE 5. Clock Synchronization

SHUTDOWN

Figure 6 shows the shutdown procedure by powering off the
source power. When UVLO pin voltage is less than 1.26V, the
switching stops and soft-start capacitors are discharged by
internal switches.

T
W

30126018
Conditions:
Input Voltage = 24VDC
1Q Load on 5V Output
Traces:
Top Trace: Input Voltage, Volt/div = 20V
Middle Trace1: 5V Output, Volt/div = 2V
Middle Trace2: VCC, Volt/div = 5V
Bottom Trace: SS Voltage, Volt/div = 5V
Horizontal Resolution = 20 ms/div

FIGURE 6. Shutdown

Performance Characteristics

Figure 7 shows the efficiency curves. The efficiency of the
power converter is 96% at 24V with full load current. Monitor
the current into and out of the evaluation board. Monitor the
voltage directly at the input and output terminals of the eval-
uation board.

100

95 7
24V
36V

90/

85

EFFICIENCY (%)

VOUT(CH1)=10V
VOUT(CH2)=5V

80
CH2 2 3 4 5 6 7 8

CH1 1.0 15 20 25 30 35 40
LOAD CURRENT (A)

30126019

FIGURE 7. Typical Efficiency vs Load Current

Board Configuration

INTERLEAVED BUCK OPERATION FOR SINGLE 10V 8A
OUTPUT

The evaluation board is designed to be easily converted to a
10V, 8A single output regulator with the interleaved operation.
Proper electronic load connection is shown in Figure 8. Con-
necting the electronic load at the center of shorting bar is
recommended to prevent a voltage difference between CH1
and CH2 output. In order to produce a single 10V output with
8A maximum output current, populate R21 and R22 with 0Q
resistor and open R6, C15 and C14. The electronic load
should have over 8A capability to test the interleaved opera-
tion.

+ Electric Load

With Current Meter
- 0A-8A

7
ouT2+ ,‘
ouT2-
ouT1-

e
OuT1+ !

30126020

FIGURE 8. Load Connection for Single Output
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EXTERNAL VCC SUPPLY & VCC DISABLE

External VCC supply helps to reduce the temperature and the
power loss of the LM5119 at high input voltage. By populating
D3 and D4, VCC can be supplied from an external power
supply. Use TP3 as an input of the external VCC supply with
0.1A current limit. R36, R35 and C45 should be populated
with proper value when the voltage of the external VCC is
smaller than 7V. The voltage at the VCCDIS pin can be mon-
itored at TP2. To prevent a reverse current flow from VCC to
VIN through the internal diode, the external VCC voltage
should always be lower than VIN. In this LM5119 evaluation
board, VCC1 and VCC2 are supplied from the 10V output to
achieve high efficiency.

AN-2065

100
95
g w0 //szsvm ExtVCC__|
NN
Q
E 85 K]
s 48V'wo Ext VCC
£ s //
75
VOUT(CH1)=10V
VOUT(CH2)=5V
70 .
CH2 2 3 4 5 6 7 8

CH1 10 15 20 25 30 35 40
LOAD CURRENT (A)

30126021

FIGURE 9. Efficiency Comparison at 48V with External
VCC vs Without External VCC

LOOP RESPONSE

TP5 and TP6 (TP7 and TP8) have been provided in order to
measure the loop transfer function of CH1 (CH2). Refer to
AN-1889 for detail information about the loop transfer function
measurement.

