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Abstract

In 1999, the Electrical and Computer Engineering DepartmeheadJniversity of Canterbury
started building their third electric vehicle (EV3) basecadofOYOTA MR2 with the goal of
building a higher performance vehicle to match presenbastion engined vehicles. The car
is powered by 26 12volt sealed lead-acid batteries connectesties to achieve a nominal
312V DC source.

A battery voltage equaliser is a device that draws enfeogly a higher charged battery, then
discharges into a lower charged battery. The need Voltage equaliser is principally due to

the differences in cell chemisttgmperature gradients along the battery string and theo&ges
the batteries. During the charging or discharging processs $atteries reach their nominal

voltage or reach deep discharge states before the ofiis.if the charger keeps charging
the batteries or the load keeps drawing energy from thetseries, it results in damage to the
batteries. Therefore maintaining the charge level achebattery becomes important. In

addition, it also improves the battery life and vehicdelling range.

This thesis details the analysis of three differepesyof battery equaliser, which are based on
a 24W buck-boost converter, 192W buck-boost converter and 19®AtK converter. In this
design, all converters are designed to work under curredé rmontrol with average of 2A. To
make each converter install without significant effestthe performance and the cost, each
converter is also built with the goals of being smiahtweight, cost effective, flexible for
mounting, maintenance free and highly efficient.

At the end, the prototype battery equalisation convemense designed, constructed and
tested, and the efficiencies from each converter arasumed around 90 ~ 92%. The
experimental results show two banks of series coadetiatteries can be successfully
equalised by the designed equaliser. This thesis covers tlign,degnulation and the
construction procedures of this battery equaliser systand also details on some
considerations and possible future improvement that werefduring the experimental test.
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Chapter 1: Introduction

1. Introduction

1.1. Project overview

The first electric car was invented by Thomas DavenpoiB834. At that time, the battery
used in the car was not rechargeable. In the next feadds, numbers of electric cars and
rechargeable battery technologies were developed, whictgliromore attention to
investigate electric vehicle (EV) development. In tie [1890s EVs outsold gasoline cars
ten to one. EVs dominated the roads and dealer showroomg &utomobile companies,
like Oldsmobile and Studebaker actually started out as sugcESstompanies, only later
transitioning to gasoline-powered vehicles. In fact, ttet Gar dealerships were exclusively
for EVs[1].

Early production of EVs, like all cars, was accom@ahby hand assembly. In 1910,
volume production of gasoline powered cars was achieved tha&motorised assembly
line. This breakthrough manufacturing process killed ofbatlthe most well-financed car
builders. Independents, unable to buy components in vadiedeoff. The infrastructure for
electricity was almost non-existent outside of citubdaries, limiting EVs to city-only
travel. Another contributing factor to the decline of EWas the addition of an electric
motor (called the starter) to gasoline powered cars, yinainoving the need for the
difficult and dangerous crank to start the engine. Dubdse factors, by the end of World
War |, production of electric cars stopped and EVs becaafe nvehicles, serving as taxis,

trucks, delivery vans, and freight handlers[1].

In the late 1960s and early 1970s, there was a rebirth of &Nish was prompted by
concerns about air pollution and the OPEC oil embargohdnearly 1990s, a few major
automakers resumed production of EVs, prompted by Califorlsiadmark Zero Emission
Vehicle (ZEV) mandate. Those EVs were produced in vemMolumes, essentially hand-
built like their early predecessors. However, as tB¥ fnandate was weakened over the
years, the automakers stopped making EVs and Toyota wdasthmajor manufacturer to
stop EV production in 2003[1].

Pagel
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In the past thirty years, the University of Canterbbias also been investigating and
developing its own EVs. The original EV was developed $b t@tor speed control ideas

for AC induction motors.[2]n 1982, the second EV was developed, and that was based on
a Austin Farina and powered by 20 series connected lead-at@ddsato form a nominal
240V dc bus. In 1999 the development of the third EV startdd tivt goal of building a
higher performance vehicle to match present combustioneshgehicles.

The third electric vehicle (EV3) produced by the Electricad £omputer Engineering
Department at the University of Canterbury is based 0®4OTA MR2. It is powered by
26 Hawker Genesis 12volt 26A-hour sealed lead-acid batteorsected in series to
achieve a nominal 312V DC source and these batteries avergently divided into four
banks by the constraints of their location in the ddue first bank consists of 8 batteries,
which are located under the front bonnet of the MR2. $&eond bank consists of 6
batteries and is placed in the engine bay at the Bduekthird and the fourth banks consist
of 6 batteries each and are located in the rear boeseThattery locations are shown in
Figure 1.1

Bank 3:6 x 12V

Bank 2:6 x 12V

Bank 1:8 x 12V

Bank 4 :6 X 12V

Figure 1.1. Battery location
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Chapter 1: Introduction

Maintenance of cells at an equalised charge levelitisatrfor enhancing battery life[1].
The need for a voltage equaliser is principally due todifferences in cell chemistry,
temperature gradients along the battery string and the @igéhe batteries. During the
charging process, some batteries will consequently reatlitHarge before others and
before the overall battery terminal voltage reackesominal value[1l]. Therefore, if the
charger continues to charge the remaining batteri@gutd result in overheating the fully
charged batteries, thus reducing their useful life. Thaeegarinciple can also be applied to
the discharging process. Any over-discharge would lead anpatit® deep discharge,
which can also reduce the life of the battery and dserdee travelling range of the electric
vehicle.

The idea of a basic battery equaliser is to balancechhege level of two batteries by
drawing energy from the one with the higher charge asasterring it to the other. To

achieve this, a high frequency dc-dc converter is used. Inempa@lectronics, every

converter has its own energy storage, which can baduttor, a capacitor, a transformer
or some combination of these. By controlling the switghsignal, this energy storage
capacity can be charged from the source and then diyezhdo the load. In a battery
equaliser, the overcharged battery can be considerdtkasotrce and the undercharged

battery as the load.

The objective of this thesis is to investigate variousebatequalisation topologies that
could be implemented into the EV3 to equalise the chargé déwach individual battery
within the entire battery string. Since there is a tot&6 batteries that need to be equalised,
a number of equalisers have to be built for the ebateery string. Therefore, the design of
each equaliser must be small, lightweight, cost gffec easy to interface, flexible for
mounting, maintenance free and highly efficient.

An additional complication arises from the fact ttiase 26 batteries are not all located in
a single compartment of the vehicle. In addition toidg an equaliser capable of

transferring energy between adjacent batteries, ematgyy also be able to be transferred
between the battery banksdure 1.1 and between the top and bottom of the entire string.

Page3
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Chapter 1: Introduction

1.2. Thesis structure

In this thesis; various types of voltage equaliser tope&gvhich include the common core,
common bus and ring equalisers are investigated. In Chapbethe principles of each

equaliser topology are described. It demonstrates howldite converter can be used to
interface between two batteries or two banks ofebiad and then transfer the energy from
one to the other. To design the most suitable equdtisethe EV3, the advantages and
disadvantages of each topology, based on this construcost and future upgradeability

are listed.

In Chapter three the design procedures of the dc-dc denvaenaking up the equaliser are
detailed. To minimise the converter size and to incrdasenanufacturability, various type
of inductors, such as RM core, planar core and integmatiettor are also investigated. In
this chapter, all electric specifications including theveo rating, current ripple and the
strategy of the control circuit of each converteralse defined.

In chapter four the simulations of all dc to dc convertaaking up the chosen equaliser
topology are described. To achieve realistic resultssiafulations, discharging test
measurements over eight series connected lead-acididmtieas first carried out. The
result of these tests gives an indication of the ptessioltage variations for each battery.
The simulation is carried out by Pspice simulator aacheechargeable battery is modelled
as a 1F capacitor. The simulation results demonstinatethe selected converters can be

successfully used in the battery equalisation system.

In Chapter five the construction of each converter &ed tontrol circuits are detailed. In
this battery equalisation system, each converter iguedito operate at a fixed current rate
of 2A. Therefore current mode control is implemented @very converter. In the design of
the power converter, the performance comparison oRMecored inductor, the integrated
inductor and the planar inductor are also investigated in ¢twdistermine the best solution

for each converter to meet the requirement of lighgiteand low profile format.

Page4
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Chapter 1: Introduction

In Chapter six, two sets of equalisation results fue battery equalisation system are
obtained. These equalisation tests are based on equalsingoanks of four series
connected batteries. Before each equalisation téstathéries are equally charged to 13V.
In the first equalisation test, the two banks arenected in series, which forms an eight
series connected batteries string. Then the equafisafiondividual batteries is done by
seven buck-boost converters after the entire strattety has been discharged for an hour
at a rate of 30A. After that, the 192W non-isolated buaksb@onverter equalises the two
banks of batteries to ensure each bank has an equgédbsel. In the second equalisation
test, the two banks of four series connected battaressolated from each other and the

equalisation between each bank is done by an isolateatcKyconverter.

In Chapter seven, the conclusion finalises the oveesign process and summarises the
outcome. The difficulties and some considerations ftbendesign of each converter are

also described. In addition, some possible future investigaare also pointed out.

References:

[1] Electric Vehicle History. May 2005. Electric Auto Assi@n (EAA),
http://www.eaaev.org/Flyers/eaaflyer-evhistory.pdf

[2] Richard Duke, “Construction and Performance of antBEte¢oyota MR2”,

Departmental seminar, 2005
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Chapter 2: Battery Monitoring and Equaliser topologies

2. Battery Monitoring and Equaliser
Topologies

The idea of a battery equaliser is to balance thegehvel of two or more batteries by
drawing energy from the one with the higher charge had tischarging to a lower level
battery. The most efficient means of achieving thissieanis by using a high frequency dc-
dc converter. In power electronics, every converteramasnergy storage, which may be an
inductor, a capacitor, a transformer or some combinatibthese. By controlling the
converter’s switching signal, this energy storage capasityormally charged from the
source then discharged to the load. In a battery equéfisevvercharged battery can be
considered as the source and the undercharged battegylaadh

To design the most suitable voltage equaliser for the, BW8e are a number of concerns
that have to be addressed. Due to the limited space aaththe battery equaliser has to be
compact. Further, since there are 26 lead-acid battartée icar, a large number of battery
equalisers are required in order to efficiently balanad eadividual battery. This makes

the cost, construction, manufacturability and efficien¢ the battery equaliser important

aspects to consider.

The batteries used in the EV3 are rated at 26Ahr, andjtraigation rate is proportional to
the operational current of the equalisation system. timrately higher operational current
brings larger power losses from the system, which esulincreased switching losses. In
order to achieve a reasonably fast equalisation rate anahiimise the power loss from the
converter, the average operational current for this egi@in system is set to 2A.

In this Chapter, Section 2.1 describes two common battemnjitonmg techniques; the
coulometric and the open-circuit battery monitoring teghes, and how these techniques
could be implemented into the EV3. In Sections 2.2, 2.3afidthree battery equalisation
topologies common bus, common core and ring are ditailbeir construction, the
component counts, and the operating principles are alstussied. In Section 2.5 a
summary of these three topologies is given, andcside is made to identify the best
solution for constructing a suitable battery equalisatietnvork for the EV3.
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Chapter 2: Battery Monitoring and Equaliser topologies

2.1. Battery monitoring

The maintenance of cells at an equalised charge legatical for enhancing battery life[1].
There are numbers of ways to monitor the charge t&vallead-acid battery, and the most
common techniques are Coulometric measurement and opait-gottage measurement.
Coulometric measurement counts the ampere-hours eibineing out of or going into the
battery bank. In its most basic form the battery capas assumed to be fixed, and then a
sensor has to be used for every battery in order ®rrdete how much energy has been
drawn from or has flowed into the battery. In reatltg total battery capacity varies with
the discharge current, the type of discharge, temperanaethe age of the battery[2].
Open-circuit voltage can be used to determine the stathasfe and is more suited to
battery monitoring in an electric vehicle, since thermspiecuit voltage can be measured
directly from standard battery terminals. The opeowi voltage of a sealed lead-acid
battery also relates directly to the battery's st#teharge[3]. The main drawback of the
open circuit voltage monitoring technique is that the opexHt voltage must stabilise
before a reliable measurement can be made, and thisla@ifrom half an hour to several
hours depending on the type of battery[3].

2.2. Common bus topology

The common bus equaliser topology is showfigure 2.1 There are two different types
of common bus equaliser topologies. For both commandgualiser topologies; energy
transformation for each battery is done using antsdl®C-DC converter, which can be a
flyback, push-pull, half-bridge or full-bridge converter.
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In the first common bus equaliser showrFigure 2.1.a the temporary energy storage is
the common bus, which can be made up from a capacitérdraa separate rechargeable
battery. Energy transformation between any battémi¢se series connected battery string
is done by using the isolated converter to draw the erfewgythe higher charged battery,
store the energy onto the common bus, and then usingthiez isolated converter to

discharge this energy into the lower charged battery[1].

In the second common bus equaliser showFignire 2.1.h there is no intermediate energy
storage unit. When one battery is overcharged; thecased isolated converter will draw
the energy from this overcharged battery, and then mgehbe entire battery string [1]. On
the other hand, if one battery is under-charged, theryatqualisation system would take
the energy from the whole battery string to rechatge under-charged battery via its

associated isolated converter.

