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Abstract

In this thesis, a hard switched and zero-voltage switchidipridge converter for high power applications
are compared in terms of their losses. Important issuessigiag these kind of converters are to achieve
high efficiency with low cost and low weight. Managing the gerter parasitics and calculating the losses
for the switches as well as for the high frequency transfonvith square wave input are important issues
in designing such a high power density converter which ageudised in this thesis. The proposed fullbridge
converters are designed to convert 4 kV input voltage to 6 k¥ avrated power of 2.4 MW. The comparison
is done for three different frequencies: 500 Hz, 1 kHz and 2.kilso, the simulation result s and loss
calculations are presented.

Based on the design and analysis of both hard and soft smithemes of the high power density DC-
DC full bridge converter, it has been concluded that sincétfe lower frequencies the efficiency is almost
the same for the two topologies, hard switched is preferdindeto the lower cost. However, for the higher
frequencies where the total losses are dominated by thetsngt losses, the soft switched topology is
superior. The core loss of the transformer which was exptisttte high frequency square wave excitation
has been calculated by using FEM simulation and it showghleatansformer contribution of the total loss
of the converter is about 30% at all three studied frequarfoiethe phase shift controlled converter.

The total efficiency of the hard switched converter is 97.86063% and 94.5% for 500Hz, 1 kHz and 2 kHz
switching frequencies respectively. For the zero voltagigching converter, the total efficiency changes
like 97.8%, 97.1% and 96% for 500Hz, 1 kHz and 2 kHz respelgtives it is seen, for the low switching
frequencies, the two topologies have almost the same eiffigitHowever, by increase in the switching
frequency, the efficiency of the hard switched converterttigser reduction in comparison with the zero
voltage switching converter. The less reduction of efficiefor the zero voltage switching topology is due
to elimination of the switching losses in this topology.

Index Terms: DC-DC fullbridge converter, hard-switched convertertsafitch converter, zero-voltage
switching, phase shift control, switching losses, high podensity transformer.
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Chapter 1

Introduction

1.1 Problem Background

Today’s world is moving toward replacing fossil fuels wittnewable energy resources
and undoubtedly, wind power is coming as an important ensagyce. Since the effi-
ciency of the wind energy systems has been improved in retsrddes, and its com-
pletely clean energy, wind power has become a suitable camgit for the fossil fuels
and non-renewable energy sources.

An attractive option to use wind energy, is to build largeshfire wind farms instead of
building small onshore units. There are several advantaghshe offshore wind farms,
usually the average wind speed is higher out in the sea s@gt@telectricity production
would be less, also lack of the space and environmental itapovind turbines is a
problem for offshore installations. For all the offshorstallations, cable transmission
is the only solution[[1]. In the case with long distancessinbt reasonable to use AC
cable transmission and high voltage direct current(HVD&b)le transmission is usually
considered [2].

If a HVDC system would be used instead of a AC transmissiotesys$n a wind farm,
the traditional 50 Hz transformers could be replaced with-DC converters including
medium or high frequency transformers. Also the AC cablesukhbe replaced with
DC cables. For wind farms, and especially for offshore lioces, the weight of the com-
ponents is an important issue; the weight of the medium #aqu transformers in the
DC-DC converters is significantly lower than the weight ofeaquivalent traditional 50
Hz transformers. Also, the DC cables have lower losses taiC cables and there is
no limitation for the transmission distance.

Today, the key component for the HVDC cable transmissiolmésRQC-DC converters.
It changes the ratio between the input and output voltagdscarrents by using power
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electronics, and of course with the help of passive compsndoday, low power DC-
DC converters are common and make up for a major part of tmedwer in the power
electronics market while high power and high voltage DC-D6werters in the MW range
are not yet readily available on the market.

1.2 Previous Work

Most of the earlier studies on DC solutions for wind farmsigtd the possibility of using
HVDC as transmission system. The losses and cost of a DOiasi®n has been com-
pared to conventional AC transmission systems. The prestudies came to the conclu-
sion that for the long distances DC transmission systemdwasrllosses and lower cost
in comparison with AC systems. As it was mentioned earliee of the key components
in the HVDC transmission is the DC-DC converters which plag tole of transformers
in AC systems[B].

In previous studies, different topologies for the DC-DCners has been studied, how-
ever a few studies has been done for high power DC-DC comseiffthis is due to lower
demand for the high power converters. To reduce the weightta size of the convert-
ers high switching frequency is required. Higher frequescesults in higher switching
losses which leads lots of studies to be done in using softbkimg technics[2]. More-
over, different switching patterns has been investigateddntrolling the switches of the
converter like PWM, phase shift.

1.3 Purpose

This thesis focuses on the high voltage and high power DC-®&®arters, and two differ-
ent DC-DC converter topologies in wind farm applications @iscussed. The objective of
this thesis is to compare two different DC-DC fullbridge eerter topologies for a high
voltage and high power application, like a wind park trarssign system. Also, reduction
of the losses in high power and high voltage DC-DC convetigrasing soft switching
technic is a target to study.

The variations in the input and output voltage ratio makesttpology design a great
challenge. An area of research itself is high frequencyy bimwer and high voltage trans-
formers, which are an essential component in DC-DC comgefte the wind farms. In
addition, the mechanisms for the losses, stray capacsandbe windings and the leak-
age inductance of the transformer have to be determines.dbvious that simulations
will be done only for the DC-DC converter topologies, nottioe DC grid.



1.3. Purpose

A part of the present work is to study previous materials) aieke a model in power sys-
tem block set in Simulink for the DC-DC-converter assumingdeal magnetic material.

Finally, make the design using available power electrommisonductor components, and
determine the losses for the two topologies.
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Chapter 2

DC-DC Converter Topologies

One of the topologies that is used for converting DC voltapga apecific level to an-
other level is the fullbridge converter.The topology of thikbridge converter is shown in
Fig.[2..

— 3 prm— R
Vin E Co ; Load

Fig. 2.1 Fullbridge converter topology

The four IGBT switches transform an DC input voltage to a sgqueave voltage, this
square wave voltage is transformed to a higher voltage ietbE transformer. After that,
the square wave with the high voltage level will be rectifiedhie output diode rectifier
at the secondary side. This converter is classified in thegm switch converter family
since there is an isolation between input and output.

One of the most important things about the fullbridge cotareis the control of its

switches. The easiest method is using the duty cycle contrdahis method, the out-

put voltage is proportional to the duty cycle. This methodses high switching losses
and affects the efficiency of the converter [4]. The seconthotkis called phase-shift
control, in this method each leg controlled individuallyheloperation of the fullbridge
converter with these two methods will be discussed in tHeviohg.
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2.1 Fullbridge DC-DC Converter

2.1.1 Duty Cycle Control

In the fullbridge converter with duty cycle control, the taije across the transformer in
on-state where the switches in the two legs are on is equaktinput voltage. And in
off-state where all the switches are off, the load curreeg¢vrheels in the output diodes,
this gives zero voltage across the transformer. Based sexpilanation, the mean voltage
across the transformer in duty cycle control is equal to thput voltage divided by the
transformer ratio [4].

The operation principle of the fullbridge converter withtgleycle control is shown in
Fig.[2.1.1. Fort < t, all the switches are off and the load current flows through th
output diodes as it is shown in Fig. 2.2(a), this state isedaflassive state. The active
state starts by switching ofy and.S; att = ¢4, this has been shown in F[g. 2.2(b). It takes
a while for the current to reach the load current, after thatdutput bridge is not short
circuited anymore as in Fif. 2.2[c), and the current staystamt. Att = ¢35 switchesS,
and.S; are turned off and the current starts decreasing but dueakade inductance of
the transformer it takes some time for the current to reach, 28 the current is forced
to flow throughD; and D, until the current reaches zero Fig. 2.2(d). When the current
reached zero at= t,, all the switches are off and the load current flow througlotingut
bridge, as is shown in Fig. 2.2[e). The next half period stairtt = ¢; as the same way [4].

The idealized current and voltage waveforms for the swidhed transformer in duty
cycle control mode are shown in Fig. 2.3 and Fig] 2.4.

The relation between the input and output voltage is exprkas

7 =2-D (2.1)

Vo n
) No

2.1.2 Phase Shift Control

Another way to control the switches in the fullbridge coreeis to use the phase-shift
control method. In this method, each leg of the converteperated at 50 percent of the
period, this means that the top switch is on for half of thequeand the bottom switch is
on for the other half of the period. The output of each leg isa¢tp the input voltage in
half of the period and for rest of the period is equal to zegocBanging the phase between
these two voltages, the voltage to the transformer can beeatea. The definition of the
phase shift and the operation of the phase-shift contrdiasva in Fig[2.5 and Fig.2.6.
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(c) S2 andSs are onte < t < t3 (d) D1 andDy4 are conductingts < t < t4

D5 D7
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(e) Switches are oty < t < t5

Fig. 2.2 The operation principle of a fullbridge converter with dggcle control.

The phase shift variabl¢ is defined as [5]

(t1 — to)
=2 0<¢p<1 2.2
*=mp) =0F &2
Also conversion ratio is defined as:
V oa.
M(9) = =2 = no (2.3)
d

2.2 Resonant DC-DC Converters

Switching frequencies in the range of kHz is used to redueesibe and the weight of
transformer and filter components, in this way the size ofctreverter can be reduced.
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Figure 2.3: The voltage and current of the switches for dutyeccontro(D = 0.4)
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Figure 2.4: \oltage and current of the transformer for dytgie control

To reduce the cost as well as the size, problems occur withaease in switching fre-
guency such as high switching losses, high switch stresetmthat should be solved.
The topologies discussed in the previous section, areifiéasas hard switching DC-DC
converters. Since the entire load current switches on ahdusing each period, there

are high switching losses in these types of converters dsasedwitch stresses and the
EMI(electromagnetic interface).

By using soft switching converters, the switches can chastgie in zero current and/or
zero voltage condition. There are different topologiesdainieving soft switching, most
of them use arLC tank to achieve this, while snubber circuit in other topaésgesults
in soft switching [5].

The two most important topologies of resonant converters ar

e Load resonant converters

¢ Resonant switch converters

In load resonant converters, &’ tank is used to make the voltage and the current to
oscillate, therefore the converter switches can be turneahd off at zero voltage and/or

zero current. Resonant switch converters use resonangetstio shape the voltage across
the switches and current through them.
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Fig. 2.5 Definition of the phase shift control concept

2.2.1 Load Resonant Converter

As it was mentioned above, load resonant converters ug€’aank which can be a series
LC tank, a parallel.C tank or a combination of series and parallel. T& tank shapes
the switch voltage and current to provide zero voltage arméo current switching. The
relation between switching frequency and resonant frecjesiwill result in three differ-
ent operation modes|[4].

Switching Frequency(Ws) = 27 fsw (2.4)
Re nt Frequency(W,) ! (2.5)
sona requency(W,) = — :

q Y TC

There are three different operation modes for load resar@amnerters which are

e Discontinuous-conduction mod®CM) : Wy < 1/2W)
e Continuous-conduction mode (CCNIJ2W, < W, < W,

e Continuous-conduction mod&7, > W,
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D7

S2 D2 S4 D4 D6 7E 7(

(a) Se andS3 are on

D8
s1| D1 s3| D3 D5 i ' o7 i
D8

.

(c) S1 andSs are on (d) S1 andS4 are conducting

Fig. 2.6 Operation principle of a fullbridge converter with phasétstontrol.

Ly
|
e prm— Rioad
Vin Co ; o8

Fig. 2.7 Series-loaded resonant DC-DC converter topology

Series-loaded Resonant DC-DC Converters

In this topology, as shown in Fig. 2.7, the output load appé@aseries with the resonant
tank. As a consequence, these converters appear as a aauece to the load, i.e. they
are not well-suited for multiple outputs. In return, thiswerters possess inherent short-
circuit protection capability. Without transformer, thienverters can only operate as a
step-down converter [4].

For Discontinuous-conduction mode (DCM):W, < 1/2Wj; current is forced to flow
through the inductor and commutates to the diodes that épeaallel to each switch,then
no voltage appears over the switch during turn off. It meaas the switches turn off at
zero current and zero voltage. Because of the DCM operatenturn on of switches
occur in zero current, but not at zero voltage. Large peakeatirand high conducting
losses are disadvantages of operation in this mode.

10
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For Continuous-conduction mode (CCM):1/2W, < W, < W,; the switches turn on at
a finite current and at a finite voltage, thus resulting in a tur switching losses. The turn
on occurs naturally at zero current and at zero voltage theretis not turn off losses.

For Continuous-conduction mode (CCM): W, > W,; the switches turn on at finite
current, but they are turned on at zero current and zerogaltdhe possible turn on
losses in the switches can be eliminated by connecting ebenabnsisting of a capacitor
in parallel with each switch.

Parallel-loaded Resonant DC-DC Converters

The topology of this converter is shown in Hig.12.7.

S1 D1 S3 D3 D5 * D7
Lr
~

. Iy A+ e

sz(} D2 34@ D4 Dszl_( DS%

Fig. 2.8 Parallel-loaded resonant DC-DC Converter topology

Lo

This type of converter has the same operation as seriesdaadonant converters, but the
output of this converter is connected in parallel with theoreant tank circuit. So, these
converters appear as voltage source and will be more saitabimultiple outputs.

On the other hand, parallel-loaded resonant converterstdoassess short circuit protec-
tion and peak inductor current, and peak capacitance wltag be several times higher
than the load current and input voltage [4].

