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Abstract

Environmental aspects have during the last years made electric vehicles an
interesting competitor to the present internal combustion ergyiven
vehicles. For a broad introduction of pure electric vehiclebatiery
charging infrastructure isleemed necessary. However, to build and
maintain such aimfrastructure is costlyActive power line conditioning
capabilities could be included in the battecharger, making the
infrastructure advantageous from the distribution network point of view.

Another option is that the battery charger could be able to support the
grid with peak power during periods of stability problems or emergency
situations. This means that energy hisrrowed from the batteries of
vehicles connected to eharger. The price for energyupplied by the
batteries is likely to be several times higher than the normal electric
energy price, due to the wear costs of the batteries. Therdfierbattery
chargerlossesalso represents a high cost. It is often stated that resonant
converters have a high efficiency compared to hard switcBatte
carrier based pulse width modulation is employed, quasi resonant DC link
converters are of interest.

Four of the most promising quasi resonant DC link topologies reported in
the literature are compared. A fair comparison is obtaineddsygning

them to meet certain common desigiteria, inthis casethe duration of

the zero voltage interval and the maximum output voltage time derivative.
The derivation of the design expressions are given, and also the simulation
results, by means of efficiency.

A 10 kW battery chargerequipped with one of the quasi resonant DC
links investigated is implemented. A hard switched battdrgrger with

the same rating is also tested to compare the measured efficiency with the
simulated. Both the simulations and measurements shows that the
efficiency decreaséor quasi resonant battery chargers compared to the
hard switched casé&urthermore,low frequency harmonics appear in the
battery charger input and output currents. However, full control of the
output voltage derivatives is obtained.
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1

Introduction

This chapter introduces electric vehicles and battéigrgers for electric
vehicles. Then, an introduction to the investigated conceprdsided.
Finally an overview of the thesis is given.

1.1 Background

Environmentalaspects have madsdectric vehicles (EVs) an interesting
challenger of the present Internal Combustion Engine (I@Eyen
vehicles. Present electrical drives offers a reliable and environmentally
sustainable solution to the pollutiggroblemscaused by théCE driven
vehicles. Almost all of the commercial automobile companies do indeed
have a product range that also covers EVs. Anyway, today there is only a
limited use of EVdor personal traffic. I'Sweden, most of the EVs are
usedfor community purposesuch as postadelivery. However, also in
thesecaseghe EVs constitutes only minor part of the vehicle fleet of
these companies.

The main problem with EVs is that the batteries limit the maximum
driving range,since present electro-chemical batteries do have a by far
lower energy to weight ratio than gasolin.

Present EVs are equipped with an on-board battégrger. The on-
board charger normallyhas arather low power rating,since it is
primarily intended for night-time battery charging at the owners
residence. UsuallySwedish householdare equipped with 16 Auses,
which limits the charging power to approximately 10 kW.

Today, this problem can be solved by e of electro-hybrid systems,
were an ICE is mechanically connected to an electrical generator charging
the vehicle batteries. Some of these electtigddrid vehicles (EHVs)lso
uses a part of the energy generated by the ICE for traction eklice
[38]. The idea is to charge the batteries wherning outside cityarea.
The charging strategy can be optimised in such a way that the ICE is
controlled to give minimumemissions or to minimise theduel
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consumption or other criterig21]. However it is obvious that the
pollution problem is only decreased, not eliminated by such a solution.

1.2 Fast charging

As previously mentioned, present EVs are equipped with on-board battery
chargers, but in order to be able to compete with the ICE dxighitles

by means of daily driving range, a fast charging infrastructureeasied.
There are however problems with the building of a fabktarger
infrastructure as well. First, theost of chargers is high amgkecond,
designs based on diode ¢myristor technology could result iurrent
harmonics and voltage distortion [49].

Instead of diode or thyristor technology, fully controllable semiconductor
devices, i.e. power transistors, should be used. Transiqoipped
voltage source convertefyYSCs) are oftenusedfor reliably operating
speedcontrol of electrical drives. The transistors are controllechibige
width modulation (PWM) which gives a well defined outpciirrent
spectrum [44].

If PWM controlledVSCs are usedfor battery chargers, the problem of
grid frequency related distortion can be circumvented. HowevegGaste

of the chargers and controllers increas#sce they becomemnore
complicated. Anyway, a broad introduction of electviehicles opens a
new market for the power semiconductor industry which probably results
in a lower price for these devices.

In [36] it is stated that fast charging should be avoided in urban areas due
to the fact that the deregulation of the power distribution market has
resulted in retirement of several enengiants nearby cities, since it is
cheaper to buy power than to ruhese plants. The electricaglower
bought on the market is generated at large hydro or nuclear power plants,
which results in a low price. The problem is that stability problems might
arise since such plants usually are locdsedawayfrom urban areaFast
charging further increases this problensince the loading of the
transmission lines becomdweavier, at all times during the dathus
resulting in higher peak power demands.

1.3 Charger infrastructure

One way to cope with the problem of the initial high cost of the charging
infrastructure, is tanake it advantageous botbr the power delivering
company andor the EV owners. ltwas previously mentioned that a
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battery charger using a diode thuyristor basedgrid interfaceusually
consumes non-sinusoidal current and thus injects harmonics ingvithe

If a battery charger infrastructure is busiblely on suctchargers there
would typically be problems like thermal overloading of transformers and
shunt capacitors [39]. Furthermore, malfunction of equipment sensitive to
disturbances is going to be a probléd9], [50]. If, on the other hand,
battery chargers with a power transistor grid interface are used, they can
be controlled to inject or consume currents of arbitrary waveform.

This means that thgower grid interface can besed to consume
harmonics in order taancel harmonics injected byther loads. Also,
reactive power can be generated or consumed by such a mider
interface. Singlephase loads can be compensdtad which means that
the currentcan be controlled in a manner were the higher voltagels
will experience the lower as consuming a balanced, harmonicttiree
phase current with power factor equal to one. These features Vanais
usually is called an active power line conditioner or active filter [4], [37].

There is one further possibility of such a system, which might be slightly
provocative; the battery chargean be used to deliver powé&om the
batteries back to the power grid. This is not likely to be dsedhe high
power charging stations (gas statioounterpart) except at emergency
situations like during powesystem stabilityproblems. This is due to the
fact that, at the charging station the EV should be charged as fast as
possible, without any delays, or there might be an queue situation.

For low power battery chargers at parking lots or office buildieigs,

this active power capability can be interesting. At such places there will be
occasions when the vehicle is connected tobthigery charger fotonger

time than it takes to charge its batteries. For these occasions, an agreement
between the EV owner and the payment system of the battery charger can
be set. For instance, the agreemean say that the batteries might be
discharged during the day but at a certain time they should be charged to
a certain level and the charging energy price should be reduced to a
certain level. Discharging the batteries shortens their lifetime which can
be costlyfor the EV owner. Thian be solved by a leasing agreement
where the power delivering company owns the batteries, and the EV
owner leases the batteries.

The agreement procedure indicated above results in furdher
complexity, since a payment system is needed anyway [39]. The payment
system is based on communication between lih#ery management
system (BMS) of theEV, the battery charger and a supervisory unit
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which is needed botfor billing and for operation of the battegharger
as an active power line conditioner.

1.4 Battery charger topology

A wide variety of different converter topologies used for battdrgrgers

do indeed exist. However, iorder tomeet the capabilities stated in the
previous section, the range of circuits is reducgitdce this is afrom
power electronic point of view, low to medium power application a
voltage source converter is considered. The redsorthis is that most
transistorvalvesfor this power range are designéat voltage source
converters. Also, the simplicity of the voltage source converter compared
to the current source converter (CSC) is an advantage.

In Figure 1.1 a voltage source battery charger is shown. Herehtrger

is connected to the power grid via a LCL-filter. The Igide stage of the
battery charger is a threghase voltage sourceonverter, acting as a
controlled rectifier. The capacitoC,, is referred to aghe DC link
capacitor, providing the voltage source feature. On the battery side, a half
bridge converter is used to control the charging current fed toetiele
batteries, via another LCL-filter.

%@S %@S 1 1
400 V I

Vdcz: Cdc IM—\_’
50 Hz—""™"
TLI Lj K& K& ] Vo
EH T 1
Figure 1.1 Voltage source battery charger. Note that the line and battery side filters are
composed from LCL-combinations, forming third order filters.

30

The advantages dfiCL-filters compared to the normallysed L-filters
are thoroughlydiscussed in [4]. In Appendi®.3 design of a.CL-filter
inductor for a 75 kW battery charger according to Figurel,
implemented in [3], is discussed.

1.5 Resonant converters

A consequence of thereviously mentioned active powedelivery
capability is that the efficiency of the battery chardmrcomesvery
important, since the energy price for energy delivered from the batteries
to the power gridbecomes considerablyigher than the normatnergy
price, due to the wear cost of the batteries. It is ofte&ted in the

4
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literature [5], [13], [14], [32], that an increased efficiency carabeieved

by using a resonant converter which provides reduced swittbssgs at
the expense of an increasadmber ofpassive and in someases also
active devicesFurthermore, it ioften pointed out that the device stress
for the active devices are reduced for resonant converters [16], [28], [32].

There are several different types of resonant converters bbatieidea

is that that the switch state should be changed only at low voltage across
or at low current through the semiconduct®vices, thus resulting in
reduced switching losses. Thising and fallingedges of these quantities
can also be controlled to reduce interference problems.

For resonant power converters with low semiconductor device count, the
resonant circuit is often comprised partly by the load [28], [30], [32],

[45], [59]. Here, thesare referred to atbad resonant converters. For
bridge applications on the other hand, often one resonant circuit, inserted
in between the passivenergy storage device and the semiconductor
bridge, is used to serve the entire bridge. This type of resonant converters
are referred to as resonant DC link converfé, [14], [22], [32],[43],

[46], [47].

For the basic resonant converters the possible switching instantshée.
low device voltage orcurrent is obtainedcannot be controlled. This
means that carrier based PWM cannot be usedhisrtype ofconverters.
Only a sub-class of the resonamnverters can be trigged on demand,
referred to agjuasi resonant convertejs|, [2], [7], [9], [11], [15], [19],
[41], [55], [56]. For a quasi resonantconverter, the oscillation is
interrupted inbetween two consecutive switching instants and is only
started when a change of converter switch state is commanded.

For a battery charger withctive power line conditioning capabilities,
carrier based PWM ispreferred due to its well known outpucurrent

spectrum [44]. This means that if resonpotver converter technology is
to be used, quasi resonant DC link converters are the most interesting.

1.6 Outline of the thesis

In Chapter 2, basiproperties of soft switching ardiscussedstarting
from capacitive snubbers. The design expressfonsquasi resonant DC
link converter passive component selectiane developed in Chapter 3.
The design expressions are derived through thoroogtthematical
analysis offour different quasi resonant DC links. In Chapter phwer
electronic semiconductor devices in soft switching applications are
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reviewed. Also, the simulation passive component models us€tapter

5 arediscussed. In Chapter battery chargers equipped with thaasi
resonant DC links investigated, are simulated. The quasi resonant
converters simulated, are designed to have epu@lerties, ateast in
some aspects. The simulatiorsse intended to verify thedesign
expressions and aldor calculation of the efficiency of thelifferent
battery chargers. In Chapter 6, one of the simulated battery chargers is
implemented and tested. Chapter 7 concludes the thesis.

Note that this thesis is one of two, evolviEdm the batterycharger
project. The accompanying thesis [4], treats control and functaspects
of the battery charger, whiléhis thesis focuses ohardware related
aspects.
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Resonant converters

The present resonant converter topologies do indeed exist vinde
variety of forms. However, they all originate fromtempts to avoid
simultaneously high voltage across and highrrent through the
semiconductor devices when the devitaverses fromconducting to
blocking state or vice versa. Another advantage of resoc@mierters
often addressed in théterature, is the ability to control the time
derivative of the voltage and/or tleeirrent. Onthe other hand, resonant
converters introduces new problems. This chapter gives an introduction to
the evolution of resonant converters, from load resonant converters to
quasi resonant DC link converters. Though not resonant, this presentation
starts with a short introduction of a certain kind of snubber, the RCD
charge-discharge snubber, which exhibits some of the features of resonant
converters.

2.1 The RCD charge-discharge snubber

In this section the RCIBharge-discharge snubber is investigated. This is
mainly done inorder to introducethe term soft switching. The
investigation starts with a presentation of the hard switched dsiem
converter. Then, aapacitive snubber is introduced. This is followed by
the introduction of the fulRCD charge-discharge snubber applied both
for the step down converter and a transistor half bridge.

Hard switching

One of the most basi¢ransistor bridge configurations fopower
electronic applications is the step doeanverter. Itconsists of a voltage
source (DC link capacitor), a power transistor (IGBT in ttase) and a
freewheeling diodesee Figure 2.1. Since this is a voltagesource
converter, the load is a current source, i.e. induciVbeen the state of
the switch is changefilom on to off (turn-off) or from off to or(turn-
on), the transition will take a finite time in the non-idechse.
Furthermore, fornon-ideal circuits there are parasitic components, for
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example stray inductance that catause overvoltage across the
semiconductor devices at turn-off.

| load

Figure 2.1 Basic step down converter used in the analysis.

Figure 2.2shows typicalcollector current and collector-emitteoltage

for a power transistor (IGBT ithis case), when used in the step down
converter above. Note that the collector current and collector-emitter
voltage is expressed in p.u., where the normalisation values are selected as
the rated maximum continuos collectaurrent, I, and maximum
collector-emitter voltage that can bastained across the devidé,.s In

the simulation of the step down converter the DC link volta¥ge and

load current,, are selected as

Olioag = 0.8l¢

(2.1)
dc = 0.6Vces
CE CE
IC IC
2
1 . R
D -
0 1 2 t[us 0 1 2 t[us

(@) (b)

Figure 2.2 Time-signalsshowing normalised transistor current (black) awditage
(grey) at (a) turn-on and (b) turn-off dfie power transistor irthe step
down converter.

In Figure 2.2, the power transistoregposed to @urrent spike atturn-

on which is due to reverse recovery of the freewheeling diode.
Furthermore, it is clearly seen that the IGBT is exposed to simultaneously
high current andvoltage at the switching instants. This leads to high
switching losses, especially @irn-off since the IGBT exhibits aollector
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current tail here. Thehysics ofreverse recovery of a power diode and
the IGBT current tail are discussed in Chapter 4.

A common way to visualise the stress levels imposed opower
electronic semiconductor device is to plot the switching trajectories,
current versus voltage, on top of thafe operating area (SOA) of the
device. The power semiconductor manufacturers specifyStbA on
absolute maximum values that must not be exceeded. Howeveomia
casesthere are twdSOAs, the second valid onlfpr very shortpulses
(transients). Figure 2.8hows the switchingrajectories corresponding to
the time signals in Figure 2.2 on top of tB@A for the particular IGBT
used in the simulation of the step down converter above.

'c
3

0

0 02 04 06 08 Ve

Figure 2.3 Switching trajectoriegturn-onblack andturn-off grey) of an IGBT in a
step downconverter application. Thtotal areacorresponds tdhe safe
operating area valid for short pulses.

The switching trajectories in Figure 2sBows thathere are no problems

with overvoltage or overcurrent extending outside the SOA. duration

of the time intervals where the power transistor is exposed tochigkent

and voltage simultaneously, causing high losses, is however not seen. This
can only be seen iRigure 2.2. Bottlthese plotsare valuablesince either

of them are delimiting to what extent, by means of transferred power, the
power converter can be used.

In some cases, theircuit stray inductance can be high causing a high
overvoltage at turn-offwhich means thathere must be a largmargin
between the DC link voltage used and the rated voltage. In cdises the
switching lossescan be high causing a low value of ratednverter
current in order to keep the junction temperature of the ponaesistor

at an acceptable level.

To partly overcome this problem and be ableuse the semiconductor
devices in a more efficient way, snubber circuits are introduced [B2]],
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[63]. There are several different snubber circuitsed for different
purposes, forexample to reduce the overvoltagsused by stray
inductance, aturn-off. There arealso snubber circuits where the aim is

to move the switching lociurther into the SOA, which meansower
losses, at least if the duration of the switching intervals arg@noddnged.

One such snubber is the RCD (resistor, capacitor, diode) charge-discharge
snubber.

The capacitive snubber

From now on theRCD charge-discharge-snubber risferred toonly as
RCD snubber, even though there are several typeRQID snubbers for
different purposes. At turn-ofthis snubbeibehaves as pure capacitor.
Therefore, in order taimplify the preliminaryanalysis, the snubber is
considered as consisting only of a single capacitor der@téal Figure
2.4.

Vdc _

I load

Figure 2.4 The step down converter with a purely capacitive turn-off snubber.

By introducing a capacitor across the power transistor output terminals,
the voltage derivative with respect to time can be controlésd for
example [44]. This is possible sincetatn-off, a part ofthe transistor
current finds an alternative path through the capacitbich means that

the transistor collector current falls and the collector-emitter voltage rises
simultaneously, seEigure 2.5. This is nopossible in the previousase,

i.e. without a snubbersincehere the only alternative wdpr the load
current is through the freewheeling diode.

The freewheeling diode only carriesibstantialcurrent when forward
biased, which means that tlransistor collector-emitter voltage must be
approximately equal to the DC link voltag¥,. before the collector
current can begin to decline at turn-off for the case without a snubber.

It is sometimes stated that this type of snubber circuit provides off
under zero voltage switching (ZVS) conditions, or saivitched
conditions [52]. Thigefers to the fact thathen theturn-off sequence is
initiated, the collector-emitter voltage is approximately zero. However, at

10
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the end of the current fall interval the collector-emitteftage is high,
ideally equal to the DC link voltagé,, according to [44].