Both common bus topologies would be good for a singig ktring of batteries, because
the converters are all individually attached to the mom bus, and the batteries and
common bus are isolated from each other. Thereforetanl steps are required to transfer
energy between any two batteries. Probably the neggitive aspect of this topology is that
each and every converter requires a transformer tod@@lectrical isolation between the
battery and the common bus.
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Chapter 2: Battery Monitoring and Equaliser topologies

Comparing these two common bus equalisers, the first conbuse equaliser shown in
Figure 2.1.ahas the advantage of flexibility of the transformeior and is better for future
expansion. Since the voltage rating on each side oftrdmesformer is identical, the
transformer ratio of the primary and secondary windeegs be made as 1:1, which means
the transformer ratio is not affected by the total bamof the series string battery. So if
any battery is required to be added to or removed froml&atrie vehicle, this common
bus topology is very flexible for future expansion. Hoerethe major drawback of this
common bus equaliser topology is due to the extra seapcitors or battery used on the
common bus side as the temporary energy storage, Wwhigds an additional cost.

The second common bus equaliser does not require any addd@apacitor or battery bank
as the temporary energy storage, therefore the compamaint is less than the first
common bus topology. Although this equaliser has the adgartdf a low component count,
the transformer primary to secondary turns ratio #artheconverter has to be kept as 1:N,
where N is the total number of batteries in the wlesdes string. Therefore if the total
number of batteries is large, the weight of the fiaanser would be relatively heavier
compared with the first common bus topology, becausentimber of turns on one side of
the transformer has to be N times larger than theradide. This may also require the
converter to use larger transformer, since these axtna require more winding space. The
other disadvantage of this common bus topology is lsecthe turns ratio N has to be made
equal to the total number of batteries, therefore tegricts the possibility of future
changes such as adding some extra batteries to or awitindy some battery from the
battery string. Further, since one side of the trangdoris1always connected to the high
voltage battery string and if batteries are spreadfferdnt compartments of the vehicle,
the high common bus voltage would be required to be rabtedghout the vehicle, which
brings an additional safety concern.
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Chapter 2: Battery Monitoring and Equaliser topologies

2.3. Common core topology

The common core topology is shown kiigure 2.2 Compared with the common bus
topology, the common core topology uses identicahlmers of isolated dc-dc converters to
equalise every battery. The difference is that indbemon core topology all windings
have to be coupled to the common core, which is theggrstorage unit in this topology.
The principle of this topology is that once the oharged battery is detected; the converter
will charge the common core by drawing the energy froendbercharged battery. Then
distributing the stored energy in the common coreevery battery along the series
connected string battery via the diode, where the lapgetbn of the stored energy will be
directed to the lowest voltage battery without any aalahtl control [1].

-
wi  iE
uvﬁﬁ
i

Figure 2.2. The common core equaliser

12V 5

12V 5

s Uls Uls Uls L

The common core topology is a good solution for a ldngg of batteries. However the
problem with this topology is that this scheme hasirdyfaigh sensitivity to the leakage
inductance between secondary windings. Any slight mismdt¢heosecondary windings
would lead the charge on each battery to remain unbalait&dthe equalisation process
[1]. To minimise this problem; the obvious requiremenhé &ll batteries must be located
in the same compartment and the transformer windinbaa# to be wound on the same
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Chapter 2: Battery Monitoring and Equaliser topologies

core in order that all the secondary windings have idginticluctance. In the EV3; the 26
batteries are divided into four banks and placed in thrifereit compartments, which
makes the common core topology difficult to implemenhhe other problem with this
topology is that when dealing with large numbers oftdsees in the string, a larger
transformer core is required, which makes the equaliicudt to mount, especially if

space is a concern [1].

2.4. Ring topology

The ring equaliser topology is shownkigure 2.3 In this topology, the entire series string
of batteries is considered as a ring. Within the stringpatteries; every two adjacent
batteries are linked by a non-isolated dc-dc converter dmtenthe top and the bottom
batteries are linked by an isolated converter to oveediw potential difference [1].

12V1L ‘

DC to DC

DCto DC

converter
12V —
\— DC to DC

converter

N IN

Figure 2.3. The ring equaliser

The principal attraction of this topology over the ottopologies is that only one converter
needs to be isolated. The non-isolated converters bEanconstructed in compact,

lightweight and low profile formats. However the digsantage of this topology is because
each converter can only transfer the energy to on frdjacent batteries. Therefore for any
two batteries separated a few batteries away from atheln, the equalisation system has to
draw the energy from the higher charged battery, andtthesfer the energy through each
individual battery between them to charge the lower cldabgétery, which can make the

overall system inefficient.
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Chapter 2: Battery Monitoring and Equaliser topologies

The non-isolated converters used in this topology coweldeiher buck-boost or Cuk
converters. In terms of manufacturability, the buckdbamnverter has the advantage of a
low component count, therefore the cost and the dizéeoconverters can be kept to a
minimum. By comparing the converter efficiency, due tolttveer current ripple, the Cuk
converter has higher efficiency than the buck-boosvexer, which is important for high
power transformation. To choose the most suitable solating converter for the ring
equaliser is dependent on how much power the convertds tegransfer. If the power
rating is small, the extra power loss from the buckdb@onverter could be negligible, and

using fewer components could also reduce the manufacturshg co

The isolated converter in this equaliser is used to prosfeetrical isolation and achieve
energy transformation between the top and the bottameries of the string. Unlike the
previous topologies, the ring topology only requires mdated converter, and the turns
ratio of the transformer is 1:1. This makes the isdl@i@nverter relatively easy to design,
because this converter can work independently with no reeéaké the other converters

into account.

The advantage of the ring topology is that all the edievs work independently and the
non-isolated converters can be made in a compact lkeditvand low profile format. Since
any battery and converter can be added on or taken offiathery string without affecting
the others, this topology becomes easy for future expaiasid mounting.
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2.5. Selection of voltage equaliser configuration for EV3

A summarised comparison table of equaliser topologisisas/n inTable 2.1

Common bus Common core Ring

» Good for long Good for long battery string e Can be made in small siz¢

For battery string  Simple control and light weight
» Easy for future » Easy for future expansion
expansion

« Converter requires « Converter requires transformer ® Inefficient to transfer th

transformer Inflexible for future expansion energy to the remote

Against

Inflexible for mounting battery

Table 2.1. Comparison of equaliser topologies

For the EV3 application, the ring structure is the mqgir@priate because most of the
converters can satisfy the requirement of being smadip-isolated and easily
manufacturable. In fact only one converter connecteddssi the top and bottom of the
battery string needs transformer isolation, and theqgsed configuration is shown in
Figure 2.4

i_ 12V

i Bxlzv 24w T
— Non-isolated
- converter
]?QW — 12V 24W
l Non-isolated T :
} converter Non-isolated
— ] converter
192w ¢ MMD Taaw T exizv 24W T v
Isolated | === Non-isolated 1 Non-isolated
converter: W/Yl: converter ) converter __—|] oy
1ttty — 6xl2V T 24w
e Non-isolated
| 144W | converter
Non-isolated - 12V
converter 24w I
i Non-isolated
— converter
T 612V ETHV

Figure 2.4. The proposed voltage equaliser structure

In Figure 2.4 the overall battery string is divided into four banksside each bank, a
number of 24W non-isolated converters are used to equléseatteries inside the bank.
The batteries inside each bank would be equalised firgteb24W non-isolated converters,
then the bank equalisation would be done by the 144W or 192WKters.
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Chapter 2: Battery Monitoring and Equaliser topologies

The key points for selecting the types of converteesthe cost, manufacturability and
efficiency. Unfortunately there is no single solutionsatisfy all the requirements. For the
non-isolated converters, the buck-boost configuratios Hze advantage of a low
component count, therefore the buck-boost would have atieantages of high
manufacturability and low cost. The Cuk converter hasréteally the highest efficiency
when the converter is used for transferring energy éetvwany adjacent batteries, but the
drawback of the Cuk converter is if the converter isrddsto have bi-directional energy
transformation capability, the component count would be dotliaie of the buck-boost
converter. Therefore in order to decide which convegdhe best choice, the converter
efficiency comparison of the buck-boost and the Cuk coeremwas calculated through
simulation. In this performance test both convertek® laafixed input voltage of 12V, and
by changing the input current, the efficiency of each edev over a range of power rating
from 10W to 50W was measured. The results of these dionsgaare shown ifrigure 2.5
which indicate there is no significant efficiency impement when using the Cuk converter.
Therefore the buck-boost converter was chosen asndimeisolated converter of the

equaliser.

Buck-boost and Cuk converter efficiency

comparison
100
. 98-
S
N— 96 4
5 —o— Buck-
| boost
.E 94 00S
(&S]
= 92 —&— Cuk
L
90 1
88

0w 20W 30w 40w 50W
Power rating

Figure 2.5. The efficiency comparison of buck-boost and Cukerters

The isolated converter provides the electrical isolabetween the top and bottom bank.
Various isolated converters can be selected, such asKlypash-pull, forward, half-bridge
and full-bridge converters. By comparing both electrical mechanical characteristics, the
decision for the isolated converter was made. Due tosiipaificantly low component
counts over the others, the single switch flyback cdevevas chosen because only one

MOSFET is required on each side of the transformerctuese bi-directional energy
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Chapter 2: Battery Monitoring and Equaliser topologies

transformation. However the price to pay for the sirsg¥@ch flyback converter is that the
single switch flyback converter must dissipate the enstgsed in the leakage inductance
of the transformer in either the switch or a snublsoeiated with the switch. Other
isolated converters with more than one switch sudh@swo switch flyback converter or
half bridge forward converter perform better becauseetmergy stored in the leakage

inductance does not need to be dissipated.

The disadvantages of the isolated converter areizhe ®st and the manufacturability of
the transformer. For any converter that uses transfoaséts energy transfer unit, if the
operational voltage is low, the required minimum numndfeturns would be low, and the
ratio of the primary leakage inductance to the primary indeetabecomes too high,
reducing the converter efficiency. Increasing the turnghef winding can solve this
problem, but it would increase the size of the transfoand winding resistance.

The proposed ring voltage equaliser structure is showigire 2.6 Within this structure,
three 192/144W non-isolated buck-boost are used to balantanke from the top to the
bottom, and a isolated flyback converter is used to balthe energy between the top and
the bottom bank. Inside each bank, the adjacent lesttare equalised by 24W non-isolated
buck-boost converters. In this design, all the convertege designed for bi-directional
energy transfer, with average currents selected as@Ahat approximately 10% of total
charge can be balanced in an hour.

L sxizv 12V~ 24
— Buck-hoost
5 132};&\-’ t 12V comverter
uck-boos e
l converter 244y Q
\T — Buck-boost
— Gxlzv converar 12V L
o2w i) 148w I 24
yhac ey Buck-boost
converter mﬂm-l converear ‘ 12V BE;:\;ETE?
— 6xl12V T
—_ 2400 Q
144 Buck-boost |
Buck-bonost converter 12V —
e converter \— 240
_ Buck-hoost
T exizyv 12V__ convarter

Figure 2.6. The proposed voltage equaliser structure
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Chapter 2: Battery Monitoring and Equaliser topologies

In the next chapter, the design procedures of each cenwed detailed. This includes the
control strategy, and the design of each controller amverter. The calculations of each
required component values are listed and several inducterconstruction technologies

are also introduced to achieve a more compact design.
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Chapter 3: Converter design

3. Converter design

In Chapter 2, the ring equaliser topology was choséheaproposed equaliser structure for
the EV3, and the primary reason for choosing this tapois that fewer isolated converters
are required to make up a low profile, low cost and easihandable voltage equalisation
system. This battery equalisation system requires fthfesrent types of converter to be
built, the 24W buck-boost converter, the 192W buck-boastexer and the 192W flyback

converter.

In this chapter, the detailed design procedures of eaclexten are demonstrated, and the
key factors of each converter are also discussedoperational current for all converters

are limited at 2A, and the target efficiency for all eenters are 90%.

3.1. The 24W buck-boost converter

In the EV3, all 26 batteries are connected in seridsdanded into four banks. Within any
bank, a 24W buck-boost converter is used to intercoramectwo adjacent batteries. The
design of this converter can be split into two parts:abntroller and the power converter.
The controller includes the PWM generator and the gate,dwtich is used to drive the
buck-boost power converter. The schematic diagrantihefouck-boost converter for the

24W battery equaliser is shownkigure 3.1

............................................................................

HS ¥ IE :
; PWM| SW |Gate|vew: . o1 _]‘ -LJ_Battl :
generafor  |drive ' R T
3 LS ¥ T E
SW Vew2: i Q2 — Batt2:
| i L 777
. Confroller Power converter '

----------------------------------------------------------------------------

Figure 3.1. The Buck-boost converter
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Chapter 3: Converter design

3.1.1. The PWM controller

The PWM controller is the heart of the converterthis design, the two main functions

that the controller provides are:

® Generating the PWM switching signals to drive the powererter.

® Sensing the pulse by pulse current signal from the cayeahd converting this
pulsed current signal into an average current signal,hwikicsed to adjust the duty-
cycle of the PWM signal to switch the MOSFETS.