For Discontinuous-conduction mode (DCM)W, < 1/2W,; the current of inductor and
voltage of the capacitor cross zero when the switch is tuofiednd because of discon-
tinuous operation turn on of switches will be done when aurend voltage are zero.
Consequently, there are no switching losses.

For Continuous-conduction mode (CCM):1/2W, < W, < W,; there is turn on losses
in this operating mode, because both the voltage of the d¢apand the current of the

inductor become continuous. However, there are no turn sselin the switches since
the reverse current of inductor commutates naturally tcatitgoarallel diodes, then the
current and voltage of the switches cross zero.

For Continuous-conduction mode (CCM): W, > W,; there are no turn on losses be-
cause of natural commutation of the antiparallel diodesstime as for the previous case.

11
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But the switches are turned off at finite current and voltdgatthere are turn off losses,
these losses can be eliminated by adding a snubber, such aslkelpcapacitance for
switches.

Hybrid-Resonant DC-DC Converters

This type of converter combines the characteristics of #rées resonant and parallel
resonant converters. There are different arrangementbddrybrid-resonant converters,
but only the arrangement shown in Hig.]2.9 is considered [6].

'a gt
31@01 S3GD3 DsJﬁ D7
L
| |_m'r-
[
—_ cpl = $ Rioa
Vin T o
S2 D2 S4 @ D4 Dszl_( DB%

Fig. 2.9 Hybrid-resonant DC-DC converter topology

As it is shown in Fig[ 2.9, the topology of this type of coneeris like the series-loaded

resonant converters with one capacitgrin parallel with the transformer. This converter
behaves like a series resonant converter at low frequenci@dike a parallel resonant

converter at higher frequencies.

However there are some disadvantages in this convertendee of a wide frequency
range makes the dimensioning of passive components difficaheans that large reso-
nant inductance and capacitance are needed. Neverth&desasy controllability made
this converter popular in high-frequency high voltage agpions [6].

2.2.2 Resonant Switch Converter

Resonant switch converters use resonant elements to shbipgevacross the switches
and current through them. These elements are inductork, asithe transformer stray
inductance and capacitors, like the output capacitanceseh@conductor switch. In the
case, when parasitic elements of the converter deviceahaiot large enough, resonant
components can be put in series or parallel with the devimesdmpensation. When the
MOSFET is used as a switch, its output capacitor can be usachieve soft switching,
but when the IGBT is used, this capacitor is too low and a saublpacitor should be
used in parallel with the IGBT [7].

12
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Single Active Bridge DC-DC Converters(SAB)

In this type of converters, a controllable fullbridge IGBiverter on the primary side is

connected via a high-frequency transformer to a fullbridgele rectifier, this has been

shown in Fig[2.10. For this converter, soft switching isadbéed by means of resonance
between snubber capacitors, stray inductance and maigigeitimluctance of the trans-

former. The snubber capacitors are used to achieve zelgeditirn off switching [4].

D1 |C1 D3 |CS
S1 S3 D5 D7

i - prmm— Rioad
—— C ;
Vin §E ©

D2 | c2 D4 | c4
S2 S4 Dsz[g D8

Fig. 2.10 Single active bridge DC-DC converter topology

Lo
YY"\

The single active bridge converter can operate in two differmodes, Discontinuous
Conduction Mode (DCM) and Continuous Conduction Mode (CCM)

In thediscontinuous conduction modebecause of snubber capacitors, switches turn off
under zero voltage condition and turn on under zero curremdition due to discontinu-
ous current flow.

In the Continuous conduction mode switches turn on and turn off under zero voltage
condition. turn on of the switches are not at zero currentlitaon since continuous cur-
rent flows through the freewheeling diodes.

Dual Active Bridge DC-DC Converters (DAB)

This type of converter consists of two active bridges, unlikher cases with one active
bridge and one diode rectifier, two active bridges are ctlatile, and one of them op-
erates in the inversion mode and the other one operates me¢kication mode. More
details are shown in Fig. 2.111.

Totally, in this topology, eight switches are needed, whitdkes the control more com-
plex. A further drawback is the higher costs of switches carag to diodes, particularly

for high power applications, where several parallel angémes switches modules are
necessary [6].

13
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D1 |C1 D3 |CS D1 |C1 D3 |C3

S1 S3 S1 S3

—_ % —— N {9
Vin E Co

571 Cc2 54| c4 B57] c2 57 c4
s2 s4 s2 s4

Fig. 2.11 Dual active bridge DC-DC converter topology

Full-Bridge DC-DC Converter with Phase-Shift controlled

The operation principle of the fullbridge converter withasle shift control is similar to
the converter with traditional duty cycle control. The inpaltage across the transformer
is achieved by turning two switches on. The difference istie¢hod of switching control.

In this control method, the switching losses can be lowesethb capacitors across the
switches which are charged after turn off of a switch and tteyse zero voltage during
turn on switching.

In Fig.[2.12, the inductancg, include both transformer leakage inductance and the the
additional discrete inductance element. Also, for eachchwione lossless snubber is
assumed and are shown@s C,, C3 and(C,.

D1 |C1 D3 |C3
$1 S3 D5 D7

Ls

-_—— Jrm— RLoad
—— C ;
Vin M} :
D2 | C2 D4 | c4
S2 S4 D6 Zlg D8

Fig. 2.12 Fullbridge DC-DC Converter with Phase-Shift controlled

Lo

In this topology, it can be seen that all the switching ocousaft switching conditions.
At turn off, the snubber capacitors cause the voltage nise tf the switches to increase,
which results in lower losses. This will be discussed in ligtésection 4.1.3. To achieve
soft switching at turn on, the snubber capacitors that wieaeged during turn off, should
be discharged before turning-on. Otherwise, huge amountént goes through the
switches and causes high turn on losseés [5].

Actually, there are two different kinds of switching transns in this type of converter;
resonant transition and linear transition. The lineardt@on occurs under full load cur-

14
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rent and the capacitor should be charged even under lightdoadition. In the linear
transition, the leading leg capacitors are charged andhaiged. However, the resonant
transition depends on the stored energy in the stray indoetaf the transformer and in
the primary inductor. In the resonant transition, the lagdeg capacitors are charged and
discharged. The primary inductor should be calculatedfallye¢o make sure that the res-
onant transition is finished under desirable current léwnghis kind of converters, larger
snubber can be used for the leading lag and smaller onesdtadlging lagl[3].

The conduction path of the fullbridge converter by phast sbntrol is shown in Fig.2.13.
In this topology, the period that the energy is actively sraitted from the sourcé
through the switches and the transformer is called "pagsiaetive " and all the other
subintervals are called "active to passive subinterval”.

The conducting path can be divided into 10 subinterval thaeaplained respectively:

e Subinterval 1(); and(@), are conducting and the negative current in primary side of
the transformer is./, wheren is the transformer ratio anblis the load current.

e Subinterval 2()5 is turned off and the current charges the snubber capacitaitse
leading legC; andC,. There should be sufficient energy in the output filter induct
to charge the”’; to V, while the voltage ofC; becomes zero. It should be noticed
that the parallel capacitor @, reduces the voltage rise time and causes lower turn
off switching losses.

e Subinterval 3, the voltage @f; reaches td/; then the diode), clamps and), can
be turned-on at zero voltage.

e Subinterval 4(), is turned off and the current charges the capacitors on tugrg
legC, andCs. L, ,C7 andCs form a resonant network that rings with approximately
sinusoid waveform. There should be sufficient energy in tiv@gry inductance to
chargeC; to V; while C; voltage becomes zero.

e Subinterval 5, the voltage @f, reached/; thenD, clamps and); can be turned-on
at zero voltage.

e Subinterval 6(); and(), are conducting and the positive current in primary side of
the transformer is/.

e Subinterval 7(), is turned off and the current charges the snubber capaaoitottse
leading legC5; andCy. It should be sufficient energy in the output filter inductor t
chargeC) to V,; while C5 voltage becomes zero.

e Subinterval 8, the voltage @f, reached/; thenD; clamps and); can be turned-on
at zero voltage.

15
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e Subinterval 9,0, is turned off and the current charges the snubber capaators
the lagging leg”, andCs. L, ,C, andC, form a resonant network that rings with
approximately sinusoid waveform. There should be suffic@ergy in the primary
inductance to charg€; to V; while C; voltage becomes zero.

e Subinterval 10, the voltage 6f, reached/, thenD, clamps and), can be turned-on
at zero voltage.

The zero voltage switching allows operation with high reercin switching losses and
also in the stresses. So high switching frequencies candxkinghis type of converter.
These advantages make this converter well suited for higlepdigh frequency appli-
cations.

In addition, the diode turn off losses (reveres recovergds} are also reduced since the
voltage over the diode now slowly become negative so theedigth low losses can move
into blocking status.

The driving signals for the switchesl to S4 are explained in Section 2.1.1. Fig. 2.14
shows the formation of the primary side voltalgeand current/, of the transformer.

16
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Fig. 2.13 The operation principle of a phase shift control converter.
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Chapter 3

Components of the DC-DC Fullbridge
Converter

In this chapter the different components of the DC-DC fudlge converter are explained.
First of all the operation of the IGBT with its losses are stdd After that, the effect of
the snubber circuits and the soft switching operation modelscussed.

The diodes are some other components of the converter. aneta/o types of diodes in

the converter, one type are called freewheeling diodesatigdbcated in parallel with the

IGBT and the second type are located in the secondary sidargformer and are used
for rectifying. Further, the operation of diodes and thegd calculation is investigated.

The last part is about the output filter. The output filter ¢sissof the inductor and the
capacitor that are used to limit the ripple of output curigamd output voltage. The design
of the inductor is mentioned at the end of this chapter.

3.1 IGBT

The idea of designing the Insulated Gate Bipolar Trans{($&BT) cames from character-
istics of MOSFETs and BJTs. BJTs have low voltage drop in thstate, but have longer
switching times, especially at turn-off. MOSFETs can benéar on and off fast due to
large gate impedance, but their on-state conduction l@ssesigher in comparison with
the BJTs in the same ratings [4]. These characteristicsoléaket combining of BJTs and
MOSFETS to achieve a new device with positive charactessif both MOSFETs and
BJTs (low conduction losses and fast switching). Regarttisgphysical setup IGBTs can
be divided in to two groups [4]

e Non-punch-through IGBTs (NPT-IGBTS)
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Chapter 3. Components of the DC-DC Fullbridge Converter
e Punch-through IGBTs (PT-IGBTS)

A circuit symbols for an n-channel IGBT are shown in the fallog Fig.[3.1:

. Collector
IDron
k— Goteo—'
Gate »—1
Source Emitter

Fig. 3.1 Symbol of an IGBT

The i-v characteristic of the IGBT, Fi§. 3.2, shows that theateolling parameter is an
input voltage(the gate-source voltage) rather than antiopuent. So IGBTs are called
voltage control devices.

I Increasing v

’VcsA
I‘/c.sa
o2

<
2
L

L5
S

Fig. 3.2 IGBT characteristic

The transfer curveé, — Vs is shown in Fig[ 3.3, ifiizg is less than threshold voltage
Vas(th), the IGBT is in the off state. The maximum voltage that shdwgdapplied to
the gate-source terminal is usually limited by the maximuairdcurrent that should be
permitted to flow in the IGBT.

3.1.1 IGBT operation Characteristic

On-State Operation

In this part the voltage drop over the drain and source duamgluction will be discussed.
The equivalent circuit for IGBT during normal condition isasvn in Fig[3.4.

By using the equivalent circultps(on) can be expressed as
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3.1. IGBT

V,
Ves(th) cs
Fig. 3.3 i-v curve of an IGBT
VDS(On) = VJl + Vvdrift + ]DRon—stand (31)

The voltage drop across the injection junctidhis like a voltage drop across a normal
PN junction. This voltage can be considered to be 0.741,\y, is much less in the IGBT
than in the MOSFET, so the overall voltage drop across thel€Bhigh current, is less
than in the MOSFET.

Turn-on Transient

The voltage and current waveforms of an IGBT in the conveltging turn-on is shown
in the Fig[3.5.

The turn-on switching period i&,; + t,1 + tf,2) and there is power dissipation during
this period. The faster turn-on switching makes less pougsightion in the switch [4].

Turn-off Transient

The voltage and current waveforms of an IGBT in the convelteig turn-off is shown
in the Fig[3.6

One of the differences between IGBTs and MOSFETSs is in thi @tarent waveform.
In the IGBT, the drain current has two distinct time intesvalhere is a rapid current
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Drain

Drift region

+
resistance \ V)1
_l’_

Varift

—
+
— _|DRchonneI
Gate —

I

Fig. 3.4 Equivalent circuit of an IGBT

Source

drop ints;; and the another voltage drop with slower speef;is The current tail in the
second time interval cause additional power loss during-tdf period, this phenomenon
is called tailing [4].