Converters not using snubbers providing soft transitions neitherrmt
on or turn-off, are often termed harswitched [32], [52]. Another
characterisation of soft switching is also used in this context, aem@nt
switching (ZCS), which refers to that either or both the turn-ontand
off transitions take place at virtually zero current [35], [44].

Vee
IC
3
2
1 B N
1<
0 1 2 t[ps 0 1 2 t[ps

(@) (b)

Figure 2.5 Time-signalsshowing transistocurrent (black) and voltag@grey) at (a)
turn-on and (b) turn-off of the power transistortlie step downconverter
with a capacitivesnubber acrosthe power transistor. Noteghe high
collector current peak aurn-on, and that the collector current and
collector-emitter voltage changes simultaneously at turn-off.

From Figure 2.5 it is seen that the snubber capacitor is affectingrine

off waveforms in such a way that thern-off losses dadecrease. Also,
the collector-emitter voltage derivative is controlled which can be an
importantaspect by means of electromagnetic compatibility (ENBZJ.

On the other hand, it is also seen that the turn-on wavefoecmmedess
favourable.

For the hardswitched step dowwonverter therewas ashort collector
currentspike due to reverse recovery of the freewheeling dioderat
on of the power transistor. For tleasewith a capacitive snubber the
currentspike is even higher, thus adding stress to the transisturrat
on.

Prior to turn-on, the snubber capacitor is fully charged, i.e. the capacitor
voltage equals/,.. The voltage across the freewheeling diode remains
close tozero as long as its junction figrward biased, which implies that

11



2. Resonant converters

the capacitor voltage, and thereby the collector-emitter voltegenot
decrease before the pn-junction of the freewheeling dibeeomes
reverse biased. The freewheeling didakcomesreversebiased exactly
when the reverse recovery current reaches its peak value.

Reverse recovery is due to stored minority chargeiers close to the
pn-junction of the diode, causing the junction tofbevard biased even
though the diode current is negative. The negatiweent sweepout the

minority carriersand eventually the junction beconmeverse biased. As
mentionedearlier, power electronidiodes and IGBTs arévestigated

further in Chapter 4.

The discussion above implies that ttepacitor discharge starts when the
reverse recovery current reaches its peak. Even if the diode recovers fast,
the transistoihas tocarry anexcessivecurrent for quitesome timesince

the only discharge path for the capacitor is through the power transistor.

The RCD snubber

In order to cope with the problem of the capacitive snubbegsiator is
added. The intention with the resistor is to limit the capacitor discharge
current at transistor turn-on. A diode jdaced in parallel with the
resistor since at turn-off, the capacitor gives the desired behaviour and the
resistor would onlycause increased losseBhis completes the RCD
snubber, see Figure 2.6.

I load

Figure 2.6 The step downconverter withthe full RCD charge-dischargenubber
placed across the output terminals of the device.

The resistor value ishosen in such a way that the capacipmak
discharge current do not exceed the peslerse recovery current of the
freewheeling diode [44]Figure 2.7 shows the time signals of the
transistor collector current and collector-emitter voltage. It is clesan

that the turn-offsequence isimilar to the one for the purelyapacitive
snubber, but the stress levels at turn-on is only slightly higher than it was
for the hard switched step down converter.

12
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Vee
'c
2
1 . .
=
0 1 2 t[ps 0 1 2 t[ps

(@) (b)

Figure 2.7 Time-signalsshowing transistocurrent (black) and voltag@rey) at (a)
turn-on and (b) turn-off of the power transistorttie step downconverter
with a full RCD charge-discharge snubber across the power transistor.

The RCD charge-discharge snubber in bridge applications

The battery charger proposembnsists offour half bridges with two
IGBTs and two freewheeling diodes easkeFigure 1.1. Toinvestigate
the switching waveform$or a battery chargeimplemented with RCD
snubbers, one across each IGBT, an entire half bridge to be
considered. In Figure 2.8 a half bridge witiR&D snubber acrossach
transistor is shown.

Figure 2.8 A half bridge with one RCD snubber connected across each transistor.

The upper RCD snubber is intended to provide soft turn-off forutiper
IGBT. The lowerRCD snubber is intended to provide stdirn-off for
the lower IGBT. The simulated collectamurrent and collector-emitter
voltage are shown in Figure 2.9. Note the very hahrent peak at
transistor turn-on.

The occurrence of thisurrent peak is due to the capacitivairrent path
seenfrom the IGBT output terminals[44]. At turn-on of theupper
IGBT, the collector-emitter voltage should decreése the upper IGBT
and increase for the lower. This means that the upper snubber capacitor in

13
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Figure 2.8, denote@,,, should be discharged and the lower, den@gd
should be charged.

Vee ' ' Vee
'c 'c
4 4
3 3
2 2
0 0 -
0 1 2 tps 0 1 2 tps

(@) (b)

Figure 2.9 Time-signalsshowing transistorcollector current (black) and collector-
emitter voltage (grey) at (a) turn-on afiy) turn-off ofthe upper IGBT in
the converter consisting of a bridgg. One RCDsnubber is used across
each IGBT. Notehe high collector current peak atirn-on. Also note the
poor behaviour at turn-off.

The discharge current of, is limited by the snubber resist®,, as
previous but the charging current &£, is not limited by anyother
component. Furthermore, the only path possible for the chaogingnt,

is through the upper IGBT. In this way, the charging current ofaer
shubber capacitor gives a large contribution to the collector current of the
upper IGBT, at turn-on. Thesame problem appears for théower
transistor.

Another problem seen in Figure 2.9 is that the turn-off is not soft, i.e. the
collector current fall and the collector-emitteoltage rise do nobccur
simultaneously. Instead, the collect@murrent falls somewhat, then
increases and eventually tlarrent falls again. This iseferred to as a
current tail bump, which is discussed in Chapter 4.

The switching loci for the converteonsisting of a bridge leg with RCD
snubbers across the transistors is shown in Figure 2.10. Note that the
switching trajectory is outside the SOA valid for very shmrises, which

is very dangerous, since this can lead to device failure.
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2. Resonant converters

Small variations of the snubber circuit can be usegddly solvethis
problem. First, the snubber diodes in parallel with the resistors can be
removed. In this way the capacitive path is broken but soft turn-efsas

lost. However, EMC related problems can still be reduced [44].

'c

0

0 02 04 06 08 v,

Figure 2.10Switching loci (turn-on black and turn-off dark grey) of the bridge leg with
RCD snubbers.Note that theturn-on collector current isbeyond the
current limit of the dynamic SOA (light grey), valid for short pulses.

Another way to solve this problem is by introducing inductors in series
with the snubbers, thus reducing tberrent derivative with respect to
time [63]. Thisworks, but gives a bulky snubber. This is not desirable,
especially not since eight such snubbers are needed for the lodizeger
considered.

2.2 Load resonant converters

The next step is to investigate load resonant converters. The lnathe
resonant converter refers to the fact thattfos type of converters, the
load is part of the resonant circuit. There drasically two different
types, the series and the parallel resonant converters. Igeittisn both
these, also referred to esss Dconverters, areliscussed. According to
[28] the class Dresonant converters were invented by P.J. Baxandall in
1959.

The idea of resonant converters is to provide soft switching in order to be
able to increase the switching frequency. An increasedtching
frequency means that theassivefilter requirements and/or the output
current ripple are decreased. Alsswitching frequencies beyond the
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2. Resonant converters

audible limit of the human ear can be used, thus reducing the disturbing
noise of the converter.

The series resonant converter

The series resonant convertansist of one or two half bridgéserming

a half or full bridge converterBetween the outputerminals, a series
resonant circuit is connected. This series resonant cicongists of an
inductor, a capacitor and a resistor, with one or mor¢hefe elements
actually being part of the load. Usually, at leastridmgstor is part of the
load. However, forthis basiccircuit only AC-power can be delivered to
the load, due to the resonant behaviour of the circuit. If a DC-load is
used, the resistor can be replaced by a rectifier connected to the DC load.

If the load is directly connected to the resonamctuit, i.e. without a
rectifier in between, it isreferred to as aseries resonant DC to AC
converter. If the load isonnected to theonverter via aectifier, it is
referred to as aeries resonant DC to DC converter. Th&sic series
resonant DC to DC full-bridge converter is shown in Figure 2.11.

+

] + d I H I+
Vae = 7Vconv ILr Vrectf = Voad

Figure 2.11Series resonant DC-DC full-bridge converter. In tase the loadonsist
of a constant voltage source, i.e. an ideal battery.

Besidesthe basic components previously discussed, dbeverter in
Figure 2.11 is also equipped witloss-lesssnubbers, i.e.capacitive
snubbers, which ardiscussedater. The rectifier isconnected in series
with the resonant circuit whichcts as aurrent source for theectifier.
Sincethe rectifier is current fed, the rectifier outpsiiould appear as a
voltage source.

Load resonant circuits are oftef28], [44] characterised upon the
fundamental of the excitation frequency fed by the converter. The
behaviour of the circuit is varying depending on whether cteverter
output frequency is below, at or above the resonance frequency of the LC
circuit [28], [44]. The resonance frequency is given by

1

w, =2mf, =— (2.2)
r r \LrCr
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2. Resonant converters

Figure 2.12 shows thewaveforms of the series resonaobnverter
operating at switching frequency above the resonance frequency.

Y
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rect
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0 10 20 30 t[ps]

(b)

Figure 2.12Normalised voltagega), converter output voltage (black) andctifier
input voltage(grey). Normalised currentgb), load current (black) and
resonant currenf{grey). Notethat the resonant current is lagging the
fundamental of the converter output voltage.

The quantities in Figure 2.12 are normalised to a gystem withbase
values selected according to

|j base — IIoad,avg (2 3)
base ~ Vdc

The shape of the waveforms, especially the resonant current dasbeof
a series resonant converter, are strortgpendent on the loaded quality
factor,Q,, defined as
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2. Resonant converters

Q. :E (2.4)
where
- I-r
Z, _\a (2.5)

In [28] it is stated that the resonanirrenti,, is almost sinusoidal i€, is
larger than 2.5. For a non-linear load, an equivalent loaded qtedityr
have to be calculated.

For the converter in Figure 2.11, with waveforms as in Figure 2.12, an
equivalent load resistance is calculated based on the amplitude of the
fundamental of the rectifier input voltagehich is proportional to the
battery voltage. It is also assumed that the resonant current is sinusoidal.

In this example, &, of 1.5 and a resonance frequency of 61z are
desired. These two parameters together with the equivalent series
resistance gives the component valuesLpfand C.. The reason for
selecting a lowQ, is that this gives a low resonaatirrent and a low
resonant capacitor voltageg, [28], [35].

For the series resonant convertersvatching frequency lower than the
resonance frequency means that the resowcaotit behaves like a
capacitive load. Switching frequency higher than the resoinaqtiency
means that the resonanircuit appears as an inductive load for the
converter. Thus, aswitching frequencies below resonance, the resonant
current i, leads the fundamental of theonverter output voltage.
Consequentlyi,, lags the fundamental of the converter voltage when the
resonant circuit is excited above the resonance frequency.

For continuos load current this means that below resonance frequency the
converterswitchesare turned on in a hard switched manner anded

off under ZVS andZCS conditions. Above resonance tkenverter
switchesare turned on under ZVS ar#CS conditions andurned off
under hard switched conditiontoss-lessturn-off above resonance is
provided by the individual snubber capacitors in parallel watth
converter switch, as shown in Figure 2.11.

Previously when ZVS turn-off snubbers watiscussed, it was found that

the use of capacitive snubbers mounted across ®anhistor in a half
bridge, resulted in high collector currepeaks atturn-on. However, in

the case of a series resonant converter this problem is not observed due to
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2. Resonant converters

the fact that the transistors turn-on at ZVS &S conditions since the
diode in parallel with the transistor is carrying the resonant curpeidr

to turn-on. The resonant currenbmmutates to the transistors when its
sign changes. This implies that transistor turn-on do not change the charge
state of the snubber capacitors, and consequently no snubber capacitor
charging current is carried by the transistors.

Although this circuitwas inventedalready in 1959, the series resonant
converter is still a research objd28], [45]. Also variants of thigircuit
together with the circuit discussed in the next section, the parallel resonant
converter, is gaining a lot of interest [28], [30], [44].

In [35], [45] the series resonant converterused in a somewhdifferent

way than previously described. Here, the series resonant circuit is
operated well below resonant frequency and with discontinuous resonant
current. Although the circuit presented i85] do not look exactly as a
series resonant in Figure 2.11, it is still a series resonant DC to DC
converter.

The idea of operating the series resonant converter below resonance and
with discontinuouscurrent is that turn-on and turn-off igerformed
under (virtually)ZCS conditions. The reasdar this is that the resonant
current is only piecewise sinusoidal, with intervals approximately equal to
zero in between. I§35] it is stated that these intervadge not equal to

zero, since atransformer isconnected between the resonant circuit and
the rectifier, which gives rise to a small magnetisiogrrent during the
discontinuouscurrent intervals. Anyway, the convertawitches are
operated at low current.

The parallel resonant converter

The parallel load resonant converter is similar to the previously
investigated series resonardnverter. However, in thease of gparallel
resonant converter, the output rectifiercennected in parallel with the
resonant capacitorsee Figure 2.13. Since the resonant capacitor
represents a voltage source to trextifier, the output filter of the
rectifier must be a current source, i.e. inductive. The rectifier represents
a non-linear load, also in this case. Usuallytramsformer isconnected
between the resonant circuit and teetifier in order toadapt the load
voltage to the DC link voltage used. thansformercan also be used to
provide a galvanically isolated output voltage, which is desiredome
applications.
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2. Resonant converters

Vload

Figure 2.13The parallelresonant converter with a constant voltdgad. Note the
capacitive snubbersconnectedacrossthe converterswitches providing
loss-less turn-offOften atransformer is connected betwettie resonant
circuit and the rectifier.

The resonant waveforms of the parallel resonant convertefigare
2.13, operating at switching frequency above resonance are shown in
Figure 2.14. Here, the waveforms are normalised according to (2.3).
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Figure 2.14Normalised voltage$a), converter output voltage (black) and resonant
capacitor voltage (grey). Normalised currefity load current (black) and
resonant inductor current (grey).
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2. Resonant converters

Unlike thecasewith the series resonant converter, the resoirahictor
current is not determined by the rectifier output current for the parallel
resonant converter. On the other hand, the rectifier outpliage is
dependent on the resonant capacitor voltege the parallel resonant
converter.

For the parallel resonant convert@ontinuoscurrent operatiorabove
resonance results in turn-on ALS conditions since the resonanirrent
commutatesfrom the freewheelingdiodes to the powertransistors
naturally. In this case, natural commutatioreans that the commutation
takes place at the zero crossing of the resonant inductor current.

Transistor turn-off however, is not performed under nei#@$ or ZVS
conditions, unless loss-lessrn-off snubbers are used. As before, the
capacitive snubbers providern-off at low voltage. Similar to thease
for the series resonant converter, there is no cupeakoccurring with
such snubbers aturn-on of the converterswitchesfor the parallel
resonant converter.

The main problem of both the series and the parallel rescoanerters,

is that the resonant currents and voltages can be several times higher than
the average load current and DC lindltage respectively, depending on

the load. If large load variations are likely, the components of the
resonant converter must be designed for the worst case stress.

Several variations and combinations of the series and parallel resonant
converters do exis{28], [44]. There are also completeldifferent
resonant converters like tlotass Eresonant converten@8], [44] and the

zero voltage transition (ZVT) convertef4]. However,there are so
many resonant converter topologies that a complete review wouwldripe
extensive. Furthermore, the research on resonant converters is
widespread which also makes a complete survey difficult.

2.3 The resonant DC link converter

A huge step in resonant converter technology was taken in 1986 when the
resonant DC link convertaras invented [13], [14]For the resonant DC

link converter, one resonant circuitused to provide soft switching for

the entire converter. As the name resonant DC link hints, it is the DC link
which is forced to oscillate. Thisneans that the resonancécuit is
located on the DC link side and not on the load side of the converter. This
is very useful,especiallyfor three (or more)phaseconverterssince
otherwise, one resonant circuit for each half bridge would be required.
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2. Resonant converters

The basic three phase resonant DC link converter is shown in Fdibe

If a three phase back-to-bac&onverter[6] is to beimplemented with a
resonant DC link, this is done by connecting the six half bridges in
parallel [13]. In [13] another solution for the resonabick-to-back
converter is also presented wherewrent fed H-bridge is used. This
circuit requires four extra switches and is not considered here.

L,
+VLr7 E: |4;v
N @s @s
lcr L
Ve = Cac Cr=—Ver m_'_;

12 3

Figure 2.15The basic three phase resonant DC link converter.

In order to investigate the resonant DC link converter, a simplification of
the converter in Figure 2.15 is done. Instead of the thnaseconverter,

a piecewise constardurrent source ixonnected across the DC link
representing the current fed to the converter. However,safteh must

be kept across the DC link since a pdtn the circulating resonant
currenthas to beprovided. The simplified resonant DC link converter is
shown in Figure 2.16.