OUT1+/0UT2+

, Probe

Signal Generator

<

TP5/TP7

TP6/TP8

30126022

FIGURE 10. Loop Response Measurement Setup
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Evaluation Board Schematic
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@
& | Bill of Materials
z
< Part Value Package Part Number Manufacturer
Ct, C2, C3, C4,C5, 2.2uF, 100V, X7R 1210 C3225X7R2A225K TDK
C32, C35,C36, C37,
C38, C39, C40, C41,
C42
C8, C7, C25,C29 1uF, 16V, X7R 0603 C1608X7R1C105K TDK
C8,C10,C14,C16 100pF, 50V, COG 0603 C1608C0G1H101J TDK
C9 0.47uF, 100V, X7R 0805 GRM21BR72A474KA73 Murata
C11,C18,C19 0.47yF, 25V, X7R 0603 GRM188R71E474KA12 Murata
C12,C13 0.047uF, 16V, X7R 0603 C1608X7R1C473K TDK
C15,C17 6800pF, 25V, COG 0603 C1608C0G1E682J TDK
C20,C21 820pF, 50V, COG 0603 C1608C0G1H821J TDK
C22,C26 470pF, 16V ®10 PCG1C471MCL1GS Nichicon
C23,C24,C27,C28 22yF,16V, X7R 1210 C3225X7R1C226K TDK
C30,C31 1000pF, 50V, X7R 0603 C1608X7R1H102K TDK
C33,C34 1000pF, 100V, COG 0805 C2012C0G2A102J TDK
C43,C44,C45,C46,C47 NU
R1 3.9 ohm, 5% 0805 CRCWO08053R90JNEA Vishay
R2 60.4K, 1% 0805 CRCWO080560K4FKEA Vishay
R3 6.19k, 1% 0603 CRCWO06036K19FKEA Vishay
R4 22.1k, 1% 0603 CRCWO060322K1FKEA Vishay
R5,R16,R21,R22,R35, NU
R36
R6,R7 36.5k, 1% 0603 CRCW060336K5FKEA Vishay
R8,R9,R23,R24,R31, 10 ohm, 5% 0805 CRCW080510R0JNEA Vishay
R32
R10,R12 6.98K, 1% 0805 CRCW08056K98FKEA Vishay
R11 604 ohm, 1% 0805 MCR10EZHF6040 Rohm
R13 1.33k, 1% 0805 MCR10EZHF1331 Rohm
R14,R15 73.2k, 1% 0603 CRCWO060373K2FKEA Vishay
R17,R37 0 ohm 0603 MCRO3EZPJ000 Rohm
R18,R20 0.01 ohm, 1W, 1% 0815 RL3720WT-R010-F Susumu
R25,R26 5.1 ohm, 1W, 1% 2512 ERJ-1TRQF5R1U Panasonic — ECG
R27,R28,R29,R30 0 ohm 0805 MCR10EZPJ000 Rohm
D1,D2 60V, 1A SOD123F PMEG6010CEH NXP
D3,D4 20V, 1A PowerDI323 PD3S120L Diodes
L1,L2 15pH, 14A 18.2x18.3 74435571500 WE
Q1,Q3, Q2,04 60V, 100A LFPAK SO-8 PSMN5R5-60YS NXP
U1 LLP32 LM5119 NSC
J1,J2,J3,J4,J5,J6 15A 7693 Keystone
TP1,TP2,TP3 0.1 5002 Keystone
TP5,TP6,TP7,TP8 1040 Keystone
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Notes

For more National Semiconductor product information and proven design tools, visit the following Web sites at:

LM5119 Evaluation Board

Products Design Support
Amplifiers www.national.com/amplifiers | WEBENCH® Tools www.national.com/webench
Audio www.national.com/audio App Notes www.national.com/appnotes
Clock and Timing www.national.com/timing Reference Designs www.national.com/refdesigns
Data Converters www.national.com/adc Samples www.national.com/samples
Interface www.national.com/interface Eval Boards www.national.com/evalboards
LVDS www.national.com/lvds Packaging www.national.com/packaging
Power Management www.national.com/power Green Compliance www.national.com/quality/green

Switching Regulators

www.national.com/switchers

Distributors

www.national.com/contacts

LDOs www.national.com/ldo Quality and Reliability www.national.com/quality

LED Lighting www.national.com/led Feedback/Support www.national.com/feedback

Voltage References www.national.com/vref Design Made Easy www.national.com/easy
PowerWise® Solutions www.national.com/powerwise | Applications & Markets www.national.com/solutions

Serial Digital Interface (SDI)

www.national.com/sdi

Mil/Aero

www.national.com/milaero

Temperature Sensors

www.national.com/tempsensors

SolarMagic™

www.national.com/solarmagic

PLL/VCO

www.national.com/wireless

PowerWise® Design

University

www.national.com/training
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