3.1.2 IGBT Loss Calculation

There are two types of losses in a IGBT:

e Conduction losses due to voltage drop across the IGBT dtnegonduction state

e Switching losses, this type of loss is because of the turarahturn-off principle of
IGBTs

Ploss - Psw_l'Pc (32)
Psw = Pon+Poff (33)

The calculation of these two types of losses is discussdtkifailowing.
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3.1. IGBT

io(t) 0 l

l T l Vos(on)

Vos(t) 0 t

Fig. 3.5 IGBT i-v curve during turn-on

io(t) o t

et — thir |-—

Vos(t) 0 t

Fig. 3.6 IGBT i-v curve during turn-off

Conduction loss calculation

In conduction state there is a voltage drop across the 18B(bn), this voltage drop adds
a loss to our transistor losses that is called conductio losan be calculated using

T
1
P = ?/%gbtligbt; (3-4)
0

Turn-on and Turn-off Loss Calculation

As it shown in Fig[ 3.7 and Fi¢. 3.8 by having different timesldahe multiple ofl. and
V.. the switching losses can be calculated. Times that are or@adihere are on-time,
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Chapter 3. Components of the DC-DC Fullbridge Converter

off-time, rise time and falling time of the IGBT that are defthas following([9]

® t4o: from 10% of V. to 10% of I,
e ¢,.: from 10% of/. to 90% ofI.

® t4,r7: from 90% of Ve to 90% ofI.
o t;: from 90% of/. to 10% ofI,

- Veeu

O J ------ 90% Veeom Vee

\
% I
Vog |-m—mmm e T - S ————
\
e 10% lc
Man &
ta t

ty =t: + 10...20 ps (voltage class dependent)

Fig. 3.7 Definitions of the turn off parameters for IGBTs

L . T

Vee

10% Vogon —f

Crossing point from rising
IC and the exirapoiated
de-current

Vo

i‘ b

ty 2

t; =t, + 10..20 ps (voltage class dependent)
Fig. 3.8 Definitions of the turn on parameters for IGBTs
The needed times consist of off-time, rise time, on-time fatidime and those are men-

tioned in the data sheet but these quantities should betddjssd on the applied current.
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3.1. IGBT

For this reason, there is a Fig. 8.9 in one data sheet, whersufficient value can be
achieved as it shown.

td(qff)=1.3 T 1 [ T

tf=1.1
1

oy
td(or=0.65

tr, tagem, te [ps]

2tr=0.17

td(on)
=

Vee = 2800V
Vee= 15V
Re = 1.5 ohm
Cee =220 nF
T,=125°C
L,= 150 nH
0.01 —T—
0 400 800 1200 1600 2000 2400

le [A]

Fig. 3.9 Definition of switching time

In the IGBTs data sheet, the manufacturer provide inforomator the switching loss
calculation. These information are the amount of the endrggipating at each turn-on
and turn-off,E,,, and E,, at a certain reference volta@ig. ; and reference currett, ;.

Actually, the power dissipation of the IGBT switching is an@ition of the operation cur-
rent, Voltage and temperature. Then, according to a SEMIKROcument/[10]

Py = fswEew(l; Ve 1)) (3.5)
IiAbt vy ‘/;A bt .
Psw_on = swEsw—on _rgbt \K;ight g Kyigbt
f (ﬂref) <—%ef)
Light  i,igve, Vigbt i,
Pw_o = swsw—o gt \Kyigbt gbt \ K igbt
1 f ff(ﬂmf) (‘/ref)

The constanf(;igbt and K ,igbt are 1 and 1.33 respectively, for the IGBT.

(3.8) Is used to calculate the switching loss in this pro[&€]. These procedures are
valid for the hard switching method, and to reduce theseekyssoft switching methods
are used. The soft switching can be achieved by using a snubkeries or parallel of
the IGBTSs that are explained in next part.
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Chapter 3. Components of the DC-DC Fullbridge Converter
3.1.3 Snubber Circuit

The snubber circuits are used to achieve soft switchingsomant switch converters such
as a fullbridge and a single active bridge. By using the seublpacitors in parallel with
the IGBT modules, the turn-off switching losses will redsagnificantly.

The turn-off snubber reduces turn-off losses by increagalgge rise time of the IGBT,
so high voltage and high current at the same time would bedadoiAs it is seen in
Fig.3.10 and Fig.3.11, there are two possible topologieshie turn-off snubber. In the
first topology, a capacitor is put in parallel with the switthis type of snubber is called
the lossless snubber. This type of the snubber should digetmmpletely before the
turn-off. If this is not done, the capacitor will be shortatiited during turn-on and a huge
current will flow in the switch. To reduce this huge currentesistance can be connected
in series with the capacitor, this has been shown in [Eig.l 3The parallel diode with
resistance provides the characteristics of a pure capaeitduring charging. The negative
point with this topology are the losses that are introduc#l the resistance [2].

Ds Rs
| A ——=¢s | A
T
Figure 3.10: Without limited current at turn-on Figure 3.11: With limited current at turn-on

Hard Switching

A typical hard switching waveform for a switch in the inputdge shown in Fig. 3.12(h)
can be seen in Fig. 3.12{b). For the case without snubbarit{idard switching) when
the switchS; is on, the load current passes through this switch. To tur§ethe voltage
across this switch must increase to lower the voltage acses® D, can be forward
biased. WhenD, is forward biased, the current i}, starts to decrease. This has been
shown in Fig[ 3.12(B). As it is seen, we have high voltage &gt burrent at the same
time which causes in high turn-off losses.

Soft Switching

As it was mentioned eatrlier, the switching losses at tufrecah be reduced by using a
snubber circuit. A turn-off snubber can be connected inlfenaith the switch. This type
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3.1. IGBT

D21 2
s2 | s4

(a) Input bridge of fullbridge DC-DC converter (b) Typical voltage and current waveforms of an IGBT

Time

Fig. 3.12 Hard switching of an IGBT of the input bridge of fullbridge DQC converter

of snubber is used to reduce turn-off losses of IGBTs in thridge converter with
phase shift control. The current and voltage waveforms dfzBiT during turn-off with
and without snubber is shown in Fjg. 3.13(a) and Fig. 3.13(b)

When a turn-off command is sent to the IGBT, the current inl®BT, which is equal
to the load current, starts to decrease immediately, bedauthis case the current can
flow through capacitor§’; andCs. When the current flows througth, the capacitor will
be charged so the voltage of the switch increases. This idigacgrrent is the difference
between the load current and the current flowing throughhiels. The capacitor keeps
charging until the voltage of the switch reaches its maxinvaine andD, starts to con-
duct. As it is seen, the voltage and current in this case driigh at the same time so a
high instantaneous power does not occur.

‘—VCE Ve
Ic iC

-

(a) S2 andS3 are on (b) Sz andS, are on

Time Time

Fig. 3.13 The Woltage and current waveform of an IGBT with snubber
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Chapter 3. Components of the DC-DC Fullbridge Converter

3.2 Diode

3.2.1 Diode Characteristic

A diode is a semiconductor device that conducts electricectirin only one direction.
The symbol of the diode and its steady state i-v charadieast shown in Fid. 3.14

iu iD

Reverse blocking voltage

iD i
NI K v Yo
L1 0 o 0] %0

Fig. 3.14 Symbol of diode and characteristic

As it is seen, when the diode is forward biased, it begins talaoot with only a small
forward voltage across it, which is in the order of 1 volt. Whbke diode is reversed bias
it can be considered that zero current flows through the delicnormal operation con-
dition, the reverse bias voltage should not reach the bakdating. In the ideal case,
the forward voltage drop can be considered zero and thesevwgeakdown voltage can
be assumed infinite. The idealized characteristic can be fasenalyzing the converter
topology but should not be used for the actual design [4].

The diode turns on rapidly so the diode can be considered akeahswitch at turn-on.
However, for turning off the diode, a negative current sddidw through the device for
a short time, this time is called the reverse-recovery timeweep out the excess carriers
in the diode and allow it to block a negative polarity voltagéis has been shown in
Fig.[3.15.

The reverse recovery curref)t. and reverse recovery tinig.of the diodes increase with
increasing the carrier life time. On the other hand by insire@the carrier life time, the
forward voltage drop will decrease.

Depending on the application requirements, various typdgdes are available:

e Schottky diode

The structure of the schottky diode consists of a metal thased as anode and the
N-type semiconductor that is used as cathode. In this typeok, electrons diffuse
from the cathode to the anode because electrons have laggaga energy in the
semiconductor compared to the metal. Eig. B.16 shows sneiof schottky diode.
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Fig. 3.15 Reverse recovery

Alminum
Comiface -

Fig. 3.16 schottkydiode

3.2. Diode

The type of schottky diodes are majority carrier device thatnot have storage
charge, as a result they have fast switching capabilityrelierse recovery timg..
and reverse recovery curreft. in the schottky diodes are small in comparison to
p-n junction diodes. If the required reverse blocking vgdt#s less< 100V schottky
diodes are preferred over fast recovery diodes. Also coea@arp-n junction diodes
schottky diodes have very little turn-off transient and eémnno turn-on transient
time. The scottky diodes have low forward voltage drop, ltesveer.3 to 0.5 volt,
also they are limited to their blocking voltage30 — 100V'. [4]. They are suitable
for low voltage very high frequency switching power supppphcations. Power
schottky diodes with forward current rating in excess@fA are available [11].

Fast-recovery diodes

The structure of fast recovery diode is different compaced schottky diode. One
base region between P type and n-type silicon materials dasdato make a P-
I-N silicon. Because of the thin base region and the low v@&ecovery charge,
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Chapter 3. Components of the DC-DC Fullbridge Converter

thet,, value is greatly reduced. Also, in this structure the tramisforward voltage
drop is reduced, the reverse working voltage is increasigd3EL7 shows internal
connection in fast recovery diodes.

ANODE |

EQR FIELD PLATE AL METALLIZATION

CHANNEL ./ F—————————————

o
STOP / p4 i
P 404 PASSIVATION L Ps )
N= EPITAXIAL S, Wi \ ~250u

(0.010" = 0.012")

N+ SUBSTRATE

Fig. 3.17 fastrecoverydiode

The fast recovery diodes are used in high frequency systdras wsmall reverse re-
covery time is necessary. Fast recovery diodes offer remunt both reverse recov-
ery current and reverse recovery time. The reverse recaweeyof a fast recovery

diode is less than a few microseconds at a power level of aelrandreds of volts

and several hundreds of ampetes [4]. This improvement maéfrperformance has
a bad affect on the steady state performance, because Weardovoltage drop in a

diode is proportional to the drift region width and invegsptoportional to the car-

rier life time. Then when the reverse recovery time and curdecrease the forward
voltage drop increase. In high voltage high frequency discthe overall power loss
is dominated by switching loss and fast recovery diodes Faster switching times

and less losses. The type of diodes need to be protectedstigaltage transients
during turn-off by using an R-C snubber circuit. The schptliodes offers non ex-
istence recovery time and their forward voltage is nearlfdfdast recovery diodes
but are not available in high voltage as those of fast regoderdes.

e Line frequency diode

The on-state voltage of these diodes is designed to be ass@essible and as a
consequence, they have larggr, which are acceptable for line-frequency applica-
tions.

3.2.2 Diode Loss Calculation

The diode losses are divided into conducting losses anclswg losses, the same as
for the other semiconductor devices. The conduction loggowfer semiconductors is
often calculating by considering a forward voltage diQp and on-state resistay,,. The
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3.2. Diode

formula for calculating loss can be written as

T
Pc = % / Vdiode]diode (36)
0

The diode switching losses depend on the reverse-recowveeyt. of the diode and it
occurs during the transition of the diode when the conditibdiode is changed from a
forward to reverse-biased. When the reverse voltage iseapfn the diode, the electri-
cal charges due to the forward current should exit, then eeotispike in the opposite
direction of the forward current occurs. As a result switchpower loss occur, Fig. 3.18
present the changing of current and voltage of diode dumiteking.

Vforward

Vdiode

\ Vreverse

I forward

I diode

Irr peak |

Fig. 3.18 Current and voltage of diode in switching

For calculation, the turn-off losses of diode, the relafiaund in [10] can be used.

I(;ut K:D Vccc K.,D
Psw - swErec ! v 3.7
Fon B 2250 () 3.7
(3.8)

The constank’, D is 0.6 for diodes, and the constahit D should be calculated according
to typical diode reverse recovery characteristics, thakmained below.

For K;D calculation some approximation should be done but a linppraximation is

not possible because the results would not be accurate kndhgrefore, the beginning
and the ending points of the reverse recovery energy curselésted: beginning Point:
(X1,Y1), ending point( X5, Y3), and based on((3.9) the const&itD can be calculated.
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Chapter 3. Components of the DC-DC Fullbridge Converter

Xl)KZ-D _ Yi

(Yz Y, (3.9)

3.3 Transformer

Transformers are usually used in the power electronic atergefor the purpose of gal-
vanic insulation and also for achieving a desirable voltagel. The transformers that are
used for switch mode converters, operate in high frequenith non-sinusoidal wave-
forms. Also the size of the transformer has a direct impacdthensize of the converter.
These characteristics lead to design a high-density powaesformer for our full bridge
converter[[12].

3.3.1 Basic Magnetic Theories

Hysteresis Loop

The relationship between the magnetic flux dengityand the magnetizing forcH is
expressed by the hysteresis loop as it shown in[Eig] 3.19.

