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Abstract

In this thesis, an isolated 2.5kW fullbridge DC/@Gnverter has been designed and analyzed
regarding its efficiency and weight.

By increasing the switching frequency, the magnetimponents in the converter can be made
smaller, in this thesis a switching frequency of Kz has been compared with a switching
frequency of 100 kHz.

The transformer in the converter can be winded ifferént ways which will affect the
rectification on the low voltage side, this thdsés analyzed the center-tap- and fullwave-bridge
-rectification.

Efficiency improvement-techniques such as zeroagdt switching, ZVS, and synchronous
rectification have also been analyzed.

It was found that by going from 20 kHz to 100 kHe tconverter weight can be reduced by
approximate 10% and by using the center-tap- ids@fafullwave-bridge —rectification the
efficiency can improve by approximately 1-3%, fraround 94% up to approximately 97%
efficiency.
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1. Introduction

1.1 Background

The world is not like it used to be, people nowadaye more environment-conscious and this
way of new thinking have put pressure on the cdustry into research and development of
more sustainable energy sources. This has leadfévedit kinds of hybrid electrical vehicles
(HEVs) on the market. A technology that allows campion between an internal combustion
engine (ICE) and an electrical engine with the n@ainpose to reduce the use of the ICE and
thereby reduce the pollution.

In HEVs there are many different voltage bussesdifferent purposes of vehicle operation.

There is therefore a need of galvanic isolated BECHonverters in the system to link different
voltage busses with each other and allow trandfenergy back and forth. For example, one of
the converters convert the high voltage (300-40n\the main battery to low voltage (12 V) for

use in electrical equipment.

With more components in the system it is of greapartance to have efficient and reliable
components in the driveline to achieve an enemy flith a power loss as low as possible along
the way.

1.2 Purpose
The purpose of this project is to design an isdld/DC converter for HEV application, a
DC/DC converter that will link the main battery (B@00 V) with the electrical equipment (12V)
in the vehicle.

Main objectives are to achieve high efficiency &g weight. Moreover, a comparison between
two different rectifying-techniques, center-tap daltwave bridge, will be made. Finally a goal
is to compare result obtained using two differemtching frequency in the system, 20 kHz and
100 kHz.

1.3 Delimitations

This project has been completely theoretical. Tiop@sed setup has not been build and tested.
All calculations are based on information givennirahe manufacturers of the different
components.

The control system for the converter has not beasidered as well.



2. Theory

2.1 DC/DC converter

2.1.1 Choice of DC/DC converter topology

The first thing to decide when designing a powegpbyis to choose a suitable topology. A set
of factors will drive the decision, such as:

- Input and output voltage (lower, higher or invertedlltiple outputs etc)
- Output power (Some topologies are limited in power)

- Safety (Isolated/non-isolated converter)

- Cost (related to number of power devices)

The most common type of DC-DC converters can baldd/into two categories depending on
how they transfer the power. The energy can go ttwrinput through the magnetics to the load
simultaneously or the energy can be stored in thgnetics to be released later to the load. Table
2.1 lists the most common DC-DC converters and tigpical power limitation [1].

Table 2.1 - Overview of DC/DC-converters and their typical power limitation

Energy flow Energy storage
Non Buck (<1 kW) Boost (<150 W)
isolated Buck-boost (<150 W)
Cuk (<150 W)
Isolated Half-bridge (250 W-1 kW) Flyback (<150 W)

Full-bridge (>1 kW)

With given inputs that are listed below in Tabl& for this project, the choice has been the full-
bridge topology.

Table 2.2 — Input parameters for the converter

Parameter Value
Battery Voltage, V4 300-400V
Output Voltage, V, 12V
Output max current, |, 208 A
Output max power, P, 2500 W

This topology will be analyzed with two types ofceadary winding-techniques such as the
center-tap configuration and fullwave-bridge coaofation according to Figure 2.1
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Figure 2.1 - Fullbridge converter with a center-tap- and a fullwave bridge-cnfiguration

The switching topology used for the full-bridge werter is the bipolar voltage switching, where
the transistors are switched in pairs. Transisigrand T, are considered as one switch pair and
transistors 7and T are considered as the other switch pair.

The output voltage ¥/is controlled and regulated by the PWM scheme seé&igure 2.2 where
a sawtooth signal is compared with a voltage cdstgmal from the control circuit.
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Figure 2.2 - Fullbridge converter switch topology

During the first half period, the switchpair &nd T, are conducting as long as the sawtooth
signal is lower than the control signal. When iteads the control signal the transistors stops to
conduct until the second half period takes placemte switch-pair Fand T starts to conduct
until the sawtooth signal yet again exceeds thercbsignal. This procedure repeats itself from
period to period.

Another type of control is the phase-shift contwdhich provides a convenient method for
achieving zero voltage switching, significantly uethg the switching losses. Stored energy is
then used to charge and discharge bridge switcacgapce during a freewheeling stage created
by phase shifting the ON times of opposite pairsarisistors in the bridge configuration.



The current waveform on the primary and seconddey can be seen below in Figure 2.3
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Figure 2.3 - Primary- and secondary current waveforms

and by using these current waveforms, the RMS ntgrean be expressed as

1 2T le
I = |— i2(t)dt = —1 D 2.1
1,RMS ZTSL ll( ) n, o,max\/_ ( )
1 2T 1
I, rus = I3 rus = —f i2(0)dt = = lpmaxV1+D (2.2)
2T J, 2

The resulting output voltageo\is therefore directly related to the transist@spr on-state time
and this relationship can be derived by integrathmg voltage ¥ over one time periodsland
then divide it by T. The average value of;vs then given by

ton N2

Ts Ts
V—lf (t)dt—l zf th+f 0dt) =221y pr 2.3
O_Ts o Voi _Ts o N1 d o - NlTs d N ()

t
whereD = On/TS.

This equation gives the transformer setup for thiebfidge converter

Vo N,
0 _72p (2.4)
Va Ny



2.2.1 Diode fundamentals

A diode is a semiconductor device that conductstedecurrent in only one direction.