The idea of the resonant DC link converter is that the swittle of the
converter only should behanged at or close tero link voltage. This
implies that thecurrent drawn by the current source in FigWe6,
should change only at low DC link voltage. The resonant circtidgrimed
by the resonant inductdr, and the resonant capacitGy. Sincethe DC
link capacitorC,, has a much higher capacitance tkanit does not affect
the resonance behaviour. In other words, the DC link capacitor can be
regarded as a constant voltage source.
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Figure 2.16Simplified resonant DC link converter.
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2. Resonant converters

Assume that @aesonant cycle starts at a capacitor voltage equakite

the DC link voltageV,.. Due to the resonant properties of this circuit the
capacitor voltage decreases towards zero. When the voltage &:ross
passes the level of the DC link voltage thductor current islose to its
minimum value.

When the capacitor voltage reaches zero, it will be clamped tdethes

due to the fact that the load current freewheels through the freewheeling
diodes, at least if the resonant inducturrent is lower than théoad
current which is the case if no switching is performed.

As soon as the inductaurrent reaches thevel of the loadcurrent, the
capacitor voltage starts to ramp up. When the voltage a€rgsasses the
level of the DC link voltage the inductor current is at its maximum value.
For the casewhere the output current is nahanged, the capacitor
voltage reaches the starting point of #mealysis which equals twice the
DC link voltage. The resonant DC link converter rigthematically
analysed in Appendix C.2.

The normalised resonant waveforms for ttese ofchanging output
current areshown in Figure 2.17From Figure 2.17some interesting
observations are made. First, when the outputenti, is decreased due

to a change of theonverter switch state, the resonant DC liktage
resonates to a peak value higher than twice the DC link voNgge
Second, when the outpaurrent is increased, the zevoltage interval is
prolonged and the resonant capacitor voltage increases with a moderate
derivative, to a peak value close to twice the DC link voligge
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Figure 2.17Normalised inductor current (black) and resonant link vol{ggey) for a
resonant DC link converter. The current fed to the converesishown
(dashed). Note the resonant liméltage peak resulting from a decrease of
the converter current.
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2. Resonant converters

In the first case, there is excess energy stored in the resonant inductor due
to the previously high current through,, corresponding to the load
current. This energy must decrease to meet the new output curteal,
implies that the energy must bansferred tahe resonant capacitdz,.

This excesenergy thus results in a high voltage across the capacitor. By
increasing the capacitance and decreasing the inductancepetie
capacitor voltage is decreased. However, the same action increases the
magnitude of the resonant current through

Also the derivative of the voltage ramp up interval can be controlled by
selection of the inductance and capacitance of the resoineunit. This is
important in motor driveapplications since it has been found that high
voltage derivatives shortens the lifetime of the winding insulation of
motors [46], [47], [53].

In the second case, a too small amount of energy is stored indihetor,
which results in a prolonged zero voltage interval. The length oz¢he
voltage interval is determined by the time needed for the indecioent

to reach thesame level as theonverter current.When theinductor
current reaches thevel of the convertecurrent, the resonant capacitor

is being chargedsince theinductor currentcontinues to riseSince the
capacitor charging current is low and controlled by the inductdhig
case, the voltage is increasing with a moderate derivative. The capacitor
voltage only reaches about twice the DC link voltage, which is due to the
fact the voltage rise interval starts at zero voltage with zero charging
current.

If the resonance frequency of the DC link is much higher than the
switching frequency the oscillation might be damped which means that
after some resonance cycles, zero voltage will not be reached. This
damping is due to losses of the passive components. One way to cope with
this problem is to maintain the zero voltage interval somewhat longer by
short circuiting the resonant capacitor with the convesteitches. This
forces storage of more energy in the resonant inductor whidlirim
results in higher capacitor peak voltage.

Another problem of this circuit is that carrier wave PWM can notidesl
since the possible switching instardse determined by the resonant
circuit. Instead other modulation strategies must be applied [13]s@uie
modulation strategy is reviewed in Appendix A. Howevehese
modulation strategies require that the resonance frequency ishiglar
than the switching frequency, iorder to get a result comparable to
carrier based PWM by means of output current spectrum [46], [47].
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2. Resonant converters

Several other resonant link circuits are presented in the literéBoté.
AC and DC link circuits are developed and also ZVS Z@$ resonant
circuits are available. Anyway, the rest of theport only deals with
resonant DC link circuits intendetbr providing ZVS condition at
transistor switching.

Clamp circuits

There are mainly two problemassociated with theesonant DC link
converters. One problem is that PWM cannot be used, which as
previously mentioned can be solved by increasing the resonant link
frequency. The other problem is the capacitor voltage overshoot
following a change of switch state that decreasesuinent fed from the

DC link to the converter. Thisan be solved by allowing the change of
switch state at a slightly higher voltage than Ze@], [47], see Appendix
C.2. By using this voltage peak control (VPC), a capacitor peak voltage
only slightly higher than twice the DC link voltage is obtained, even at
converterswitchings resulting in a decrease of the resonant link output
current.

The other way is to use a clarpcuit, which assures that the maximum
capacitor voltage is limited to a certain level by an external circuit. Two
methods of clamping are proposed in {herature, active andpassive
clamping. Active clamping [14], [22], utilises a capacitor andhaxiliary
switch to provide clamp actiorseeFigure 2.18. Here, the resonant DC
link voltage is limited to a level determined by the voltage across the
clamp capacitoC. Whenv,, reacheX-V,, the anti-parallel diode o,

starts to conduct. Thus, the resonant link voltage is clamped to this value.
The parameteK is called clamping factor.

(K-1) Ve &

]

Ce KE S
L,

9 %&S %g%m
22

Figure 2.18Active clamp circuit for the resonant DC link converter.

Ve = Cuc G ==Ver

Note that during clamp action, the capaci@ris charged, implying that
the clamping voltage will increase if no precautions are madesoh@
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this problem the controllable part &, has to be operateduring the
off-clamping intervals of the resonant cycle. If this is daperopriately

the clamping voltage can be controlled to be almost constant. The idea is
to turn on the transistor d%,, while the diode is conducting, which
means that this occurs aero voltage. ThenS,, is kept on inorder to
discharge the clamp capacitor in such a way that the voltage &cross
returns to the value determined by the clamp factor. Accordirigdio a
suitable value for the clamp factor is between 1.2 and 1.4.

In the case of passivelamping [14], atransformer isused to achieve the
desired limitation of the resonant link voltagee Figure 2.19. Inthis
casethe idea is that the clamp diod®, should be reverskiased for
resonant link voltagekessthan the clamp level. When the resonant link
voltage reaches the clamp lev8l, should be a the edge dbrward
biasing. This is obtained by @roper selection of the clamping
transformer turns ratiosince at this point the secondary voltaggals
V,. and the primary voltage equals K-1)V,. Thus, the clamp
transformer winding turns ratio should be selected according to

N, 1

N, K-1

(2.6)

where N, and N, are the number of winding turns for theamp
transformer primaryand secondary, respectively. The clampfagtor
can however not be chosarbitrarily, since it has to be granted that the
resonant link voltage fulfils the oscillation all the way down z&xo
voltage. This implies that the clamping factor can notldss than two
[14], for the passively clamped resonant DC link.

1 @ M};m
PP

Figure 2.19A passively clamped resonant DC link converter.

+ +
Vdc = :§VCr

One major problem with this circuit is th&, has to sustain a high
reverse voltage during the resonant DC link zero voltage interval. This
voltage equals
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Vrm = %*’ |I:l|2§/dc (2.7)

1

Thus, for a clampingoltage equal to two, the diode has to be able to
withstand a reverse voltage equal to three tiMgs There are alsother
problemsassociated with passive clamping, whiate discussed inater
chapters.

Passive clamping is closefglated to regenerative snubbers. In fact, the
passive clampingetwork is identical to a regenerative snubber found in
[63].

2.4 Quasi resonant DC link converters

In this section quasi resonant DC link converters are introduced. The
words quasi resonantefers to the fact thathese circuitsare not
continuously oscillating, but can keggered byactive components to
perform a resonant cycle.

Here, the circuits are presented inbasic manner, which in thicase
means that no mathematical derivationp&formed and no waveforms
are shown. Instead this is shown in the next chapter.

Of course, there are several quasi resonant DC link converters not
discussedchere. For example, circuits where more than two auxiliary
switches are needed [19], [20], are not considered. The circuit presented in
[11], [31] is not discussedhere since it issimilar to the one presented in
[40], [41], which is discusseldere. The circuit investigated [12], [56],

[57], [58] is not discussed here due to its high passive component count.

The passively clamped two switch quasi resonant DC link
converter

The first circuit investigated is @assively clamped two switchuasi
resonant converter presented[Ti, seeFigure 2.20. Further workave
beencarried out, focusing on implementatif8] and modulationissues
[17]. The circuit has also been further developed resulting in acirewit
[9], which is discussedater on. The passive clampingcircuitry is
recognised from the previousection. However, the inductdr, and the
transistorsS, and S, together with the diode®, and D, are added.
Actually, the trig on demand ability is formed by these components.
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Vdc = Cdc

Figure 2.20The passivelyclampedtwo switch quasi resonant Dithk three phase
converter.

When a change in converter switch state is commanded bydbalator,
S and S, are simultaneously turned orgince thesetransistors are
connected in series with,, across the resonant link capacitG; a
discharge path fo€ results. Note tha$, andS, are turned on in a ZCS
manner,since thecurrenti, is zero initially. As the link voltageamps
down, the energy stored D is transferred td,, causing an increase of
the current through this inductor.

When C is discharged to zero voltagg, saturates but, continues its
increase since the full DC link voltage is applied actossAs long as the
transistorsS, and S, are kept on, zero voltage is maintained ands
increasing at a constant rate. As soon as zero link voltage is obtained, the
commanded switching state is set (ZVS). The duration of the zero voltage
interval isselected tdulfil safe operation, i.e. to avoid shoot through of
the main circuit transistors. However, a very long duration of zidwe
voltage interval results in a higburrent throughL,, which not only
results in highlossesbut also implies that a large amount of energy is
stored in the resonant circuit. The latter problemdigcussed inater
sections.

When the transistorS, andS, are turned off, the currerit commutates

from thesetransistors to the diodd3, andD,. This commutation occurs
under ZVS conditions. The energy stored in the indukiois transferred

to the capacitoC, which implies that the resonant link voltage begins to
ramp up. When the capacitor voltage reaches the clamp level, determined
by the turns ratio ot.,/L,, it becomes clamped and the resorexdess
energy is transferred tdhe secondary winding of the clamping
transformer, i.eL,.

During the clamping interval, the curreint decreases at a constaate
determined by the clampansformersecondary side self inductande,
and the DC link voltage. Wheiy has declined tazero, the clamping
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interval ends. Thus, the duration of the clamping interval is determined
by the amount of resonant excess energy at the start of the interval.

For thisquasi resonantonverter, asuitable choice of clamping factor is
between 1.1 and 1.3, according to [7]. This is considerably lower than the
value necessarfor the passively clamped resonant DC lirdonverter
described in the previous section. For thuasi resonantounterpart, the
ability to reach zero voltage is guaranteed despite the low clamping
factor, since thetransistorsS, and S, actually short circuits the resonant
link capacitorC, when conducting.

The passively clamped one switch quasi resonant DC link
converter

The quasi resonant circudiscussed inthe previous section haveeen
further developed, to obtain a quasi resonant converter with low auxiliary
device count.For the circuit previously described this is done by
incorporating the resonant inductar, on the verysamecore as the
clampingtransformerL,/L,. An obvious advantage in doing this is that
only one core is needed. However, there is another advantage due to the
fact that only one resonant link transistor is needed, if mutual coupling
betweenlL, and the clampingransformer isobtained. Thepassively
clamped one switch quasi resonant DC link is presented in [9] aimduat
diagram for this circuit usedfor a threephaseconverter isshown in
Figure 2.21.

q %@S %E%m
(4P 4P

Figure 2.21The passivelyclampedone switch quasi resonant DC litkree phase
converter.

Ve = Cic

According to [9], a suitable magnetic coupling factor between indugtor
and the clamping transformey/L,, is between 0.75 and 0.95.

Essentially, this circuit operates similar to the previously described but
there are some differencesgarding mainly the zero voltagaterval.
First, due to magnetic coupling betwdenpandL,/L, the currenti, is not
constant during the zero voltage interv8econd, zero voltage is not
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maintained by the transistos, but instead by the maircircuit
freewheeling diodes as for the resonant DC link converter. Thushifor
circuit the duration of the zero voltage interval is determined by the
change ofcurrent fed from the DC link to the thrg#hasebridge at the
switching instant.

It was previously mentioned thigtis not constant during the zevoltage
interval. According to[9], a proper choice of the passive component
values even results in a change of direction, afuring the zerovoltage
interval. For such component valugscommutategrom the transistosS,

to the diodeD, naturally (ZCS).

The parallel quasi resonant DC link converter

The parallel quasi resonant DC link circuit shown in Figure 2.22 is
presented in [41]. As seen iRigure 2.22, this circuithas no actual
clamping circuitry buinstead dransistor,S,, and its anti-parallel diode,
D, are connected between the resonant circuit and the DC litkigure
2.22, the resonant capacitor is split among all the main cissutthes,
forming individual turn-off snubbers. This is due to the fact that the
resonant link is only operated for turn-on of the convettansistors,
that actually willcarry current. Turn-on of athesetransistors occurs at
the same instant-or turn-off of the transistors carryingurrent, i.e.
current commutation to a freewheeling diode, soft turn-off @mvided

by the snubber capacitors. The modulation strategy addptedhis
resonant circuit is presented in [40], [41].
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Figure 2.22The parallelquasi resonant DC linkkhree phase converter. Note the
individual snubber capacitors forming the resonant DC link capacitor.

One way of understanding the modulation strategy given in [40], [41], is
that it corresponds to saw-tooth carrier modulation, see Appendix A, with
individual carriers. Whether th&teep flank of eacbarrier ispositive or
negative is determined by the direction of the outputrent for the
particular half bridge. In this way, a modulation strategy is obtained,
where the transistors that will carry current are turned on simultaneously.
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Each transistor is individually turned off and the outpuirrent
commutates to the corresponding freewheeling diode. tdofi-off is
provided by the corresponding snubber capacitor.

The reason for turning on the transistors that is going to cordunt

is probably that the other transistors should be kept off duringritiee
carrier period in order tavoid the currentspike problemsassociated
with snubber capacitor chargindiscussedreviously in this chapter. If
common saw-tootftarrier modulation is used, either transistor edich
half bridge has to betriggered (except during the commutation), if the
direction of the corresponding output current is not considered.

At turn-on, the equivalent resonant capacitor is given by [41]
C, =3C; (2.8)

Actually, for thesimulation in Chapter 5, the resonant circuit shown in
Figure 2.23 is used instead, ander togive a fair comparison among the
circuits investigated. This is due to the fact that the other circuits
investigated usesriangular carriermodulation PWM, whichtherefore
should be used aldor the battery chargeusing this quasi resonant DC
link. This means that a resonant cycle is started when a charsydgtci

state is commanded, independent of switching state pattern and output
current.

=

s e G 1B £

S

i) 3L

v.;TCe %4} %@ %@S

Figure 2.23The parallel quasi resonant DC link convertdrenthe individualsnubber
capacitors have been replaced with an equivalent resonant link capacitor.

Ve = Cac (o ::tVCf

According to [41], the capacit@, should be controlled to keep a voltage
close to

V, = 0.6V, (2.9)

To ensure that the resonant link voltage returnd/ joafter a resonant
cycle, V., must be higher than half the DC link voltagg,, which is
shown in the next chapter.
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2. Resonant converters

The resonant cycle starts with turn-on of the resonant tran§st&ince
the resonant currenit,, equals zergrior to turn-on ofS, this operation
takes place at ZCS conditions.

As soon as the resonant current reaches a pre-calculatedrefdred to

as the trip current level,,, the transistol§ is turned-off (ZVS),causing
discharge of the resonant link equivalent capacitor. The duipent is
selected in such a way that the capacitor is completely discharged,

zero voltage is reached. When zero voltage is obtained, the resonant
current i, commutates to theonverter freewheeling diodes, which in
effect means that the resonant link voltage is clampedeto by the
freewheeling diodes.

Also, when zero resonant link voltage éstablished the maigircuit
transistors are simultaneously turned on. This is done to provide a path
for the resonant current, since eventually its direction will change.

The resonant currentontinues to decrease until the secarpd current
levell, is reached. At this level the new switch state is set, resulting in the
fact that the path for the resonant current through the transistors is
broken. Instead, the resonant currdyggins to charge the equivalent
resonant link capacitor, resulting in resonant link voltage ramp up.

The ramp up interval continues until the resonant link voltage reaches the
level of the DC link voltagé/,,, where D, becomedorward biased and
the excesgesonant energy is transferrdxhck to the DC link capacitor.
WhenD; is conductings, is turned on at both ZCS and ZVS conditions.

As previously mentioned, the circudiscussed above &milar to the one
presented in [11], [31]. However in thetter case, theapacitance of the
energy storage capacitdC, is much lower. In fact, it can not be
considered as a energy storage capacitor, since the voltage across it
returns to zero after each resonant cycle. As a result, the resumasnt

i, must be considerably higher arder to storethe energy needed to
complete the resonant cycle. This circuit is not considered hereafter.

The actively clamped quasi resonant DC link converter

The last quasi resonant converter to discussed, igeferred to as an
actively clamped quasi resonant DC lirdonverter. A threephase
converter using this quasi resonant DC link is present¢85in and also

shown in Figure 2.24.
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2. Resonant converters

For quasi resonant operation, two transistor-diode coud®B, and
S/D,, and a clamp capacit@, are added to the original resonant DC link
circuit. The clamp capacitor is controlled to keep a constéarnp
voltage. According to [55], amppropriate clamp factor is 1.2yhich
means that the voltage acro€s should equall.2V,. Note that the
resonant link capacitaC, is connected between the resonant switches and
the negative supply rail.

q %H} %H%m
48 4

Figure 2.24The actively clamped quasi resonant DC link three phase converter.