Hysteresis
B Flux Density
_ Saturation
=

Reskdual Flx Densly <
ux. Y S 5
)./ /
/i
Raversa Magetc Feld !
= = ;" . .‘I H
Magnetizing For/cf:_a Magnetizing Force
o |

.:-_{_’_,-—--"' [
Saturation B- Flux Density

Fig. 3.19 Hysteresis Curve

To generate the hysteresis loop, the magnetizing forceaisgdd then the magnetic flux is
measured. If the ferromagnetic material has thoroughlyaggratized, by increasing the
magnetizing force, it should follow the dashed line. Thisr@asing continue until point
"a”. At point "a” almost all of magnetics domains are aligrexad by additional increase
in the force, the flux will increase very little. This pointdalled magnetic saturated point.
After that, when the magnetizing force reduce the curve moymint "b”. In this point

some magnetic flux remain but the magnetizing force is zeotudly, in this condition

some of the magnetic domains remain aligned but some havénkis alignment. This

is referred to as the point of retentivity on the graph andcags the level of residual
magnetism in the material. When the magnetizing force iensad, the curve moves to
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3.3. Transformer

point’c”. In this point the flux reaches zero. This point i thoint of coercivity on the
curve. This force that is required to remove the residualmatigm from the material is
called the coercive force or coercivity of the material.

By increasing the magnetizing force in the negative dioegtthe material become satu-
rated again in opposite direction, in point "d”. By reducthg force to zero the curve will
reach to point "e”, and it will have a level of residual magset equal to that achieved in
the other direction. To reach zero flux, the force should lesimsed. It should be notice
that the curve did not return to the original of the graph leeassome force is required to
remove the residual magnetism. And the curve will take ackffit path from point "f” to
the saturation point "a” to complete the loop.

Magnetic Core Material

The loss that occurs in the magnetic materials has an imgaetiect on the designing of
transformers. So in this part some of the most important nadsewill be introduced. Iron
alloys, this material is made with iron and small amount dfeotelements like chrome
and silicon. Two types of losses exist in these alloys, igste loss and eddy current loss.
This type of material has large value of saturation flux dgnsi8 tesla(7"). Iron alloy
material usually used for low frequencies, aro@idH - or less for transformers, because
of having eddy current loss. To reduce eddy current lossesdie must be laminated [4].

Iron powdered and iron powdered alloys are another kind dere that are consist
of small iron patrticles electrically isolated from eachethBecause of that, they have
a larger resistivity and less eddy current loss than irooyallmaterial. METGLAS is a
group label for amorphous alloys of iron and other transitizetals such as cobalt and
nickel in combination with boron, silicon and other glassnfiing elements. This alloy has
a saturation induction df.757 at room temperature artd657" at 150 siliceous degrees.
The electrical resistivity of METGLAS alloys is typicallpmewhat larger than the most
magnetic steels. Amorphous alloys are good candidate caterials for high frequency
applications|([4].

Ferrites material are basically oxide mixtures of iron atfteo magnetic elements. They
have quite large electrical resistivity but rather low fllengity, around.37'. Ferrites have
only hysteresis loss, and no significant eddy current lossirscdue to high electrical
resistivity. This material is used for transformer coreattbperate at high frequencies
because of low eddy currents [4].

3.3.2 Core Material Selection

Core material selection is an important issue in designigg-density power transform-
ers. So in this chapter a short study of magnetic materiabcieristic is made.
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A perfect magnetic material has low loss, high saturatiamsdg and high permeability.
By using this kind of material as core of high frequency tfanser, we will have a small
size transformer with high efficiency. However, in realitygte is no perfect material so a
trade off should be done for selecting a matefial [12].

Magnetic materials are widely used in different applicasioThese materials are classi-
fied based on their magnetic behavior and their uses. Sonerialatare easily magne-

tized and demagnetized, these kind of materials are cadfednmgnetic materials. Some

others are difficult to magnetize and demagnetize thesalleglthhard magnetic materials.

The soft materials are usually used as material of the twamsfr core.

For selecting a suitable material for a specific applicationr characteristics of soft
magnetic should study. These characteristics|are [12]:

e Loss density of core W/cm3
e Saturation flux density (Tesla)
¢ Relative permeability

e Temperature characteristics

In Fig.[3.20 the development for different soft magneticenials has been shown.

Soft
magnetics

Ferro- Ferri -
magnetics magnetics

Nano q
I

”--‘

I Steel Fe-Ni alloy m

i
l
|
i
L I
1
y*}}

Fig. 3.20 The development for different soft magnetic materials [12]

As it was mentioned earlier, there are four characterishias should be considered for
selecting core material of transformer. The first one is tEssity of the core; Fig. 3.21
shows the core loss density of different materials.

34



3.4. Output Filter

100,000

Py (KW/m3)
@ 100 kHz

10,000

1.000

100

10

0.01 0.1 Flux denisty amplitude (T) 1
1 6()SSA | sorveenensanne | (LINHEG00 = = = = |FE Developed Core
----- Vitroperm 500F — v O —— miX -26

=« KnoIMu6i g NIPP 630} " « === High Fluxa0
memmm s XEURG0

Fig. 3.21 Core loss density of different materials[12]

Finally among all the magnetic materials nanocrystallimeé amorphous materials are the
first choices for high power-density transformers due to:

e Low loss density
¢ High saturation flux density
e High relative permeability

e Good temperature characteristics

3.4 Output Filter

The diode full-bridge rectifier generates high ripples m¢hrrent and voltage. Therefore,
in order to get a smooth output voltage and current, it is s&agy to design an appropriate
output filter, Fig[3.2B shows the schematic of the used diljper [5].

Obviously, the value of the inductor and the capacitor sthée! calculated based on the
rated current and voltage and their ripple limitations.
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Fig. 3.22 LC filtter

The value of the inductor has to be high enough to keep theubatprent ripple within
limits. It is usually acceptable with a current ripple betnes-10 percent of the average
load current. Waveform of the inductor current, is shownign[B.23, the inductor current
ripples around output currerhs.

i(t) *

"

IO st et : : |r’ipp|e

DTs Ts t

Fig. 3.23 LC filtter waveForm

For calculating the value of the inductor, the parametezsdafined as followingL, is
output inductancel; is input voltage,V, is output voltage, n is transformer ratio, D is
duty cycle,Fy, is switching frequencyi, . is current ripple andl, is output current.

The lowest necessary value of the inductance in order ta theicurrent ripple is calcu-
lated as
nVi — Vs

L, = (9 —>=
( Iripplelo )(

DTy) (3.10)

The other component of the output filter is the capacitor. dlae of the capacitor has
to be high enough to keep the output voltage ripple withintbpas it shown in Fig 3.24
voltage across the capacitor can be expressed as

Ve(t) = Vc(to)+%/i0(t) (3.11)
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Actual Waveform
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DC component V

Fig. 3.24 Output voltage of the output filter

According td 3.111, the peak to peak ripple in the output \g#taan be calculated

Vo = Vilto+ Toup) ~ Vo= [ L(0) =& (3.12)

The integration of the capacitor current is equal to the glhgout into the capacitor.
Fig.[3.2% shows the charge of capacitor, it is marked witly.gre

iC(t) A

Total charge

[

q A AiL
Y

/ﬁ Ts/2 ﬁ’\ /

DTs L (1D)Ts

Ll |

|
)

Fig. 3.25 Capacitor current

To calculate the value of capacitor, the parameters areatkfis following:C, is out-
put capacitancel’,, is switching frequencyl,,,. is current ripple/, is output current,
Veipple 1S VOItage ripple and/, is output voltage.

Finally, the capacitor size is calculated as

(ﬁ) (]Tipplelo)

Co
2‘/;”ipple‘/o

(3.13)
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Chapter 4

Design of the DC-DC Fullbridge
Converter

In this chapter the design of one DC-DC fullbridge conveetiscussed. First of all, 1G-
BTs and diodes should be selected and according to thegrLand voltage the number
of modules that are located in series or/and parallel, &austd each switch, is defined.

After that, the resonant components are calculated foettréerent frequencies. Then
based on the maximum value of the leakage inductance, tiffeeedt capacitor are cal-
culated and the relationship between the minimum induetamcl percentage of load is
shown.

In the loss calculation part, the loss of IGBTSs, diodes aaddformer are calculated for
two different topologies and the effect of soft switchingflisstrated.

In this project the DC-DC fullbridge converter with thesessifications will be consid-
ered:

¢ Input Voltage1000V
e Output Voltages000V
e Output PowerR.4MW

e Transformer turn ratia:

4.1 Component selection in this project
For this converter, the selection of IGBT, diode, transferrmaterial and the resonant
components are discussed. According to the charactersticGBT and diodes, that are

selected from ABB HiPak, the conduction and switching Iesskeould be calculated.
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Chapter 4. Design of the DC-DC Fullbridge Converter

For this reason, a scrip is written in MATLAB and the losses eallculated for different
frequencies.

4.1.1 IGBT Selection

Since the input voltage €00V, the maximum applied voltage of each switchi§0V .
And, due to the rating powe&r4 MWW, the maximum current that goes through i6($) A.

According to the voltage and current of the IGBT, differemaagement of the IGBTs
can be defined . For this application, the IGBT modutgV A0650.7450300 is selected.
In this module when the current650 A (half of this current value is allowed as maximum
rms current) the collector emitter voltage can2360V'.

Based on the voltage and the current of this IGBT, the numb&®BTs that should be lo-
cated in parallel or/and series, instead of each switchefiaeld. By changing the number
of IGBTS, the current and the voltage of them are changed atfdlbsses, conducting
losses and switching losses are recalculated. In this taseyarallel and two series of
this IGBT module are used for each switch position.

After the selection of the IGBT module, the characteristits, should be specified to
calculate the losses. Based on the typical on-state cleaistat of the IGBT, thé/..,,,, on-
state voltage drop an; .., resistive component are measured. As it shown in[Eig. 4.1
the R;.0n IS the slope of curve tangent line aid,,, is the crossing point of tangent line

in theV,, axis.

1300

975 25°C

125°C

= 650

\\\
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i
, / / vG%_wsv
0 q Vee ony 3 364 5 6

Vee [V]
Rigbt_on=3.6/650=0.0055

Fig. 4.1 IGBT on stat characteristics
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The switching loss is an other subject that can be calculzsdd on the typical switching
energies per pule. In Fig. 4.2 the relationship between@® switching current and the
energy that is wasted during each turn-on and turn-off isotiegb.

6 N —

| [Vec =2800V
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Cee = 150 nF
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w
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Eon,

Eaw [1=205x10% X167 + 515X 10° x 1o + 0.73
; :

.
0 325 650 975 1300 1625
le [A]

Fig. 4.2 Typical switching energies per pulse

In Table[4.1 the selected IGBT with its on-stand voltage doopstand resistance and its
switching energies are mentioned.

Table 4.1: IGBT module characteristics
ABB HiPak VCE(V) IC(A) Vceon(V) Rigbt,, Eon(J) Eof f(J)
55NA 06503450300 2800 650 1.25 0.011 2.4 2.9

4.1.2 Diode Selection

In this converter, the output voltagedg800V/, then the maximum applied voltage to each
diode is3000V. For the rated power.4 MWW, the maximum current that goes through the
each diode isl00A. Then, the diodé.SLD0600.J650100 is selected from ABB HiPak.
This diode module can starsd00V" reverse voltage anGD0A forward current, but only
half of this current is allowed current.

Based on the voltage and the current of each diode, the nuohlogrdes that should be
located in parallel or/and series, is defined. By changiegitimber of diodes, the current
and the voltage of them are changed and both losses, cooduotises and switching
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Chapter 4. Design of the DC-DC Fullbridge Converter

losses are modified, reasonably. In this case, two paratidednodule is used instead of
each diode block.

After selecting the diode module, the forward voltdgeand the on-state resistanfe:
of it should be measured by using the typical diode forwararatteristics. The typical
diode forward characteristic is shown in Hig.14.3.

1200 7
J 114
" /
1000 1
]
#
800 25°c {4
/ Fosec ]
g 625
i 600 /‘l
/4
/i
400
/4
0 Vi
0 1 2 3 4 5
Vr [V]
f- 0.005

Fig. 4.3 Diode on stat characteristics

The switching losses of a diode are approximately the santieeatsirn-off losses since

the turn-on losses are negligible in comparison with the-tff losses. The power losses
at turn-off is depending on reverse recovery characterifig.[4.4, shows the reverse
recovery characteristic of the diode.

For the diodesS L. D0600.J650100, the constanis; D is found to be).838. The calculation
is mentioned below. The beginning Point of typical reveesmwery characteristics: (200,
0.650), The ending point of typical reverse recovery charéstics: (1200, 2.92).

Ti\K.D U
Yiyk,p YL 4.1
() " (4.2)
(1200),@ _ 292
200 0.650
6P = 4.492
K,D = 0.838

In Table4.2, the selected output diode with its forwardagét, on-state resistance and its
reverse recovery energy are presented.
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Fig. 4.4 Diode typical reverse recovery characteristics

Table 4.2: Diode module characteristics
ABB HiPak VR(V) IF(A) VF(V) Ry ETeC(J) K;D
5SLD 0600J650100 3600 600 1.2 0.0075| 1.61 | 0.838

For the freewheeling diodess L.D0600.J650100 diode from ABB HiPak is selected. The
maximum voltage that is applies to these diode®)¥®1” and the maximum current that
goes through it i$00A. Then two series and two parallel diode should be used tegeth
Other explanations for these diodes are same as the outuiddi

4.2 Resonant Components for Soft Switching

4.2.1 Design of the Snubber Circuit

In Chapter 2, the operation of the fullbridge DC-DC convewas discussed and it was
mentioned that there are two different transitions in thetof converter, the linear transi-
tion and resonant transition. The leading leg snubber ampacharge through the energy
stored in the output filter inductance. And the lagging legldrer capacitors use energy
stored in the leakage inductance of transformer to be cHalgshould be taken into ac-

count that in some cases additional inductance is needadt to peries with the leakage

inductance of transformer to have enough energy storectfoeang soft switching [8].
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Chapter 4. Design of the DC-DC Fullbridge Converter

Design Criteria

There are some design matters that should be considereddelsaming of the snubber
circuit [8] and [2].

e The first subject that need to be considered is the minimumevaf the snubber
capacitor that can be used. The time for charging the snudaipercitor should be at
least5 times higher than the fall time of the IGBT current.

e The second subject that is very important to take into accisdimding a maximum
value for the leakage inductance of the transformer. Vengelanductances should
be avoided due to high duty cycle loss.

e The third subject is the maximum value of snubber capaciidie maximum value
for the snubber capacitors of the lagging leg should be ttledi based on the max-
imum leakage inductance. In this thesis, three values frdbging leg snubber
capacitors have been considered. It is obvious that theesdhr these capacitors
should be placed between the calculated maximum and minivalunes.