Figure 2.4a-c shows the circuit symbol for the @idtdhe diode steady-state i-v characteristic and
reverse-recovery current waveform.
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Figure 2.4 — (a) diode symbol (b) i-v characteristic (c) reverse recovery waveform

When the diode is forward biased, it begins to cahdvith only a small voltage over it. This
forward voltage Yis on the order of 1V [2] and due to the steepattaristics, this voltage is
almost constant independently of the current leltedhould be said, that for power diodes the
slope resistance is relatively large compared tallssignal diodes.

When the diode is reverse biased, a small amouleia&hge current will appear. This current is
very small, a few pA or less [2], so it is usuaibglected.

However, all diodes have a maximum reverse voltdgeq it can withstand. If this voltage
exceeds the diode will fail and start to condutdrge current in reverse direction, this is called
breakdown.

A diode turns on rapidly so during turn-on it candonsidered as an ideal switch. This is not the
case at turn-off since the diode current reverees freverse-recovery timg, tseen in fig 2.4,
before falling to zero. This reverse recovery coirie necessary to remove excess carriers in the
diode and it will introduce an energy losgs & each turn-off.

Depending on the application requirements, theig exrange of different diodes [2]:

- Shottky diodes. These diodes have a very low forward voltage dre@.3V) and are
typically used in applications with very low outpudltage.

- Fast recovery diodes. These diodes are designed to have a very shagtserecovery
time t, and are typically used in high-frequency applmadi



2.2.2 MOSFET fundamentals

A metal oxide semiconductor field effect transisttdOSFET, is a voltage controlled
semiconductor device whose function is to contin@l low of current. Depending on different
doping-techniques, MOSFETs can be either N-chaoné&-channel. The most popular type of
MOSFET in switching circuits is the N-channel dodhe low on-state resistance compared to a
P-channel [3]. The symbols of a N-channel MOSFE@ anP-channel MOSFET can be seen
below in Figure 2.5
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Figure 2.5 — circuit symbol of a (a) N-channel resp. (b) P-channel MOSFET

where G is the Gate-terminal, D the Drain-termirad S the Source-terminal.

The control signal in a MOSFET is the applied vgdtebetween gate and sourcgs Mf this
voltage is greater than the threshold voltaggythe semiconductor starts to conduct and the
current level is related to the level ofs\as can be seen in Figure 2MBOSFETs have a very
high impedance gate which requires only a smalliarhof energy to switch the device.
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Figure 2.6 — MOSFET i-v characteristic

There are some static and dynamic key parametemsder when choosing MOSFET.



Static parameters:

V@erpss This is the maximum voltage the switch can withdtamthout breakdown. This
voltage should be greater than or equal to thel natétage of the device.

Rasny This is the resistance in the switch during ONestdtt is temperature dependant and
directly related to the conduction losses in theSFBT. A low Rison)Will give low conduction
losses. The on-state resistance for MOSFETs isasang rapidly with the blocking voltage
rating Vigr)pss [2] SO devices with low voltage ratings are théyasption to get a low on-state
resistance. This resistance varies from mohmsueraeohms.

Dynamic parameters:

Qu.ot: This is the total gate charge. This charge carepeesented by a capacitor between gate
and source g and a capacitor between gate and drajg,(Gften called the Miller charge). This
parameter is temperature dependant and directiyecklto the MOSFET speed, as the value of
the capacitors determines the response time wreendltage Vs is applied. A lower value of
Qq.1ot Will then give faster switching speeds and coneaty lower switching losses. MOSFET’s
are in general very fast, with switching times fraems of nanoseconds to a few hundred
nanoseconds [2].

Qn, tr, Ir: The MOSFETS are also having an intrinsic diode fidnain to source. The reverse
recovery charge Qreverse recovery time and reverse recovery curreptis parameters that
are related to the body diode reverse recoveryachetistics. It is important that the recovery
time t, of the diode is faster than the rise/fall timeitsdoesn’t affect the circuit. All of these
parameters are temperature dependant and lowek, tand Q improves THD, EMI and
efficiency.



2.2.3 IGBT fundamentals

An insulated gate bipolar transistor, IGBT, is &age controlled semiconductor device with the
big difference from MOSFETS, that this is a mingrdarrier device. This will have a strong
influence on the performance of the device.

Regarding the physical setup of an IGBT, it cardlwéded into two categories: the non-punch
through IGBT (NPT-IGBT) and the punch-through IGEAT-IGBT). The punch-through IGBT
has an additional Nouffer layer, which may further improve the perfiance of the IGBT [4].

The symbol of an IGBT can be seen in Figure 2.7
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E

Figure 2.7 — IGBT circuit symbol

where G is the gate-terminal, C the Collector-t@ahand E the Emitter-terminal.

Similar to the MOSFETSs, the IGBT has a very higlpé@tiance gate which requires a small
amount of energy to switch the device.

In contrast to MOSFETS, there exist IGBTs with &aldocking voltage ratings that has small on-
state voltage [2]

IGBTSs suffers from a phenomena called “tailing” séelow in Figure 2.8
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Figure 2.8 IGBT current tail waveform

The current tail will cause an additional energgsldo Ex from t to . This extra energy loss
will cause extra high turn-off losses for IGBTs.cBase of this increase in switching losses,
MOSFETSs are preferred instead of IGBTs for realghtfrequency applications.
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2.2.4 Transistor losses

There exists mainly two types of power losses itmaasistor and they can be divided in two
groups:

- Conduction losses (P
- Switching losses @)

So the total power loss;, h a transistor can be written as

P, =P, +P,, (2.5)
where R, can be divided as

Pow = Fon + Pogy (2.6)

where B, is the turn-on losses angxHs the turn-off losses in the transistor. Sinae tifansistor
is not an ideal switch there will be a transitiohese the transistor is conducting current but at
the same time having a high drain-source or calteemitter voltage.

The conduction loss comes from the small interealstance in the transistor which causes a
small voltage drop during the time the transissdiuily ON.