Vdc = Cdc

.
—Ver

The resonant cycle is started with simultanetw®-on of S and S,
resulting in a sudden increase of the voltage acrossdhgerter half
bridges, since the clamping capacitor is connected tadheerter bridge
via thesetransistors. Alsosince the clamping capacitor voltage is 20%
higher than the DC link voltage, a linearly increasing resowcantent
starts to flow through the inductay.

When the resonant part of the inductor current reaches the pre-calculated
trip current level 1,,, the transistorS, is turned off (ZVS), forcing a
discharge of the resonant capaci@r Thus, the resonant link voltage
ramps down. For this to work, the capacitance&Comust be considerably
lower than thecapacitance o€.. If the trip current is high enough, it is
ensured that the resonant capacitor becomes fully dischargedhasmd
zero voltage across the converter bridge is obtained.

As the link voltage reaches zero, the current throughommutategrom

C, to the freewheeling diodes, clamping the resonant link voltagerm

At this point, the converter switcétate is set according to theodulator
command. Eventually, the resonant currehingedirection and reaches
the level according to the new switch state. When this occurs, the link
voltage is no longer clamped by the freewheeling dio@esmsequently,

the resonant current commutate<to charging the resonant capaci@r

As a result, the resonant link voltage ramps up.

When the resonant link voltage approaches the clamp voltage [Rvel,
becomedorward biased. Sincéhe capacitance dT, is muchlarger than
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2. Resonant converters

the one ofC,, the resonant link voltage becomes clamped to a level
determined by the voltage acrdss

At the clamping interval, the excess energy remaininlg iter theramp
up interval, is fed to the clamping capacit@y. This implies that the
clamping voltage will increase slightly aftefach resonant cycle. On the
other hand, at the start of each resonant c§¢les discharged tsome
extent.

To compensatéor these variations of the clamping voltagmntrol is
needed. To decrease the clamp voltage, thecuipent level is slightly
increased resulting in a somewlhatger discharge o€.. According to
[55], the clamp voltage is increased bkort circuiting the threghase
bridge for a short while at the end of the zewitage interval. Inthis
way, more excessenergy is held byL, at the start of the clamping
interval. The threephasebridge is short circuited by turning on both
transistors of each half bridge simultaneously.
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Analysis and design of quasi
resonant DC link converters

In this chapter, the resonant circuits introduced in the prevsahbsection

on quasi resonant DC link converters, are thoroughly examDesign
expressions based on analytical solutions to difeerential equations
corresponding to the different modes of the resonant cycledeniged.

Each of the quasi resonant DC links are treated separately, even though
there are some similarities.

Methods to select passive component values to meet specific design
criteria arealso given. In Chapter 5, where the different topologies are
compared, these methods are then used to give an, in some aspelas,
behaviour of the different quasi resonant DC link circuits. @heign
criteria common to all these topologies are, the maximum duration of the
zero voltage interval and the maximum resonant link voltage derivative,
i.e. the maximum output voltage derivative.

An appropriate duration of the zero voltage interval is determined by the
semiconductor devices used. It must be long enough to erssiee
commutation, without anexcessive short circuit current appearing
through the semiconductors of the converter.

The maximum output voltage derivative is limitddr mainly two
reasons. First, a high voltage derivative with respect to time can result in
EMC problems causing malfunction other electronic equipmerbl].
Second, the insulation ohotor or output choke windings asebject to
increased ageing, if exposed for continuously high voltage derivdfjes
[46], [47].

One shortcoming of the design criteria used, is that none of them takes the
maximum obtainable switching frequency into consideration.cQifrse,

this is also an important design parametgrice resonantonverters are
often designed to operate at high switching frequencies, where the
switching losses otherwise would be too dominating.



3. Analysis and design ...

3.1 The passively clamped two switch quasi
resonant circuit

As mentioned in Chapter 2, the passively clamped two swiigdsi
resonant DC link, previously shown in Figure 2.20, is well investigated in
the literature[7], [8], [17]. Neverthelessthere are stillissues to be
investigated. For example, selection of passive component values to obtain
certain operational criteriayhich is covered in this section. First, the
differential equations and their solutions are derived. To some dhtent

is already done if7], but there are differences compared with the
derivations given here. 18] design and implementation of thtguasi
resonant DC link for an inverter application, irsvestigated. In[17]
modulation issues for thigiverter, using individual snubber capacitors as
in [41], are discussed. Nevertheless, the explicit design expres&omsl
here, are not found in any of the papers [7], [8], [17].

The simplified circuit, used in the analysis is showirigure 3.1, where

the converter is represented by an idaarent source and aquivalent
freewheeling diode representing the converter freewheeling diodes. The
total resonant current through the converter freewheetiayles is
denoted,.

+]
Vdc T

e x - (Do

. lo1
Iep

t t

Figure 3.1 The simplified passivelyclampedtwo switch quasi resonant D@nk
converter, where the converter is represented as an ideal current source. To
the right, the resonant link output current change is shown.

Both in Figure 3.1 and in the mathematical derivatidnsandL, denotes

the clampingiransformerself inductance of therimary and secondary,
respectively. In this section, the clampitrgnsformer isconsidered as
ideal, i.e. it is considered having perfect magnetic coupling and as being
loss-less.

In Figure 3.2, normalised waveforms of the main quantities of the
resonant circuit are shown. The resonant link voltageés normalised
with respect to the DC link voltagé,. and the currents are normalised to
the maximum resonant link output currénincrease.
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3. Analysis and design ...

0 10 20 30 40 t[ps]

12’3

0 10 20 30 40 t[ps]
(b)

Figure 3.2 Normalised resonant link voltage (a) and inductor currgmtsin (b), the
currenti, is black,i, is dark grey and, is light grey. Thereason for the
amplitude ofi, being low in this case is that only a small amourgxafess
energy is stored i, at the end of theesonant link voltage ramp up
interval.

Resonant link voltage ramp down interval

This interval, referred to as mode 1, starts with turn-on okwitchesS,
and S,, following a modulator command requesting a change of the
converter switch state. The system of differential equations is thus written

di
a-lil *+Ve = Ve

e
zh_vczo

g & (3.1)
G = dve '
c=C—¢

O dt

O

Hl_IZ ic=1,1=0
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3. Analysis and design ...

The system igearranged to form aecondorder ordinary differential
equation through the steps shown below.

diy _dip  d%e _

3.2
dtdt dt? (3:2)
01 d?v.0
Vee —Lig—Ve +C—F= -V =0 3.3
de 15@ c G2 B Ve (3.3)
dve, 1, _ 1, (3.4)
a2 LL,C L,C de '
Li+L
The solution to the second order differential equation is
Ve (t) = Acosw (t —ty) + Bsincw, (t —ty) + LZL Ve (3.5)
1 2
where
1
W3 =—— 3.6
= LLC (3.6)
VLl

By the use of (3.1), it follows that the capacitor current is written
ic(t) = —w,CAsinw,(t —ty) + w,CBcosw; (t —t;) (3.7)

During the off resonance interval, i.e. when the circuit is not in the
resonant cycle, the resonant link voltage is anyway oscillating. This is due
to poor damping in thé&,-C circuit, whichmeans that a resonaaycle

can startfrom a resonant linkvoltage level not equal t&/,. For a
clamping factolK=1.2,v. is oscillating between 0.8 and 1.2 timég, see
Figure 3.2, whichmakes any of the values in between equally possible as
starting point. However, by assuming that the resonant cycle stadstat

the initial conditionsfor the resonant link capacitaoltage andcurrent

are written

L
@C(to):A"' L +2L Ve = Ve
1 2
O (3.8)

Ec(to) =w,CB=0
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3. Analysis and design ...

This means that the resonant link capacitor voltage eumdent are
written as

o= (L + Lycoswy (1 -10)

L, +L
0 v (3.9)
o) =-—% sinw,(t -t

EC() oL, 1(t—to)

The inductor currents are found by integratigeg Appendix C, of the
differential equations in (3.1), i.e.

t
(0 =ia(to) + 1 [ (Veo v ()T =
i (3.10)

=lop + [qwl(t‘to)_gn&h(t‘to))

dc
w,(Ly +Ly)

t
120 =ix(to) + - [Ve(r)dr =
2% (3.11)
— Vdc

L, . O
= t—ty)+—9snw,(t-t
wl(Ll + |—2) %"1( 0) L, 1( O)H

The resonant link voltage ramp down interval is finished when the
resonant link capacitor voltage equalszero. The corresponding time
instant is referred to dg hence

Ve(t) =0 (3.12)

Substitution into (3.9) and rearranging gives

L
cosw; (t; —ty) = —L—z (3.13)
1

The corresponding sine term is found with aid of thigonometric
identity, see Appendix C. It should be clear that the sine term is positive,
since this corresponds to the shortest tiimee, smallest argument of the

sine term. Thus
. oL, of
FTHLE
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3. Analysis and design ...

According to this, the resonant inductor currents at the end of mode 1,
are written

0 0 0

B V, O,
bomwgghpietib bl
0 .
0 H L,O L, / O, 2

Ve
E Mo(ty) = 70_1 n Lz) [@BTCCOSH— H Lz\ BEH Q

It is important to calculate the finalalues of the voltageamp down
interval since they serve as initial conditiorier the next mode of
operation, the zero voltage interval.

Zero voltage interval

As soon as the quasi resonant DC link enters the zero vdhagwal,
mode 2, the new converter switddiate according to thenodulator
command is set, causinigto change levelseeFigure 3.1. Thecurrent
equation for mode 2 is written

il_i2+iFD_|02:0 (316)

Since the freewheeling diodes of the convehas a lowforward voltage
drop (ideally zero), it is assumed that

VC(t) =0 (317)

which is a reasonable assumption as long as the equivalent freewheeling
diodecurrent, i, is positive. Anyway, alséor the casewheni., equals

zero this is in principle true, which is due to the fact that the capacitor
current will remain lowsincel, is large. This implies only a&mall
capacitor voltage increase, at least for a short duration of the zero voltage
interval. This alsomeans that the followinglifferential equations are
valid for the entire interval.

di,

1oy
1 dt dc
_ (3.18)
d g
2 dt
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3. Analysis and design ...

The solution to the upper of these differential equations are found directly
by integration. The lower differential equatistates that theurrenti, is
constant throughout the entire zero voltage interval, see Figure 3.2.

t

o . Vi
(1) =i (ty) + Lll [Vadr=i =0t (319

At the end of the zero voltage intervakt,, the current through, is
given by

i (ty) =lgy +

v, O SR =Y (3.20)

+WEENCCOSE— E \ EEEQ —(tz—tl)

This ends the discussion about the zero voltage interval, for this circuit.

Resonant link voltage ramp up interval

The resonant link voltage ramp up interval, mode 3, is Itnast
complicated, by means of solving differential equations. This is due to the
fact that none of the constants of the solution todifferential equations

are equal to zero, &is for mode 1.

Nevertheless, mode 3 is the most importsinice here it is determined
whether the capacitor voltage ramps up in a controlled manner orenot,
without a voltage dip in the intermediate sections of the interval. Also, the
maximum resonant link voltage derivative, which is an importigign
parameter, appears in this mode.

Mode 3 starts whe8§, andS, are turned off by application gfroper gate
signals. Since&, andS, are turned off, the resonant inductor currgnis
forced to commutate to the diodBs and D,. The voltagev. ramps up
with a high derivativesince bothi, andi, contributes to the capacitor
current i, which is not thecase when the resonant part of the
freewheeling diode curret, becomes zero in the zero voltage interval.

The system ofdifferential equations is similar to the one of mode 1,
except that the currenthas changed direction, thus
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di
5-1?:+Vc = Ve
O d
§~2|2+Vc =0
dt
a (3.21)
Go=ce
¢ dt
O
§l+i2_ic —1g2=0

Also in mode 3, substitution gives a second order differential equation

d?ve 1 1
a2 | LLC T L1CVdc (3.22)
L, +L,

Note that the differential equation is tkame as the one fouridr mode
1. Therefore, the solution is written

. L
Ve (t) = Acosw; (t —t,) + Bsinwy (t —t,) + —2—V,.  (3.23)
L, +L,

which gives the corresponding capacitor current according to (3.21), i.e.
ic(t) = —w,CAsinw, (t —t,) + w;CBcosw, (t —t,) (3.24)

The constant®\ and B are found by identifying the initial capacitor
voltage and current, for the mode. The initial capacitor voltage is written

L
Ve(ty) = A+ - +2|_ Vg =0 (3.25)
1 2

and the initial capacitor current
ic(ty) =W CB=i(ty) +i(ty) — lop =
H f
Vie O L0 0, .0 / 0L,
= ——=——— [Rarccos+——=+ - 1-
wl(L1+L2)D§ FLHE, B ELE

V.
+%(t2 _tl) _(|02 - I01)
1

0
§+ (3.26)
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3. Analysis and design ...

This gives an expressidior the constantB valid for the resonant link
voltage ramp up interval, which isedlater on when the desigiriteria
are developed. The resonant inductor currents are found by integration

t

(O =iy(t,) + Lll {(vdc —ve())dr =

— Vdc - -
=iq(ty) + w1(|—1 " Lz) wy(t-t,) (3.27)

1 .
"ol (Asinw, (t —t,) + B(1- cosw, (t ~ t,)))

t
(0 =ia(ty) —le [ve(rydr =
t2

=i(ty) — o0 joslt=t)- (3.28)

w,(Ly + L,

1 .
"ol (Asinw, (t —t,) + B(1- cosw, (t ~ t,)))

This means that the link voltageemp up interval is characterised.
Anyway, the complicated expressions derived, can hardlyudssl for
design purposes. For the discussion on final values f@lithis mode, it

is assumed that clampingccurs before the resonant inductor currgnt

has declined t@ero. This is notalways thecasebut when component
values according to thiater derived design expressions are used, the
opposite occurs only for a large resonant link output current increase. For
such a large increase, clamping will not occur anyway, with the
component values selected.

For the casewhen clamping do appear, the final resonant capacitor
voltage is

Ve (t) = KVye (3.29)

whereK is the clamping factor, which is given by
K=1+ =1y b
N3 VLs

where N; and N, denotes the clampingansformer number oWwinding
turns for the primary and secondary, respectively.

(3.30)
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3. Analysis and design ...

The previous two expressions are derived, based on the fact that clamping
occurs when the voltage across tinansformer secondary (index3)
equals the DC link voltag¥,,. The constant& andB valid for mode 3
together with resonant the DC link clamping voltage given above, are
substituted into the design rule given in Appendix C.1, resulting in

o | L 0
i (t =wC:KV2% 2 _KQ+PB? 3.31
c(tz) =w; \ ©F L, H (3.31)

As discussed irthe section on the clamping interval, this final value is
enough for characterising the interval, by means of initial conditions.

Clamping interval

When clamping occurs, thexcessenergy stored in the clamping
transformer primaryindex 1) is transferred tahe secondary (indeg).
Thus, the primary current is given by

The previous expression together with the current constrair{B.Gfl),
directly gives the initial value of the secondary current

565 = 1 (10) = 12(49)) = 1 Hie ) (3.33)
3 3

The voltages across the resonant DC link components are cahstanrg
the clamping interval, resulting in

di, di,

D2 v =1, 224Ky, =0

di (3.34)
=34V, =0

3 dt dc

The resonant inductor curreitis derived by integration

t

120 =) = - [ KVagdr =ity) -
29

Wka—%) (3.35)
L2

The clamping currerit is also found by integration

44



3. Analysis and design ...

t
is(t)=i3<t§)—L1jvdcdr=i3(t§>—\f°(t—t3) (3.36)
3t3

3

The clamping interval is finished wheig has declined tazero. The
corresponding time instant is denoted ase.

i5(t,) =0 (3.37)

which gives the duration of the clamping interval

Ly .
tclamp =ty —13 =V73I3(t§) (3.38)
dc

After a completed clamping interval, a new resonant cycle can be initiated
immediately. However, if the clamping interval is not completed, the
energy stored in the secondary of the transformer (i)lex transferred

to the primary, resulting in &igh magnitude of the resonamtductor
currenti,. This is not allowed, since the current stress on the transitors
andS, is increased in such a case.

Off resonance interval

After a completed clamping interval, the off resonancgerval
commences. The name is somewhat misleaftinghis circuit, since even
thoughi, equals zerad,., andC still forms a resonant circuit. Thimplies
that the oscillation of the resonant link voltage will continue. The
amplitude of the oscillating voltage is determined by the clamigiotpr,

as described in this section. The system is in this case described by

5 dt .

V/,
Ae :CTtC (3.39)
O

El"C_'oz:

By rearrangingthe system ofdifferential equations, aecondorder
differential equation is obtained

d2v 1 1
cltZC "Lce T Vo (3.40)

The solution is written
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3. Analysis and design ...
Ve (t) = Acosw, (t —ty) + BSinw, (t —ty) + Ve (3.41)
whereA andB are constants and

W, = !
27
. LiC

(3.42)

The capacitor current is found tsubstituting (3.41) into (3.39)which
gives

ic(t) =—w,CAsNw,(t —t,;) + w,CBcosw,(t —t,) (3.43)

Sinceclamping in mostasesoccursprior to the off resonancénterval,
the initial conditions are

Q/C (t4) = A+Vdc = dec
0 (3.44)
Hc(ty) =w,CB=0

The initial capacitor current isqual to zero according to (3.3%jince at
the end of the clamping interval equalsl ,. The capacitor voltage and
current for the off resonance interval are thus written

Vo) = Vi 1+ (K ~ D cosewy (t - 1,)

§ = (3.45)
gc(t) = _\/Ll(K = )Vy sinw,(t -ty)

Here it is clearly seen that for the off resonance interval, the resonant DC
link voltage will oscillate between

(2= K)Vye < Ve (t) < KVge (3.46)

if damping is neglected. The clamping factmsed throughout thentire
text equalsl.2, whichmeans that the resonant link capacitor voltage will
vary between 0.8 and 1.2 tim¥g, see Figure 3.2. Note that for thext
resonant cycle, any initial voltage in between is equally probaliieh
was also stated in the derivation mdde the resonant linkoltageramp
down interval.