The selected PWM control IC is SG3526 and its block diagsashown inFigure 3.2 The
SG3526 is a high performance monolithic pulse width modudatouit designed for fixed-
frequency switching regulators and other power control aggpdies. Included in the 18-pin
dual-in-line package are a temperature compensated volt@gencee, sawtooth oscillator,
error amplifier, pulse width modulator, and two low irdpace power drivers. Also
included are protective features such as soft-start andvailidge lockout, digital current
limiting, double pulse inhibit, a data latch for single pulsetering, adjustable deadtime,
and provision for symmetry correction inputs. For eddaterface, all digital control ports
are TTL and B-series CMOS compatible. Active LOW lodesign allows wired-OR
connections for maximum flexibility. This versatile dewvican be used to implement
single-ended or push-pull switching regulators of eitherrpglaboth transformerless and
transformer coupled. The SG3526 is characterized for operfatim 0°C to +125°C, and it
is capable of generating PWM signals up to 350kHz with a datg ¢drom 10 to 95%.[1]

Vier

W Reference Undervoltage ‘ OC
N Regulator Lockout ‘

GROUND O—/T‘97 e

To Internal SYNC

Ro O—4|_‘ Cireuitry ?
N 7 —O outpuTa

Oscillator
c, )—E

RESET O— soft
o Start
CSOFTSTART L ]

coMPENSATION O—————1

IN

+ ERROR 07&_‘
Amp

—ERROR (O——-

L4

MEMORY  TOGGLE
FIF FIF

METERING OUTPUTE

FIF

+C.S. Qi"ﬂ
—cs. O—-

SHUTDOWN

Figure 3.2. The block diagram of SG3526
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Chapter 3: Converter design

As mentioned in the previous chapter, the operationakcuof this battery equalisation
system is set to 2A. To achieve this, all the PWM adletrs will be designed to operate

under average current mode control.

3.1.2. Average current mode control

The control strategy for the operation of any convedan be either voltage mode or
current mode. In voltage mode, the output voltage oftimeerter is regulated. Therefore if
the output impedance is high, the output current wouldwebut if the load impedance is

low, the output current would be high. Alternatively, walrrent mode control the output

current from the converter is regulated, and the outpliage varies in response to load
impedance changes. In this project, every converter veagnael to transfer the energy at a
constant rate of 2A; therefore, current mode conted employed.

A small shunt resistor or a current transformer heecbmmon choices for current sensing.
The shunt resistor is easier and cheaper to apply, e aharge current is involved, the
shunt resistor generates larger conduction loss thacutient transformer. In this design,
since the regulated average current is only 2A, the gdlesigtor has been chosen to sense
the current signal

To ensure current mode control functions properly, chgasisuitable value for the current
sensing resistor is also important. If the resistasdea small, the current signal may be
too small and easily affected by noise, thus reducing theracy of the measurement.
Alternatively if the resistance value is too high, pg@ver loss from the current sensing
resistor affects the converter overall efficiengythis battery equaliser design, since some
converters are placed close to the motor and other pagber electronic circuit, it is
important to ensure the measured current signal is aecenatugh for the rest of control
circuit. According to the experimental results, a 4Dhunt resistor can provide a good

guality current signal and keep the efficiency degradati@m @cceptable level.
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Chapter 3: Converter design

As shown inFigure 3.1 the current sensing resistordRis placed in series with the
inductor with neither end connected to ground. Therefodiff@rential amplifier with a
common mode range greater than 12V is required to aclyuna¢@asure the current signal
across Rs, and in this design the CA3140E op-amp was chosen, aravénage current
mode control circuit is shown iRigure 3.3.This current mode control circuit can only
measure one way of current flow. Therefore for thiditectional battery equaliser, another
set of this current mode control circuit is required.

10n :
[l 3:
470k I :
330k = 12k
To current ~CA3140E 10k :
sensing j_ A =k
resistor 1;
10n :
+12v
:5G3526

= 10k :

Figure 3.3. The average current mode control circuit

This current mode control circuit can be divided inée tparts. The first part is the
differential amplifier, which is the current sensingtpand this is made up by CA3140E
op-amp. The second part is the current limiting part, wisichade up by the internal error
amplifier of the SG3526 PWM controller. The operating @gle of this current mode
control circuit is first of all, the differentialnaplifier measures the signal from current
sensing resistor. Then the 10nF capacitor will smooghctirrent signal, which makes it
more like a dc voltage for the following current limitiogcuit. In Figure 3.3 the 10K2
potentiometer set the average operational current lamdl,n this application the average
current is limited to 2A.

3.1.3. The gate drive

To efficiently drive the MOSFET in a power converter, imising the turn on/turn off
time of the MOSFET is important. To reduce the switghime, sufficient driving current
must be supplied to charge the gate capacitor in the MDSP#ring the turn off time, the
MOSFET also requires a fast path to discharge the emeittye gate capacitor. Therefore,

a gate drive is used in order to reduce the switching tinmenmsing the switching loss.
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The IR2112(S) is a high voltage, high speed, power MOSFETI@Bd driver with

independent high and low side referenced output channels. Lmmits are compatible
with standard CMOS or LSTTL outputs, down to 3.3V logibeToutput drivers feature a
high pulse current buffer stage designed for minimum dakess-conduction. Propagation
delays are matched to simplify use in high frequency applitatThe floating channel can
be used to drive an N-channel power MOSFET or IGBThe high side configuration,

which can operate at up to 600 volts.[2]

3.1.4. The power converter of the 24W buck-boost converter

The design of the 24W buck-boost converter is charaeteiby two key components, the
inductor and the MOSFET. The inductor is the energy stotagie in the buck-boost
converter, and the MOSFET is the switching device of tisverter. In the following
section, the detailed inductor design procedure is listed # improve the
manufacturability, the technology of the planar indueted the integrated inductor are also
investigated.

A - Inductor design on RM core

This inductor design procedure is carried out by the standdtdcore, and the design
consideration includes the core size, core materiguired inductance and airgap.

However, this design procedure can also be applied to tyftes of inductor cores.

Step 1: Select core material and core size

Different materials have different magnetic charasties. An inductor's magnetic core is
made of specially formed material with “soft” magnepioperties. Although physically
hard, a magnetic core is said to be “soft” when itsdoet retain significant magnetism.

Silicon steel, iron powder and ferrite are common coaéerials for inductor design.
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Silicon steel is relatively inexpensive and easy to fdmaddition, silicon steel is a metal
with low resistivity. Low-core resistivity means sdic steel readily conducts electrical
current. The result is that undesirable eddy currentsfloanin the core material. Eddy
currents contribute to heating and core loss. In addiiosilicon steel core tends to reach
the point of saturation rather easily. When saturadedore is unable to store additional

magnetic energy. Rapid saturation results in reducecgpgrange(4].

Iron powder has higher resistivity than silicon st@&sl.special processing, iron particles
are insulated from each other. The particles are mix#u avbinder. The cores are then
pressed into their final shape. Next, a baking procassed to cure the cores. After curing,
many tiny air gaps combine to provide a distributed air gégrtefwhich also serves to
insulate the particles from one another thereby redwesddy current flow in the core. This
extends the useful frequency range, but there is a tf&dd-be binding material adds a
distributed air gap to the core. The distributed air gdpaes the permeability of the core

[4].

Ferrite is a crystalline magnetic material made ohioxide and other elements. The
mixture is processed at a high temperature and formed oiystlline molecular structure.
Unlike the other material, ferrites are ceramic makemwith magnetic properties. Ferrites
have high magnetic permeability and high electricaktesy. Consequently, undesirable
eddy currents are greatly reduced by ferrite cores. Wigir high resistivity, ferrites are

ideal for use as inductors. For example, ferrite beaglfr@quently used to reduce parasitic
oscillations and for general filtering at the componiead level. This type of broadband
component requires a broadband low-Q in order to provide higledance over a wide

frequency range[4].

By comparing the characteristics of each core matdenlte becomes the better choice for
inductor design. However there are a numbers of diffeflerite cores that can be chosen.
Considering the cost, availability, the frequency andfiiine density, the 3C90 material is

selected.

There are many possible inductor core geometries. A ageesietry depends on various
factors, including the application, the available mauntarea and volume, the allowable
radiation, the limitations on windings, the operating temapge, and how the inductor will
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be mounted. Consequently, a core's geometrical shape¢aka the form of a cylinder,
bobbin, toroid or several other complex shapes[4]. énbdginning of the inductor design
the standard RM core is used to carry out the design prodess the planar inductor and

the integrated inductor technology will be demonstré&ttest on.

The selection of the core size depends on the powethihaonverter is designed to deliver.
If the core is too small, the inductor would be saturateshglthe operation. However there
is harm to the converter efficiency when using a langector core, but choosing the right
core size can reduce the manufacturing cost, size anavéight of the converter. The
power rating to the core size curve is showrFigure 3.4[2], for this 24W buck-boost
converter, the RM10 core is chose.

8§ ; : 5 y S

Figure 3.4. The RM core power rating curve.

Step 2, Calculating the minimum inductance.

The minimum inductance is required to maintain the caotis conduction of the

converter when the maximum input voltage is applied. Hewé is also important not to
make the inductance too large, because a larger inductajusesemore turns, which leads
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to higher conduction loss during operation. The standardrtakivoltage of the battery is
12V, but when the battery is fully charged, the batteitage can go up to 13V. Assuming
the duty-cycle of the switching signal is 50%, if the corereoperates at average current of
2A, the allowable peak current would be 8A in order to mainthé converter operates

under continuous conduction.

However this assumption can only be made when the genves 100% efficiency, but in
reality it is not possible to achieve this. To make dasign more practical, the maximum
current ripple is set to 6A and the minimum inductancebeacalculated bfzquation 3.1

L= v [AIIDT Equation 3.1

L = minimum inductance

V = maximum input voltage
D = duty-cycle

T = switching period

Al = allowable ripple current flow through the inductor

Assuming the maximum input voltage is 13V, switching frequend0@kHz, 50% duty-

cycle and 6A of ripple current. The minimum inductarscealculated as 11u#i.

Step 3, Selecting maximum “on” period

Since the charge level of the battery is proportiooghe terminal voltage of the battery,
the input voltage of the converter will not stay at 13Vaktimes, as mentioned in the
previous step. Therefore, in order to maintain the cahgtawer flow when low input

voltage occurs, the duty-cycle of the switching signal tasbe increased, and the

maximum “on” period is defined when the lowest input voltageurs.

The minimum inductance was calculated from Step zhdfihput voltage drops to 11.5V,
and the switching frequency and the current ripple remathanged, the maximum duty-

cycle can be calculated as 62% fr&guation 3.1
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Step 4: Calculating the air gap

For every dc to dc converter that uses an inductor, acsuifiair gap has to be carefully
calculated. The air gap is used for storing energy framthsource. An insufficient air gap
would lead the inductor to saturate, which decreases thertenefficiency. Alternatively,

if the air gap is too large, the inductance will be $mahich leads the converter to operate
in discontinuous conduction, which can also affect teverter efficiency. The air gap size

can be calculated dyquation 3.2

2
a:% Equation 3.2
My = 4x10-7

N = number of turns
Ae = area of the core, mm2

L = inductance, mH

From Step 1 and 2, the RM10 core was selectedeasitial core size and the minimum
inductance 11}9H was also calculated. Assuming the number of thrisequal to 10, the

required air gap can be calculated as 0.507mm.

Step 5: Check core flux density and saturation margin

After calculating the required inductance, numbértwwns and the air gap size, it is
necessary to check the maximum flux density indbee to ensure an adequate margin
between the maximum working valuéigure 3.4shows the B-H curve of the 3C90 core,

and the flux density must not reach the saturaggion.
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Figure 3.5. 3C90 B-H curve

The flux density consists of the ac flux den®ty and dc flux densit4.. The sum of the
ac and dc flux densities is the maximum flux densityhefd¢ore, where the ac and dc flux
density can be calculated Bguation 3.3and3.4.

V[t

By = Equation 3.3
N LA,
_ _ Hp[NTlpe -
B, =pyMH="—-ox Equation 3.4
w = H 2a x107° ;
V = Maximum supply voltage t = on time,us
N = Number of turns A. = Area of core, mMm
Lo = 41t 107 H/m Ipc = Average DC current

a = air gap, mm

The B-H curve is temperature dependé&mngure 3.4shows the B-H curves of the inductor
core at 25C and 100C. However both temperatures are unlikely to be thekwwgr
temperature of this battery equalising system. The worta@ngperature of the converter
depends on the allocation of the converter, and alang U8 the warmest area will be the
engine bay. During the operation, the temperature oénigene bay would be around 40
By allowing 20C temperature rises on the inductor, the core temperatould be 6€C,

which means the saturation level of the core wouldrbend 375mT.
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At the initial stage, if the maximum supply voltage \6&t as 13Volts, the on time t g%
number of turnd\ = 10, and thé\ is equal to 96 mf TheB, can be calculated as 67.7mT.

To calculate thdy., the number of turns N and the average cudigntvere assumed as 10
and 2A. The air gap size was calculated from Step 4, which is 0.5mm. Theretloeedc
flux density is calculated as 25.1mT. The total flux densitgqual to 92.8mT, which is

well under the maximum allowable flux density of 350mT.

B - The planar inductor

Since 25 24W buck-boost converters need to be built antyidesated in a recess in the
top of each battery, the manufacturing process fomaprofile design has to be as simple
as possible. The disadvantage of the conventional indisctbat it has a relatively large
physical size. Therefore if 25 converters have to baliest into the EV3, they would
occupy too much space and create a mounting problem. To metbis mounting issue,
the planar inductor and the integrated inductor technologges investigated.