¢ In the forth step, the minimum inductances required to ahagpacitors in the per-
vious item is calculated.

¢ In the last step, the leading lag snubber capacitors willdbeutated based on their
charging time.

To design soft switching components, some basic paramstetsas: transformer ratio,
duty cycle (in our case phase shift) and input current shbelknown. These parameters
can be calculated by usind (4.2) and _(14.3). In our calculatibis assumed that the
current remains constant during on-state.

‘/load

D = 4.2
Van (4.2)
P,

=YD (4-3)

In this thesis, since the input voltage and current are tgh,hthe switches should be
consist of several IGBT modules connected in series orleartithe voltage, current and
the snubber capacitor of the switch arg,, I,,, andC,, respectively, then the voltage,
current and the capacitor of the single IGBT module by caréndjn, modules in series
andn, modules in parallel would be according to
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4.2. Resonant Components for Soft Switching

Vo a I ota s
Vmod = ot la Imod = total and C(mod = C(totaln_ (44)
n

Ng np D

Then the total energy stored in the snubber capacitor caalbelated as

1 1 n, V2, 1
Wcap = nsnpicmodvriod = 7ls7l;zz§c'totaln—L = §Ctot‘/tit (4'5)

p M3
As it was mentioned earlier, the principle of the turn-oftibber capacitor is to increase
the rise time of the voltage during turn-off. The snubberacdijor causes a decrease in
the switch current and an increase in the switch voltageatt simultaneously. However,
to have a very low turn-off losses, the rise time of the vatagould be much more than
the fall time of the current. In this thesis, the rise timel# voltage is considerédtimes
higher than fall time of the current. This assumption is usedalculating the minimum
capacitor that can be used as snubber capacitor. In the_ Big.,4s considered equal to

5t ;.

—VCE i
Ic

Fig. 4.5 Rise time of the voltage and fall time of the current

The minimum snubber capacitor can be calculated by uging) (vherel/; is input volt-
age andAt is equal to5 = ¢;;. Also ty; can be obtained from data sheet of the selected
IGBT.

Lin At

Cmin = Vd

(4.6)

The next step in the design of the soft switching componénts,find a maximum value
for the leakage inductance of the transformer. It is notaeable to have a very large
leakage inductance to achieve soft switching. Becauseijrtieereversal of the current
will be too large in comparison with one period and cause inga kduty cycle loss. To
make it clear, let us consider an operation frequencykdf z, so the period would be
1000us. Since there are two current reversal in each perxdshould not exceed from
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Chapter 4. Design of the DC-DC Fullbridge Converter

100us. So, the duty cycle loss would be limited 20%. In this thesis, the maximum

allowed time for current reversal is considered tolb& of the whole period. However,

the current reversal time should be much lower in realityaSarge leakage inductance
will cause the duty cycle loss when the current in the tramsés changes direction. The
maximum leakage inductance, when the required time for tineeot to change frony,,

to —i;, is equal tol 0% of the whole period, can be calculated by using

VaAt

204,

Lsmazr = 4.7)

Based onlg,,.., calculated in [(4.]7), a maximum value for lagging leg snuldagracitors
can be obtained by putting the energy stored in the maximakalge inductance equal to
the energy stored in the capacitors.

1L 2
Smaxlin (48)

C maxr — &
° 2 V2

It is seen that two limits are obtained for lagging leg snuld@pacitors. Three capaci-
tors was selected between these two limits for each frequd@able shows the values of
selected capacitors in different frequencies.

Table 4.3: Lagging leg snubber capacitors for differengfiencies

Frequencieg 500Hz | 1kHz | 2kHz
Ch 6.8 uf | 3.3uf | 1.5 uf
Ca 47pf | 22pf | 1pf
Cs 33uf | Louf | 0.9 uf

Since the leakage inductance should be able to charge thiedglgg snubber capacitors,
the minimum leakage inductances will be calculated basetherlagging lag snubber
capacitors. For this purpose the energy stored in the dapsshould be put equal to the
energy stored in the leakage inductance. So the minimunttaduae is obtained from

Ccv?

2
in

LSmin =2 (49)

As it is seen in ((4.19), the energy stored in the leakage iradheoet should be twice the
energy required for charging one snubber capacitor, smoeshubber capacitors are con-
nected in series and while one of them is charging, the othelidischarging.

The results of the minimum inductances required to achieftessvitching for different
frequencies and different snubber capacitors are showiyid.B.

Another design consideration for the snubber capacitafseisime for charging the ca-
pacitors of the leading leg. In this thesis, an assumptierblean made that the maximum
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4.2. Resonant Components for Soft Switching

Operation Frequency 500Hz Operation Frequency 1kHz

T 4 T T
C=6.8e-6 F C=3.3e-6 F
C=4.7e-6 F C=2.2e-6 F
H | ——cC=33e-6F 35 ——C=15e-6F
Max Leakage Inductance - Max Leakage Inductance

Ind
w” w
T

Minimum Leakage Inductance [mH]
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0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 %.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Load Load
(a) Switching frequency 500 Hz (b) Switching frequency 1 kHz
Operation Frequency 2kHz
1.8 T T T T T T
C=15e-6 F
16 C=le-6F

= C=0.9e-6 F
- Max Leakage Inductance

14r

Minimum Leakage Inductance [mH]
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(c) Switching frequency 2 kHz

Fig. 4.6 Minimum leakage inductance versus load, for different fietries and different lagging leg snubber capaci-
tors

allowed time for charging the capacitors shoulcbeof the whole period. The snubber
capacitors of the leading leg can be calculated by using

Ati;,
Va

Ctslead - (4 10)

Wheredt is equal ta2% of the whole period.
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Chapter 4. Design of the DC-DC Fullbridge Converter
4.2.2 Evaluation of the Converter for Different Load Conditions

The designed converter should be able to achieve the satttsng for different load
conditions. It can be seen in Fig. 4.2.1 that for the best tteseonverter can achieve soft
switching in 60 % of the full load current. It is obvious thhetconverter does not always
work in 60 % of the full load and higher. Therefore some modifimn should be done in
order to make the converter work in at least 20 % of the fultlloarrent. Two methods
that can be used for this purpose are

e Reducing the switching time of the IGBT by decreasing theanurfall time. In this
method the current fall time of the IGBT during turn-off isocdeased by changing the
gate resistors. So it is possible to use smaller snubbecitagsin parallel with the
switches, the smaller the capacitors can be charged witarlowrrents. Therefore
the performance of the converter is improved in the low loadditions. Fig[ 4.7
shows that the change in the current fall time by changingyttie resistance of the
IGBT is small so this method is not able to make the conveaevdrk in very low
load conditions.

e Using a semi-soft fullbridge converter topology. In thipatogy, the lagging leg
of the converter is hard-switched and the leading leg is®weiftched. As it was
mentioned earlier, the energy stored in the leakage indoetén some cases plus
some additional inductance). Since this inductance shioeilklept small to prevent
high duty cycle losses, the charging current (proportiandbad current) of this
inductance should be high and this high current means thatnbt possible for
the converter to work in the low load. Therefore semi-softalogy is used. The
topology of this type of converter is shown in Hig.!4.8.

0.1
0 5 10 15 20
Rg [ohm]

Fig. 4.7 Switching time of the IGBT vs its gate resistor
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Fig. 4.8 Topology of the semi-soft fullbridge converter

4.3 The Output Filter Inductor Design

In this section, the principle of inductor design will bedissed. Also, the output filter
inductor will be designed based on the converter ratingse @uaterial selection, core
size and geometry calculation, windings number of turn &edctoss section calculation
will be discussed in the following.

To design the inductor, it should be modeled as an electrioalit. The electrical circuit
for a C-shape inductor core is shown in Fig.]4.9.

Core reluctance & 7,
&g
H -?JI_
AN
i \“:,
" 1|L'nr~lh ] \': Adr gap
el ™ reluctance 4 T+ .
" () g
R | ) 0, i () @ 5 .

Fig. 4.9 Inductor geometry and the equivalent circuit

The equivalent circuit consists of two reluctances, the eceluctance and the air gap re-
luctance. The core reluctance is much lower than the airgjaptance and it is negligible.
Then the emf can be expressed as

ni = OR, (4.11)
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Chapter 4. Design of the DC-DC Fullbridge Converter

Some quantities should be specified in order to design thectod These quantities can
be obtained by using calculations and simulations. For asecthe required quantities
are shown in the following

e [ =9.4mH,18.7mH,37.5mH, L is the required inductance of the output filter to
keep the ripples in the desired range. The values ar@iérz, 1kH = and500H z
operation frequencies respectively.

o [, =413A, I,.is the average current that passes through the inductor.
o [y = 467A, L,.q IS the peak current that passes through the inductor.

o [.... =415A, I,,,, is the rms current that passes through the inductor.

These values has been calculated based on the simulatiSimaiink and MATLAB.

A C-shaped core has been selected for the inductor core. nicheetor geometry and

the equivalent magnetic circuit is shown in [Figl4.9. The® ssme constraints for the
inductor design and the selected core and winding shoukhg#ttese constraints. These
constraints are discussed in the following

By giving a peak winding current, it is expected to the corg tlensity operate at a peak
value B,,... The saturation flux densiti,,; of the core material should be higher than
the B,,4z-

n]max - (BmaxAc)éRg:Bmaxl_g (412)

[

(4.12) is the first constraint. The turns rati@nd air gap lengtl, are unknown.
The inductance of the inductor can be calculated as

L = n— = ,LLOAC/n’z
§Rg lg

(4.13)

(4.13) is the second constraint. The turns ratjecore aread.,and air gap lengtt, are
unknown.

Another design constraint is that the total area of the copp#he windown A4,,,, should
be less than the available area for the winding conductoedplilowing inequality should
be satisfied in designing the output inductor

KWa => ndy (4.14)
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4.3. The Output Filter Inductor Design

wherekK, is the fraction of the core window area that is filled by copedill factor, 174
is core window areay is the turns ratio of the windingd,, is wire bare area.

K, or fill factor is a constant with a value less than 1. Insulatd the wire and the fact
that round wire does not pack perfectly, will redukg. The typical value of<, for a
C-shaped core in design of the inductor is 0/35 [13].

The resistance of the winding can be calculated as

Ly

(4.15)

wherep is the resistivity of the conductor materiglis the length of the wire and can be
calculated as

Iy = n(MLT) (4.16)

whereM LT is the mean length per turn of the winding . By combining (3 drxd [4.16)
the forth constraint can be shown as

n(MLT)
A

Combining these four constraints, (4.12) (4.13) (4.L4APt.and eliminating.,/, andA,,
will results in

R = (4.17)

A2, pL2T2
AWA Pl mar 4.18
MLT ~~ B _RK, (4.18)

The specifications and other known quantities are in the-tigihd side of[(4.18) and the
function of the core geometry is in the left-hand side. Sounaesign, we should choose
a core geometry that can satisfy (4.18). For this purposectine geometrical constant
K, is defined as

A2,
K, = (MLT) (4.19)

The number of turns;, of the inductor can be calculated as
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LI
= e 4.20
" Bmaa:Ac ( )

To make [(4.1B) simple, it can be combined with (4.17) dndQy¥s® the following in-
equality will be obtained. And the selected core must sattst inequality.

lea:p AW

- A 4.21
Bomely  AeVa (4-21)

As it can be seen in(4.18), the size of the core can be redycelddnsing a core material
having higherB,,; and also by allowing more copper loss. However, if there isadrol
on the core material and the copper loss, then the ldkgas needed. Largek, can be
achieved by increasing. and¥ 4 which means choosing bigger core.

Metglas magnetic alloy 2605SA1 is used as the core materiahis inductor. High satu-
ration flux density (1.56 T), low core loss and high permeghihake Metglas a suitable
core material for the high frequency inductars|[14].

Some other values that should be specified for designingithector are presented in the
following

e Wire resistivityp = 1.67¢76 €2 — cm, windings wire is copper.
e Peak winding current,,,,, = 467 A.

e Inductancel. = 0.0094H,0.0187H,0.0375H, the values are foRkH z, 1kH z and
500H z respectively.

e Wire bare aredy; = 210mm?, Ay is calculated by dividing rms current that passes
through the inductor by maximum allowed current densitye filaximum allowed
current density is 24 /mm?] [4].

¢ Winding fill factor K, = 0.35, [13].

e Core maximum flux densitys,... = 1.17, is considered around 0.75 of the satura-
tion flux density [13].