These losses is visualized below in Figure 2.9

control
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0 » Time

* ton ol torr >
1 1

Figure 2.9 — Transistor switching waveforms
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Approximation of IGBT-losses

In an IGBT product data sheet it is common thatrttamufacturer provide information like the
amount of energy dissipating at each turn-on amd-aff, E,, and Eg, at a certain reference
voltage Ver and reference currentel The special phenomenon “tailing” and diode resers
recovery is also usually considered in the eneegglk that are given.

The turn-on losses,Pand turn-off losses R are then

_ leo
POn - Eon V I fS (2'7)
refliref
Pyer = E, ey — 0 2.8
off — Loff Vreflreff.‘s ( . )

where {is the switching frequency.

The collector-emitter saturation voltagegéais given in datasheets so the conduction losses ca
be calculated as

P = VCEsatll,RMSD (2-9)

where D is the dutycycle.

Approximation of MOSFET-losses

Energy dissipation at each turn-on or turn-off ssially not given in the MOSFET data sheets.
Instead these values have to be approximated usigand fall-time of the voltage and current.
The fall-time of the current tand rise-time of the current is provided in datasheets. Rise- and
fall-time of the voltage,q«t and t,, can be calculated with given data showed in glicgiion
note from Infineon [5]

t +t
rutl T truz
try = ”T“ (2.10)
t +t
ty = rul - ru2 (211)
where
Cgar
trur = (Vd - Rds(on)IDon)# (2.12)
on
Cyaz
lruz = (Vd - Rds(on)IDon)# (2.13)
on
Cga1
trur = (Vd - Rds(on)IDon)I(;g? (2-14’)
)

12



Cgaz
truz = (Vd - Rds(on)IDon)Ig_ (2'15)
Goff
where Gq1 and Gg2 can be approximated from figure where the gat@drapacitance is plotted
against the drain-source voltagesV

The turn-on losses,Pand the turn-off losses,Pis then

ty+t V.
Ty Qv+ ) 1 (2.16)

Pon = (EonM + Eonmrr + EonD)fs = (VdIo

tru + tfi
Porr = (Eopsm)fs = (leo T)fs (2.17)
where Enwurr is the switch-on energy caused by the reversevezgmf the free-wheeling diode.

The conduction losses in the MOSFET are calculet¢de same way as in (2.9)

13



2.3 Transformer design

2.3.1 Magnetic behavior

When a magnetic core material is put into an eslemmagnetic field, H, the molecules in that
material will start to align with it. During this agnetization process energy barriers have to be
overcome. Therefore the magnetization will alwag behind the field. This process will create
a Hysteresis loop as can be seen in Figure 2.10

— -
Saturation

we

f=a-)

wg

-B
Figure 2.10 — Typical BH-curve of magnetic material

A magnetic core with zero magnetism from start wti#irt fromP; in the figure where B=0 and
H=0. When the magnetic core is put into an extemagnetic field, the magnetic field in the
core, B, will rise. This rise is not linear and Malzentually flatten out, if the core is fully uséd,
until it reaches poinP,, where an additional increase of the external reagrfield will no
longer have an effect on the core. In this poirg #aid that the core has reached saturation.

When the external field is then decreased, thel frgthin the core will also decrease until it
reaches poinPs;. The core is no longer subjected to an exterreddl fbut there is still some
amount of flux density in the core. This amounflok density still present in the core is called
residual magnetism and is referred to as remanence.

By reversing the external field, the field withimetcore will reacls. This point of zero crossing
is called the point of coercivity.

All this above will repeat itself for the reversedternal field, the field within the core will yet
again reach the saturation in poHat

14



2.3.2 Core Materials

Soft iron

Soft iron is used in electromagnets and in sometrgdemotors. Iron is a common material in
magnetic core design as it can withstand very heghls of magnetic field, up to several Tesla.
In contrast to hard irons, soft iron does not renmaagnetized when the field is removed which
is sometimes important. But to use a bulk of safhiis not possible since it will suffer from

large eddy currents which will lead to undesiraidating of the iron [6]. There are mainly two
technigues to reduce these eddy currents.

One way is to use laminated magnetic cores. Thik imgrease the resistance and thereby
decrease the eddy currents.

The other way is to add silicon(3-5%), this wilsudt in a drastic increase of the resistivity, ap t
four times higher [6].

Iron powder

Iron powder cores consists of small iron-parts tkag¢lectrical isolated from each other, this
leads to a higher resistivity than in laminatedesoand also thereby lower eddy currents. This
material can also be used for much higher freq@snci

Cores with this material are most commonly usedpplications such as filter chokes in SMPS
and as EMI-filters due to the low permeability [6].

Somaloyis one type of product where iron powder has bemnpressed in a specific way to
obtain beneficial properties. A unique 3D-shap#efparticles will improve the performance [7]

METGLAS

Metglas is an amorphous metal, a metal that dohaet a crystalline structure like other
magnetic materials. Instead the atoms are randaminged, which will lead to up to 3 times
higher resistivity than that for crystalline coumiarts [8]. For this material there also exist
different kinds of alloys which will have differeatfects on the coercivity, permeability etc.

Ferrites

Ferrite is a class of ceramic material with usedfldctromagnetic properties. It is basically a
mixture between iron oxide and different kinds adtal oxides. Addition of these kinds of metal-
oxide in various amounts allows the manufacturgsramluce many types of ferrites for different
applications.

Ferrite cores have very high permeability. Thiwl low loss operation with really high
frequencies. The resistivity is really high so eddyrents can be neglected when it comes to
ferrite cores.