A planar inductor is constructed using either one E am&lccore or two E cores, and the
actual winding is made up by the loops of printed circuit th@dpch) tracks, where higher
inductance can be achieved by multiple loops of a multilpgb. The biggest advantage of
the use of the planar inductor is that since the windimgsnade up by the pcb tracks, the
inductor can be made in a low profile, high precision aslly manufactured format. The

constructions of the planar inductor are showhigure 3.5

(@) (b) (€) (d)

Figure 3.6a. E core and | core

3.6.b. Fitting two multilayer pcb into the E core
3.6.c. Interconnecting the two pcb together
3.6.d. Putting the | core on then completing the playsuctor
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A major problem of the planar inductor is that if the polntains more than two layers, any
intermediate windings would not have as much heatpdisag capacity as the top and
bottom layers. Therefore, as the current flows throtighwinding, the pcb temperature
will build up, then winding resistance and conducting loss#sincrease. To overcome

this problem, a wider pcb track can be used to reduce thenginesistance and hence
increase the current capacity and reduce the conducteeslé®m the inductor. The trade
off by using the wider pcb track is the allowable numbersuais per layer would be

decreased. To emphasise the idegure 3.6shows how the pcb temperature can be varied

by changing the track width.
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Figure 3.7. The track width versus temperature rise diagram
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C — The Integrated Inductor

The integrated inductor is an inductor that has the foramahtegrated circuit. Unlike the
plastic package from the standard integrated circuitwihele package of the integrated
inductor is the inductor core, which has a built in air-gépe leads of the package are the
partial wirings of the inductor, and the inductor is congaeby the pcb wiring. The
construction of the integrated inductor is showfigure 3.7

Figure 3.8. The construction of the integrated inductor

Compared with the standard inductor and the planar indutiintegrated inductor has
the advantages of the smallest physical size, and bet¢hese is no multi-layer pcb
required, the pcb manufacture also becomes relativelgler compared with the others.
However, apart from these advantages, there are twdvdiseages of this integrated
inductor. The first drawback is due to this compact core; glze maximum inductance
from a single integrated inductor can only be made arophkt] Which means the converter
requires 250kHz or higher switching frequency. The second drawbdbe cross section
area of the pin out. The cross section area ofle¢haé is 0.18m which is eight times
smaller than the litz wire that can be used on the d®k&. The smaller cross section area
brings higher dc resistance, which means the conductisnfios the inductor would be
eight times higher.

D - MOSFET selection
To select an appropriate MOSFET for the 24W bock-boost ctamy¢here are four main

considerations - voltage rating, current rating, on t@st® Rs.onand switching loss.
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The voltage rating tells how much voltage MOSFET cardiebetween Drain and Source.
For the buck-boost converters, the voltage between drairsource Vds would be equal to
twice the supply voltage; therefore, the voltage ratinthe MOSFET must be at least two
times the supply voltage plus 20 percent of margin. Idéladlycurrent rating is defined by
the MOSFET peak operational current. However, in thevexer design the pulse current
also needs to be considered. Therefore, the continuauent and the pulse current
determine that MOSFET rating.

The Rss-on IS the on resistance when the MOSFET is in the tatesThe low R-on
MOSFET has low conducting loss and in most cases igropal to the voltage rating of
the MOSFET. Therefore, it is not wise to select a wglage rating MOSFET and operate

it under low voltage conditions.

Ideally, higher switching frequency requires less indw®ato maintain continuous
conduction. Unfortunately, the high switching frequency radarger switching loss. The
switching losses are created as a result of the sinedtes exposure of a MOSFET to high
voltage and current during the transition between the apdnclosed states [3]. The fast
transient requirement pushes us towards possibly highhsmgtérequencies, which in turn
increases the relative importance of the switching &3ke

In reality it is difficult and uneconomical to maagture and purchase the MOSFET, which
has both low R.onand low switching loss. The lows&,MOSFET is normally made up of
a larger silicon area to reduce the on resistance, andwliching speed of MOSFETS is
limited by the gate capacitance on the silicon, whichaked the gate charge. The gate
charge is the gate capacitance that needs to be chargestimarded during the on or off
switching transition. The drawback of this larger sili@yea is the creation of a larger gate
capacitance. That makes the MOSFETs need more enebgyttoned on, hence increasing
the switching time and the switching loss. Therefore thenpromise between the
conducting loss and the switching loss has to be considered.

In this equalisation system, the overall battery str;ngivided into four banks. The first
bank contains 8 batteries. The second, the third andotm¢h banks each contains 6
batteries. So the required number of 24W buck-boost consdaeeach bank is 7 for the
first bank, and 5 for the second, the third and the fooattk. Therefore the total number
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for the required 24W buck-boost converters is 22. In each R4dk-boost converter, each
converter requires two MOSFETS, therefore the coebines a significant concern. In
general, the price of the MOSFET is dominated by two fagtbe voltage rating andy&n,
By allowing 20 percent allowance on both voltage and ctursgmal, the voltage and
current rating could be set to 29V and 2.4A. Then any MOSREEICh has a voltage rating
higher than 29V and has a reasonably lqu.Rand price can be considered.

The gate charge defines whether the MOSFET has lowlsngt loss or not. It determines
the gate capacitance of the MOSFET, and it is maelbted to the Gate to Source voltage
and is slightly affected by the Drain to Source voltdgepractice, the logic MOSFETSs
normally have lower gate charge because they only neetd $¢ switched on instead of
the 9 to 10V of the standard MOSFETs. Therefore by comsglé¢he factors of cost,
conduction loss and switching loss, the logic MOSFET SUMBBREL is chosen for the
24W buck-boost converter and more details on this MOSFit bevdiscussed in chapter 5.

3.2. The 192W buck-boost converter

The 192W buck-boost converter is for transferring enésgween the adjacent banks. The
design procedure of the 192W buck-boost converter is sitoildre previous 24W version,
but there are three exceptional concerns that need tortsédered. First, due to the input
voltage is higher than the 24W buck-boost converterhsoselected MOSFETs should
have higher voltage ratings. Second, since the powegrat this buck-boost converter is
higher than the previous 24W version, a larger inductor isarequired for storing larger
energy. Third, assuming 90 percent efficiency is achievestdtal power loss from the
converter would be 19.2W. Due to the majority of power lbesg caused by the
MOSFETS, heatsinks for each MOSFET are required dieroto prevent overheating the
MOSFET.

The input voltage of this 192W buck-boost converter ikteignes higher than the previous
24W version. Minimising the switching loss becomes importBrmdm the design of the
24W buck-boost converter, it mentions that minimising $wching loss can be done by
either using the low gate charge MOSFETSs or reducingwlitehing frequency. However,

Page 31
PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Chapter 3: Converter design

the problem brought from choosing low gate charge MOSFR&ilshow to compromise
between the low R, or the low gate charge was also detailed. Then thét teds that
reducing the switching frequency is the better option to mamg the switching loss from
the 192W buck-boost converter. In order to meet ther@atspecification and minimising
the cost, IRF740 is chosen for the 192W buck-boost converter

The inductor design procedure is identical to the inducteigdeof the 24W buck-boost
converter. However because the power rating of theertarvhas been increased, a larger
inductor core is used. According to the RM core power ratimgecfromFigure 3.4 the
minimum inductor core size for the 192W buck-boost convevbelld be RM14.

Alternatively the planar inductor core can also be useatlis 192W buck-boost converter.
According to the cross section area and the matehialE42 planar core would also be
suitable for this application. However, due to the insight core size and the wiring space,
the integrated inductor can not be used on this converter.

Reducing the switching frequency requires larger inductanceaiatain the continuous
conduction. By repeating the inductor design procedure irdésggn of the 24W buck-
boost converter, if the switching frequency is reducenh ft@0kHz to 50kHz, and the duty-
cycle and the allowable current ripple remain unchangedminimum inductance can be

calculated as 19 for the 192W buck-boost converter.

3.3. The 192W flyback converter

The flyback converter can provide an electrical isotatbetween two battery banks.
Therefore, it is used for transferring energy betweentdpeand the bottom banks. The

schematic of the design flyback converter is showfigare 3.8
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Figure 3.9. The flyback converter

This flyback converter is also designed for bi-directicsradrgy transformation, and 2A of
average operational current. fiigure 3.12 each side of the flyback transformer has its
own PWM controller. Bank 1 represents the top bank aswkB represents the bottom
bank of the battery string; therefore, the referevimiéage Vref 1 would be 216V higher
than the Vref_2 because there are 18 batteries betivess two reference points. The two
Rcs are used for current sensing purposes, and the sensed sigmal would be fed into
Vcs, which is the current sensing input of the PWM colarolThen the PWM controller
would adjust the duty-cycle to switch the MOSFETS.

3.3.1. PWM controller for the 192Wflyback converter

The PWM controller for this 192W flyback converter is gamto the buck-boost PWM
controller. The control strategies of both contmsll@re by sensing the pulse by pulse
current signal then convert it into a dc voltage, drehtthe SG3526 PWM controller to
adjust the duty-cycle of the PWM signal. Howeveeréhare two differences between these
two controllers. The first difference is that each toolfer only needs to drive one
MOSFET, which makes the switching control strategy sempghan the buck-boost
controller. The second difference is since the cursenising resistor is connected to the
reference point of the battery bank, the differentiaiplifier used in the buck-boost

controller is not required. Instead of the differentiaplifier, a negative feedback amplifier
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is used to sense the current signal and then the adpdifirrent signal would be sent to the
SG3526. The schematic of the flypack PWM controller @ashin Figure 3.9

470k
To current 330k m

Sensing D_A'u"h\uﬁ'\l"_‘ CA3140E
resistor
+12v

= :5G3526
= 10k

Figure 3.10. The PWM controller for the 192W flyback converter

3.3.2. 192W flyback transformer

The key design of the flyback converter is the flybaekdformer. The flyback transformer
is used for storing and transferring energy from one sfdine transformer to the other.
Therefore, to design an appropriate flyback transforreeoimes the most important factor
of the flyback converter design. The construction offyfeack transformer can be seen as
the combination of two inductors. Therefore, the indudesign procedure from the buck-
boost converter is again used; moreover, the primaysacondary inductances can not be
treated individually. Then some reiterative calculatreould be required in order to make
both primary and the secondary turns meet the elelctecmirement, and the detailed

transformer design procedure is shown below.

Step 1, Core selection

The core size depends on how much power the convereels ie deal with. From the
design of the 192W buck-boost converter, the RM14 coresetested. According to the
identical power rating, the RM14 core can also be usdusrflyback transformer design.

Step 2, Calculating minimum primary inductance

The minimum inductance is required to maintain the caotis conduction of the
converter when the maximum input voltage is applied. Agsgitihe switching frequency
and the duty-cycle are 50kHz and 50 percent, the averageybaiteage inside the bank
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and the allowable current ripple are 13V and 6A. The mimrpuimary inductance can be
calculated again frorkquation 3.1 and the value of the minimum primary inductance is
174uH.

Step 3, Selecting maximum “on” period

In order to maintain the constant power flow, the maxim‘on” period will occur at
minimum input voltage and maximum load.[3] Assuming the infoltage is dropped to
11.5V, and the rest of the parameters from Step 2 reomihanged, the maximum on

period can be calculated as 57% frBguation 3.1

Step 4, Select ac flux density swing
From Figure 3.4 the maximum allowable flux density is 350mT. The filensity swing
also consists of both ac and dc flux densities, and frayure 3.4 the ac flux density

swing is initially selected as 250mT.

Step 5, calculate minimum primary turns

After the ac flux density is selected. By rearrandigiation 3.3the minimum number of
primary turns is shown ikquation 3.5and according to the manufacture’s datasheet [4] of
the RM14 core, the effective area of the centre 1d@&mnn.
-l

Nmin = Minimum primary turns

V = applied dc voltage = 128 = 96V

Equation 3.5

t = “on” times,us = 1Qus
ABac = maximum ac flux density, T. AssumindB,. =250mT
A = minimum cross-section area of core, mAx = 198 mm.

Therefore the minimum primary turid,i, can be calculated as 20.

Step 6, Calculate secondary turns
The output voltage of the transformer has the nomialihge of 72V (6x 12V batteries).
Therefore, the secondary turns can be calculate@&dyation 3.6 which converts the

primary turns into volts per turn, then calculatesrdguired secondary turns.
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Primary volts per turiv/N = Vp/primary turns = 96/20 = 4.8 V/N
Vs [N,

And then the secondary tuNs= SV— Equation 3.6
P
_ 72[20 _ 15

96
WhereVs = secondary voltage
Ns= secondary turns
The secondary inductance can be calculated by Equation 3.7.
L= AIIN? Equation 3.7

L is the value of the inductance
Al is the equivalent quantity of the inductance

N is the numbers of turn

Al is the equivalent quantity of the inductance in mHhwa winding of 1000turns, which
can be calculated from the primary turn and primary incdwetaand the calculated Al is

3x10". Then the secondary was calculated asj67.5

Step 7, Calculating the air gap size

The air gap calculation is very important in the flijp&i@nsformer design. An insufficient
air gap would saturate the core, hence reduce the coneéitégncy. Alternatively, if the
air gap is too large, the inductance would become too swtatth may lead to the inductor
working under discontinuous conduction, and thus decreaseotiverter efficiency. The
air gap can be calculated as 0.24mm fiequiation 3.2

Step 8, Check core flux density and saturation margin

The overall flux density of this flyback converter cotssf the ac flux and the dc flux, and
they can also be calculated Bguation 3.3and3.4. At this stage, the supply voltage V is
made up by eight 12Volts batteries, which makes up a tot@gebf 96 Volts. Assuming
50% duty-cycle, the on time= 1Qus, and from Step 4, the primary number of tudns 20;
and the effective areacfof the E43 core is 198 nfmTherefore, the ac flux density is

calculated as 240mT.
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To calculate the dc flux density, the number of tukhand the average curreht were
assumed as 20 and 2A. The air gap gizeas also calculated as 0.23mm. Therefore the dc
flux density is calculated as 109mT. The total flux densitgqual to 349mT, which is
under the maximum allowable flux density of 350mT.

In the buck-boost converter design, the planar core m@educed to improve the
manufacturability. However, in the flyback converter gasidue to the manufacturability,
it is very difficult to make a pcb that has greatemtifour layers. Therefore, the planar core

was not considered.