Design expressions

The desigrcriteria arebased onthree different constraintsince there
are three componemalues to be selectetl;, L, andC. The first two
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design constraints are the duration of the zero voltage interval and the
maximum resonant DC link voltage derivative obtained. These two are
usedfor all the quasi-resonant circuitsvestigated. The third constraint
used for this circuit, aims for limitation of the currént

To start with,L, is calculated in such a way that the resonant cycle is
completed in an acceptabieanner. For the maximum increase of the
output currentj,, the capacitor current should not be negative whémas
increased td,, at the end of the resonant link voltage ramp up interval. If
the resonant capacitor current nggative at this point, the capacitor
voltage is decreasing instead of increasing. The limitige ishus given

by
El(ts) =lo2
U
Hc(t3) =0

Together with the expression for the currents of equation system (3.21), it
is also found that

(3.47)

i»(t3)=0 (3.48)

for this case. Sincthe capacitor currerghould equal zero at the end of
the ramp up interval for the limiting case, (3.24) gives

Asinw, (t; —t,) = Bcosw, (t; —t,) (3.49)
Rearranging this equation gives

Substitution into (3.28) and using the final valueifosiccording to(3.48)
gives

it)-_ Ve Ct)- )=
i5(t2) wl(Ll+L2)EQw1(t3 t)) -tanw(t; -1,))=0  (3.51)
Assume

N, (t; ~t,) = V1-a?
U

Frosw (i3 —t) = -a

(3.52)

which gives
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2

tan @y (ts —t2)=—\l;a (3.53)
Substitution into expression (3.51) above gives
i(t,) = 7\/ [rarccos(-a) + - 1-a®l (3.54)
2\l2)= 0 .
wl(Ll +L ) 0

The corresponding current found in timeestigation of the zero voltage
interval, i.e. equation (3.15), states that

ip(ty) =iy(ty) =

Ve U o oo,fE (3s5)

- (L1+L)E@arccosg_ ELZ f %CH@

By comparing the previous two expressionsifpit is found that

L
a=—2 (3.56)
Ll

which means that in this case, the resonant link voltaggp down and
ramp up intervals have thsame duration. To get a moreompact
description, (3.56) is substituted into all the expressioaseafter. As
previously mentioned, it is not the output curréstel but the change of
the output currentevel that determines the worst case. Also, ¢herent
i, increases mostor a zero voltage interval of maximumduration.
Inserting this into equation (3.27) and using the limiting vdrei, in
(3.47) above, gives

Vdc

iy (tg) = log +——2
i1(t3) =lo1 w,L,(1+a)

E(Z arccos(-a) - 271 - a2 ) +
(3.57)

7(t2 _tl)max = |02
1

Rearranging the previous expression gives the upper [font the
inductancel., according to
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Vdc
wl(|02 - Iol)max

+ Vdc(tz _tl)max
(|02 - Iol)max

This value ofL, is calculated upon the maximum duration of #exo
voltage interval. The next constraint to be fulfilled is to limit the
maximum resonant link voltage derivative, i.e. the maximum output
voltage derivative. By assuming the maximum negative outputent
changefor a resonantycle to equal the maximum positive, by means of
magnitude, i.e.

L, = o2 E(arccos(—a)—\fl—az)+
1+a

(3.58)

(|02 - Iol)m'n = _(Ioz - Iol)max (3-59)

the maximum value of the constaBtfor mode 3 is found by inserting
(3.58) into equation (3.26) and rearranging. Hence

Brox = 4Vge —— o - arccos(-a) - Vdcf’aﬂ/l—az +
(1+ ) (1+a)? (3.60)
a
*+ Ve Teg (@1(tz =t max *+ 01 (t, — 1))

If the duration of the zero voltage interval is held constant, i.e.
w1 (ty —t1) = w1 (ty —t1) max (3.61)
it is found that
3- 0{2 |3\/1_ az +
a

B = 4Vygo - [Brccos(~ar) — Vg
(+a) (3.62)

dc (1+a)

+ 2Vdc pe wl(tZ t1) max

The maximum resonant link voltage derivative is calculateadm
expression (3.23). With the valu®r the constantA from (3.25),
substituted into this derivative it is found that

d:j’tc —wlwa deDZ B2, (3.63)

K] o

max

The last design constraint is used to limit therenti, in order tokeep
the current rating of the resonant link semiconductsys, andD,/D,, at
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an acceptable level. According to expression (3.15), the peak valyés of
given by

\1-g?0
a

Vdc
wl,(1+a)

iy(t) = @Dgrccos(—a) + (3.64)
O

The design expressions (3.58), (3.63) and (3.64) together determines
w, and a, which in effect means thdt,, L, and C are determined.
However, to find theproper values, the calculation of thesiree
expressions have to be iterated.

3.2 The passively clamped one switch quasi
resonant circuit

The passively clamped one switch quasi resonant circuit described here is
a further development of the two switch counterpart described in the
previous section. A simplified converter using fhessively clamped one
switch quasi resonant DC link is shown in Figure 3.3. Since the circuit has
only one additional switch, the resonant inductor curigntan not be
forced to commutate fror8, to D, to initiate the resonant DC link voltage
ramp up interval. Instead, mutual magnetic coupling betgtkn andL,

is employed inorder toobtain inherent reversal 6. To obtain mutual
magnetic couplingl.,/L, andL, are wound upon theameiron core. In
Figure 3.3 the mutual coupling is shown by Mdocated betweeth /L,
andL,.

. io
Jic
e x - (D),

. Iol
IFD

+1
Vdc T

t t

Figure 3.3 The passively clamped one switch quasi resonant DC link with a simplified
converter equivalentonsisting of a current source and equivalent
freewheelingdiode. Totheright, a resonanifnk output current change is
shown.

Due to the magnetic coupling between frmary (index1) and the
secondary (indexX2) windings, the voltages across tlerresponding
windings are written
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511 =9 (L, +Mip) =L, T4 B2

dt dt dt
o d d (3.65)

. : ip in

=—(Mi;+ Ly, )=M—+ L, —=

5’2 dt( 1+ L) dt 2 ot

The mutual inductance is given by

M =k.L,L, (3.66)

wherek is the magnetic coupling factofpr the primary and secondary
windings. Note that the tertiary windirgjso should be included in the
expressiongor the windingvoltages. There are mainly two reasons for
not doing this here. First, the magnetic coupling factaaissumed to be
equal to onefor the primary and tertiary windings, i.e. thelamp
transformer is regarded as being ideal. Second, the secondatgraad,
windings do not carry current simultaneously for this circuit.

The passively clamped one switch quasi resocaotit is presented in
[9], together with the differential equations and their solutifmmseach
mode. However, selection appropriatepassive component values is not
discussed in [9].

In this section, the differential equations and their solutions are given for
each mode of operatiorzurthermore, design expressions developed to
meet certain constraints are presented. In Figure 3.4 normalised
waveforms of the quantities of main interdést this circuit are shown.
The resonant link voltage. is normalised with respect to the DC link
voltageV,.. The resonant link currents in Figure 3.4 are normalised with
respect to the maximum increase of the resonant link output clgrent
which the resonant link is designed to meet.

Several interesting observations are mdaen Figure 3.4. The high
magnitude of the resonant inductor curraptis clearly seen. The
magnitude of thigurrent isactually several times higher than the output
current, implying thatthe resonant link semiconductors must have a
current rating severaimes higher than the converter semiconductors.
Also note that the resonant link voltage ramp up interval is divided into
two parts, with large differences in the derivative which the voltage
increases with. Also, between these fpaots, the resonant link voltage is
actually decreasindor a short while. The origin othis decrease is
discussed in Chapter 5.
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0 10 20 30 40 t[ps]

i i i i

0 10 20 30 40 t[ps]
(b)

Figure 3.4 Normalised resonant link voltage (a) and inductor curr@jtsin (b), the
currenti, is blacki,i, is dark grey and, is light grey.

For the resonantycle shown in Figure 3.4 it should be noted that the
short duration of the clamping interval at the end of the cycleedause

only a small of amount of excess energy has to be returned to the DC link
capacitor, since the resonant link outpmirrent increase is relatively
high. This also results in a low clantgansformer curreni, during the
clamping interval. The duration of the clamping interdapends on the
magnitude of the resonant link output current change, forpéntdcular
resonant cycle, which is discussed later on in this section.

Resonant link voltage ramp down interval

The resonant link voltage ramp down interval, is initiated with turn-on of
the resonant transist&®;, following a modulator command. The resulting
system ofdifferential equations validor mode 1,which this interval is
termed, is given below.
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di, . di,
—LiM=2+y. =V
1 dt dt C dc
2 dt at (3.67)
0 dve
=C—~
Qo =g

O
El_iZ_iC_lolzo

By rearranging the system of differential equations above, two
differential equations are obtained

dip, Lp+M L,

Ve = \Y; 3.68

dt  LL,-M? ¢ LL,-M2 ® (3.68)
di d?v

L, +M)=t-MC—L +v.=V 3.69

(Ly )dt 02 c = Ve (3.69)

which are substituted to form a second order differential equation
d?v¢ . 1 yo= LatM
L, +L,+2M

Ve (3.70)

The solution to the second order differential equation is

L, +M

——V 3.71
L1+L2+2|\/| dc ( )

Ve(t) = Acosw(t—ty) +Bsinw(t—ty) +

where the characteristic angular frequenwy,is given by

1
W = . (3.72)

\Ly+L,+2M

According to (3.67), the resonant link capacitor current is expressed as
ic(t) =-w,CAsnw,(t—ty) + w,CBcosw; (t —tg) (3.73)
The constanté& andB are given by the initial conditions of the resonant

link capacitor voltage and current, respectively, according to
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+
é/c(to) =A s L2 *M
L, +L,+2M
O

%c(to) =w,CB=0

dc = Vdc
(3.74)

Note that it is assumed that tresonant link starts at rest. Later on it is
shown that this is not necessartlye, similar to thecasefor the two
switch counterpartdiscussed inthe previous section. With the initial
conditions stated above, the capacitor voltage and current are given by

0 Y/
)= ((L,+M)+(L; +M t—t
re0m Ll )
0 :
Vil +M
He(t) = ‘dc(—l)zsmwl(t_to)
H W (LsL, ~M?)
Integrating (3.68) gives
1 t
il(t)zil(to)"'ﬁj’(l-zvdc ‘(L2+M)VC(T))dT=|ol+
e (3.76)
Ve 0 (Ly+M)(Ly+M) O
+ t—ty)— Sinowq (t—t
wl(L1+L2+2M)%Ul( 0) LLL,-M? 1 O)E
The algebraic current equation of (3.67) gives
(1) =iy () —ic(t) 1oy =
2
Ve O (Ly+M)° O 3.77)
= t—ty)+ Snowq(t -t
wy(Ly + L, +2M) EEwl( o) LiL, - M? il O)E

The resonant link voltage ramp down interval is finished when
ve(t;) =0 (3.78)
which together with (3.75) gives

L, +M

cosw;(t; —ty)=-— LM
1

(3.79)

According to the trigonometric identity it is found that
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f oL, +MCf

snwy(t; —tg) = BWE (3.80)

It should be clear that the last quantity is positive, sincehibuld
correspond to the shortest time. Substituting into (3.75) gives

. Vg L+ M oL, + MIT
ic(t)=--—*<3—1 H 2 ] (3.81)
Wy Lyly - Ly +M
Similarly, substituting into (3.76) and (3.77) gives theductor
currents at the end of the resonant link voltage ramp down interval.
. \A O L, +MO
i(ty) =1, + < [arcco -
) =lo* v, v am) T L v m
(3.82)
) Vg D(L2+M) /DL1+|\/|D2 )
wy(Ly + Ly +2M) 1L, - M? EL2+M5
: O
i5(ty) = Voo @rccosE— 2+ M VIEH
wy(Ly + Ly +2M)
—_— (3.83)
+ Viic D(L1+M) - Ho+ M

oL+ Ly +2M) L, M2 1 L + M

The final values of the resonant link voltagemp down interval, by
means ofinductor currents, araised as initial conditionfor the zero
voltage interval.

Zero voltage interval

As soon as the zero voltage interval (mode 2) is entered, theswitgh

state according to the modulator command should be set. However, this do
not affect the resonant link since the capacitor voltage is clampatdo

by the freewheeling diodes of the converter. In effect, tteans that the
resonant current flows through the freewheelitigdes which is the
reason why an equivalent freewheeling diode must be included in the
simplified converter equivalent. This implies thfatr the zerovoltage
interval, the system of differential equations is given by
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di, di,
Vi =V, - L —:-M—-2=0
S/dc 1 dc 1 dt dt
0 di di
0, =M cTtl +L, dt2 = (3.84)
0
g i | 0
O =15 +1 =
|]1 2 FD 02

The first two equations are rearranged to

i, L

- 2 Vdc
0, .
rfjlz =- M Vdc

2

Hence, the inductor currents of mode 2 are found by integration

t
o L,
i) =i (t)+—— V,dr=
1() 1( 1) Lle—qut’ dc
1

(3.86)
. L,
=iy () +Vye — 2 (t—t
1(t) Ve 2 ()
t
. . M ~
(1) =iy(ty) - WISYE quch—
1=2 t (3.87)
. M
=i,(t) - Vg ———— (t -t
2(13) Voo ()

The currentequation of the equation systefd.84), together with the
resonant inductor currents (3.86) and (3.87) with the fuadlies(3.82)

and (3.83) of the resonant link voltage ramp down interval substituted,
gives the current through the equivalent freewheeling diode

IEp (1) = log —ig(t) +ip(t) =
_ED\’E(Ll Lo +2M) L - L) +

L, +M
+(|02 - I01)_\/dc L L2 _ |\/|2 (t_tl)
1=2

(3.88)
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In opposite to the two switch counterpart, the zero voltage intearaiot
be prolonged by keeping the resonant link transistor on. Insteadetbe
voltage interval is finished whep, has decreased wero, whichmeans
that the resonant curremommutatesrom the converter freewheeling
diodes to the resonant link capacit@r The time instant when this occurs
is denoted,. Hence

irp(ty) =0 (3.89)
Actually, this is equivalent to
i1(t) —ia(tz) = lo2 (3.90)

Any of the last two expressions gives the duration of the zero voltage
interval

1 oL, +ME L (e Iol)d_le—Mz

(tz tl wl E\/Em% -1+ L2 M (391)

If (3.82) and (3.91) are substituted into (3.86), the resoirahictor
currenti, at the end of the zero voltage interval is found to be

. V. MD
i(t,)=1 .+ de [arcco
1{t2) = oy wy(Ly + Ly +2M) SE_

Vi oL, + MO el g
wy(Ly + Ly +2M) EL2+ME L,+M

02~ Iol)

Similar, if (3.83) and (3.91) are substituted into (3.87), the resonant
inductor current, at the time instartt, is expressed by

o Vi +MO
alt2) = wy(Ly + Ly +2M) WCCOSH L+MmE

Vi, E{/DLl Vi M

Yo+ Ly r2m) VB, +mH T

There is one important remark to be made here, which is that the resonant
inductor currenti, should change sign, i.e. become negatikajng the
zero voltage intervalseeFigure 3.4. This is importardince it implies
that the transisto§, turns off naturally, i.ei, commutatesrom S, to D,
by it self without removal of the gating signal 8f According to[9] this

(3.93)

(|02_|01)
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is fulfilled if the magnetic coupling factdt, betweerL, andL, is in the
interval [0.75%<0.95].