15



Table 2.3 - Core material overview and typical limitations

Material Saturation peak flux density [T] Permeability [u]
Soft iron = 5000
Somaloy ~1.5 1000
Metglas (2605SA1) ~1.5 45000
Ferrite (3C90) ~0.47 2300

16



2.3.3 Transformer setup

When it comes to determine turns of winding on ghienary-side it is important to see that the
core would not saturate, as the number of primamystin the transformer also is determining the
peak flux density in the cot®.,,... The relationship between number of primary turnsahd the
peak flux densityB,,,. is

Vi = NIACWBCOTE (2.18)

where A is the effective area of the core. (2.18) has beerved using Faraday's Law of
induction

do
Vi (6) = Ny~ (2.19)

where (1) is the time-varying voltage on the primary satel Z—f is the time-derivative of the
magnetic flux in the core.

The magnetic flux is given by
@ = ABeore (2.20)
Inserting (2.20) into (2.19), (2.19) can be rewentas

DTS BCOTE
f V,dt = N, A, f dB (2.21)
0

0

The voltage Y on the primary side from time 0 to DiE equal to the input voltage of the
converter \i. The maximum voltage applied on the primary sid# wreate the peak flux
densityB,,,.. This gives the solution of (2.21) as

V,DT,
N, =% (2.22)
Achore

The primary voltage Ywill reach its maximum when the duty-cycle reachgedowest value so
N; can be calculated as

— Vd,maxDminTs
! Achore .
It can be seen from (2.23) that the peak flux dgrii,,., will decrease with increasing number
of primary turns N. The core losses will then decrease but the resikisses will increase. This
is always a tradeoff between core-losses and thistiree losses. In applications where the
transformer is under heavy load conditions a dewiiin larger core-losses and smaller resistive
losses could be in favor for example.

(2.23)

For the choice of wiring, the RMS currents havéoéoknown. The RMS currents for primary-
and secondary can be calculated using (2.1) agl (2.

17



A common wire to use for winding transformers init8tv Mode Power Supplies (SMPS) is the
Litz-wire. It is designed to reduce the skin effaod proximity effect losses in the conductors.
To achieve this, the Litz-wire consists of manythiires, individually coated with an insulating

film.

The skin-effect usually has to be considered for kind of high frequencies but the fact that this
transformer will use Litz-wire this effect can begtected.

Regarding the relatively high currents, Litz-wirétlwa cross-sectional area. A, of 0.94mnj
from ELFA has been selected. With this type of véreurrent density J of 3A/nfnhas in this
work been choosen. This means that a bundle ofvliitzs has to be used to cope with the large
currents.

For the primary side

Il,RMS

Xprim vt bundled wires = (2.24)

'Ac,Litz
Using the result from (2.24), the new cross-seddianea of the wire can be determined as

Actpundaie = XprimintAcLitz (2.25)
The total number of bundled Litz-wire on the se@mydside is

IZ,RMS
K AC,Litz

Using the result from (2.26), the new cross-seddianea of the wire can be determined as

Xsecint bundled wires = (2.26)

Acz,bundle = sec,INTAc,Litz (2'27)

The next step is to calculate if the windings fitthe core. This is done by calculate on the
needed window area.

Assuming that the copper filling factor isyk=k.,=0.5 and that the turns ratio is n=20 the
winding areaAA,, occupied by one secondary and 20 primary turns is

Acz,bundle + 2 OAcl,bundle

AA,, = (2.28)

kcu,l

18



For the center-tap configuration on the secondadg she winding area\A center CAN be
calculated as

A + 104
AAw,center — c2,bundle cl,bundle (2.29)

kcu,l

The areas can then be calculated as a function of N

N
A, = N,AA,, = 2—(1)AAW (2.30)
Ny
Aw,center = NZAAW,center = EAAW,center (2-31)

19



2.3.4 Transformer losses

Magnetization losses

The wires in the transformer causes a certain iachee, this is called the magnetization
inductance. This inductance has to be chargeddwyrant so the transformer works in a proper
way. This current causes a magnetization lossanrdmsformer.

The magnetization inductance can be calculated as

L, = A N? (2.32)
where A is the inductance factor and can be found in tatets for specific cores
The magnetization current can then be as

_ VDT,

Al
m Lm

(2.33)

Resistive losses
To calculate the resistive losses in the transforthe total length of wire needs to be
determined.

The total length of wire on primary- and secondsde is
L, = corelegperim. X Ny turns (2.34)
L, = corelegyerim. X Ny turns (2.35)
wherecoreleg,.,im iS the perimeter of each core leg and can be sedatasheet.

The total resistance on the primary- and seconsideyis

L
R, = Pt (2.36)
Acl,bundle
L
R, = Pz (2.37)
Acz,bundle

Wherepg, is the resistivity of copper and is equallt68 - 1078
The total resistive losses can then be calculated a

P = R1112,RMS + R2122,RMS (2.38)
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Core losses

The core loss that appears due to the physicavimhexplained in Figure 2.10, can be found by
using the diagram with specific power loss as ation of magnetic flux density, see data sheet
of the specific core. The volume of the core iswnao the core loss.& can be calculated by
using the equation below that are based on dat shéhe specific core [9]

Peore = mfxgy(cto —cnl + CtZTZ) (2'39)

where G, X, ¥, Go, Gu and ¢ are parameters which have been found by cunieditf the
measured power loss data. T is the temperature.

Some manufacturers, like MetGlas, provides equatdrectly to calculate the core loss of their
products

Peore = 6.5 f51B17* - 7.18V, (2.40)

Where the switching frequengy is given in kHz, the peak flux densiByis given in T and the
effective volumeV, is given incm3. The assumption is made here that the appliehg®elts
sinusoidal. In reality, there are many higher ota®monics that will increase the core losses a
bit.