3.3.3. Reducing the voltage stress on MOSFETs

The voltage stress is the Drain voltage to overshoongluhe turn-off edge, caused by the
transformer leakage inductance.[3] Since the currentiripwhrough the inductor can not
be stopped instantaneously at the time that the MOS§&EWiiched off, the small amount
of leakage inductance and this residual current would resait bvershoot across the drain
and source of the MOSFET.

To overcome this effect, the voltage overshoot probkeirest dealt with by ensuring that
the leakage inductance is as small as possible, thempiclg the tendency to overshoot by
dissipative or energy recovery methods.[3] Minimising ldakage inductance can be made
by shortening the wiring distance from the transforrodghé other components. To achieve
this, it is better to place the other components clofigettransformer.

The flyback converter with the voltage clamping circaishown inFigure 3.10 The idea
of this clamping circuit is when MOSFET Q1 is turned tre reverse polarity of the
clamping diode Dcl makes the clamping circuit act likeopen circuit. However, during
the instant when the MOSFET s turned off, due to tireent flow through the inductor it
can not be instantaneously turned off. Thereforectineent from leakage inductance from
the primary inductance would try to keep flowing through Qid #hen cause a voltage
spike. The Clamping circuit 1 provides an alternative gathithe primary inductance to
dissipate remaining energy from the primary leakage iadget
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— PBank2

Bankl

Figure 3.11 Flyback converter with clamping circuit

In Figure 3.15 the flyback converter with the clamping circuit isglayed, and it shows

each clamping circuit consists of three components,odedDc, a capacitor Cc and a
resistor Rc. The diode is used to provide a current floth foa the energy stored in the
leakage inductance. Therefore, when the MOSFET is duofg the energy from the

leakage inductance can flow into the clamping circliiten the Rc and Cc inside the
clamping circuit would dissipate the energy from trek#ge inductance.

There is no rule for selecting the value of the Rc @adThe values of Rc and Cc depend
on how fast the energy from the leakage inductance rieduks dissipated. If the RC time
constant is large, less voltage stress appears on @®FET. However, the drawback of
the clamping circuit is that during the off state tlodtage across the MOSFET is equal to
the sum of the input voltage and the voltage acrosslyhack transformer. Therefore, if
large clamping resistance and capacitance are usedJatheimg circuit would require
more time to charge the clamping capacitor Cc, which ase®the MOSFET turn off time,

hence increases the switching loss.

Increasing the value of Rc and Cc can significantly redilne voltage stress, but it is
undesireable to make the clamp voltage too low, as theckybaershoot has a useful
function. It provides additional forcing volts to driverment into the secondary leakage
inductance during the flyback action. This results in a maped increase in flyback

current in the transformer secondary, improving thesfeanefficiency and reducing the

losses incurred in the clamp resistor Rc[3].
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3.4. Summary

In this chapter, the design procedures of three differ@méerters - 24W buck-boost, 192W
buck-boost and 192W flyback converters were detailed. The R@fitollers for all three
types of converters are very similar. However there &wvo exceptional design
considerations. First, as there is only one switchingcdewn the 192W flyback converter
and the MOSFET is connected to the reference point hgactrrent sensing resistor.
Therefore, there is no high-side drive required for ¢bisverter. Second, unlike the buck-
boost converter, the current sensing resistor of lifmadk converter is not sitting on the
voltage source like the buck-boost converter does. &adiditional op-amp for providing

wide common mode range is not needed.

In the next chapter, the simulations of each converilebe made by Pspice simulator. The
component values calculated in this chapter are alscedpptio these simulation tests. The
simulation results include the detailed equalisation psasd the switching waveforms on
each key component, and finally it shows the energy dewhe two batteries can be
successfully balanced by the designed converter.
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4. Converters Simulations

In this Chapter the results from the simulations afheeonverter making up the chosen
voltage equaliser topology are discussed. The simulatiodels include one 24W non-
isolated buck-boost converter, one 192W non-isolated bucktlmonverter and one 192W
isolated flyback converter. The simulations were cdroet by Pspice simulator and in
these simulations two rechargeable batteries or banbateries were modelled as two 1F
capacitors, and the battery internal resistance laadviring resistances were modelled as

two 100nf2 resistors.

Before the simulation, a series connected battenhaliging test at a rate of 30A for 60
minutes through a resistive load was done in order toureaghat the nominal voltages
from each battery would be after the batteries haen ldischarged. In the EV3 there are
26 batteries connected in series. Drawing energy fiah battery at a rate of 30A is equal
to drawing 10kW of energy, which is roughly equal to the pose@sumption of standard
city driving. In this battery discharging test, eight seéalead-acid batteries were first
parallel connected and equally charged, and then connecsedies, and the discharging

result is shown idfable 4.1

Batt 1| Batt 2| Batt 3| Batt 4| Batt 5| Batt 6| Batt 7| Batt 8| ~\V6r39®
voltage

Sarting | 45 651 1278| 12.74| 12.76 | 12.65| 12.72| 12.71| 12.76| 12.72
voltage
End voltage| 11.34| 11.64| 11.5 | 11.5| 10.87 10.76| 10.88| 11.72| 11.28
Difference
fromthe | 15.06| +0.36 | +0.22| +0.22| -0.41 | -052 | -0.40 | +0.44
average end
voltage

Table 4.1. The open-circuit voltages of each battery 804 of 60 minutes discharge

In Table 4.1 the result shows that after an hour of dischargepgen-circuit voltages from
these batteries end up between 10.76 and 11.72 volts, whicts eier an hour of driving,

the voltage difference from each battery could be gh s 1V. Therefore, for the
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following simulations, the initial voltage of the souraed the target batteries will have 1
volt difference.

4.1. 24W buck-boost converter

The voltage equaliser based on the 24W non-isolated budt-looaverter is shown in
Figure 4.1 In this configuration, C1 represents the higher voltaagery and C2 is the
battery required to be recharged, and the initial voltaggetibatteries are set to 12.5V and
11.5V respectively. In this simulation, the switching freqyen@s set to 100kHz, the
inductor wiring resistance R3 is 18mand the inductance value is set tuB8 which is

the minimum inductance value to maintain continuousigotion.

R1 éuum
E ]
V1 IRFZ34N 1 Lo
i L1 R3

SN Ay
18uH 1am

R2 §1uum

Q2
V2 IRFZ34N i+ L es
I

0

Figure 4.1. 24W non-isolated buck-boost converter

The aim of this simulation is to transfer the enefgym C1 to C2, and the detailed
switching waveforms of the MOSFET and the inductor amvshin Figure 4.2 In these

simulation results, the PWM switching signal is repnésg by the switching signal V1.
Vds indicates the drain to source voltage of @1ahd k. show the current flow from the

source and target batteries C1 and C2. Finallygpresents the current flow through the
inductor L1.
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When the PWM switching signal V1 of this equaliser is high,turns on, then inductor L
is charged by C1 via R1 and Q1. Later when V1 is switched @wturns off, the current
stops flowing from C1, the inductor current keeps circujptind the stored energy in the
inductor is discharged into C2 through R2 and the interirmdedof Q2 without any

additional control.

Time

Figure 4.2. The switching waveforms of the 24W buck-boasterten

The charge level of the lead acid battery is proportiomatst open-circuit voltage. By
measuring the open-circuit voltages across both C1 anth€2harge level of each battery
can be monitored. The voltage equalisation result of 28/ buck-boost converter is
shown inFigure 4.3 which demonstrates that in principle the batterytagds can be
balanced. However the test result that is showRigare 4.3is the accelerated version of
the voltage equalisation process. In the real world egidn, the voltage equalisation

speed would be much slower than this.
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Os 20ms 40ms 60ms 80ms 100ms  120ms
= U(C1:1,C1:2) - U(C2:1,C2:2)
Time

Figure 4.3. 24W buck-boost converter equalisation.

4.2. 192W buck-boost converter

The setup configuration of this 192W Buck-boost converter sitiau is similar to the
24W version. However, there are four changes requinest, b this simulation the source
and the target banks are made up of 8 and 6 batteries teshmecseries. Therefore, the
initial voltage for the source and the target banks ateas 100V (12.5¥8) and 69V
(11.5vx6). Second, because the operational voltage has beeyased, the switching
frequency is reduced to minimise the switching loss, antlisnsimulation the switching
frequency is set to 50kHz. Third, in Chapter 3.2, the mimmmequired inductance to
maintain the continuous conduction for 50kHz switching frequemas calculated as
1924H. Moreover a larger inductance requires more turnsefine, the dc resistance of
the inductor will also be increased, and in this sitmrtethe inductor dc resistance is set to
70mQ. Fourth, the MOSFETSs have to be changed to handler lHrgenput voltage, and so
in this converter the IRF740 was chosen. The schematiedf92W buck-boost converter

is shown inFigure 4.4
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R1 g 100m

120uH 70m

Q2 |
=
T{m = 1 Lco

~0

Figure 4.4. 192W buck-boost converter

In the simulation results, the PWM switching signatepresented by the switching signal
V1. Vds indicates the drain to source voltage of Qlahd k, show the current flow from
the source and target batteries C1 and C2. Finalhgpresents the current flow through the
inductor L. The operation principle of the 192W buck-boostveater is identical to the
24W version. This assumed, C1 has a higher voltage thaandZhe detailed operational

waveforms are shown Fgure 4.5

O e :
PWM switching signal:

Time

Figure 4.5. 192W buck-boost converter switching waveforms.
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FromFigure 4.5 the shape of the switching waveform of the 192W buclsboonverter is
similar to the 24W version. The only difference is duéhe input voltage being eight times
higher than the 24W buck-boost converter, the requiredSMEX drain to source voltage
Vds also becomes eight times higherFlgure 4.5 the current waveform from the source
battery has a large current overshoot during the transitom off to on period. This is
caused by the reverse recovery of the body diode in Q2hwis been conducting
immediately prior to Q1, and then creates the cumertshoot. The voltage equalisation
result of the 192W buck-boost converter is showrrigure 4.6 which demonstrates in
principle that battery bank voltage can also be baldnc

EF“HH‘““HauH“‘hEkﬁhihﬁmhﬁnhhﬁhh

ssu\lxn&

Q&Y
O WViCl:1,C1l:2)
BET

o

e Dﬁ;ﬂfﬂ;ﬁ,rérﬂrnDﬂ*f”*ﬂfrﬂ’ff
SEL=> Er}ﬂaﬂ,ﬁf~*ﬂ’
=i o T T T
0= 40ms= 20ms 1Z0ms leOms
O ViCE:1,C&:2)

Time

Figure 4.6. 192W buck-boost converter equalisation.

4.3. 192W flyback converter

The use of the flyback converter is to provide both etsdtmsolation between the top and
the bottom battery banks and to balance the voltageosttbank. The schematic of the
single switch flyback converter is shownRigure 4.7 In this simulation the initial voltage
of each bank is set to 100V (12.88) and 69V (11.5%6), and the switching frequency is
set to 50kHz. In Chapter 3.3, the primary and secondary imadtes were calculated as
1740H and 98H respectively. To simulate the clamping circuit, fvemary and the

secondary leakage inductances were estimated pks @d JuH respectively. The
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transformer primary and secondary wiring resistancehlisnsimulation were estimated as

50mQ and 25 respectively.

Rw1 Rw?2
100m RP - bback t 100m
10k | 32n yback_trans 10k 32n

R clamp1 C clamp1 50m 25m C_clamp2
R_clamp2
f— D_clamp1 D_clamp2
LI1 LI2 2
L 1
2uH
Q1 Q2
Vw1l Wew2
R11 T
éo 100M

Figure 4.7. The schematic of the 192W flyback converter

In the simulation, C1 was assigned has higher chavgétlean C2. To transfer the energy
from C1 to C2, the switching signal diagrams of this fljbaeanverter are shown igure
4.8 In the simulation results, the PWM switching sigisaltepresented by the switching
signal Vsw1. Vds indicates the drain to source voltage of @Q1lahd k2 show the current
flow from the source and target batteries C1 and £&pécifies the current flow through
the MOSFET Q1 and finally 1d_clamp symbolises the curflemt through the clamping
diode D_clampl.

Os 18us 20us 30us 4Qus SBus 6Ous

s I(C2)
Time

Figure 4.8. 192W flyback converter switching waveforms.
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As Figure 4.8 indicates for the flyback converter, whendWwitch \sw; is high, Q1 turns

on. The primary inductance is charged by C1. During this gpebbecause the clamping
diode D_clampl polarity is reversed, the clamping cirsuibactive. When V1 turns low,
the leakage inductance energy flows into the clampirguiciand the power dissipating
component C_clampl and R_clamp1l dissipates this energy.thdestored energy from
the primary inductance is transferred to the secondarytawice. During this turn off state,
the current flow at the secondary side goes throughntegnal diode of Q2 to C2 to
complete one equalisation cycle without any additionatrol. During this turn off period,

clamping circuit 2 does not do anything because it only fumetishen energy is taken
from C2 to C1. The result of this simulation is shawirigure 4.9 which demonstrates in

principle that the battery bank voltages at either drideobattery string can be balanced.