The selected cores have almost the same size as the traasfmra and they have been
checked to satisfy the constraints. Tdble 4.4 shows thediorensions for three different
frequencies.

As it was mentioned earlier, one of the important issues sigieng the converter is its
weight, and weight of the inductor has a direct impact on ttel tweight of the con-
verter. Weight of the inductor in three different frequaeascwith Metglas magnetic alloy
2605SA1 as the core material is shown in the following
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4.3. The Output Filter Inductor Design

Table 4.4: The output filter inductor core dimensions forB901kHz and 2kHz operation frequencies
Operating frequency | 500Hz | 1IKHz | 2KHz
Core cross sectionf’] | 0.16 0.09 0.04
Core window heightjz] | 0.15 0.15 0.2
Core window width{n] 0.4 0.35 0.35
Number of turnsjn] 100 88 100
Air gap lengthin] 0.053 | 0.047 | 0.053
Core losseg[IV] 8.89 11.58 | 12.58
Winding losses{iV] 2.19 1.43 1.09
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Fig. 4.10 Weight of the output filter inductor in 500Hz, 1kHz and 2kHzogting frequencies with Metglas magnetic
alloy 2605SA1 as the core material

Since the shape and dimension of the core is known, the cdueneocan be calculated.
By knowing the volume and the density of the core materiak @geight can be calculated
based on the following equation

W = Vp (4.22)
wherelV is the core weight}” is the volume of the core andis the density of the core
material.

As it can be seen in F{g.4.110, the weight of the inductor desee by increase in the
operating frequency. So it can be concluded that increasequency will reduce the
size of the inductor as well as the costs of it.
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4.4 Loss Calculation

4.4.1 IGBT and Diode Loss Calculation

In this section, the conduction and the switching losseti®selected IGBTS, freewheel-
ing diodes and output diodes are calculated. The loss eaionlis done for two different
topologies and the results are shown in figures for compariso

The losses for two different topologies will be calculatie first case is in hard switching
mode and the second case is in soft switching mode. For tlikdwdtching mode, the

IGBT losses consist of the conduction loss and the switclusg but for soft switching,

only conduction loss is considered.

In the hard switching mode, the current and voltage wavedarhthe IGBTSs, and output
diode are shown in Fig. 4.11 and Fig. 4.12. In these figutekis the current reversal
time of the leakage inductance ands the blanking time and is the phase shift angle.
The blanking time is defined to prevent the switches that@ratéd in the same leg to be
on simultaneously. According to these figures the value efrths, average and peak of
the currents and voltages are measured and the lossesariatl.

For the soft switching mode the switching loss for IGBT is leeted and conduction
loss is calculated by considering the current wave form &T characteristics. The
waveforms of current and voltage of IGTBs and the outputead soft switching mode
are shown in the Fig. 4.13 and Fig. 4.14.

The calculations are done in three different frequencielstlaa results for hard switching
mode, are shown in Fig.4.11, Fig.4.12 and Fig.4.13. Acputile switching loss increases
by increasing the switching frequencies and in higher feegies the total loss is domi-
nated by the switching loss.
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(1-9)Ts/2 @ Ts/2 (1-9)Ts/2 2*Tsl2

(1-2)*Ts/2 @*Tsi2 (1-@)*Ts/2 @*Tsi2

Fig. 4.11 Currents and voltages of IGBTs in hard switching mode

(1-2)Ts/2 @*Ts/2 (1-Q) Ts/2 @*Ts/2

Fig. 4.12 Current and voltage of freewheeling diodes in hard switgimrode
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Fig. 4.13 Currents and voltages of IGBTSs in soft switching mode

(1-9) Ts/2 @*Ts/2 (1-Q)Ts/2 0*Ts/2

Fig. 4.14 Current and voltage of freewheeling diodes in soft switghimode
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Fig. 4.15 IGBTs and diodes losses with 500 Hz switching frequency
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Fig. 4.16 IGBTs and diodes losses with 1000 Hz switching frequency
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Fig. 4.17 IGBTSs and diodes losses with 2000 Hz switching frequency



4.4. Loss Calculation

The result of the soft switching loss calculations are shiowig.4.14, Fig.4.15, Fig.4.16.
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Fig. 4.18 IGBTs and diodes losses with 500 Hz switching frequency
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Fig. 4.19 IGBTs and diodes losses with 1000 Hz switching frequency

4.4.2 Transformer

The transformer design and its loss calculation is not thipgme of this thesis. However,
losses and accordingly design of the transformer shouldnbg/k in order to calculate
the efficiency of the converter and make our two topologieamarable. In this section,
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Fig. 4.20 IGBTs and diodes losses with 2000 Hz switching frequency-

a short summery for different methods of loss calculatioméntioned and the results of
the transformer design and transformer loss calculatioastzown.

There are two kinds of losses in a core material, hysteressek and eddy current losses.
Energy is required to make a change in the magnetization@fearnaterial. Not all of this
energy is recoverable in electrical form; a fraction is lastheat. This power loss can be
observed electrically as hysteresis of the B-H loop. A autrréll be induced in the core
materials with electric conductivity, which is called edayrent. This current dissipates
power in the core, so there is another core loss that is catldgt current losses.

Core Loss Calculation Methods

There are several empirical and macroscopic loss caloalatiethods that can be found
in literatures. Some of these methods are:

e Loss separation method: This method calculates the totallosses by calculating
the static hysteresis loss and the dynamic eddy currentbgsh includes classic
eddy current loss and excess eddy current loss separately.

e Equivalent Elliptical Loop Approach: Is one kind of loss aggtion methods than
can be used in finite element Ansys Maxwell 3D for core lossiudation.

e Empirical Steinmetz Equations: This method is the most enient method to use
by designers, because it needs a limited number of measnteraed it does not
need much knowledge about magnetism.

60



4.4. Loss Calculation

The model and simulation procedure in order to calculatectite dimensions and core
loss is the same procedure as![15]. In this procedure, threkdf parameters in the
model: system specifications, free parameters and desigmpéers are defined. First of
all, the required parameters from system point of view idelg primary and secondary
voltages, rated power, operating frequency should be fspe.cirhe second group of pa-
rameters, free parameters, can be selected and variedndiaxilux density and number
of turns in the primary winding are the examples of these gafyparameters. At the end,
the design parameters include the geometrical values tikee and windings dimensions
can be calculated from the other two groups parameters. Aapexl core is selected for
the transformer in our converter, Fig. 4.21 shows the gegnoétthe transformer and its
core. Core loss is calculated by using the loss separatidghates[[15]. Specifications
of the transformer and its core loss and winding loss are showable for three
different frequencies. It should be noticed that the ratithe transformer was considered
to be3.

Fig. 4.21 Transformer geometry

To achieve the highest efficiency, the winding losses haea lassumed to be equal to
core loss,[(4.23) shows that core losses should be equahtbrwilosses in order to have
the highest efficiency [13].

Pout
= > Pinding = kP2 4.23
7 Pout + Pcore + Pwinding , ding out ( )
d
dPn . = g’L"UGS Pwinding = Pcore (424)
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Table 4.5: Specifications of designed transformer for diffie frequencies

Frequency 500Hz | 1kHz | 2kHz
Phase Shift 0.5 0.5 0.5

Input Voltage V] 4000 4000 | 4000

Cross Section?] 0.15 0.07 0.03
Window Height jnm] 98.99 | 148.49| 197.98
Window Width [mm] 386.88 | 311.52| 311.52
Core Losses{IV] 7.42 10.31 | 15.42
Core Weight kg] 2429.02| 991.5 | 452.13

Leakage InductanceH] | 20.91 | 14.43 | 8.94

Fig.[4.22 shows the distribution of the flux density in tramefer core.
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Fig. 4.22 Flux density distribution in transformer core

4.4.3 The Output Filter Inductor
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iy dm
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There are two kinds of losses in the magnetic componentstti&einductors and the
transformers. One of them is core losses and another on gititing losses. In section
4.2.1, the core losses types and their origin was discussehis section, the principle
of core loss and winding loss calculations will be explaiaed the total losses for the

inductors designed in the previous section will be caladat

Ptotal = Pcu + Pcore (425)

whereP,, is the copper losses atitl,.. is the core losses. Copper losses can be calculated
using the following equation
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4.5. Comparison and total results

P.,=RI},, (4.26)

wherel,,,, IS the rms current that passes through the inductor/airgithe resistivity of
the winding wire that can be calculated like following

R = PMET) (4.27)
Aw
wherep = 1.68e — 8 Q2.m, n is the number of turns)/ LT is the mean length turn and
Ay 1s the wire cross section.

Some manufacturers like Metglas has provided their own éterfor core loss calcula-
tions. From[[16] the core losses can be calculated as

Piore = 6.5f151 BLTY (4.28)

where f is the frequency in kHzpB is the flux density andlV is the weight of the core.
Based on the above explanation, values of the core lossethamndnding losses of the
output filter inductor would be like the following

Table 4.6: The output filter inductor core losses for 500HHAand 2kHz operation frequencies

Operating frequency 500Hz | 1KHz | 2KH=z
Core losseg[IV] 8.89 11.58 | 12.58

Winding lossesfiV] | 2.19 1.43 1.09
Total lossesfIV] 11.08 | 13.01 | 13.67

4.5 Comparison and total results

4.5.1 Comparison between semiconductor losses

In this section, the semiconductor losses of two mentiomen@rters are compared. As
it was shown before, the losses are calculated in threereliffeswitching frequencies.
Fig.[4.24 and fig. 4.25 show the total losses of the semicdnddevices in the converter
in hard-switched and soft-switched mode, respectively.

In the hard-switched mode, by increasing the switchinguesgy the semiconductor
losses are dominated by switching losses. But in the saftked mode the switching
losses of the IGBT are almost zero in three different fregiee=n Consequently, the to-
tal loss variation between hard-switched mode and softeb@d mode is increased by
increasing the switching frequency as is shown infig.14.26.
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Fig. 4.23 Total losses of the output filter inductor in 500Hz, 1kHz ak#éi2 operating frequencies
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Fig. 4.24 The semiconductor losses in hard-switched mode for thiféereint frequencies

4.5.2 Comparison Between Converter Magnetic Components

In this section, losses and weight of the converter mageetigponents(transformer and
the output filter inductor) will be compared in the three @ien frequencies. It is ex-

pected that the size of the components reduce by the inciredise frequency but at the

same time, the losses of them should be increased. The folidigures show this fact

4.5.3 Total Efficiency of the Converter

In this part, the total efficiency of the converter in threffetent frequencies for both
mentioned topologies are calculated. From the previousoses the losses of the IGBTS,
freewheeling diodes and output diodes have been calcutateédhe losses were shown
in Section 4.2. Also the losses of the transformer were shiowiablé4.5. So, the total
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Fig. 4.25 The semiconductor losses in soft-switched mode for thriéerdit frequencies
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Fig. 4.26 Caparison between the semiconductor losses in hard-®ai@hd soft-switched mode

efficiency of the converter for the hard switched topologgt Hre zero-voltage switching
topology would be as it is shown in Talile 6.1 and Tablé 6.2eetpely.
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Fig. 4.27 Total weight of the converter magnetic components in 50akEz and 2kHz operating frequencies

Table 4.7: Total losses and efficiency of the converter,{saritiching mode

1000
Frequency[Hz]

2000

switching frequency | 500Hz | 1KHz 2KHz
IGBTSs lossed]/] 28.48e3 | 33.83e3 | 44.56e3
Freewheeling diode®[] | 16.52e3 | 21.52e3 | 31.53e3
Output diodes[/] 7.37e3 | 12.6e3 | 23.05e3
Transformer losseBf] | 14.8¢3 | 20.6e3 30.8e3
Inductor losses}/] 11.08e3 | 13.01e3 | 13.67e3
Total lossed[/] 75.25e3 | 101.56e3 | 143.61e3
Efficiency[%] 96.8 95.7 94.01

Losses[kW]

500

Fig. 4.28 Total loss of the converter magnetic components in 500HAzIdnd 2kHz operating frequencies
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Table 4.8: Total losses and efficiency of the converter;saftching mode

4.5. Comparison and total results

switching frequency | 500Hz | 1KHz | 2KHz
IGBTSs lossed[] 21.64e3 | 22.7e3 | 21.77e3
Freewheeling diodeB[] | 6.42e3 | 11.42e3 | 21.44e3
Output diodes]/] 8.86e3 | 14.12¢3 | 24.54¢e3
Transformer losseBf] | 14.8¢3 | 20.6e3 | 30.8e3
Inductor losses}/] 11.08e3 | 13.01e3 | 13.67€3
Total lossed[’] 62.8e3 | 81.85e3 | 98.55e3
Efficiency[%] 97.3 96.58 | 95.32
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Chapter 5

Simulation Setup

In this chapter, two topologies of the DC-DC converter aneudated, the fullbridge con-
verter in hard switch mode and the fullbridge converter witlase shifted control. Also
the results of simulation are presented in this chapter.sithelations are done in MAT-
LAB.