The total maximum power loss for the transformehen

Piot = Peore + Py (2-41)
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2.4 LC-filter

2.4.1 Needed inductance value
Both the voltage and the current needs to be dittethis is done with the lowpass-filter seen in
Figure 2.11

L
f—— B0 O —— .
i(t)
d,max (o — Vo

Figure 2.11 — Output lowpass-filter

The value of the inductor has to be high enougbrder to keep the output current ripple within
limits. It's usually accepted with a current ripfletween 5-10% of the average load current. The
maximum ripple is decided to 5% for this convedrd the inductor current can be seen in
Figure 2.12

i(t)

N

5 5

Figure 2.12 — Output current ripple waveform
For these calculations the inductor current fromoze DTs is considered. The voltage over the
inductor is given by

y, =12 (2.42)

The inductance is then given by

g
dt

L (2.43)

A minimum value of the inductance can be calculatdeen the voltage across the inductor
reaches its maximum, Vhax
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VL,max

Lmin = ripple - IL,max (244)
ton

According to Figure 2.1, the voltage over the intducan be expressed as

Ve =Voi—V, (2.45)
whereV,; = &Vd

Ny
The maximum voltage over the inductor is then gilbgn
NZ

VL,max = N_lvd,max - Vo,min (2.46)

The on-state time can be determined from (2.3)itaisd
_ _ 1 Vo,min Ny

ton = DTy = 5 L (2.47)

The maximum average inductor current is given by
P
IL,max = Vo.mc.lx (2.48)
omin
The lowest necessary value of the inductance iardadachieve CCM is then
N
N_in,max - Vo,min
min = ripple - [L,max (2.49)
ton
In order to calculate the needed value of the agagatollowing relation is used
dVe
i.(t)=C— 2.50
() =C— (2.50)

It can be assumed that all of the ripple curremsghrough the capacitor and that the voltage
ripple is fixed at 5%, so the maximum value of th@acitor can be calculated as

ic(t) _ ripple, 'IL,max
% rippley - Vo,min
dt

Cmax -

(2.51)

tOTl
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2.4.2 Inductor Setup

To achieve a certain inductance, the inductor-carebe modeled as an electrical circuit seen in
Figure 2.13

Core reluctance, RC

i |[ — s
Va) hlmg :: i?lil%:g}nce :
2 < N Rg ' m(t)C) @ §Rg
o v,

Figure 2.13 — Inductor core and eq. electrical circuit

Similar to the electrical circuit where an eleatifield will put up a current that will follow the
path with least resistance, a magnetic field valige a magnetic fluk(t) which will follow the
path with least magnetic reluctance or magnetistasxce.

The core- and air-gap reluctance can be calcukded

R = 2.52

T A (2.52)

R, = o (2.53)
UOAg

where |4 and |4 are the permeability of the core resp. the air iaral measurement of how well
the media will respond to an external magnetiafié,. and A, are the areas angdnd } are the
magnetic flux path lengths.

By using Ohm’s law to solve the magnetic circuist/dwing relation is obtained

ni = ®(Rc + Ry) (2.54)
where n is the amount of turns and i the currentihg through it.
But since usually R<< Ry and the flux isb = BA, (2.54) can be rewritten as

ni = BA.(Ry) (2.55)

The inductance can be expressed as
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L=—

Ry

So, using (2.53) and (2.54) the inductance canrlyiha expressed as

_ qucnz

g

L

(2.56)

(2.57)
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2.5 Converter Efficiency Strategies

2.5.1 Zero voltage switching, ZVS

In order to reduce the switching losses for theisenductor components, paralleling of passive
components such as resistors, inductors and capacen be an option. This different kind of
paralleled combinations of passive componentslisccésnubber”.

Snubbers are placed across semiconductor compdoepi®tection and to improve the
performance. By adding a snubber, a range of ingmants can be obtained [10];

- Reduce or eliminate voltage and current spikes

- Limit dl/dt or dV/dt

- Shape the load line to keep it within the safe afpeg area (SOA)
- Transfer power dissipation from the switch to astes

- Reduce total losses due to switching

- Reduce EMI by damping voltage and current ringing

There exist many kinds of snubbers but the mostheomones are the RC-snubber and the RCD
turn-off snubber [10].

A bridge setup of semiconductors will narrow theick of possible types of snubbers that can
be used due to short-circuit currents in the system

But according to Undeland [2] a setup with paratigbacitors seen in Figure 2.14 can be used.

Figure 2.14 — ZVS bridge setup

This setup with a single capacitor in parallelafiex a lossless snubber and it will achieve a shif
of the voltage waveform seen in Figure 2.9 so a geltage switching, ZVS, is obtained.

26



2.5.2 Synchronous rectification
Synchronous rectification is used in DC/DC — cotetex for low voltage and where high current

is needed [11].
Instead of using output rectifier diodes to condwben they are forward biased, synchronous

rectification uses switched MOSFET transistors.

The MOSFET is then connected in parallel with tiedd and when the diode is forward biased
the transistor is turned ON and starts to condsicice the transistors allow a lower voltage drop
compared to the diodes, the rectification becomererafficient.

The challenges with this technique are to achiengdiable and efficient control, where the dead-
time of the transistors has to be controlled inrappr way to avoid short-circuits or bad
efficiency in the converter. There are control gite today that are including something called
“predictive gate drive” that are adjusting the déatk automatically. With this control the

parallel diode can be removed [12]
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3. Design Results

3.1 Selection of Power Semiconductor components

3.1.1 High voltage side

Given the current and voltage level on the highage side, the choice of semiconductor has
been to go with IGBTs. To achieve a good safetygmai range of 600V IGBTSs listed in Table
3.1, has been evaluated and their conduction s¥gching losses at 20 kHz and 100 kHz has
been calculated by using (2.7-2.9). The resultimeeen below in Table 3.2

Table 3.1 - List of tested 600V IGBT and their parameters

Type Vce [V] | c[A] V cesal@125°C,24 A[V] B [MmJ] Eoft [MJ]
IKB20N60H3 600 20 2.3 0.45 0.24
IKW20N60H3 600 20 2.3 0.71 0.36

IRGS4062DPbF 600 24 2.03 0.12 0.6

Table 3.2 - Conduction and switching losses for listed IGBT

600 V IGBT's (@ full load)

45

40

35

30

25

20 W Psw
15 HPc
10

i I .