KR

6y
O WiCl:1,C1:2)

TEW

D-"""—;JD‘,HF’—)’

_ Df—'—,—,_'_n,_‘—-"’—'_——,—f
=i o T T T
O= 40ms S0ms= lZ0ms le0ms

O WIiCE:1,Cz-E)

Time

Figure 4.9. 192W flyback converter equalisation.
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4.4. Summary

In this Chapter, three different power converters 24Wk4haoost, 192W buck-boost and
192W flyback converters were simulated by PSpice simuldioe. calculated component
values for each converter were obtained in Chapteh8.detailed switching waveforms
for each converter were also described, and the simunlagisults show that the energy
equalisation between each individual battery and betwssks of batteries can be

achieved. In the next chapter, the construction of eankierter are detailed.
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5. The system construction

In Chapters 3 and 4, the design procedures and the simalatichis voltage equaliser
were detailed. In this chapter, the construction procedirtd®e 24W buck-boost converter,
the 192W buck-boost converter, and the 192W flyback convarterdescribed. The
concept of the system’s construction is to make eankeaster compact, light weight, easy

to manufacture and highly efficient, with the targetogdincy for each converter at 90%.

For the 24W buck-boost converter, the main design cwrates on the performance
investigation of the different inductor cores: the RMe;dhe planar core and the integrated
inductor. Then the investigation results are applied ¢odisign of the 192W buck-boost
converter. In the design of the 192W buck-boost convedigs to the converter structure
being identical to the 24W version, the design proceduredaoilfocused on minimsing
the power losses of the converter. In the design ef 1B2W flyback converter,
investigating the frequency response of the flyback convettiebe first discovered. Then
the clamping circuit will be made to reduce the voltagess on the MOSFET from the

leakage inductance of the chosen flyback transformer.

To turn each equaliser on and off easily, two 4N35 opticaplers are employed on each
PWM controller to enable and disable PWM control. Timskes the PWM controllers
easier to interface with the micro-controller. Hoeeuvn order to minimise the component
count and accelerate the construction process, thentungede control circuits are built on
a separate board, which would be connected to the equaliserthe converter is required

to be turned on.
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5.1. The 24W Buck-boost converter

The overall voltage equalisation system requires twembty24W buck-boost converters.
To minimise the weight and size, a heatsinkless desigissential. To achieve this, the
right MOSFET and right switching frequency have to be fallyeselected in order to

improve the converter efficiency.

5.1.1. Inductor design

In Chapter 3, the three different types of inductors, RMnpar and integrated inductors
were introduced, and their advantages and disadvantages alger discussed. In this
section, the performance analysis of these inductongasured.

For this performance test, three buck-boost convewters built based on these three types
of inductor. In order to accurately compare the performaot each inductor, each
converter used an identical MOSFET, and had identichl lagouts. For this test, the
switching frequency was set from 100kHz to 200kHz, and the niewiourrent swing was

set to 6A. The required minimum inductance gfili2vas calculated frorequation 3.1

The first inductor was based on a RM core, and it wasnd with 1.2mm diameter litz
wire. The number of turns and the air gap were 8 and O0.8yapectively. The inductance
and the dc resistance of this inductor were recorded pbl Hd 33m@. The second
inductor was based on an E32 planar core. This planar induatomade up of two double
layer pcbs, and the width of the pcb track was 95mil. ifidlectance and the dc resistance
of this inductor were recorded asptband 59n@ respectively. The third inductor was the
integrated inductor. Due to the core size of the intedranductor, each integrated inductor
can only provide gH of inductance. Therefore in this performance testethntegrated
inductors were connected in series to make up [@H1lmductor, and the efficiency

comparison of the three inductors is showfigure 5.1
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Inductor core performance comparnson
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Figure 5.1. RM, planar inductor and integrated inductors effigieomparison

This efficiency measurement is made by applying a constpnt voltage 12 Volts and
constant input current 2A into the converter. Then vayyhe switching frequency from
100kHz to 200kHz, and then measure the output voltage and outpentcfrom the
resistive load and calculate the output power to deterthaefficiency.

The experimental results Figure 5.1show the efficiency of the converter that uses the
planar inductor is typically around 1.5 ~ 2% lower thas inductor wound on the RM core.
This extra loss from the planar inductor is caused b¥itdjger winding resistance; whereas
the litz wire that was used in the RM cored inductas danuch larger cross section area
compared to the pcb track. The advantage gained by usinga jmauctor to produce a
low profile pcb outweighs the small loss in efficiencyowéver, by looking at the
efficiency of the integrated inductor, its performancaimsatisfactory. Due to the track
width of the integrated inductor being much narrower tinothers; it ends up with the
highest dc resistance and the worst efficiency. Thexefoom considering the performance,

ease of construction and cost, the planar inductorchasen.

The chosen planar inductor core for the 24W Buck-boasterter was Philips 3C90 E32
core. Due to the manufacturability, it is difficult make more than two layers per pcb.
Therefore, the inductor was made by connecting two ddalér pcb to achieve a total
four layer board.
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In the power converter design, minimising the tempeeatise on the pcb is important for
reducing the conducting loss from the pcb tracks. The pck material used in this project
is 1oz copper. According to the temperature rise veragk twidth diagram shown on
Figure 3.6 for the single side pcb and the average current otl#Afemperature rise can
be maintained under 20°C if the track width is wider tB@nmils. The same theory can
also be applied to the double side pcb; by having an ideopeaational current and 20°C
limitation on temperature rise, the minimum pcb wigtbuld be 100 mils.

In the E32 planar inductor, the winding space allows twostafri10 mils wide pcb tracks
per layer. Therefore, for two double layer pcbs, eightg in total were achieved in this
E32 planar inductor, and by adding the 0.8mm air gap, the indecteas measured as

35uH. The photo of the inductor is shownRigure 5.2

Figure 5.2. The inductor for the 24W buck-boost converter

5.1.2. MOSFET selection

In this battery equalisation system, 22 24W buck-boost ctergeneed to be built, and in

Chapter 3 the requirements of the MOSFET were detadedlly, to achieve a heatsinkless
design, the MOSFETSs have to have low on-resistancearionise the conduction loss, and
low gate charge to reduce the switching loss. However, die tconcerns of the cost and
the availability, it is not practical to select a M@SFthat has both low on-resistance and
gate charge.
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To minimise the power losses for this 24W buck-boost avexehe logic MOSFET was
chosen. The logic MOSFET is designed for low powewveder use, and it normally has
the slightly lower gate charge than the standard MOSHIE&refore, it can be switched as
low as 5V compared with 10V from the standard MOSFET. Heweapplying higher
switching voltage to the logic MOSFET can reduce thergihg time on the gate
capacitance, which results a quick switching transitaoil, then reduces the switching loss.

The MOSFET used in this 24W buck-boost converter was SUD3ZL. The
SUD35N05-26L is a logic type MOSFET, which has the voltageng of 55V and the
average current rating of 25A. When switching at 12V gateakigine Rs.onis 20nQQ and
the gate charge is 22nC. It is also a surface mounpaoemt; therefore, the converter can
be made in low profile format. The final design of 88N Buck-boost converter is shown
in Figure 5.3 and according to the experimental results, the maxiraffrmiency was
recorded as 92% when switching at 70kHz. Since the powelrdoaghis converter is only
2W, the heatsink is not required in this converter.

Figure 5.3. The photo of the 24W Buck-boost battery equaliser

The measured switching signal of the design’s 24W buck-bomsterter is shown in
Figure 5.4 It includes the waveforms of the PWM signal frore AWM controller, the
MOSFET drain to source voltage and the inductor currenefeawms. The PWM controller
generates a 70kHz switching signal. When the switching sigragth, MOSFET turns on

and then the inductor is charged by the source battemeftre, the inductor current ramps

Page 53

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Chapter 5: The system construction

up. Then when the switching signal is low, MOSFET turffisamd then the stored energy
in the inductor discharges the stored energy into therleiarged battery.

<4 Mainz10k 2>

i p

Figure 5.4. 24W buck-boost converter action waveforms

5.2. The 192W Buck-boost converter

The design procedure of the 192W buck-boost converter isadeto the 24W buck-boost
converter. In the design of the 192W buck-boost conudtie Philips E43 planar inductor
was selected. In Chapter 3.2, the required inductancéi®d®2W buck-boost converter
was calculated as 1@Bl. Comparing with the previous inductor from the 24W buck-boost
converter, the larger inductance requires more turnsetambde up, thus it requires
increasing the wiring resistance of the inductor. In thdkictor, the wiring pcb was also
constructed by 2 double layer pcbs, but each layer has 3 &umthghe track width is 135
mil to increase the inductance and reduce dc resistaheeaeguired air gap was calculated
as 0.4mm, and the inductance was measured gsH19lhen, assuming input voltage
equals 96V, the ripple current is 6A and 50% duty-cycle, tinenmam switching frequency
is calculated as 50.4kHz. IBguation 3.1
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The chosen MOSFET for this 192W buck-boost converterlR&g40. The voltage and the
current ratings of this MOSFET are 400V and 10A respectivilg on-resistance ¢Ron
and the gate charge of this MOSFET are Q.%%d 36nC, therefore the conducting loss
from the higher on resistance and the switching las® fthe higher gate capacitance and
higher input voltage would result a larger power loss thar24W buck-boost converter.

In order to dissipate the power losses from the MOSFHiEsheatsinks were required in
this 192W buck-boost converter. According to the experinheasalts, the best efficiency
was recorded as 90% when the switching frequency was 60kHz. A phahe 192W

buck-boost converter is shownFkingure 5.5

-

Figure 5.5. The 192W buck-boost converter

5.3. The 192W Flyback converter

In this 192W flyback converter, the required voltage and curegimg are identical to the
192W buck-boost converter. Therefore, IRF740 was selectddsiconverter. The use of
the flyback converter is to provide an electrical isotati@tween the source and the load.
Therefore, the design of this flyback converter woulddaei$ed on the flyback transformer

design and reducing the voltage stress of the MOSFET.
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In Section 5.1 and 5.2, the inductors for both 24W and 192W-bockt converters are
constructed based on the planar inductors, which resudini overall design with high
productivity, low profile and low cost. However due to thanefacturability and the
concern for the converter efficiency, the flybackngf@rmer was wound on the standard
RM core, and in order to improve the transformer efficieand experimental frequency

capability, litz wire was used.

The design procedure of the flyback transformer is desttrib Chapter 3.3. By making
different flyback transformers for different switchinggduencies, the frequency response

curve was made to find the maximum efficiency point enadefficiency curve is shown in

Figure 5.6

192W flyback converter frequency response

100

Efficiency (%)

50 60 70 30 90 100 110 120 130
Switching frequency (kHz)

Figure 5.6. The frequency response curve of the 192W flyback ¢enver

In this efficiency test, the converter reaches the dsglefficiency at 60kHz. At this
frequency, the flyback transformer was designed to haver®8 on the primary winding

and 16 turns on the secondary winding.

In this performance test, the converters were madeoutitithe clamping circuit. As

mentioned in Chapter 3.3, the clamping circuit is desigoe@duce the voltage stress on
the MOSFET, hence improving the safety of the conveHewever, due to the clamping
circuit slows down the MOSFET turn off time, the eased turn off time will decrease the

converter efficiency.
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To design the clamping circuit for this flyback transforntbe leakage inductances of the
primary and secondary windings were measured ad41a@d 1.21H. To select the value of
power dissipating components Rc and Cc in the clampingigitbe clamping voltage has
to be defined. In general practice, the clamping voltagebe set up to 30% higher than 2
times the input voltage without affecting the convegtficiency too much. Therefore, in
this design, a 1R resistor and a 3.3nF capacitor were choseffridare5.7 the switching
waveforms show the switching signal of the MOSFET.

2003-11-11 14:01:33 [f piok  Normal 2003-11-12 10:47:42 ok Mormal
Stoppgd 337 200M3/5 Susgtiv  Stoppgd 36203 200M5./5 SH5Aliv

I :
N : : ]
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E- E-
CHi 18:1  CHZ 18:1 ) ) ) Tdge CHT © CHI 10:1 CHZ 10:1 ) Edge CHL ¢
20.0 Usdiv  ©.100kU-div fuwto 20.0 Usdiv  ©.100KU d1u Auto
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Figure 5.7.a. Switching and drain to source signals withamjming circuit.

5.7.b Switching and drain to source signals with clampingitirc

Finally, this 192W flyback converter was made, and the phiotieeoconverter is shown in
Figure 5.8 The maximum efficiency was recorded as 89% at the lswgcfrequency of
60kHz

Figure 5.8 The photo of the 192W flyback converter
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The switching waveform of this 192W flyback converter is shawFigure 5.9 It shows
when the primary switching signal is high, the primary S#ET turns on and then the
primary inductor is charged by the source battery. Then wheeprimary switching signal
is low, the primary MOSFET turns off. The flyback aatiwould transfer the stored energy
to the secondary side and then flow through the intedi@de of the secondary side
MOSFET to recharge the load battery.

2003/11/12 10:47:42 | iok  Mormal
Stoppgd 36203 Z00M5/5  SHSAliv

[ << Mains 10k »> @

HF

Figure 5.9. The switching waveform of the 192W flyback converte

In this Chapter, the construction procedures of each camvweere described. In the design
of the 24W buck-boost converter, the investigation oésg\of inductor cores was made,
and the result shows the planar inductor becomes ther Iseltition for this application in
terms of the construction and the efficiency. Furtllee, logic level surface mount type
MOSFET was used to reduce the switching loss and then m#iangonstruction of the
converter into a low profile, heatsinkless format.the design of the 192W buck-boost

converter, the planar core was also chosen. Howbeeguse higher operating power and
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larger power loss was involved, the surface mount type MEISwvas not suitable and the
heatsink was required in this 192W buck-boost convertethéndesign of the 192W
flyback converter, due to the difficulty on making the tlalyer pcb and the concern for

the energy efficiency, the RM core was chosen to miaddlyback transformer.