The resonant link voltage ramp up interval

For this circuit, the resonant link voltage ramp up interaatually
consists of two moded.he first part, mode 3, is the part witton-zero
resonant currerit. The second part, mode 4, is when the curreatjuals
zero. As a matter of fact, there is an quite large difference betihesa
two modes due to the change in characteristic angular frequeney
traversing from mode 3 to 4eeFigure 3.4. For mode 3, thgystem of
differential equations is written

di,  di,
LRV VY,
1 dt dt C dc
é\aﬁ 32y =0
5 dt (3.94)
av
Bczcic

Note the similarities with the equation system of modg3167). The
eguation system isearranged into @&econdorder differentialequation
through the same steps as for mode 1, which gives
d?v¢ .\ 1 vz LatM
d® (L, -M2)c © (L, -M?)c
L,+L,+2M

Ve (3.95)

The general solution to the differential equation above is written

L, +M

V() = Acosw, (t—t,)+Bsnw,(t—-t,)+ ——5———
c® 1(t-tz) (-t o

Ve (3.96)

Which also implies that the capacitor current is given by
ic(t) =—w,CAsinw,(t—t,) + w,CBcosw, (t - t,) (3.97)

The constant& andB are determined from the initial conditions
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+
é/c(tz) =A s L2 *M
L, +L,+2M
]

e(t) = CB=0

Vg =0
(3.98)

The resonant link capacitor voltage and current are thus expressed as

O _ L, +M _ _

@C(t)_L1+L2+2M Vge(1-coswy (t - t,)) 550
V(L +M) '

Ei t:dc—2 t—t

HC() a)l(Lle—l\/Iz)Smwl( 2)

Similar to the resonant link voltage ramp down interval, dumiation
system (3.94) is rearranged taet expressions where the resonant
inductor currents are calculated from integration. This gives

1

t
1=+ (v (02 Mve(o)er =

t
Vdc
w,(Ly + Ly +2M)
N Ve D(LZ +M)
w (L +L, +2M) L, - M

() =i1(t) —ic(t) — 1oz =

. Ve
=i,(t,) + w,(t-t,)— 3.101
2( 2) 601('—1 + L2 +2M) 1( 2) ( )

_ Ve L, + M)(L, + M)
wy(Ly +L, +2M) L, - M2

=iy (ty) + wy(t—ty) + (3.100)

2
> Sino, (t —ty)

sinw; (t—t,)
The first part of the resonant link voltage ramp up interval, i.e. mode 3,
ends as previously mentioned when

io(t3)=0 (3.102)

Consequently, the duration of mode 3 must be calcufated the non-
linear equation
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(Ly+M)(L, +M)
LL,-M?

w(tg —ty) - snw(tz—ty) =

L, +MO, O +ME
_arccosH— L+ MH \H_ +MH (3.103)

wl(L1+L2+2M)D M (o -10)

Ve L,+M
Sincethe expression above is non-linear, the finalues of mode 3 for
the other state variables can not be expressed with thedépendent
terms substituted.

The system offifferential equationgor mode 4 is similar to the one of
the previous mode (3.94), withand its time derivative set equal to zero.

E at
d
Oc -c2e (3.104)
0 dt
El ic =152 =0

This is rearranged to form a second order differential equation

d’ve | 1 1
+ - ve=—V 3.105
g2 LC ¢ LC * ( )

The general solution to the differential equation is given by
Ve(t) = Acosw,(t —t3) + Bsinwy(t—t3) + Ve (3.106)

where the characteristic angular frequengyequals

(3.107)
The resonant link capacitor currery, is calculated according {8.104),
giving

ic(t) =—w,CAsinw,(t —t3)+ w,CBcosw,(t —t3) (3.108)
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The algebraic currenéquation of (3.94) together with (3.102) and the
current equation of (3.104), gives

ic(t3) =i1(t3) = loz =ia(t3) — 1oz =ic(t3) (3.109)

stating that the initial capacitamurrent of mode 4 igqual to the ending
capacitor current of mode 3. Thiseans that the constants of tieneral
solution are found from the initial conditions according to

L, +M
0 y e (3.110)
G (ty) =w,CB=—% Hsmw t, —t
Jolta)=wicB= = 021 sina(t; =ty

Rearranging gives the constants

O V,
HA\: _m((l_l + M) + (L2 + M)COSCOl('[3 _tz))

+ M .
V EI—SII’I(A) 1, —t
% dc W, Ll + LZ +2M 1( 3 2)

The resonant link voltage ramp up interval is finished when the clamping
voltage level is reached, i.e. when

(3.111)

Ve (t) = KV (3.112)
The method used to calculate final values, see Appendix C, gives
ic(ty) = w,C A2 +B? - V2 (K - 1) (3.113)
According to the current equation of (3.104) it is also found that
i1(ty) =ic(ty) + 1 (3.114)

The clamping interval

Since clamping occurs when the diod®, becomesforward biased, the
clamping factorK is determined by the turns ratio between phanary
and tertiary windings

K=1+-gy b

3.115
N3 \Ls ( )
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whereN, andN, are the number of winding turns for tpeémary and
tertiary winding, respectively. Thexcessmagnetic energy stored in the
primary, is transferred to the tertiary winding, giving

i =i3(t5) = I (3.116)

15(8) = 1 (1) - 1a1) = N e(ta) (3.117)
3

Neglecting the forward voltage drop acr@ssgives

L, d0'|3 +Vy =0 (3.118)

This first order differential equation is solved by direct integration

t
i3(t) =is(ty) - IVdch =i(ty) - dc (t —ty) (3.119)

The clamping interval ends whephas declined to zero, i.e.
i5(ts)=0 (3.120)

Hence, the duration of the clamping interval equals

tclamp =ts —ty :7i3(t2) (3.121)

Off Resonance

When the excess resonant energy has been transferred back to the DC link
capacitor, i.e. when the clamping interval is finished, the quasi resonant
DC link circuit is ready for anew cycle. However, the circuit is not at

rest since an oscillation is started in the resonant circuit formdd bynd

C, seeFigure 3.4. Thesystem of differential equationsfor the off
resonance interval is given by

di
a— L*'Vc = Vie

ave
=C—= 3.122
c at ( )

17 lc = 152=0

D]]DI:IDDD

62



3. Analysis and design ...

This is actually the same as the one védid mode 4 of the resonant link
voltage ramp up interval. Consequently, substitution to obtasecand
order differential equation gives the same result

d2
Ve, =Ly, (3.123)

The general solution to the differential equation above gives the resonant
link capacitor voltage

Ve(t) = Acosw,(t—tg) + Bsinw, (t—tg) + V. (3.124)
The corresponding current is found by derivation

The initial conditiondor the resonant capacitmoltage andcurrent are
used to determine the constaAtandB of the general solution

B/C(tS) = A+Vdc = KVdc
[l (3.126)
Hc(ts) =w,CB=0

resulting in the following expressionr the capacitorvoltage and
current

E/C(t) =V (1+ (K - 1) cosw, (t - t5))
U

Ec(t) = _\/E(K = D)Vge Sinw,(t —ts)

As for the two switctcounterpart, the resonant link voltage va#cillate
between

(3.127)

(2= K)Vye < Ve () < KV, (3.128)

alsofor the passively clamped one switch quasi resorarduit, during

the off resonance interval. If the clamping factér equals 1.2, the
resonant link voltage is thus oscillating between 0.8 and 1.2 times the DC
link voltage, see Figure 3.4.
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Design expressions

Also for this circuit design expressions are derivbdsed upon the
duration of the zero voltage interval and maximum resonant link voltage
derivative. Nevertheless, the most important design objective is to ensure
that the resonant circuit is able to complete its cycle at the weasst
loading. Therefore, this is treated first.

For mode 3 of the resonant link voltage ramp up interval, it was
previously stated that it ends when

i,(t3)=0 (3.129)
For proper operation it is also desirable that
ic(t3)=0 (3.130)

If the last expression is not fulfilled, the resonant link volthgsalready
started do decrease. The resonant link capacitor current is giviénaey
which for this case gives

snw; (t;-t,)=0 (3.131)
which is equivalent to
w(tg-ty)sm (3.132)
Also note that (3.129) and (3.130) together are equivalent to
i1(t3) =14 (3.133)

To simplify the expressions, the substitution

L
a=—2 (3.134)
Ll
is used which gives the mutual inductance
M =k./L,L, = Likva (3.135)

The limiting case substituted into (3.100) gives
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. 2 0 a+kJaO
R c Car AL L
1(ta) = o2 = loy w,Ly(1+a +2kva) “H 1rkva
N Vee ‘ E;*’ kva g 1+ (3.136)
w1L1(1+a+2kJa)E\9 +kia

Vdc
a)lLl(l +a+ ZkN”E)

a
T e+ kva (loz = lor) *

Rearranging the terms, gives the maximum valuk, @fccording to

Ve a+kva
wl(|02 - IOl)max k\e°a(1+0{ +2k\/0()

(3.137)
0 +kJaO |Dl+kJaf U

%TJFHCCOSH 1+ k\/aH \/ E+kvaH %

For this circuit, the duration of the zero voltage interdepends on the
magnitude of the output curremg, change during the resonant cycle. For
the maximum change, the duration of the zero voltage intealsd
becomes the longest. According to (3.91) the maximum duration is

1 mkla
le +k\s’E

[ — | — k2
+( 02 ol)mx DCY ka
VdC a"l‘k\/a

(tz_tl)max = 1+

(3.138)

The maximum resonant link voltage derivatiee mode 1, iscalculated
from (3.75), which gives

L, +M 1+k'a

dve
—= =V =0V
e PEL 4L, +2M P ® 14+ 2kva

3.139
ot ( )

For mode 3, the maximum resonant link voltage derivativeaisulated

from (3.99), which gives

WVe
dt

L,+M a+k'a

=w —=-w _— 3.140
o e+, +2M P ® 14+ 2kia ( )

Since
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a<1 (3.141)

according to[9], the maximum voltagelerivative is obtained during the
resonant link voltage ramp down interval.

In order toselectappropriatepassive component valués the passively
clamped one switch quasi resonant DC link, the equations (3.(33Z38)
and (3.139) are used. This gives appropriegduesfor L,, o and w,,
which are used to calculate the corresponding valuég, bf andC.

Note that the magnetic coupling factly between the inductots andL,

is not used as a design variable. This could be used to minimigedke
value of resonanturrenti, Anyway, it is not that easy to design the
resonant inductork, andL, on the same magnetic core to obtain a certain
coupling factor. It is likely that the three winditiginsformer isdesigned

to have an as high magnetic coupling factor as possible andntineduce

an additional inductor in series with the secondary winding to tune the
inductance ot,.

3.3 The parallel quasi resonant circuit

The parallel quasi resonant DC link converter is described in [41#0ln
modulationissuesare discussed. In both these papers the resonant link
capacitor is split among the half bridges of the converterfoton
individual snubber capacitors. This is needed due to the modulation
strategy used, whictwvas discussed iChapter 2. Here, this modulation
strategy is not used. Instead, triangutarrier PWM, see Appendix A, is
used to be able to give an as fair as possible comparison.

In Figure 3.5, a simplified version of the converter using tugsi
resonant DC link is shown. Here, the individual snubber capacitors are
replaced by one single equivalent resonant link capa€itoilhis isalso
done in [41], but only to simplify the analysis.

o<Ps
¥ .
. lo
D, |[ic:
shpor e N
Vdc e Cdc iL l L Cr ::tVCr +K§ (D io
r r Lo
vrc. 3

Figure 3.5 The parallelquasi resonant DC linkircuit with a simplified converter
equivalent, containing one transistor and one diode together with a current
source. To the right, an output current change is shown.

66



3. Analysis and design ...

The converter equivalent in Figure 3bnsists of acurrent source and
also a transistor and a freewheeling dioBer the previous twajuasi
resonant DC links, the converter equivalent have not been equipped with a
transistor across the resonant link. The reason why neéledhere, is

the fact that the resonant current through the freewheeling diode be
allowed to change sign, i.e. commutétem the converter freewheeling
diodes to the transistors. This implies that not only the freewheeling
diodes are clamping the link voltage to zero, but also tthasistors.
When thecurrent through thesquivalent transistoequals the resonant
link output current,, according to the new switch state, this should be set,
i.e. one transistor of each converter half bridge is turned off.

By keeping the resonant link short circuitéat a longer time,more
energy is transferred from the energy storage capéaCittw the resonant
inductorlL,, causing a decrease \¢f.

To increase the voltagé, the resonant link transisto& andS are kept

on simultaneously for a slightly longer time than needed to ensure that the
resonant link voltage ramp down interval is completed, at the beginning
of the resonant cycle. Thus, more energy is transferred fnenDC link
capacitor to the energy storage capacitor.

To control the energy storage capacitor voltadg the margins
introduced for the trip currents are varied. Thisdiscussed when the
expressions for the trip current levels are derived, later on in this section.

However, for the derivation of the differenti®quations andtheir
solutions, the voltage across the energy storage cap&giisrconsidered

as being constant. In order to ensure completion of the resonant cycle, this
voltage should be controlled to equal

V, = 0.6V, (3.142)

according to [41]. The reasdar this value being suitable is shoveter
on.

In Figure 3.6 a resonant cycle is shown. The quantities showaigumre

3.6 are normalised, where the voltdggse value is the D@ink voltage

V,. and the currenbase value is selected as the maximmasonant link
output current increase during one cyclehich the resonant link is
designed to meet.
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Figure 3.6 Normalisedwaveforms,(a) resonant link voltage. (black) and energy
storage capacitor voltagé, (grey), and (b) resonant inductaurrenti,,
(black) and resonant capacitor currgpfgrey).

Energy storage interval

For the parallelquasi resonant DC link, an energy storagéerval
referred to as mode 1, ieeded inorder to store resonant energy in the
resonant inductok, to ensure that the resonant link voltage do decrease
down to zero, during the ramp down interval. The energy storage interval
starts with turn-on of the resonant link transist§r The resulting
differential equation is written

di,

Vdc - I-r dt

-V, =0 (3.143)

This is rearranged to express the inductor current time derivative, i.e.

di, _ Vo —Ve (3.144)
a L

By integrating the last expression, the resonant inductor current is written
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Vdc B Ve Vdc B Ve

(t-t9)=

r r

iLr (t):iLr (t0)+ (t_to) (3-145)

The energy storage interval is finished when the inductiorent reaches
the mode 1 trip current level, denoted Hence

iLr (tl) = Irl (3-146)
Thus, the duration of the energy storage interval is equal to

I-rlrl

_— (3.147)
Vdc - Ve

(t; —to) =

Resonant link voltage ramp down interval

The resonant link voltage ramp down interval (mode 2), is initiated by
turning off the resonant link series transis&rforcing a discharge of the
resonant link capacito€,. The system oflifferential equations valid for
this mode is given below.

di
S/Cr _erilir_vezo

dvg
=C r
Cr r dt

Lr +|Cr +|01=0

(3.148)

o O

The equation system iewritten to form asecondorder differential
equation
d?ve, 1 1
2 + Ver =
dt LrCr LrCr

A (3.149)

The general solution to the second order differential equation is written
Ve, (t) = Acosw, (t —t;) + Bsinw, (t —t;) +V, (3.150)

where the characteristic angular frequengys given by

W = (3.151)
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According to the originakystem ofdifferential equations, (3.148), the
resonant link capacitor current is found from the time derivative of the
voltage. This gives

i (1) =-w,C, Asnw, (t —t;) + w,C,Bcosw, (t —t;) (3.152)

The initial capacitor voltage anclrrent determines theonstantsA and
B, according to

E’Cr (tl) =A+ Ve = Vdc
0 (3.153)
@Cr (tl) =wrcr B= _Irl - Iol

The ramp down interval is finished when the resonant link voltage reaches
zero. The corresponding time instant is denated@hus,

Ver (t2) =0 (3.154)
A necessary condition for this to occur is
i (t,)<0 (3.155)

According to the method focalculating final values given in Appendix
C.1, the limiting case is written

(0-Ve)? + D@foc g = (Ve — Vo) + E—I ’;JFCI °1§2 (3.156)

The minimum trip current level of mode 1 is thus given by

C
lp=—lo + \/rrvdc(zve _Vdc) (3.157)

;
Introducing a small current margin
Iy >0 (3.158)
which is added to the minimum trip current, giving
=l — g + \Evdc(zve ~Vye) (3.159)

If the trip currentvalue calculated above is used, the initial resonant
capacitor current equals
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, C
icr () max = @y Gy Brgx = =l = \/?rvdc(zve _Vdc) (3.160)
r
and the capacitor current at the start of the z@ltage interval is given
by

. s‘ [©
icr (t2) mex :_\|r1211 +2|m1\;‘|_7rvdc(2ve _Vdc) (3.161)

r

Note that the trip curreniust be positive. If a negativeip current is
calculated, zero is used. The wocsiseinitial resonant capacitocurrent
thus equals

iCr (tl)m'n = Wy Cr Bm’n =~ ol,max (3.162)

The maximum discharge current, i.e. minimum capacitor current, at the
end of the resonant link voltage ramp down interval thus equals

: | C
icr (82) min = _\ I gl,max + Trvdc (2Ve - Vdc) (3.163)

V r

The inductor current at the end of the resonant linkage rampdown
interval is in any case given by

iLr (tz):_iCr (tz)_ I01 (3-164)

Note that by increasing the current margip, more energythan
necessary isransferred tdhe resonant circuitFurthermore,the energy
storage capacitor voltagé increases somewhat, even if its capacitance is
high. In Chapter 5 this is used for control purposes.

Zero voltage interval

During the zero voltage interval the resonant link voltage is clamped to
zero, first by the converter freewheeling diodes and then bgdheerter
transistors. This implies

Ve (1) =0 (3.165)
which means that the differential equation valid for this mode is given by

y
'tf +V, =0 (3.166)

LI’
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Through integration, the resonant inductor current is found to be

) =1 (1) =2 (1) (3.167)

r

The zero voltage interval is finished when the mode 3 trip cuiesel is
reached, i.e. when

iLr (ts): Ir2 (3-168)

Since the transistors of the converter are clamping the resonant link
voltage immediately prior to the time instagtthis trip currenthas to be
negative. For a positive resonant link output current it is thus given by

However, for anegative resonant link outpeurrent the trip current is
selected according to

l, ==l <0 (3.170)

In both cases (3.167) gives

()=l =l e () =2 -ty)  (3.71)

r

The duration of the zero voltage interval is thus given by

(tz — 1) :i(_lrz ~ gy ~ig (1)) (3.172)
V,

e

Also in thiscasethe current marginl,,, is allowed to vary, irorder to
control the energy storage capacitor voltageThis is possible due to the
fact that for a large margin, the energy storage capaCite discharged
to a largerextent thanfor small margin. In Chapter 5, where thjaasi
resonant DC links are simulated, tberrent margingdiscussechere are
used to control the voltagé. If it is to low, the current margin ahode
1,1, isincreased and if it is to high, the current margin of mode,,3,
is increased.