5.1 Fullbridge Converter

In the simulation of the fullbridge converter, it is assuntieat all the devices operate ide-
ally and no losses are considered. The internal resistdribe 6GBTs and the diodes are
set very low. For the transformer, the magnetizing rescamnd magnetizing inductance
are set very large, and the resistance and inductance ofai&fdrmer winding is con-
sidered to be negligible. The switching method of IGBTs iagghshift control that was
explained in Chapter 2. Fig. 5.1 shows the simulation setughi fullbridge converter:

In these topologies, the inductance and capacitor of theubtitter are calculated based
on the allowed ripples of the output current and the outpiibge. For this purpose, the
formulas for calculation of the inductor and capacitor argten in an M-file and the
results are used in simulation file. In the simulation thelepsalues are limited to

Iyippie = 0.111load (5.1)
Viipple = 0.01V out

For load calculation, the power and the output voltage ottheverter should be consid-
ered, then the output resistangas calculated as

B Vo?

R—P—O.

(5.2)
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Chapter 5. Simulation Setup

To investigate the operation of the fullbridge convertbe present characteristics are
applied in the simulation

e I, = 4000 (Input voltage)

e 1, = 6000 (Output voltage)

e P, = 2.4e6 (Output power)

® Ioippie = 0.1 (Maximum allowed current ripple)
o Voippie = 0.01 (Maximum allowed voltage ripple)
e [, = 1000 (Switching frequency)

e n = 3 (Transformer ratio)

According to the input and output voltage and the ratio of titamsformer, the phase
shift angle would be&).5. However, because of blanking time and voltage drop over the
leakage inductance it should be slightly larger. The defmédde generated that are used
for turning on and turning off the IGBTs are shown in Fig.5.2.

The wave form of the input current, the input voltage, thepatturrent and the output
voltage of the converter are shown in Fig]5.3

The voltage wave formes of the primary and secondary sideeafransformer are square
wave form and are changed with transformer ration, thedages$ are shown in Fig.5.4.

The current in the primary side and secondary side of thetoamer is shown in Fig.5.4.
It is seen that the waveforms are not absolutely squareswavieh is due to the leakage
inductance of the transformer.

By using the pulse generators, the IGBTs are turned on anddwff. In some intervals
the current goes through two IGBTs and in some other intei@rent goes through one
IGBT and one diode. In this topology, two diodes that are irajp@ with the IGBTs 1
and 2 are never used, but the other diodes that are in paxatelGBT 3,4 conduct when
one switch is turned off. The currents and the voltages of @&Ts in two periods, are
shown in Fig.5.b.

The output current and the output voltage are DC with som@e® Fid.5.6 shows the
waveforms of the output current and the output voltage. Rgppf the current and the
voltage should be limited to 0.1 and 0.01 respectively. Bgudation the needed inductor
and capacitor the ripples are in the allowed margins as ftosva in Fig.5.6.

The second configuration is the phase shift control conveésst is shown in Figl 57, the
turn-off snubber circuit is placed in parallel with the IGBT., is the leakage inductance
of the transformer plus additional inductance which haslma¢culated in REF to achieve
soft switching.
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5.1. Fullbridge Converter

Waveforms of the voltage and current in both side of the fanger, in the phase shift
topology, are shown in Fig.5.8.

In this topology, by using snubber capacitors the switcHosges are eliminated. The
current waveforms of the IGBTs and the voltage waveform etkie capacitors are shown
in Fig[5.9. In this topology, when the IGBTs are turned om, toltage of their parallel
capacitance reaches zero and then there are no turn-orsgitosses, and when they
are turned off their voltage increase based on chargingeptrallel capacitors. As a
result, the switching losses in this case are neglected.
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Full-bridge DC-DC Converter
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Fig. 5.1 Fullbridge converter conFiguration in MATLAB
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Fig. 5.7 Phase shift control DC-DC converter
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Chapter 6

Conclusions and Future Work

In this chapter, results from the present work is summariaésb, some suggestions for
the future work is given.

6.1 Results from Present Work

In this thesis, different topologies for the DC-DC conveltave been investigated and two
of them is selected to design, simulate and evaluate. Tketseltopologies are the hard-
switched fullbridge converter and the fullbridge convertéh phase-shift control. These
two topologies has been evaluated regarding their efficerat the different switching
frequencies.

The mentioned hard switched and a zero-voltage switchithridge converter are com-
pared in terms of their losses. Loss evaluation is done fohalswitches in the converter
as well as for the magnetic components of the converterdtoamer and the output filter
inductor). Another key point in this thesis is to manage atildze converter parasitics to
achieve soft switching for different load conditions. Swe issue of the snubber design
was another important issue during our work.

Based on the design and analysis of both hard and soft smadthemes of the high
power density DC-DC full bridge converter, it has been codel that since for the lower
frequencies the efficiency is almost the same for the twoltgpes, hard switched is
preferable due to the lower cost. However, for the higheyfesmcies where the total losses
are dominated by the switching losses, the soft switchedloggy is superior. The core
loss of the transformer which was exposed to high frequequgre wave excitation has
been calculated by using FEM simulation and it turns outtt@transformer contribution
of the total converter loss is about 30% for all three stufliequencies for the phase shift
converter.
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Chapter 6. Conclusions and Future Work

In the following the circuit diagram of the compared topoésgare presented. Also, the
type of the selected switches in the input bridge and theututpgdge are shown. In
addition, the total loss of the converter and the weight efrttagnetic components of the

converter are mentioned.
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Fig. 6.1 First topology, hard-switched
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Fig. 6.2 Second topology, soft s-switched

Table 6.1: Total losses and efficiency of the converter,{sariiching mode

switching frequency | 500Hz | 1KHz 2KHz
IGBTSs lossed]/] 28.48e3 | 33.83e3 | 44.56e3
Freewheeling diodeB[] | 16.52e3 | 21.52e3 | 31.53e3
Output diodeg[/] 7.37e3 | 12.6e3 | 23.05e3

Transformer losseBf] | 14.8¢3 | 20.6e3 30.8e3
Inductor lossed})/] 11.08e3 | 13.01e3 | 13.67¢3
Total lossed[V] 75.25e3 | 101.56e3 | 143.61e3

Efficiency[/] 96.8 95.7 94.01

According to the voltage and current of the switches, défélarrangement of the IGBTs
can be defined . For this application, the IGBT modu$eV A0650./450300 is selected.

In this module when the current &0A (half of this current value is allowed as maxi-
mum rms current) the collector emitter voltage careBe0l’. For the output bridge the
diodebSLD0600.J650100 is selected from the ABB HiPak series. This diode module can
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Table 6.2: Total losses and efficiency of the converter;saftching mode

6.2. Future Work

switching frequency | 500Hz | 1IKHz | 2KHz
IGBTSs lossed[] 21.64e3 | 22.7e3 | 21.77e3
Freewheeling diodeB[] | 6.42e3 | 11.42e3 | 21.44e3
Output diodes]/] 8.86e3 | 14.12¢3 | 24.54¢e3
Transformer losseBf] | 14.8¢3 | 20.6e3 | 30.8e3
Inductor losses}/] 11.08e3 | 13.01e3 | 13.67e3
Total lossed[’] 62.8¢3 | 81.85e3 | 98.55e3
Efficiency[%] 97.3 96.58 95.32

7000

6000 |-

5000

4000

3000 |-

Weight[kg

2000

1000

500 1000 2000
Frequency[Hz]

Fig. 6.3 Total weight of the converter magnetic components in 500iKEz and 2kHz operating frequencies

handle3600V reverse voltage an@0A forward current, but only half of this current is a
suitable choice.

6.2 Future Work

As it was mentioned in the Chapter 2, there are differentltapes for the DC-DC con-
verters. In this thesis, two of them are selected and cordp#ris a good idea to make a
comparison of other topologies like the single active beidgnverter, dual active bridge
converter and etc.

There are two general methods to achieve zero-voltage dhdveicching. One of them
is by using resonant switch converters, which is the saletctigology in this thesis. An-
other one is to achieve soft switching by using load resooanwerter. A worthy further
investigation is to compare these two resonant conventdesins of their losses, needed
components, costs and complexity.
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Chapter 6. Conclusions and Future Work

Since these converters need to be operated in differenttwaditions, a suitable topology
to achieve soft switching in a wide range of the load condgis a semi-soft fullbridge
converter which is mentioned in chapter 4. A comparison betwsemi-soft and soft
topology can be another interesting topic for research.

Since for these kind of investigations the switching transiis very important for the

purpose of loss calculations and circuit operation, thensok for doing the simulations
should have precise and real model of switches (IGBTs, diadé etc). Our suggestion
is to use ANSOFT Simplorer for these kind of simulations.
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Performance and Loss Evaluation of a Hard and Soft
Switched 2.4 MW, 4 kV to 6 kV Isolated DC-DC
Converter for a Wind Energy Application

M. Mobarrez, M. Fazlali, M. A. Bahmani and T. Thiringer
Division of Electric Power Engineering, Chalmers University of Technology, SE 41296, Gothenburg, Sweden
E-mail: mobarrez@student.chalmers.se

Abstract - In this paper, a hard switched and zero-voltage
switching full bridge converter for high power applications are
compared in terms of their losses. The important issue in
designing these kinds of converters is to manage the converter
parasitics. Moreover, evaluating the losses at the high frequency
transformer with square wave input is another critical point in
designing such a high power density converter. The proposed
full bridge converters are designed to convert 4 kV input voltage
to 6 kV with rated power of 2.4 MW. The comparison is done for
three different frequencies: 500 Hz, 1 kHz and 2 kHz. Also, the
simulation results and loss calculations are presented.

Keywords - phase shift control, switching losses, DC-DC full
bridge converter, zero-voltage switching, high power density
transformer

I INTRODUCTION

There is an increasing interest during recent decades for
integrating renewable energies into power grids. Usually the
distance between generation and consumption of the
renewable energies is large, so transmission of the generated
renewable energies with the AC system is not economic and
DC system is used instead. Therefore, nowadays DC grid
networks are becoming more popular and high power density
DC-DC converters are one of the main components of these
grids. One of the challenges for designing the high power
density DC-DC converters is to reduce the weight and the
volume of the magnetic components which are the bulkiest
part of any conversion system. In order to make it more
compact, one can increase the operating frequency,
something already used in low power applications. But
recently it is getting more popular to use higher frequency at
high power applications due to the development of
semiconductor devices such as IGBTs which can handle
higher power densities with faster switching schemes.
Increasing the operating frequency on one hand decreases the
weight and size of the transformer and will lead to a compact
design, and on the other hand the losses and especially the
loss densities will be higher. Therefore a precise loss
calculation is needed, particularly when the excitation is not
sinusoidal [1-2].

Although there are several studies in comparison between
different converter topologies, but most of them are for the
half bridge topologies [3] and low powers in the range of
some tens of kilowatts [4].
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The aim of this paper is to compare a hard switched and a
zero-voltage switching full bridge converter in terms of their
losses. Loss evaluation is done for all the switches in the
converter as well as the losses in the high frequency
transformer with square wave input. Another key point in this
paper is to manage and utilize converter parasitics to achieve
soft switching. So, the issue of snubber design would be
another scope of this paper.

There is no modification in the hard switch full bridge
converter with duty cycle control to control the losses in the
switches. Therefore there is a high switching loss in the input
bridge switches, however low inductance in primary side of
the transformer would prevent the high duty cycle losses. By
replacing the duty cycle control with phase shift control, the
switches on the lagging leg can be turned on with zero power
dissipation. However, the conduction loss of the freewheeling
diode will be added to the total losses.

In the full bridge converter with phase shift control, the
switching losses reduce but still the conduction losses of the
switches are high since the full current passes through the
switches for relatively long time. By delaying the switching
between the two legs of the converter the power through the
converter can be controlled. The switching characteristics of
these two legs are very different, so managing parasitic
components of the converter is an important issue in
converter design. Another important design criterion of the
zero-voltage switching full bridge converter (ZVSFB) is the
selection of the snubber capacitors for the leading and the
lagging leg. In order to achieve soft switching in wide range
of the load, these parameters should be calculated carefully.

The high frequency high power transformers at these
converters are usually exposed to the non-sinusoidal
waveforms and include harmonics [5]. Therefore, the
influence of these non-sinusoidal waveforms on the total loss
should be evaluated accurately. The difficulty of the core loss
is due to the nonlinear nature of the magnetic materials. In
this paper, the equivalent elliptical loop (EEL) method is
utilized in order to compute the core loss in the three different
transformers with square wave excitations and duty cycle of
0.5. EEL calculates the core loss by using the time domain
magnetic induction obtained from the finite element
simulation and it considers the effects of minor loops at core
loss calculation [6].



1L DESIGN, SIMULATION AND EVALUATION OF THE
TOPOLOGIES

Two topologies compared in this paper are designed and
simulated under the following conditions: input
voltage (V;,) = 4000V, output voltage (V,) = 6000V and
rated power (P,) = 2.4MW. The topologies are compared at
three different frequencies f;,, = 500,1000, 2000 Hz.

Based on the voltage and the current ratings of the studied
converter, the IGBT, 5SNA 1200G450300 HiPak module
from ABB is used. Two IGBTs from this type should be used
in series in each module of the converter circuit. The Diode,
SSLD 0600J650100 HiPak module from ABB was selected
for the rectifier. Each freewheeling diode module consists of
two parallel submodules that in each submodule four diodes
are connected in series. Also, each output diode modules,
consists of two parallel submodules that in each submodule
two diodes are connected in series.

In order to a get smooth output voltage and current, it is
necessary to design an appropriate output filter. The values of
the inductor and capacitor of the output filter are calculated
according the allowed ripples. In this design the current ripple
limits to 10% and the voltage ripple limits to 1%.