5.4. Summary

In this chapter, the efficiencies from each converterevalso measured. In both 24W and
192W buck-boost converters, the efficiency were recoedefl2 and 90% respectively. In
the design of the 192W flyback converter, due to the voltelgeping circuit was
implemented to improve the safety of the converter, itloeeased switching time also
increases the switching loss. Then the efficiency wesrded as 89%.

In the next chapter, experimental battery equalisateststusing these converters are
detailed. The equalisation process will be done by equaliginigssconnected batteries
after the batteries have been discharged at rate of@0s# hour, and the required time for

equalising the entire battery string will be measured.

Page 59

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Chapter 6:Performance Records

6. Performance Records

In Chapters 3, 4 and 5, the designs, the simulationshe@ndonstruction of each converter
making up the proposed battery equaliser topology are etbtaiid operational tests are
described. To confirm the correct operation of the dvetmaliser topology, experimental
measurements of the battery equalisation on two bah#ks< 12V batteries can provide a
reasonably clear indication, and with this configuratitve designed 192W converters,
which have already been tested to their rated capsaaditi Chapter 5 will be tested under

96W of load. These equalisation test results are givemsrchapter.

The overall test was divided into two parts, the equadisaising the 192W non-isolated
buck-boost converter and equalisation using the 192W isolgtieack converter, which
are shown irFigure 6.1 In the first equalisation test, using the 192W non-isdlduck-
boost converter, two banks of batteries were connecteeries. Within each bank, the four
batteries were equalised using three 24W non-isolated budt-boverters. In the second
equalisation test, the two banks were isolated fronh @tlger, and the bank equalisation
was done using the 192W flyback converter. However, withii &ank, the four series
connected batteries were still equalised by three 24Wsmdaked buck-boost converters.

24w
Buck-boost| [
convetter

24
Buck-boost| A
converte!

12

Flyback or

Buck-boost
converter

Figure 6.1. The equalisation setup

For these equalisation tests, each battery is ratedr/@d&ich is three times higher than
the batteries used in the EV3. Because of this, the sgtiah speed will also be three
times slower. Before each equalisation test, allteligtteries were connected in parallel
and equally charged to around 13.5V. After that, these battegee disconnected, settled
for three hours, and then reconnected into two banksusfderies connected batteries and
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their open-circuit voltages are recorded. At this stlge,older batteries were intentionally
grouped into one bank to deliberately make the bank perféenaliveak battery bank, and
the other four batteries were formed into a strongtetyabank. Since old batteries always
draw energy faster than newer ones, separating thanoldhe new batteries can make a
clear voltage difference between the two banks. Nese two banks of batteries were
connected in series and then discharged by a carbororestist rate of 30A for an hour,
which is approximately the average power consumption thaqgual to the EV3 being
driven in the city area in an hour. After that, theole battery string was left to settle for
three hours, and then the open-circuit voltage frorh battery was recorded again.

During equalisation, the decision to turn on or off on eamhverter is not straightforward.
Because, for the open circuit battery monitoring measeng, the rate of change of voltage
on each battery is different. Besides, the ratehahge of voltage on each battery when it
approaches full charge or nears the under charge condit@®also different. Therefore a
comprehensive control system is required to accurateletiwkently turn on or off each
converter. Such control would be necessary when theisgtiah system was installed in
the EV3. However the design of the control systemtlier equaliser was not part of the
brief for this project, because extensive testing ofdy®em would be required first to
ascertain an appropriate control strategy. For the pespokthese results, each converter

was controlled manually according to a set of rulesclwvhre described yigure 6.2

The rules for this equalisation process are simply whenopen-circuit voltage between
any two adjacent batteries is greater than 0.2V, the 2d@¥-boost converter will be

activated to balance these two batteries, or if thé& battage difference is greater than
0.6V, the bank equalisation will start. Because the nredsopen-circuit voltage during the
equalisation process is much higher than its settled opant voltage, the target battery
would be charged until its open-circuit voltage becomesd®5V higher than the source

battery.
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Start
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Battery v Batteries
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side each bank inside the bank™

Bank
equalisation ?

Bank
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Figure 6.2. Equalisation procedure

6.1. Battery equalisation between non-isolated banks

The first battery equalisation test was set up to baldwo series-connected battery banks,
which were formed by four series connected batterieaah bank. Within each bank, three
24W buck-boost converters were used to equalise two adjaatetids, and the set up

diagram is shown ifigure 6.3 After the entire battery string has been dischargedtataf

30A, the open-circuit voltages from each battery acerded inTable 6.1
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Bank 1 o
5 Buck-boost
convertar
PR 192W
Buck-boost = Buck-boost
converter | converter
DAy
5 Buck-oost
converter

Bank 2 24W
I Buck-boost
converter
24N
Buck-boost 4
converter |
24Ny
s Buck-Loost
converter

Figure 6.3. The setup diagram for non-isolated bank equalisation

Battl Batt2 Batt3 Batt4 Batt5 Batt6 Batty Batt8
Voltage i
before | 13.52 13.67 13.54 13.5 13.58 13.57 13.65 13|62
discharge
Voltage L L
after 11.05 11.08 11.09 11.2 11.45 11.97 11.59 11)42
discharge

Table 6.1. The measured battery open-circuit voltages
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In Table 6.1 Batt 1 to 4 was formed by four older batteries to mgkéhe first battery bank.
Batt 5 to 8 was formed by four newer batteries to make @séleond battery bank. The
following steps detail the battery equalisation processgiwivias based on the 192W and

24W buck-boost converter, and the equalisation resultshangn inFigure 6.4

Equalisation starts —Bank 1 voltage = 44.42V, Bank 2 voltag@ G3V.
No battery equalisation required inside each bank.
Bank 2 starts transferring to Bank 1 by 192W buck-boostexben

Interval 1 — Bank 2 transfers energy to Bank 1 by 192W bucktloooserter

Point A— Bank 2 stops transferring energy to Bank 1 (Badle$)
Batt7 starts transferring energy to Batt8 by 24W buck-toasverter

Interval 2 — Batt7 transfers energy to Batt8 by 24W buaksboonverter

Point B — Batt7 stops transferring energy to Batt8
Bank 2 starts transferring energy to Bank 1 by 192W buck-lcooserter

Interval 3 — Bank 2 transfers energy to Bank 1 by 192W buckt loooserter

Point C — Bank 2 stops transferring energy to Bank 1 (Radles)
Batt2 starts transferring energy to Batt3 by 24W buck-toamsverter

Interval 4 — Batt2 transfers energy to Batt3 by 24W buaksboonverter

Point D — Batt2 stops transferring energy to Batt3
Bank 2 starts transferring energy to Bank 1 by 192W buck-lcooserter

Interval 5 — Bank 2 transfers energy to Bank 1 by 192W bucktloooserter

Point E — Bank 2 stops transferring energy to Bank 1 (Radles)
Batt4 starts transferring energy to Batt3 by 24W buck-toamsverter

Interval 6 — Batt4 transfers energy to Batt3 by 24W buaksboonverter
Point F — Batt7 starts transferring energy to Batt24W buck-boost converter

Interval 7 — Batt4 transfers energy to Batt3 by 24W buaksboonverter
Batt7 transfers energy to Batt8 by 24W buck-boost coewver

Point G — Batt4 stops transferring energy to Batt3
Battl starts transferring energy to Batt2 by 24W buck-+toamsverter

Interval 8 — Batt7 transfers energy to Batt8 by 24W buaksboonverter
Battl transfers energy to Batt2 by 24W buck-boost coewver

Point H — Batt7 stops transferring energy to Batt&{Baidles)
Interval 9 — Battl transfers energy to Batt2 by 24W buaksboonverter
Point | — Battl stops transferring energy to BattikBh Bank 2 idle. Equalisation Ends
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Figure 6.4. Battery equalisation process for an eightsseoenected batteries

In this equalisation test, two banks of battery wemneated in series, and this equalisation
process shows these two banks can be successfullyssgusly the combination of the
192W and 24W buck-boost converters.
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6.2. Battery equalisation between isolated banks

The second battery equalisation test was set up to leatfancisolated battery banks. Inside

each bank there were four batteries connected in sémi¢is equalisation test, the bank

equalisation was done by the 192W flyback converter and dnddoal battery inside each

bank was balanced by the 24W buck-boost converter. Thapseiagram is shown in

Figure 6.5

—=

24w
Buck-boost
converter

24wy
Buck-boost

I T
24N |
Buck-boost S
converter |
—_—

canverter

24w
I Buck-boost
I converter
192w L
Flyback 2
converter Buck-boost 5
| converter |
24w
T Buck-boost
canverter

Figure 6.5. The setup diagram for isolated bank equalisation
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Again, a battery discharging process has done beforedbhalisation process, and the
measured open-circuit voltage are recordetiable 6.2

Battl Batt2 Batt3 Batt4 Batt5 Batt6 Battl Batt8

Voltage |
before | 13.76 13.77 13.74 13.68 13.75 13.73 13}7 13]79

discharge

Voltage
after 11.76 11.74 11.92 11.71 12.01 11.88 11.)79 11.9

discharge

Table 6.2. The measured battery open-circuit voltages

The following steps detail the battery equalisation proces&gh was based on the 192W
flypack converter and 24W buck-boost converters, and the isgfiah results irFigure
6.6 shows two isolated battery bank can be successfalanbed.

Equalisation starts — Batt3 starts transferring enerd@att! by 24W buck-boost converter
Batt5 starts transferring energy to Batt6 by 24W buck-boasterter
Batt8 starts transferring energy to Batt7 by 24W buck-boasterter

Interval 1 — Batt3 transfers energy to Batt4 by 24W buaksboonverter
Batt5 transfers energy to Batt6 by 24W buck-boost coevert
Batt8 transfers energy to Batt7 by 24W buck-boost coevert

Point A — Batt8 stops transferring energy to Batt7

Interval 2 — Batt3 transfers energy to Batt4 by 24W buaksboonverter
Batt5 transfers energy to Batt6 by 24W buck-boost coevert

Point B — Batt5 stops transferring energy to Batt6
Interval 3 — Batt3 transfers energy to Batt4 by 24W buaksboonverter

Point C — Batt3 stops transferring energy to Batt4
Bank 2 starts transferring energy to Bank 1 by 192W flybaokexter

Interval 4 — Bank 2 transfers energy to Bank 1 by 192W flybaokerter

Point D — Bank 2 stops transferring energy to Bank 1

Interval 5 — System idle

Point E — Batt3 starts transferring energy to Batt24W buck-boost converter
Interval 6 — Batt3 transfers energy to Batt2 by 24W buaksboonverter

Point F — Batt6 starts transferring energy to Batt24W buck-boost converter

Interval 7 — Batt3 transfers energy to Batt2 by 24W buaksboonverter
Batt6 transfers energy to Batt7 by 24W buck-boost coewer

Point G — Batt3 stops transferring energy to Batt2
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Batt6 stops transferring energy to Batt7

Equalisation ends

Equalisation starts

Voltage (V)

Voltage (V)

'

Bank 1 Equalisation Resutts

—+—Battt
—=— Batt2

i Bat3

—fi- Batt4

—— Bafi5
—5— Bali6
—i— Ball7
—fi- Battg

123 [ T : 1 1
12.2
129 A :
12 — .
19 R E
e —— : L . .
The = 4-\:‘13‘// : N
16—t E Dok
115 : . . ; .
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Figure 6.6. Equalisation process for the isolated batianks
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6.3 Summary

In this chapter, two battery equalisation tests arelddtand the results indicate that each
individual battery can be successfully equalised to adjduatieries. However, there was
one disadvantage found during the test. That is, wheh3®&/ converter is turned on, the
24W converters have to be off. Otherwise the 192W an@4k¢ converters would affect
each other, and making the overall system unstable. \Wetanks are equalised by the
192W converter, the rest of 24W converters have to wait thetil92W converter finishes
the bank equalisation. To solve this problem, reducing th#au of batteries per bank can
increase the chance of multiple banks working at éneestime. However by doing this, the
system would require more converters to do the bankisgtiah, which increases the cost
and increases the size and weight of the system. Wehrh bank, multiple 24W
converters can be turned on at the same time withoytpeoblem. Therefore how to
configure the number of converters required to equalisddhk, the batteries inside the
bank and the future expansion become an important futusedeoation.

Additionally, in this chapter, each converter was turnedoo off manually, but an
automatic control scheme is required in the real wagglication. A possible solution
could be a microprocessor-based control system witntatligent control algorithm to
monitor the condition of each battery and then giv@mands to each converter. However,
this controller needs to accurately measure how muatgeheach battery has and how long

the charging process needs to be done.
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7. Conclusion

A prototype battery equalisation system has been designestructed and tested for the
EV3, which is powered by 26 series-connected lead acid battévigled into four banks.
This prototype battery equalisation system is based omirigeequaliser topology. The
overall system requires three different types of cdever each designed to operate under
average current mode control at a rate of 2A. The ttypes are the 24W buck-boost
converter, the 192W buck-boost converter and 192W flybackerter. The 24W and the
192W buck-boost converters are non-isolated convertersau@ndesigned for transferring
energy between any two adjacent batteries or banks.1BBW flyback converter is an
isolated converter that links the top and bottomdpgtbanks to complete the ring structure.

Simulations of the designed equaliser were performed usiR§mce simulator. In the
simulation section, two rechargeable batteries or arflbatteries were modelled as two
1F capacitors, and the battery internal resistancel@nditing resistances were modelled
as two 100 resistors. To determine the suitable initial nomindlage for each battery
and the voltage variation from each battery, a 3048 bour battery discharge test over
eight equally charged series connected batteries was Gwawing energy from each
battery at a rate of 30A is equivalent to drawing 10kWrargy from the EV3, which is
approximately equal to the power consumption of standarddaiyng. In the simulation
test, each converter was also designed to operateatd af 2A, and the simulation results
showed that two rechargeable batteries can be suckessfualised by the proposed

converter.