0=

Transktor losses [W]

IKEZ{JNEUHS IKWZONBOHS RGSQ-OEZDPI‘JF IKBEONEUHS IKWZOMNB60H3 IRGS-4[]62DPhF

20 kHz 100 kHz

The IRGS4062DPbf from International Rectifier [13] has been selddb@sed on the result from
Table 3.2

The total losses on the high voltage side at fod#ldl conditions for 20 kHz could then be
calculated by using (2.7-2.9) as
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V,l V,l
Psw,tot = 4(Pon + Poff) =4 (Eon—o + Eoff —0>fs
Vreflref Vreflref
—4 (0 12-10-2700-104 o 102200 10'4) 20000 = 16.6 W 3.1
B ' 600 - 24 ' 600 - 24 S G
P.ior = 4(VegsatlyrusD) = 4(1.5-10.4-0.32) = 20 W (3.2)

PSW,tOt + PC,tOt _ 166 + 20
Pruii 10ad 2500

Peotnv () = -100% = 1.47% (3.3)

The total losses is calculated in the same waylfif kHz and visualized as a function of
different load conditions below in Figure 3.1

semiconductar Efficiency Hv-side
34a .

3_ ................................................................ TR
j : = ==Paw (20kHz)
il e N ——=Psw (10 kHZ) | |
- 5 ; oy Prond (20 kHz)
= =+="=Peand (100 kHz)
I O e H e en s e s T e T — .
3
= : : :
O i : !
_E ] e L R L T R A R A T e -
8 ! : :
(il
A st ot md o s s s S i e e e e 2
e e it
——————— -i——_—__—:—__—_g.-.—-—'-_._—————————
s s T e B R D i
0 i 1 1
a0d 1000 1500 2000 2500

Dutput Power [WY]

Figure 3.1 — HV-side IGBT losses for 20- and 100kHz
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3.1.2 Low voltage side

The amount of semiconductor devices on the lowagaltside depends on what kind of setup the
transformer will have. If the transformer will hawge center-tap instead of a regular wiring
configuration the amount of semiconductors is reduo two from four components.

Due to the low voltage, there is of great imporaatuse components with as low voltage drop
as possible. Because of this, a couple of shotitkgsdhave been investigated with their specific
data listed in Table 3.3

Table 3.3 — List of tested Shottky diodes

Type Configuration Vrated [V] V tmax [V] | trated [A]
DSS 2x81-0045B Dual 45 0.64 2x80
STPS16045TV Dual 45 0.69 2x80

The choice of Shottky diode has been3i®S16045TV from ST Microelectronics [14].

The conduction losses of the diode at full loaddittons with a center tap configuration can be
calculated with (2.9)

P. = 4(Vilyqvg + Raseomy[2rus) = 4(0.48 - 52 + 0.00262 - 60%) = 137.57W  (3.4)

In the same way are the losses calculated for medind low load conditions, the answer from
(3.4) is just multiplied by two to obtain the lossr the full wave bridge configuration. The
result is visualized below in Figure 3.2

Diode Efficiency loss LY-side

11 T T
Pcond (center) ;
Poond (full-wawa)

10

Efficiency Loss [%]

4 i 1 1
500 1000 1500 2000 2500
Dutput Poweer [WW)

Figure 3.2 — LV-side diode losses for center-tap and fullwave bridge configuration
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To reduce the losses on the low voltage side, ltlogtls/ diodes can be replaced by MOSFETs
and instead use synchronous rectification.

For this purpose, a couple of 40V MOSFETSs has heesstigated with their specific data listed
in Table 3.4

Table 3.4 - List of tested MOSFET

Type Vas [V] 15 [A]  Rpsonma[MOA]  Qn [NC]
IPB160N04S04-H1 40 160 1.6 73
IPB160N04S3-H2 40 160 2.1 95

The conduction- and switching losses for each MOSk&s been calculated for 20 kHz and 100
kHz and the result can be seen in the Table 3.5

Table 3.5 — Conduction and switching losses for listed MOSFET

40 V MOSFETs (@ full load)

25

20

15
B Psw
10
B Pc
5
a

IPB16ONO454-HI IPB16OMO453-H2 IPB160MN0454-H1 IPB160N0453-H2

Transitor losses [W)

20 kHz 100 kHz
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Based on the result above, the choice of MOSFETbbhan thd PB160N04S3-H2 from Infineon

MOSFET Efficiency loss Lv-side 20kHz
4 T T T
Prond (center)
Peond (full-wave)
= =—=Psw (center]
38H
=== Paw (full-wave)

Efficiency Loss [%]

Cutput Power [VW]

MOSFET Efficiency loss Lv-side 100kHz

4 T T T
Prond (center) :
Peond (full-wave)
== =Psw (center)
348H
=== Paw (full-wave)

Efficiency Loss [%]

i i |
£00 1000 1500 2000 2500
Output Power [W]

Figure 3.3 - LV-side MOSFET losses for center-tap and fullwave bridge configuration for 20- and 100kHz
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3.2 Transformer setup

In order to choose a good sized transformer cbeeatea of the wiring has to be calculated. The
RMS current on the primary side is calculated toar@l on the secondary side 125A using (2.1-
2.2). With these values, the wiring can be dimensiomedchieve a current density of 3A/rhm
The amount of bundled wires can be calculated ugritjt) and (2.26)

7

Xpriminr = 37592 ~ 3 (3.5)

125

~ 45 3.6
3-0.94 (3.6)

Xsecint bundled wires =

And the new cross-sectional area of the wire omary- and secondary side can be calculated
using (2.25) and (2.27)

Act punate = 3 0.94 = 2.82mm? (3.7)
Acz pundaie = 45+ 0.94 = 42.3mm? (3.8)
By using (2.30) and (2.31), the needed window a@a then be calculated as a function of

primary turns. Table 3.6 shows the calculated n@edadow areas as a function on primary
turns N. As the different rectifying techniques on the lgeltage side requires different amount

of secondary turns Nthe needed window area with a bridge rectificattgnand the needed
window are with a center-tap rectification, &nwerWill differ.