A.  Hard Switched DC-DC full bridge converter

The schematic of the hard switched DC-DC full bridge
converter with phase shift control is shown in Fig. 1.

In this controlling method, the output voltage is controlled
via phase shift control. It means, both halves of the bridge
switch network operate with a 50% duty cycle, and the phase
difference between the half bridge switch networks is
controlled. [7]

By changing the transformer ratio and the phase shift angle
the ratio between the input voltage and the output voltage can
be changed. In the designed converter, the turn ratio of the
transformer is 3 and its leakage inductance is found to be
8.9puH. The inductor and the capacitor of the output filter are
11mH and 83pF respectively.

The simulation results of the hard switched DC-DC full
bridge converter are shown in Fig. 2.

The conduction and switching losses of the IGBT and
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Fig. 1. Topology of the hard switched DC-DC full bridge converter
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Fig. 2. Simulation results for the hard switched DC-DC full bridge
converter

diodes are calculated using as

= 2
Pc—igbt - igbtligbt—av + Rigbt—onligbt—rms (1)

P _ E 1 ligbt-max K; Vight-max Ky 2
sw—ight — fsw sw( ) ( ) ( )
T lref Vref

- 2
Pc—diode - Vf' Idiode—av + Rfldiode—rms (3)

1 Igiode— iD (Vdiode—
Psw—diode = fswErec (; LoI:efmax)KlD( LOV:EfmaX)KUD (4)

Where P._;gp,; is the conduction loss of an IGBT, Pgy,_igpe
is switching loss of an IGBT, Eg,, is switching energy of the
IGBT, Vigpe and Rjgpi_on are on-state voltage drop and on-
state resistance of an IGBT, f, is switching frequency,
P._giode 1s the conduction loss of a diode, Py, _gioqe 1S the
switching loss of a diode, Vf is the forward voltage of a diode,
R¢ is the on-state resistance of the diode, E,.. is the reverse
recover energy of the diode, I.; and V,,f are the reference
current and the reference voltage of the diode or the IGBT.

Table I shows the power losses in the semiconductor
devices for the hard switched DC-DC full bridge converter.

TABLE I
POWER LOSSES FOR THE HARD SWITCHED DC-DC CONVERTER

Switching frequency [Hz] 500 1000 2000
IGBTs Conduction loss (W) | 23136 | 23052 23012
Switching Loss(W) 5388 10778 21556
Freewheeling Conduction loss(W) 11520 | 11520 11520
Diodes Switching loss(W) 5003 10007 20014
Output diodes Conduction loss(W) 2154 2149 2147
Switching loss(W) 5226 10453 20906
Total(W) 52427 | 67959 99155
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Fig. 3. Topology of the zero-voltage switching full bridge (ZVSFB)
converter.

B.  Zero-Voltage Switching Full Bridge
converter
The topology of the ZVSFB converter with phase shift
control is shown in Fig. 3. The Input voltage of the
transformer can be achieved by turning two switches in
different legs on. The difference between phase shift control
and duty cycle control is the switching and off-state, one
switch can be turned off and the load current flow through
one switch and one diode. This method by having the snubber
capacitors in parallel with the switches, leads to considerable
decrease in switching losses. This converter uses parasitic
components of the circuit to achieve soft switching. If these
parasitic components are not large enough in the required
load, additional inductance or capacitance should be used.
There are two states in this converter, passive and active
state. During the passive state, S; conducts and the load
current flows through Ds, therefore, the voltage over the
transformer is zero. The active state initiates when S; is
turned off, since Ds is conducting, S; turns off at zero voltage.
When S, has been turned off, the load current goes through
the lagging leg snubber capacitors. The voltage across D,
reaches zero and D, will be forward biased. So the current
starts to flow through D, and D;. Since the voltage over S,
and S; is zero, they can be turned on at zero voltage. In active
state when S, and S; are conducting, the voltage across the
transformer is equal to the input voltage. The transition from
active state to passive starts when S; is turned off and the load
current flows through the leading leg snubber capacitors.
When the voltage over D4 reaches zero, the diode is forward
biased, so one diode and one switch conduct. This state is
called passive state. Operation principle is the same for the
other half period. The energy stored in the leakage inductance
of the transformer is used to charge the snubber capacitors of
the lagging leg, however, the switching of the leading leg
devices is done by using the energy stored in the output filter.

(ZVSFB)
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Fig. 4. Simulation results for the ZVSFB converter.

Fig. 4 shows the waveforms for the ZVSFB converter
obtained from the simulation.

An important part in the design procedure of the ZVSFB is
design and selection of the snubber capacitors for the leading
leg and the lagging leg. Moreover, the additional inductance
for the primary side of the transformer should be selected
carefully. The procedure for selecting the snubber capacitors
and primary inductance has the following steps:

1) The first issue that needs to be considered is the
minimum value of the snubber capacitor that can be
used. The time for charging snubber capacitor should
be at least 5 times higher than the fall time of the
IGBT current.

2) The second issue is to find a maximum value of the
transformer  leakage inductance. Very large
inductances should be avoided due to high duty cycle
losses.

3) The maximum value for the snubber capacitors of the
lagging leg is calculated.

4) The minimum inductance required to charge the
capacitors in the previous step is calculated.

5) The leading leg snubber capacitors are calculated
based on the time required to charge them.

The turn-off snubber causes a decrease in the IGBT current
and an increase in the IGBT voltage occurs simultaneously.
Also the snubber capacitor increases the rise time of the
voltage during turn-off. In this paper, the time for charging
the snubber capacitors is considered to be 5 times higher than
fall time of the current (ff;). By this assumption, the



switching losses can be neglected. Based on this assumption,
the minimum capacitor can be calculated as

5trilin
Cmin =

Q)

Vin

It is not reasonable to have a very large primary inductance
to achieve soft switching. Since there are two current
reversals in each period, large primary inductance results in
high duty cycle losses. The maximum current reversal time in
this paper is considered to be 10% of the whole period.
Based on this assumption, L,,,, is calculated as

L _01Vip
rmax 2fswlin

Q)

Based on (6), the maximum value for the lagging leg
snubber capacitors can be obtained by putting the energy
stored in the maximum primary inductance equal to the
energy stored in the capacitors.

C Lrmax iin2 g
smax — ( )

1
; Vinz

From (5) and (7), the snubber capacitor of the lagging leg
can be selected between the two limits. The primary
inductance of the transformer should be able to charge the
snubber capacitors; therefore (8) should be fulfilled.

CVin?
Sz (3)

in

L. >2

Another design consideration in designing the snubber
capacitors is time for charging capacitors of the leading leg.
In this paper, the maximum allowed time for charging the
snubber capacitors of the leading leg is considered 2% of the
whole period. Based on this assumption, the leading leg
snubber capacitors are calculated as it is shown in (9).

C — 0.02 i
slead fswVin

®
The leakage inductance required to achieve soft switching
of the lagging leg is shown in Fig. 5.
The result is that the switching losses of the IGBTs can be
neglected in this topology. The conduction and switching
losses for the other devices are calculated using (1), (3) and
(4). Table II shows the power losses in the semiconductor
devices for the zero-voltage switching full bridge converter.

TABLE I
POWER LOSSES FOR THE ZVSFB DC-DC CONVERTER

Switching frequency 500 1000 2000

IGBTs Conduction loss (W) 22232 22226 21771
Freewheeling | Conduction loss(W) 1423 1417 1422
Diodes Switching loss(W) 5003 10007 20014
Output Conduction loss(W) 3672 3672 3672
diodes Switching loss(W) 5226 10453 20906
Total(W) 37556 47775 67785
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Fig. 5. Minimum leakage inductance required to achieve soft switching
for different load conditions

I11. HiGH POWER HIGH FREQUENCY TRANSFORMER

The high frequency high power transformer is the key
element in the new generation of DC-DC converters.
Decreasing the size of the transformer while keeping the
power fixed as it was at 50 Hz, leads to high loss density of
the transformer. Hence, the transformer would need a
sophisticated thermal management which requires precise
evaluations of the loss level of the transformer, particularly
when it is exposed to the non-sinusoidal waveforms which
makes the evaluation harder.

A. Core Material and Dimensions

One of the first and important issues in designing a
transformer is selecting a suitable magnetic material. In high
frequency high power applications, there are several
parameters that should be taken into account when analyzing
magnetic, electrical and mechanical properties. The
parameters are core loss density, temperature characteristics,
saturation flux density and relative permeability that is based
on these parameters, different types of magnetic materials
may fulfill high frequency requirements.

The soft magnetic material used at this paper is Metglas
amorphous alloy 2605SA1 which has the saturation induction
of 1.56 T and the coercivity of 1.7 A/m. The core loss for
SA1 is extremely low at about 0.29 W/kg at 60 Hz, 1.35 T,
however this value increases at higher frequencies but it is
still lower than that for the conventional silicon steel.

The system specifications are the nominal operating values
including secondary and primary voltages, Operating
frequency and rated power of the transformer. Other
parameters such as the maximum flux density and the number
of primary turns can be selected and varied by the designers
which are set to be 1.1 T and 6 turns respectively in this
paper. The design parameters include the geometrical
variables that should be obtained based on the two other
categories such as the dimensions of the core and the
windings [9].
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Based on the characteristics of the magnetic material and
the applied voltage, the proper effective cross section of the
core can be obtained as

Vin.D

Acore = NS B (10)

where A.,re is the core sectional area of the core, V,,, is the
peak value of the primary voltage, D is the duty cycle of the
applied voltage, N is the number of turns at primary widings,
f is the operating frequency and B, is the maximum
magnetic flux density in the core which is usually set to be at
80% of the saturation level of the magnetic material [10].

B.  Loss Evaluation

There are different methods of core loss calculations and
each of them has some advantages and disadvantages.
Designers usually use the well-known Steinmetz equations
for core loss calculations that are valid only for sinusoidal
equations. The method used in this paper for the core loss
calculation is called equivalent elliptical loop (EEL). The
advantages of this method are:

e It allows for considering the effects of minor loops
in calculations of hysteresis loss.

*  Arbitrary waveform can be used as excitation in time
domain.

ANSYS Maxwell 3D [11] is used as the finite element
software for all of the simulations in this paper. In three
dimensional finite element transient analysis, three loss
components will be obtained by (11), (12) and (13) [6]

dBy dBy

dBy,
Pu(®) = |H, <2 | + [ H, =2 [ + |H,ZZ | (1)
1 dBy dB dB,
P(t) = Sk A(GD* + (5D + (D% (12)
1 dBy aB. dB,
Po(®) = k{0 + O + P (13)

Where P,, P. and P, are the static hysteresis loss, the
classical eddy current loss and the excess eddy current loss
respectively, H is the magnetic field intensity, B is the
magnetic flux density, & are the loss coefficient which are
extracted from the manufacturer’s datasheet and C. is equal to
8.763.

Fig. 6 shows an example of the core loss distribution in
every single point of the core at a specific moment.

Table III shows the designed transformer core dimensions
and the calculated core loss for three different transformers at
three different operating frequencies. The interesting point is
that by increasing the frequency from 500 Hz to 2 kHz, on
one hand, the core loss would increase almost two times, but
on the other hand, the weight of the transformer core would
decrease 5 times and this is the main reason which justify to
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Fig. 6. Spatial core loss density distribution

increase the frequency particularly at highly restricted
applications such as traction or offshore wind farms.

It should be mentioned that in order to have the highest
efficiency, the winding loss is assumed to be at the same level

as the core loss.
TABLE III
Transformer Characteristics

24 MW - 4/12kV

Frequency [Hz] 500 1000 2000

Duty Cycle 0.5 0.5 0.5

Acore [m2] 0.15 0.07 0.03
Window Height [mm] 98.99 148.49 197.98
Window Width [mm] 386.88 311.52 301.48
Core Loss [kW] 7.42 10.31 15.42
Core Weight [kg] 2429.02 991.5 452.13

Iv. COMPARISON OF THE TOPOLOGIES

Table IV shows the loss results for the two converter
topologies. It can be seen that both topologies have almost the
same efficiency at lower frequencies, where the switching
losses are not a large fraction of the total losses. However, the
hard switched DC-DC full bridge converters suffer from high
switching losses in high frequencies and to improve the
efficiency at higher frequencies it is important to reduce this
power loss. Zero voltage switching full bridge converters
reduces this loss by managing the parasitic components of the
converter to achieve zero voltage switching that results in a
decrease of the total losses.

TABLE IV
POWER LOSSES FOR THE HARD SWITCHED DC-DC CONVERTER
Switching frequency 500 1000 2000
Har(;l switched DC-DC full 67227 88559 | 129955
bridge converter losses
Zero-Voltage Switching Full
Bridge (ZVSFB) converter 52356 68375 | 98585
losses

Efficiency of the Hard switched 0.971 0.961 0.94

Efficiency of the Zero-Voltage 0.978 0.971 0.959




V. CONCLUSIONS

In this paper both hard and soft switching schemes of the
high power density DC-DC full bridge converter has been
proposed and analyzed. It has been concluded that since for
the lower frequencies the efficiency is almost the same for the
two topologies, hard switched is preferable due to the lower
cost. However, for the higher frequencies where the total
losses are dominated by the switching losses, the soft
switched topology is superior.

The core loss of the transformer which was exposed to high
frequency square wave excitation has been calculated by
using FEM simulation and it shows that the transformer
contribution at total loss of the converter is about 30% at all
three studied frequencies for phase shift converter.
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