The aim of the design and construction is for eaclexter to have an efficiency of at least
90% and to be physically compact, light-weight and of a foofile format. To achieve a
high efficiency at a reasonably low cost, the switclireguency and the MOSFET for each
converter were carefully selected. In the design hef 24W and 192W buck-boost
converters, the planar inductor was introduced to imprbeentanufacturability and to
enable the converter to be made in a low profile formghout significant efficiency

reduction.
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However, planar technology is not the universal solufamall inductor design. In the
design of the flyback converter, the required numbers afstdor both primary and
secondary winding are much higher than the number of tusesl in the buck-boost
converter. Therefore, in order to make the pcb track \eideugh to minimise the dc
resistance and at the same time fit a greater nurolbéwusns into a limited area, the multi-
layer pcb is essential. However, due to the difficuloésmaking a multi-layer pcb, the
planar technology was abandoned in the flyback convdesign, and instead, a RM core
was used and the primary and secondary windings were wotlnditeiwire to improve

frequency capability and reduce the dc resistance.

Correctly sensing the current is the most importantipatie buck-boost converter design.
The current sensing resistor is not connected to thagmreference point like the flyback
converter. Therefore, to make the current sensing fumetork, a differential amplifier had
to be used to sense the voltage difference across ttencsensing resistor. A differential
amplifier, which has a wide common mode range, is requiMost modern op-amps can
be used in the 24W buck-boost converter, but the op-aegt®n for the 192W buck-
boost is very limited. The reason for this is thetoaler is powered by 12V, but the
current sensing resistor is sitting on top of and condetbtethe 72V battery bank.
Therefore, if the common mode range of the op-amp isiigbtenough, the current sensing

will not work properly or will become less sensitive te tturrent signal.

In the 192W flyback converter design, the biggest challeragethe design of the voltage
clamping circuit. The voltage clamping circuit consts: diode, a resistor and a capacitor,
and the use of this was to reduce the voltage streseedi®SFET during the transition of
the turn off time. To ensure the voltage can be clampeder the expected value, the
expected turn off speed, the converter efficiency, theuamts of leakage inductance and
leakage power need to be considered. The component vadeanuthis flyback converter
may not be the most suitable value, but it signifigaréduced the MOSFET voltage stress

with only 2% efficiency reduction.
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Overall, a prototype of a battery equalisation systemther EV3 has been successfully
designed, built and tested. The equalisation results skeoes-connected batteries can be
equalised by either the combination of 24W buck-boost coengeand a 192W buck-boost
converter, or the combination of 24W buck-boost conveidad a 192W flyback converter.
However, there are two disadvantages found during thesdisafjoa tests. First, because
there is not any control system to accurately meas@eapen-circuit voltage from each
battery and calculate how much time does the equalsaticequired. Manual control the
action of each converter is impractical. Second, stheel92W and the 24W converters
can not be turned on at the same time, or any two 24\Wecters can not operate from the
same battery at the same time. The time consumed bimgvéor the other converter to
complete their part of the equalisation process mayidrefisant, which contributes to

overall system inefficiency.

To improve the system capability, a microprocessor-basedrol system and a high

accuracy battery monitoring system need to be implerderted hence provide a more
flexible control strategy and bring about a more efficiegtialisation processes. Overall,
this project gives a clear indication on how the desidratery equalisation system can be
used on a series-connected battery string and what adedlg considerations required.
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The schematics of 24W buck-boost converter
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The schematics 192W buck-boost converter

A | = | w r
s
e
ElE
i
5
BR F
L lsf
ETE
0
a2
gg_&grz: B
18 o
AR £ 530
. I z mr: .
2 T i
J: §
. eHpe
Z
a o | - "
Page 75

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Appendix

The schematics 192W flyback converter
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The PCB of 24W buck-boost converter
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The PCB of 192W buck-boost converter
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The PCB of 192W flyback converter

.r

™
—
)
a
ul
M
0
N
Q
c
>
a
Fa
q
Fa

H3I2H ocald

1921 Flyback power converter

Page 79

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Appendix

The data sheet of E32 planar inductor

Ferroxcube
Planar E cores and accessories E32/6/20
CORES
Effective core parameters of a set of E cores
SYMBOL PARAMETER VALUE | UNIT ‘— 5;:2 .6
z(lra) core factor (C1) 0323 |[mm- 53?”'
Ve effective volume 5380  |[mm? || £ 'R
I effective length 414 |mm 318402 &
Ae effective area 130 mm? I ! + )
Bevin Minimum area 130 mm? RO.25 typ
m mass of core half =13 g
|
|
|
I 20.32 +0.41
I
I
}
RO.84 r=f. typ Fatar
Dimensiens in mm.
Fig.1 E32/6/20.
Effective core parameters of an E/PLT combination
SYMBOL PARAMETER VALUE | UNIT
E(lA) core factor (C1) 0278  |mm" 275 5004
W, effective volume 4560 [ mm? T 1
le effective length 35.1 mm 218013
Ae effective area 130 mm? !
A minimunm area 130 mine
m mass of plate =10 g
Ordering information for plates
GRADE TYPE NUMBER 2032041
3G90 PLT32/20/3-3C90
3CO4 vy | PLT32/20/3-3C94 :
- N o
3C96 (g | PLT32/20/3-3C95 %c‘a'c o p—
3F3 PLT32/20/3-3F3 o
3F4 oy | PLT32/20/3-3F4
Dimensions in mm.
Fig.2 PLT32/20/3.
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Ferroxcube

Appendix

Planar E cores and accessories E43/10/28
CORES
Effective core parameters of a set of E cores
SYMBOL PARAMETER | VALUE| UNIT B
T(IA) core factor (C1) 0276 |mm™? 51
Ve effective volume 13900 | mm3 R by
le effective length 61.1  |mm N [ ]542013 g
Ag effective area 229 mm? +0.13
Amiin minimum area 229 mm?2 }
m mass of core half = 35 g
279405
” o
RO.64 ref. typ. OBt p O

Effective core parameters of an E/PLT combination

Dimensions in mm.

Fig.1 E43/10/28 core half.

SYMBOL PARAMETER VALUE| UNIT

T(I/A) core factor (C1) 0226 |mm™1 432400

Ve effective volume 11500 | mm3 | e [

le effactive length 50.4 mm | | 412013
Ae effective area 229 mm?2 !
Amin minimum area 229 mm2

m mass of core half ~ 24 g (
Ordering information

27.9£06
GRADE TYPE NUMBER

3C90 PLT43/268/4-3C90

3C94 pmy|PLT43/28/4-3C94

3F3 PLT43/28/43F3 RE6a ref. p. —
3F4 | PLT43/28/4-3F4

Dimensions in mm.
Fig.2 PLT43/28/4.
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The data sheet of SUD35N05-26L MOSFET

N ___ 4
VISHAY

SUD35N05-26L

New Product

Vishay Siliconix

N-Channel 55-V (D-S) 175°C MOSFET

PRODUCT SUMMARY

Vps (V) rps(on) (2) Ip (A)?
0020 @ Ves =10V 5
55
0026@ Vas-45V 20

T0-252

O

Drain Connected to Tab

Q

G D S
Top View

Order Number:
SUD35ND5-26L

FEATURES

& TrenchFET® Power MOSFETS
e 175°C Rated Maximum Junction Temperature
® |ow Input Capacitance

APPLICATIONS

e Automotive Fuel Injection Systems
e Automative Wipers
& Automotive Door Modules

],

N-Channel MOSFET

ABSOLUTE MAXIMUM RATINGS (Ta = 25°C UNLESS OTHERWISE NOTED)
Parameter Symbol Limit Unit
Drain-Source Voltage Voe 55
A"
Gate-Source Voltage Vias +20
To=25°C 35
Continuous Drain Current (T, =175°C)2 Ip
Te=100°C 25
A
Pulsed Drain Current I a0
Continuous Source Current (Diode Conduction)® lg 35
Te=25°C 50
Maximum Power Dissipation Po W
T =25°C 7.50
Operating Junction and Storage Temperaiure Range T, Tstg 5510175 “C
THERMAL RESISTANCE RATINGS
Parameter Symbol Typical Maximum Unit
t= 10sec 17 20
Junction-to-Ambient Steady St Bifaa =0 o0
; *CIW
Junclion-fo-Case Riuc 25 a0
Junction-to-Lead R 5.0 6.0
Motes
a. Package Limited.
. Surface Mounted on 1" x1" FR4 Beard, t = 10 sec.
c.  See SOA curve for voltage derating.
Document Number: 71443 W vishay. com
5-03485—Rev. A 16-Apr-01
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SUD35N05-26L

New Product

Vishay Siliconix

‘TYPICAL CHARACTERISTICS (25°C UNLESS NOTED)

Output Characteristics

Transfer Characteristics

100 T T 100 ¥
Ve =10 thu6 vV [ 1
To=-55C
a0 a0
! y
— oY / / R
T T o
= = 125°C
E &0 / = G0 /
g g
S av 3
E 1=
© 40 & 40
a am— 'a]
|
o o
- 20 - 20
2V 3V
\
0 | 0
o} 2 4 G 8 10 0 1 2 3 4 5 [ 7 a8
Vos — Drain-te-Source Voltage (V) Wz — Gate-to-Scurce Voltage (V)
Transconductance On-Resistance vs. Drain Current
&0 | 0.04
To=-585°C
50
. e = 00
R /] 250 = e dey /
3 / @ Ves =45V
= — | 5 /\, .
5 125°C & las=10V
2 /-‘ — 8 002 jm— ,../
§ 20 /- o
Lo =
o 5 om
= w
o 10 =]
0 0.00
0 20 40 60 80 100 0 20 40 &0 &0 100
Ip — Drain Current {A) Iz — Drain Cumrent (4)
Capacitance Gate Charge
1500 20 |
— Vps =25V /
1200 =) 16— |5=35A
1]
c g /
) 55 E
8 900 P — 12
5 8 /
i )
& so0 2 8
14
O )
200 l ~ Coss @ 4
o ]
"\...__________ g
ol Cr= 0
0 1 22 33 44 55 0 10 20 30 40
Yoz — Drain-to-Source Voltage (V) Qg — Total Gate Charge (nC)
Docurmnent Number: 71443 www vishay.com
3-03485—Rev A 16-Apr-01
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Appendix

S77

B

IRF740

N-CHANNEL 400V - 0.46< - 10A TO-220

PowerMESH ™Il MOSFET

TYPE Vpss Rps(on) Ip

IRF740 400V <0550 10 A

TYPICAL Rps(on) = 0.46Q
EXCEPTIONAL dv/dt CAPABILITY

100% AVALANCHE TESTED

LOW GATE CHARGE

s VERY LOW INTRINSIC CAPACITANCES

DESCRIPTICN

The PowerfMESH™ 1] is the evolution of the first gen-
eration of MESH OVERLAY™ . The layout refine-
ments introduced greatly improve the Ron*area
figure of merit while keeping the device at the lead-
ing edge for what concerns swithing speed, gate

INTERNAL SCHEMATIC DIAGRAM

o{z)
charge and ruggedness.
&(1)
APPLICATIONS
s HIGH-EFFICIENCY DC-DC CONVERTERS
s UPS AND MOTOR CONTROL 9
SC06140
ABSOLUTE MAXIMUM RATINGS
Symbeol Parameter Value Unit
Vosg Drain-source Voltage (Vgg = 0) 400 W
VDGR Drain-gate Voltage (Res = 20 k1) 400 W
VGs Gate- source Voltage + 20 v
Tn] Drain Current (continuos) at Tg = 25°C 10 A
Ip Drain Current {continuos) at Tg = 100°C 6.3 A
Iome) Drain Current {pulsed) 40 A
PToT Total Dissipation at T¢ = 25°C 125 W
Derating Factor 1.0 wieC
dv/dt{1) Peak Diode Recovery voltage slope 4.0 Vins
T. Storage Temperature
=0 ge emp _ 6510 150 °Cc
Tj Max. Operating Junction Temperature

(@) Pulse width limited by safe operating area

June 2002
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IRF740
Output Characteristics Transfer Characteristics
HVOE730 (A) HYUB/ED
lo{ A lo
() Ves=10V | | == |
| 6v Vos=25V Ve

20 20
zaht"
lav

15 15
v

v /

kY _____/
0 10 20 30Vos(V) 0 2 4 & B Ves(V)
Transconductance Static Drain-source On Resistance
HYOETE0 { } HVOETTO
9¢(S) V=15V ] Ros{on
5 T Ohm) v| 1|DV
63—
10 P 0.8
// o, | -
| A | 5% vd
n:-mj‘/ 0.55 //
8 7, —
)74 | il
— 0.5 7
6 /// _,/’/ e
,'// 150 °C 0.45 //
/) s
4 =1
// 0.4 ]
W 0.35
0 2 4 6 8 Ip(A) 0 2 4 6 g8 10 lo(A)
Gate Charge vs Gate-source Voltage Capacitance Variations
GC78130 HYOE780
Ves (V) C(pF)
f=1MHz
14 Ves=0V
12 Vps =320V 2000
lo =104
10 / Clss
/ 1500 A
B // \
A \
6 / 1000 \
—r 500 \\ o
2 / \ \h"'—-\-.\# Coss
0 10 20 30 Qg(nC) o 10 20 30 40 Vos(V)
<7
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