Resonant link voltage ramp up interval

The system ofifferential equations validor the resonant linkvoltage
ramp up interval is given below.
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di,
-L, —"-V,=0
SICr r dt e

ave,
dt

Lr +|Cr +|02=O

o =C (3.173)

o O [

The corresponding second order differential equation becomes

d?v
o, 1 Vo = 1 V, (3.174)

which has the general solution
Vg (t) = Acosw, (t —t3) + Bsinw, (t —t3) +V, (3.175)
The corresponding resonant capacitor current is thus written
i (t)=-w,C,Asnw, (t —t3) + w,C,Bcosw, (t —t3) (3.176)

The initial conditions for this mode are calculated from the final values of
the zero voltage interval, which also determines ¢bastants of the
general solution

%’Cr(ts)zA"'Ve:O
0

(3.177)
Hor(t3) =w,C,B=~1; — 1,
The constanB can also be expressed as
B= ;‘siiq (t3) (3.178)
VG
The resonant link voltage interval is completed when
Ve (tg) = Ve (3.179)

The resonant capacitor curremust be non-negative at this time instant,
i.e.

i (t,)=0 (3.180)

Application of the method of calculating final values, given in Appendix
C.1, gives
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. C .
ic (ta) = \;ﬁvdc(zve ~Vge) +i& (t3) (3.181)

r

which shows that theonstraint (3.180) is fulfilled as long &% exceeds
0.5. Furthermore, if the trip current selected according t%3.169) it is
found that

, C
or Cadmin = Vao (Ve = Vae) (3.182)

r

Resonant energy recovery interval

During the resonant energy recovery interval, mode 5gxcessenergy
stored in the resonant inductbr is transferredback to the DC link
capacitorC,, via the resonant link series dioBe. Furthermore this also
implies that the resonant link voltage is clamped to the DC link voltage
level. During the energy recovery interval the resonant link series
transistor S, is turned on, to be able support tharrent fed to the
converter during the off resonance period. The differential equation valid
for this mode is thus written

di,

Vdc - I-r dt

-V, =0 (3.183)

The resonant inductor current is derived by integration, giving
, . Vg — V, Vi =V,
O =i () + =2 (t-t) =2 (t-t,)  (3.184)

r r
The excess resonant energy is fully restored when
i, (ts)=0 (3.185)

which gives that the duration of the resonant energy recovery interval is
expressed as

L
te —t,)=——"—i,(ty) =
(5 4) Vdc _Ve Lr( 4)

(3.186)
—V HOZ / rVdc 2V Vdc)+|Cr (t3)E
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For this circuit, either the series transistor or diode of the resdimént

i.e. § or D, is conducting theurrent drawn by the converter during the

off resonance interval. This also means that the resonant link veitage
clamped to the DC link voltage levé].. Consequently, no oscillations are
observed during the off resonance interval, i.e. in between the resonant
cycles.

Design expressions

For the parallefuasi resonant DC link convertervestigated here, only

two parameter values apossible to use as desigarametersl., andC..

This means that the design constraints on the duration of the zero voltage
interval and the maximum resonant link voltage derivattegether
determines the resonant link passive components.

The energy storage capacii@y is selected in such a way that its voltage
variation during one resonant cycle, does not become unacceptably high.

The constraint to ensure completion of the resonant cycle is not
guaranteed by propepassive component selection, as it was the
passively clamped resonanircuits. Instead, this is ensured Ipyoper
selection of the mode 1 trip current levgl

First, the maximum duration of the zero voltage interval, encountered for
the maximum resonant link output current increase, is determined
according to (3.172)

| (3.187)
el /|2 va1 . Sy (v -y,
ml ml, | dc( e dc)

e VL

In the expression above, the current maiginis set to zerosince this is
only usedfor control purposes, i.e. the resonant linkaide to complete
its cycle even il ,, is set equal to zero.

The mode 1 current margin,, is used botHor control purposes and to
ensure that zero resonant link voltage is reachdterefore, I, is
included in the expression above.

The voltage derivative is analysed both for the resonant link vottage
down (mode 2) and ramp up (mode 4) intervals. For mode 2, the
minimum value of the constaBtis given by

75



3. Analysis and design ...

'L
= (3.188)

Brin = _\ C, 01,max

resulting in a maximum voltage derivative for this mode according to

dV ‘; /
o] o R (B, =0 A B -
‘ (3.189)
| 2 DlolmaxDZ
= V. =V + .
wr\‘;( dc e) wrCr

For mode 4, the maximum value of the consBui the general solution
of the corresponding differential equation, is given by

L

Brax =\C:(Im2 - I02,min) (3.190)

The maximum voltage derivative for this mode thus equals

(3.191)
|:||m2 - I02,min D2

= w /V2 +

I’\“ e wrcr
If it is assumed that theninimum value of the resonant link output
currenti,, equals the maximum with opposite sign, i.e.

| = =1 o1, max (3.192)

02,min
it is found that the resonant link maximum voltage derivative is obtained
for the resonant link voltage ramp up interval, i.e. mode 4, since

V, = 0.6V, >V, —V, = 0.4V, (3.193)

In [41], a control expression regardingelection of the mode trip
current level, is presented. This expressiomls® derived heré3.159),
by use of the method fazalculating final values, given in Appendix 1.
Unfortunately, the derivation of the expression feelection of the
resonant link voltage ramp down trip current level is not part of [41].
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3.4 The actively clamped quasi resonant circuit

The actively clamped quasi resonant DC link converter is presented in
[55]. In Figure 3.7 this resonant link is shown together with a simplified
converter equivalent, consisting of an ideal current source dérathsistor

and a diode connected across the resonant link.trEmsistor andliode

are needed for the analysis of #iecuit, since the resonant linkiductor
current i, flows through these componentdgluring the zerovoltage
interval. In fact, the zero voltage interval is inhibited by setting the
transistor switch state according to the modulator comnfandr to this,

the resonant link is shorted by keeping all the converter transistors on,
which was also theasefor the previouslyinvestigated paralleljuasi
resonant DC link converter.

K i

ts t

Figure 3.7 The simplified actively clampeduasi resonant DC linkonverter, where
the converter is represented asideal currentsource and aequivalent
transistor-diode combination connectadrossthe resonant link. To the
right, a resonant link output current step is shown.

Throughout the entire analysis, the clamping voltage is considered
being constant, i.e.

Ve = KV, (3.194)

Here, K denotes the clampintactor. Note that in the simulations, see
Chapter 5, the clamping voltage has to be controlled.

In Figure 3.8, normalised waveforms of thasic quantitiesfor this
circuit are showrfor the casewith a clamping factor equal to 1.2. The
DC link voltage V., is the voltage normalisatiobase value and the
maximum output currenthange designed to meet, is tberrent base
value.
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Figure 3.8 Normalised (a) resonant link voltagg, (black) and clamping voltagé.,

(grey), and (b) resonant inductourrenti,, (black) and resonarm@apacitor
currenti., (grey).

Note the oscillations at the end of the resonant cycle, see Figure 3.8.

In [55], almost no mathematical derivatioase presentedConsequently,
no design expressions are given. Here, mathematical derivdtiortbe
resonant link operation of each mode is presented together wittesign
expressions selected.

Energy storage interval

For the activelyclamped quasi resonant DC link, a resonant transition is
started by turning on both the resonant link transist§randsS,, causing

the resonant link voltagg,, to equal the clamping voltagé... The
differential equation valid for this mode is thus written

dip,

Vdc - Lr dt

-V, =0 (3.195)

Consequently, the resonant inductor current derivative is expressed as
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di Lr _ Ve — Vee —_ (K _1)Vdc
dt L, L,

(3.196)

Integration gives

iLr(t):iLr(tO)_U(_l_%(t—to)= |ol_w

r r

t-t)  (3.197)

The energy storage interval (mode 1) is finished when
ig(ty) =14 (3.198)

wherel,, is the mode 1 trip current level. The resonant inductarent
at this time instant is

i (t) = 1oy —ig (t1) =lor — 11 (3.199)
Substitution into (3.197) gives

(K= DVqe

L (t; —to)=lg —ig(ty) =1lg — 14 (3.200)

iLr(tl): Iol_
"

Hence, the duration of the energy storage interval is given by

LI
(ty ~to) = 71— (3.201)
(K = DVee
When thetrip currentlevel is reached, the resonant link transis$piis
turned off, causing discharge of the resonant link capactoHere it is
important thatC. is much larger than C,, by means of capacitance.
Otherwise, the clamping voltage can not be regarded as constant.

Resonant link voltage ramp down interval

As soon as is turned off the resonant link voltage will start to decrease,
since a resonarihductor current is built up during the energy storage
interval. However, for the resonant liMoltage to reach zero, it igery
important that the trip currerevel |, is high enough. In this section an
appropriate valuefor the trip current is derived. Theystem of
differential equations validor the resonant linkvoltage rampdown
interval (mode 2) is given below
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di
l:{/dc -L dIEr ~Ver =0
dv,
o =C d('fr (3.202)

Lr ~ler —|01=O

MM O A0

Substituting the differential equations of thgstem above gives second
order differential equation

2
ddl’gf ¥ Lrlc o = Lrlc e (3.203)
The general solution to the second order differential equation is

Ve () = Acosw, (t —t;) + Bsinw, (t —t;) + Vg (3.204)
where the characteristic angular frequengys expressed as

1
LG

w, = (3.205)

The resonant capacitor current becomes
i (t)=-w,C,Asnw, (t —t;) +w,C,Bcosw, (t—t;) (3.206)

The constant®\ andB of the general solution are given by the initial
capacitor voltage and current, respectively

%’Cr (tl) = A+Vdc = VCc = KVdn:
O (3.207)
ECr(tl) = wrCrB = iLr(tl) - I01 = _Irl

Mode 2 is finished when zero resonant link voltage are obtained, i.e. when
Ve (t,)=0 (3.208)

A necessary condition for this to be met is
icr (t5)<0 (3.209)

Applying the method for calculating final values, see Appendix C.1, gives
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(K -DVvg)? + %'ﬁf)lg”g (3.210)

r~r

Vel + B2 -

By solving the secondrder algebraicequation it is found that the
minimum trip current is written

'C
liamin = Vae, - (K(2-K)) (3.211)
VL
By adding a small current margin
ly>0 (3.212)
the trip current is given by
[
Irl = Iml + Irl,min = Iml +Vdc\‘L7(K(2 - K)) (3-213)
] r

The initial capacitor currentysedfor determining theconstantB of the
general solution, thus becomes equal to

iCr (tl) =W, Cr B=-I mL ~ Vdc \lc_:r(K(z - K)) (3-214)

r

Applying the method for calculating final values gives

. | c
icr (tz):—\lﬁﬂ +2lmVge - K(2-K) (3.215)

r

In the last expression, it is clearly seen that for a current méggequal
to zero, the resonant link voltage reaches zero at zero capacitor current.

Zero voltage interval

During the zero voltage interval, mode 3, the resonant link voltage is
clamped by the converter semiconductors. Atsothis circuit, thezero
voltage interval is inhibited by turning off one transistor edéch
converter half bridge. However, for tlaetively clamped quasi resonant
DC link, the duration of the zero voltage interval can equal zero. This
occurs if the output current to beet has dower magnitude than the
inductor currenti,, when the zero voltage interval is entered. The
differential equation valid for the zero voltage interval is written
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di,
Vi - L L=0 3.216
dc r dt ( )
Integration gives
, . \
L (=i (1) + - (=) (3.217)

r

Thus, the duration of the zero voltage interval is expressed as

(t; —t5) = \ll_r(' Lr(ts) =i, (tz)) (3.218)
dc

The inductor currents inserted in the expression above are given by

iy (ty) =l — fs‘lr%ﬁl+2|mlvdc /& K(2-K) (3.219)
\ VL
and
i (ts) =1 (3.220)
Ideally, the second trip current level is determined by
o =l + 1o (3.221)

However, if the desired trip currerdevel is lower than thenductor
current at the end of the resonant limkltage ramp dowrinterval,
according to the expressions above, i.e. if

C
Lo + 1o S 1o —\/I,fﬂ + 2|m1vdc\/|_f K(2 - K) (3.222)

I I r

the duration of the zero voltage interval equadso. In thiscasethe trip
current is expressed as

: : | C
Lo =i (t3) =i (12) = 1 _\Ir%\l + 20 Ve rr K(2-K) (3.223)

r

In any case, the duration of the zero voltage interval is given by

(t3 _tz) _Tm%m - Iol +\“ Iml +2|mlvdc\/?rK(2_ K)E (3-224)
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For the case when the trip current is determined by (3.221gutaion
of the zero voltage interval is rewritten as

L L, | C
(t3_t2):vr(|oz_|ol)+vr\/|r$11+2|m1VchLrK(2_K)+
dc dc r (3225)
Lr
T

dc

Actually this is used to calculate the time neededrolong thezero
voltage interval inorder toincrease the clamp voltag€... This is
achieved by allowing the margih,, to vary, and tocalculate the
corresponding additional time the zero voltage should be maintained by
short circuiting each half bridge of tlwenverter. The additional time is
given by the last term of the previous expression, i.e.

L
(t3 = t2)boost = VirlmZ (3.226)
dc

When simulating this circuit, this igsed tocontrol the clamp capacitor
voltage V.. If the clamp voltage is to low, the zero voltage interval is
prolonged resulting in storage ekcessenergy in the inductot,. This
excessenergy is transferred tihe clamp capacito€, after the resonant
link voltage ramp up interval.

Resonant link voltage ramp up interval

The resonant link voltage ramp up interval, mode 4, starts as soon as the
new switch state is applied, which forcepat of the resonarihductor
currenti, to flow through the resonant link capacit@, whereby its
voltage starts to increase. Mathematically this mode is expressed by

di

%ldc L dIEr ~Ver =0

%q =C, N (3.227)
0 dt

ELr —ler _|02 =0

From thesystem ofdifferential equations, onsecondorder differential
equation is formed
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dovg, . 1 1
+ Vo = V, 3.228
dt2 Lr Cr Cr Lr Cr dc ( )
The general solution is also in this case written
Ve, (t) = Acosw;, (t —t3) + Bsinw, (t —t3) + Vg (3.229)

Consequently, the resonant capacitor current is written
icr (1) =—w,C, Asinw, (t —t3) + w,C,Bcosw, (t —t3) (3.230)

The initial conditions determine theonstantsA and B of the general
solution

E’Cr(ta):A"'Vdc =0
0 (3.231)
@Cr(tB):wrCrBziLr(t?,)_ I02 = Ir2 - I02

Note that the initial resonant capacitor currendépendent on thérip
current. Mode 4 ends as soon as

Vi (tg) = KV (3.232)

A necessary condition for this to occur is
ic (t4)=0 (3.233)

By applying the method focalculating final valuessee Appendix C, the
capacitor current at the end of mode 4 is expressed as

|:ICr (1:3)':|2

lor (ta) =0 Gy +VE(1-(K-D7) =
‘ R (3.234)
= &) + Sk (- K)

r

The last expressioghows that thigesonant link is always capable of
returning from zero voltagsincethere isalways excesenergy stored in
the resonant inductdr,. This excessenergy is transferred tthe clamp
capacitorC,, thereby charging it. Consequently, dspacitance has to be
high enough to prevent the voltage from increasing to much.
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Clamping interval

During the clamping interval, mode 5, the resonant circuit recovers. The
differential equation for this mode is written

di,,

Vdc - I-r dt

~Vg. =0 (3.235)

The solution to the differential equation is found by integrati@hich
gives

L (1) =i (t) —(K'Ll)"dca _t,) (3.236)

r

The initial inductor current is determined according to

(L) =icr (ta) + 12 (3.237)
The final inductor current, equals the resonant link output current, i.e.
i (ts) = lop (3.238)

The duration of the clamping interval is thus expressed by

(ts —t4) i (tg) = 1oz icr (ta) (3.239)

= | )=

(K =1)Vqe (K = DVee
When the clamping interval is finished, the resonant link voltagerns
to V,.. Note that the slope the voltageturns with,seeFigure 3.8, is not
determined by the resonant linkassive components, but by its
semiconductors.

Design expressions

Also this circuithas only two passive component values to be selected.
Consequently, only two design constraints can be met. The constegnts

as for the other circuits, the duration of the zero voltage interval and the
maximum resonant link derivative. Note that this is not really true for this
circuit since the maximum resonant link voltage derivative is not
determined by the passive components, as discussed above.

First, the maximum duration of the zero voltage interval is determined
from (3.225)
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L L
(t3_t2)max=7r(|02_|ol) +7r|m2+
Vdc mex Vdc

J (3.240)
LS E NPT /&K(Z—K)
V. | 'ml mlVdc .|

dc =T

The maximum resonant link voltage derivative, obtaified mode 2,
appears for the minimum value of the cons&nte. when

1 0 /& e
B= w,Cr%lm+VdC\e N (K(2 K))E (3.241)

which gives

3.242
Ol O 214V, ( )

—w V2 + ¥ K(2-K
Ve TocH e, (2-K)

For mode 4 instead, the maximum resonant link voltage derivative

appears when the constdhts at its maximum, i.e.

iCr (tS)max =wrcr Bmax :(iLr (tS) - Ioz)mx =
c . (3.243)
=(|01 - Ioz)max - \Ir%l +2|mlvdc\;‘L7rK(2_ K) S(Iol - Ioz)mx

r

resulting in

dve, _ ‘A2, p2 / 2, L 2
. max_wr\,A +Bmaxswr\vdc+q((|ol—|02)max) (3.244)

For proper selection of the passive component values btitese
derivatives have to be considered.
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Devices for resonant converters

Power semiconductor dataheet information is not valid for soft
switching conditions. In order to interpret the simulated results in Chapter
5, some basic knowledge opower semiconductors is given and
phenomena related to soft switching is discussed. The discussion is limited
to diodes and insulated gate bipolar transissinse theseare the only
semiconductor devices used in the simulations. Inliteeature, more in

dept discussions on power electronic semiconductor devices are found, for
example [25], [44], [63]. General semiconductor physictiwduced in

[60], [61]. Also, passive components likeductors and capacitors are to
some extent discussed in this sectiohhe discussion onpassive
components ends up with a presentation of the loss model$austse
devices. In thditerature, [42], [44], [62], [63],thorough presentations on
passive components and their design are found.