Table 3.6 — Needed window area for fullwave bridge and center-tap configuration as a function of primary turns

N1 Ay [mmz] Aw,centel [mm 2]
20 197 282
40 395 564
60 592 846
80 789 1128
100 987 1410
120 1184 1692
140 1382 1974
160 1579 2256
180 1777 2538
200 1974 2820

At 20kHz switching frequency, the core-material heeen selected from MetGlas. They are
offering a range of PowerLite CC-cores with irorséé MetGlas amorphous Alloy 2605541
with its data listed in Table 3.7

At 100kHz switching frequency, the core-materiad bh@en selected from Ferroxcube. They are

a leading supplier of Ferrite components and aieriofy many different kind of cores. The core
material 3C91 has been selected for this applicatial its data is listed in Table 3.7
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Table 3.7 — Core material properties

Core Material Sat. flux Elec. Resistivity Density Curie Temp.
density [T] [uQ.cm] [g/cm’] [°C]
Alloy 2605SA1 1.56 130 7.18 399
3C91 0.47 - 4.8 220

Using (2.23) gives the peak flux density,Bwith respect to primary turns;Nind the effective
area of the core ATable 3.8 shows the resulting peak flux densiteglifferent core-sizes as a
function of primary turns at 20 kHz and Table 3l®ws the resulting peak flux densities for
different core-sizes as a function of primary tuadslO0 kHz. The orange boxes indicates that
the peak flux density is to high and the red baxelécates wiring limitations while the green
boxes indicates possible solutions.

Table 3.8 — Peak flux density in different cores as a function of primary turns at 20kHz

AMCC4
AMCC20 337 650

AMCC50 586 1400
AMCC125 | 1166 | 2075
AMCC250 | 2095 | 2250
AMCC500

AMCC4
AMCC20 337 650

AMCC50 586 1400
AMCC125 | 1166 | 2075
AMCC250 | 2095 | 2250
AMCC500 | 2890 | 2975
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Table 3.9 - Peak flux density in different cores as a function of primary turns at 100kHz

U33/22/9
U46/40/28 364 918 153
U67/27/14 170 986 294
U80/65/32 1020 | 2985 85

TX40/24/20 77 416 382
TX50/30/19 100 707 323
TX74/39/13 170 1170 288
TX87/54/14

U33/22/9
U46/40/28 364 918 153
U67/27/14 170 986 294
U80/65/32 1020 | 2985 85

TX40/24/20 77 416 382
TX50/30/19 100 707 323
TX74/39/13 170 1170 288
TX87/54/14 220 2290 162
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3.2.1 Transformer losses

Core-/Winding-losses

With a switching frequency at 20 kHz and peak fiiensities shown in Table 3.8, the core- and
resistive losses can be calculated using (2.39)240 (2.38). Table 3.10 shows the losses for
the different core-sizes.

In the same way can the core- and winding-lossesabaulated for the 100 kHz switching
frequency. These losses for different core-typesanek are listed in Table 3.11

Table 3.10 - Core and resistive losses for different cores as a function of primary turns at 20kHz

AMCC4
AMCC20 337 82
AMCC50 586 82
AMCC125 | 1166 108
AMCC250 | 2095 158
AMCC500

AMCC4
AMCC20 337 650

AMCC50 586 1400
AMCC125 | 1166 2075
AMCC250 | 2095 2250
AMCC500 | 2890 2975
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Table 3.11 - Core and resistive losses for different cores as a function of primary turns at 100kHz

U33/22/9

U46/40/28 364 84 27/1
U67/27/14 170 | 57.1 78/1
Us0/65/32 | 1020 | 108 17/2
TX40/24/20 77 57.3 | 68/0.7
TX50/30/19 | 100 | 59.5 | 64/0.8 | 10/1.6
TX74/39/13 | 170 | 61.2 | 72/0.8 | 11/1.6
TX87/54/14 | 220 61 | 86/0.8 | 13/1.6

U33/22/9

U46/40/28 364 84 27/2

U67/27/14 170 | 57.1 | 78/1

TX40/24/20 | 77 57.3 | 68/1

TX50/30/19 | 100 | 59.5 | 64/1

TX74/39/13 | 170 | 61.2 72/1

w7/ | 20 | 61| 86/
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Using the result from the loss calculations of diféerent cores at 20 kHz, the lowest losses is
achieved withAMCC50 [16] core with “full wave bridge wiring” or th&MCC125 [16] core
with “center-tap wiring”. The losses as a functmfithe load for these two cores can be seen in

Figure 3.4

Efficieny Loss [%]

o

Efficieny Loss [%]

Transfarmer Efficiency (AMCC 125, n1=140), center-tap
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Figure 3.4 — Transformer efficiency at 20kHz
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Using the loss calculations of the different coaés 00kHz, the lowest power loss is achieved
with UU 80/65/32 core [17], the different winding techniques giveslarge difference seen in
Figure 3.5

Transformer Efficiency (U-UB0GS/S2, n1=40)
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Figure 3.5 — Transformer efficiency at 100kHz
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3.3 LC-filter design

3.3.1 Calculation of Inductance and Capacitance

To achieve a current ripple at 5% of the load cufrthe minimum value of the inductance to

achieve CCM can be calculated by using (2.49).imtactance value for 20 kHz and 100 kHz is
calculated below

N
N_in,max - Vo,min % 400 —12
Lmin 2ok = = pple T, o = 0052135 _ 11O MA (3-9)
T 0.45
" 20000
N
N_ivd,max - Vo,min LO 400 —12
bmin100ktz = il T 0052135 oo M (310)
f 045
o 100000

To achieve a fixed voltage ripple at 5%, the maximeapacitance can be, according to (2.51),

calculated to

i.(t) ripple; I may  0.05-213.5
Cmax20ktz = =gy~ = Tippley, Vo 00512 TOOF (3.11)
dt ton 045
20000
i.(t) ripple; Iy max  0.05-213.5
Cmax100ktz = =00~ = Tippley Vo 00512 S0 WF (3.12)
dt ton 0.45
100000
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3.3.2 Core Selection
A range of inductor cores has been investigateactoeve the needed inductance calculated in

previous chapter.

A range of CC-cores froriMetglaswith Alloy 2605SA1 as core-material has been itigased
for a switching frequency of 20 kHz. To achieve tleeded inductance, (3.9-3.10) has to be
fulfilled. The result from these calculations candgen below in Table 3.12

Table 3.12 - Inductor core setup and resulting peak flux density at 20kHz

where By is theresulting ac-component of the flux density in tloeec It is the fluctuation of
the ac-component that will contribute to the cagsks. As can be seen in Table 3.12, these flux
densities are quite small and thereby the coreepo®sll be very small which will be shown in
the next chapter. The yellow boxes indicate nosiims solutions due to wiring limitations and
the green boxes indicates possible solutions.

For a switching frequency of 100 kHz, a range ofite cores with core-material 3C91 from
Ferroxcubehas been investigated.

The calculation procedure has been the same abdd20 kHz case and the different core and
winding setup is listed in Table 3.13

Table 3.13 - Inductor core setup and resulting peak flux density at 100kHz

For this case some boxes are indicated with redtla@sk are solutions which are not possible
due to saturation. The actual core selection vélbhased on the losses, calculated and shown, in
the next chapter.
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3.3.3 Inductor losses

Core-/Resistive losses

The core and resistive losses for the inductoralsutated in the same as in the transformer
chapter by using the same equations that are heegl t

The result from these loss-calculations can be ged@able 3.14 at a switching frequency of 20
kHz

Table 3.14 - Inductor Core and resistive losses at 20kHz

Based on the weight and losses, the choice hasthee@C-coreAMCC50 [16] with 17 turns.
The losses for this core-setup are shown in Figes a function of different load conditions.

Inductor Efficiency Loss (AMCCS0)
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Figure 3.6 Inductor efficiency loss at 20kHz
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At a switching frequency of 100 kHz, the lossedha different core setups is listed below in
Table 3.15

Table 3.15 — Inductor Core and resistive losses at 100kHz

Based on the weight and losses the choice hastbe&80/38/20 [18] core with 4 turns.

The losses for this setup are visualized below igufé 3.7 as a function of different load
conditions.

Inductor Efficiency Loss (EBO/38/20)
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Figure 3.7 — Inductor efficiency loss at 100kHz
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Efficiency [%]

Efficiency Loss [%]

3.4 Total converter losses

3.4.1 Converter losses 20kHz

Figure 3.8 below are summarizing the losses fon eamponent and visualized the difference in

efficiency for a center-tap configuration and alvialve-bridge configuration for a switching
frequency at 20 kHz.

Corverter Eficiency difference
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Figure 3.8 — Total converter efficiency for 20kHz
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3.4.2 Converter losses 100kHz

Figure 3.9 below are summarizing the losses foh @atponent and visualize the difference in

efficiency for a center-tap configuration and alvialve-bridge configuration for a switching
frequency at 100 kHz.

Converter Efficiency difference
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Figure 3.9 — Total converter efficiency at 100kHz

; ———Pmog (LV-side) | |
; cofe e Pinductar
ok . I
500 1500 2000

45

2500



3.4.3 Efficiency comparison
Table 3.16-3.17 below lists each component powss l@nd shows what kind of efficiency-

improvements that are possible by using Zero veltagitching (ZVS) and synchronous
rectification on the low voltage side.

Table 3.16 — Converter efficiency overview at 20kHz

20kHz
Center-tap configuration Fullwave bridge configuration
Power Output 500w 1500 W 2500 W 500 W 1500 W 2500 W
IGBT (HV-side) 7 22 37 7 22 37
Transformer 9 13 22 11 14 23
Shottky-diode 22 74 138 43 147 275
(LV-side)
MOSFET 2 18 50 3.6 34 96
(LV-side)
Inductor 1 6 15 1 6 15
Efficiency
Setup with Shottky- 92,2 % 92 % 91,5 % 87,6 % 87,4 % 86 %
diodes
Setup with 96,2% 96,1% 95% 95,5 % 94,8 % 93.2 %

MOSFET (sync rect)
Setup with ZVS and 97 % 96,9% 95,7 % 96,4 % 95,7 % 93,9 %
MOSFET (sync rect)

Table 3.17 — Converter efficiency overview at 100kHz

100kHz
Center-tap configuration Fullwave bridge configuration
Power Output 500W 1500w 2500W 500 W 1500 W 2500 W
IGBT (HV-side) 21 62 103 21 62 103
Transformer 4 5 8 4 5 8
Shottky-diode 22 74 138 43 147 275
(LV-side)
MOSFET 3 27 67 5 48 123
(LV-side)
Inductor 0.1 0.6 15 0.1 0.6 15
Efficiency
Setup with Shottky- 90,6 % 90,6% 899% 86,4 % 85,7 % 84,5 %
diodes
Setup with 943% 93,7% 928% 94 % 92.3 % 90,6 %

MOSFET (sync rect)

Setup with ZVS and 97,8 % 97 % 96,1% 97,5% 95,6 % 94,2 %
MOSFET (sync rect)
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4. Conclusion

By increasing the switching frequency from 20 kdZ00 kHz, the magnetic components in the
converter can be made smaller. The converter weightbe reduced by approximate 10% with
this increase in switching frequency.

The majority of power loss comes from the rectiiima on the low voltage side. To improve the
efficiency it is of great importance to reduce thaver-loss. A center-tap configuration offers a
solution with only two components towards the fdx@-bridge configuration which require four
components.

A setup with Shottky diodes will give high lossesassolution with synchronous rectification by
using MOSFETSs is recommended. By adopting thisriegte, the center-tap configuration can
improve the efficiency by approximate 1-3% towatls fullwave-bridge configuration. From
approximat 94% up to approximate 97%.

A center-tap configuration which require double amtoof wire on the low voltage side of the
transformer may, in some solutions, need a largee compared to the fullwave-bridge
configuration, which then would increase the weight
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