4.1 Power diodes

Power diodes are usually separated into two categorgetifier and
switching diodes. The doping structures for both categeonesist of the
samelayers, at leadfor the voltage levels discussdtere. Howeverthey
behavedifferent from eachother, due to the fact that the length of the
layers (in the direction of theurrent) and their dopinglensitiesare not
the same. Therefore, the discussion is applied to power diodgnaral,
and then the differences betweeactifier and switching diodes are
explained.

Basic doping structure

The doping structure for a power diode differ,stume extentfrom that

of a low power and low voltage diode. The main difference originates
from the fact that the power diod®s to sustain higheverse voltages,
implying that the doping structureas to withstand a high electriId,
without failure. For this reason, all power electronic semiconductor
devicesare equipped with a long (in the direction of the electric field)
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doping layer with low doping density. This doping layer, not found in low
voltage and low power devices, is often termed drift layer. In Figuie

the principal doping structure of a power diode is shown. Note that for
real devices, thedrift layer is considerably thicker than thether.
However, in Figure 4.1, thihickness of thether layers are exaggerated

for visibility.
Anode
[
Nall

n- drift region
nt substrate

Itathode

Figure 4.1 Principal power diode doping structure.

From the low power counterpart, the highly dopatbde and cathode
layers are recognised. The idea of having one thick layer of low doping
density, is that the depletion region formed in the bloclstage should
mainly be located to this layer. The low doping results in a paak
electric field, and the largehickness means that thentire depletion
region is held inside the drift layer, i.e. it does not extend into the cathode
layer.

However, for socalled punch through (PT) or buffer laydevices a
geometrically short but highly doped buffer layer is locatedbetween

the drift and cathode layers. In this case, the idea is the same Hirifthe
region has in thiscase an evetower doping density. Also, thdrift
region is allowed to extend across the entire drift region to reach the
buffer layer. The result of this manipulation is that the drift region can be
lessthick. According to [44], the thickness can be approximately halved
compared to the non punch through (NPT) case.

The diode is called a natural PT devisieace no additional drawbacks
arises for the PT compared to the NPT device. Also, the hidbped
substrate serves as buffer layer for PT-diodes.

For othertypes of devices, buffer layatevicesare oftenreferred to as
asymmetrical. The reason is that the PT device can not block voltage of
the opposite polaritysince none of the junctions sustain the hidéctric

field strength resulting from the high doping densities on batés of the
blocking junction. For the diode, néorward blocking capability is
provided, implying that this does not matter in this case.

88



4. Devices ...

Steady state operation

When a power diode i$orward biased, heavy injection ominority

carriers into the low doped drift region occurs. In fact, the densityeef

carriers can becomeorders of magnitude higher thatepicted by the
doping atom density. Consequently, the resistivity of dnidt region

becomes considerablgwer than expecteffom the doping density. This
phenomena is oftemeferred to asconductivity modulation. Due to
conductivity modulation, théorward voltage drop thudecomesrather

low.

For conductivity modulation to bestablished, it is of coursenportant
that the diffusion length in the drift region is not too short compared to
the thickness (in thdirection of the minoritycarrier movement) of the
drift region. Otherwise, recombination effects wiluse dow minority
carrier density in the bulk of the drift region.

When the diode is reverse biased, the anode-drift junction supports the
voltage, i.e. a depletion region is formed at the junction. The depletion
region extends mostly into the low dopetltift region, see [44]. In this
case dow doping atom density of thérift region isadvantageous since

the peak electric field strength is reduced. However, the depletgan

also expands, implying that thigift region must be thick if it is desired
that the depletion region must not extend across the entirerelgiibn.
However, since the diode isretural PT device, the high doping of the
cathode layer effectively prevents the depletion regiom reaching the
cathode contact.

Switching

When a semiconductor device traver$esn the conduction state to the
blocking, or vice versa, is termed a switching. For a power diode, several
phenomena not sedar the low power counterpart appears. Higure

4.2, typical turn-on and turn-off waveforms are shown for a freewheeling
diode in a bridge application. The diode voltageshown in Figure4.2,

is the voltage between the anode and cathode of the diodgr=ig..

At turn-on, the diode reverse voltage fidéclines tozero. Then, the
rectifying junction becomesforward biased. Consequently, the diode
current starts to increase. The diode current rate of change, idiotlee
current time derivative, is determined by the transistor turning off.

If the current rate othange is extremely high, a dioflward voltage
peak is observed [44], depending on the fact &éxaesscarriers are not
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injected into the drift region at the corresponding raktence, a
conductivity modulation lag is observed. This results in a hifgtwevard
voltage drop tharexpectedfrom the data sheets, due to thegher
resistivity of the drift region. T@ome extent, the voltage peak observed
is also due to stray inductance of the bonding wires of the diode housing.
As seen in Figure 4.2, a turn-on voltage peak do not show up here.

When the diode current has reached the level determined by the load, the
diode voltage returngrom its peak level, to eventually reach ggeady

state. The phenomena where tlierward voltage drop becomes
considerably higher than what is expectexin thedata sheets itermed
forward recovery.

The steady state forward voltage drop is determined both by the height of
the junction potentiabarrier and the resistivity of the dopintayers,
mainly the drift region.

e
I,

0 1 2 t[ps 0 1 2 t[ps

@) (b)

Figure 4.2 The freewheeling diode curreiy (black) andforward voltage v, (grey)
during (a) turn-on, and (b) turn-off. Note that the corresponding
transistor, an IGBT in this case, is non-idgat, it affects the diode
switching waveforms.

A freewheeling diode turns off when the complementary transistor is
turned on. First, the diode current startslezrease at a rate determined
by the power transistor. On the contrary to what is observed for the low
power counterpart, the power diode turn-off curresdntinues to
decrease to become negative. This is due to the fact thaexttess
carriers stored in the drift region forward biases the anode-drift junction.
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As soon as thesexcesscarriers areswept out, the anode-drift junction

can support the blocking voltage. Thus, the diode volthgeomes
negative and the diodeurrent decrease is inhibited. Now, the diode
current starts to increase towards zero. The diode currethidgrpart
removes the freecarriers inthe anode andlrift layers to create a
depletion region. Also, at turn-off megative voltage peak is observed.
The voltage peak in thisase isdue to the stray inductance of thatire
power electronic circuit. Note that the power diode reverse blocking
voltage must be selected to sustain this peak level. The phenomena in
which the diode current becomes negative is termed reverse recovery.

The main difference between freewheeling aedtifier diodes is that
conductivity modulation is more pronounced for the latter, i.targer
amount of charge is stored in the drift region wherectifier diode is
conducting compared with a freewheeling diode. This implies that the
rectifier diode willhave a lowerforward voltage drop, due to itlower
on-state resistance. However, the switching transients will hduager
duration due to théarger amount of charge stored. This implies that the
rectifier diode is moresensitive to high diodeurrent derivativesBoth

the forward recovery voltage peak and the reverse recovery cynreaht

will thus be higher for a rectifier diode compared to a freewheeling diode
of the same rating for a given diode current time derivative.

4.2 IGBTs

The IGBT [25], [44], [48], [63], wadntroduced to be a compromise
between the bipolar junction transistor (BJT) and the mexdde
semiconductor field effect transistor (MOSFET). However, the IGBT has
become more than just a compromise, due to its high ruggedness,
moderate voltage drop and fairly high switching speed. Actually, in many
modern designs it is the only reasonable device choice. The main reasons
for its popularity is the high blocking voltage, up to 6 kV, its moderate
driving requirements and its limited nedédr protective devices,i.e.
snubbers.

Basic doping structure

The IGBT is a three terminal semiconductor device. The ternmaaled
emitter is common to both input and output. The device is controlled by
applying a voltage between the gate and emitter terminals. The output
current flows between the collector and emitter terminals. The gate-
emitter region is split into thousands of cells. In Figure 4.3,such cell

of a NPT-IGBT and also one of a PT-IGBT are shown. The only
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structural difference betweethese two, is that the PT device has an
additional doping layer, termed buffer.

The description presented herfecuses on theNPT device. Themost
commonly used n-channel IGBT circuit symbol is used throughout the
entire text and is therefore not shown here. Other cisyuitbolsfor the
IGBT do exist, but this is the most frequently used.

The reason for dividing the gate-emitter structure into cells, is to keep the
channel resistance low by increasing its cross-sectional area and
decreasing its lengttrurther on,the emitter metallisatioextendsover

the body region, which is done to short circuit the body-emitter junction.
This is used to reduce th#sk of entering latchup, a fault condition
discussed later on.

Emitter Emitter

Gate Gate

\nt/p p\nt/ \nt/p p\nt/
body body |body body
n- drift region

n- drift region nt buffer layer
p* injection laye p* injection laye

lCoIIector lCoIIector

@) (b)
Figure 4.3 Principal doping structure for (a) the NPT-IGBT, and (b) the PT-IGBT.

Steady state operation

From Figure 4.3 it iseen that the dopingtructure of an IGBTlooks
similar to the one of a MOSFET. For the NE&vice the only difference

is the presence of a heavily doped injection layer at the IGBT collector
metallisation. The reason for havirtgis layer, is that holes should be
injected into the drift region to obtain conductivity modulation when the
device operates in the conduction state. The lack of conductivity
modulation is the main drawback of the MOSFET, beingnajority
carrier device.

In the on state, similar to the MOSFET, a channel is created in the body
region underneath the gate oxide, connecting the n-doped emitter and
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drift regions. The channel supports an electron current, flowing from the
emitter into the drift region. The negative charge of the electrons, attracts
holes from the injection layer,which in turn causes conductivity
modulation of the drift region.

When the IGBT operates in tHerward blocking state, the drifregion
supports the voltage. Similar to the power diode case, a deptetipon

is formed in the drift region. For a NPT device, thisliso truefor the
reverse blocking state, i.e. when the IGBT is blockingpbector-emitter
voltage of reverse polarity. However, the PT-IGBT can not block a
collector-emitter voltage of negative polaritgince theinjection-buffer
junction should support the voltage in this case. Both these regions are
highly doped, resulting in a high electric field strength even at low
blocking voltages. Consequently, avalanche breakdown will docutow
reverse blocking voltage. This is the reason why the PT-IGBT is often
termed asymmetric.

In Figure 4.4 the current-voltage characteristics of a typical IGBT is
shown. The output characteristic of an IGBffows thecollector current,

i, as a function of the collector-emitter voltagg, for different gate-
emitter voltagevge.

IC IC CGC

_

VCE VGE VCE

@) (b) (©
Figure 4.4 Output characteristicfor low collector-emitter voltagesa), transfer

characteristic(b), and gate-collectocapacitance as &inction on the
collector-emitter voltage (c).

The transfer characteristic shows the collector current as a function of the
gate-emitter voltage, when the IGBT is in the active region. tidresfer
characteristic is thus mainly interestifay the switching transientssince
otherwise the device should operate in the on-state or off-state regions.
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Switching at inductively clamped load

Figure 2.2shows typical switchingvaveforms for an IGBT operating at
inductively clamped load in a bridge application. Tberresponding
freewheeling diode is regarded as being ideal. At turn-on ol GI&T,

the gate-emitter voltage,. must first reach its threshold levelgy,,
before the collector currernt starts to increase. The time needed to do
this is termed the turn-on delay tirhg,,.

The gate-emitter threshold voltageseen in théransfer characteristic of
Figure 4.4 as a sharp bend where the collector current becomes non-zero.

Note that since the IGBT has a capacitive input, the gatistor
determines the delay time. Also note that the intercegbacitance is
varying due to depletion layer thickness, i.e. collector-emitter voltage.
The gate-collector capacitance is the most affected. Its tygémEndence

on collector-emitter voltage is shown in Figure 4.4, where feidy
sharp knee approximately corresponds to a collector-emitter vatags

to the applied gate-emitter voltage.

After the turn-on delay time, the gate-emitter voltagentinues to
increase and the collector current starts to increase. The colbectent
time derivative is determined by the transfer characteristesFigure
4.4, which implies that it is determined by thize of the gateesistor.
The duration of this current rise interval is termed current rise ffjme

Following the current rise interval, thaltage fall intervalcommences.
The duration of this interval is termed voltage fall titpe The voltage
fall interval can be subdivided into two portions. The first padiisilar

to the voltage fall of a MOSFET, i.e. the Miller plateau. Eleeondpart
has considerablyower fall rate mainly due to conductivity modulation
lag.

IGBT turn-off also starts with a delay timég,,q,, due to the fact that the
gate-emitter voltage has to decrease to the level determined by the
transfer characteristic before the collector-emitter voltage starts to
increase. During the voltage rise time the collector-emittervoltage
increases and the gate-emitter voltage is constant due to the Miller effect.

When the collector-emitter voltageas reached the level of the DC link
voltage, the freewheeling diode becomes forward biased. Hence, the IGBT
collector current starts to decrease. The collector current fall ratsois
determined by the gate-emitter voltage through the transfer characteristic,
i.e. the fall rate is essentially determined by the gate resistor When
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the gate-emitter voltage has decreased to its threshold \gyg} the
channel in the body region is removed, corresponding to that the
MOSFET part of the IGBT is turned off. In IGBT datheets thipart of

the collector current fall is termegl

However, there are sti#xcesscarriers stored inthe IGBT drift region.
Since the channel is not present, thesarriers can not beremoved
through the channel. Instead, there will be a long collector current tail
where the current falls at a very low rate. This low rate is due to the fact
that the excess carriers are removed by internal recombination, which is a
very slow proces$44]. Note that thecurrent tail fall rate is noaffected

by the gate resistor value. However, the gate resistor Jaisesome
influence since the initial magnitude of the current tail is dependent on the
amount ofexcesscarriers removed fronthe drift region duringt; [25].

For a low gate resistor valug, will be short and hence the density of
excess carriers is almost unaltered dutjndror a high gate resistor value

on the other hand, a large amount of theesscarriers are removed
during the comparably long. Thus, the initial magnitude of the collector
current tail will be lower in the second case.

Latchup

The doping structure of the IGBGontains a parasitithyristor (pnpn)
structure, see Figure 4.3. The injection layer and the emitter régiors

the anode and cathode, respectively, of the pardbiigstor structure.

The body region forms the gate (p-base) and the drift region the n-base of
this structure. The parasitityristor structuremust not betriggered, a
state termed latchugsince thethyristor can not be turned offinless its
anode current is forced to zero by surrounding circuit elements.

Though not obvious, the thyristor structuran be trigged by #ateral
current, forwardbiasing the body-emitter junction. The late@lrrent

flow arises from a part of the hotmurrent, injectedfrom the collector,

first being attracted by the negative charge of the channel. Whédlide
enters the body region, electrons from the emittetallisation covering

the body are attracted, which the injected holes recombine Métfice, a
lateral current flow in the body region results. If the resistivity of the
body is high enough, the lateral current can forward bias the body-emitter
junction. Note that even though the emitter metallisation also covers the
body, i.e. short circuits the emitter and body regions, the body-emitter
junction can be forward biased in the interior of the structure.
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Actually, latchup is distinguished into two differenases, static which
occurs in the on-state and dynamic which occurs dunimg-off. Static
latchup is due to a too high collector current, resulting in a lateral voltage
drop forward biasing the body-emitter junctiomdence, static latchup is
avoided by not allowing a higher collectourrent thanspecified by the
manufacturer.

Dynamic latchup occurs &mrn-off, afterthe channel has beeemoved.
Sincethe collector-emitter voltage already is at the blocking level, see
Figure 2.2, the depletion region is being established in the drift region. As
a consequence, themitter efficiency for the remainingnp-structure
increases, since the effective base length decredbes.effective base
length is the portion of the drift region remaining undepleted. &rhiter
efficiency increases due to the fact that the possibility of recombination
decreases if the base length is short.

The problem is that an increased emitter efficiency results in the fact that
a larger part of the total current is collector current ofghp-structure,
which also is the lateradurrent inthis case. Hence, if a gatesistor of

low resistance is used, the lateral current might increase when the channel
is removed, compared to the on-state case. Then, dynamic latchup will
occur for a lower IGBT collector current thatatic would.Therefore, it

is also important not tase a gateesistor value lower than specified by

the manufacturer.

Switching under zero voltage conditions

One of the main problems related with soft switching appears dpeao
understanding of power semiconductor physgisce it is assumed that
data sheet information is still valid at soft switching. However, datet
information for IGBTs is inmost casesgiven for inductivelyclamped
load, i.e. constant loacurrent during theswitching transients [34]. Also,
the information is only valid for a certain constant DC link voltage. In the
literature [34], [43], [52], a lot of problems appearing due to soft
switching are discussed.

One of the mostliscussed phenomedserved, is the current tail bump
occurring at IGBT zero voltagairn-off. In Figure 2.9the current tail
bump is clearly seen. According [82] the reason foithis bump is that
during ZVS turn-off theexcesscarriers stored ithe drift region are not
forced out by the expanding depletion regionfas hard switchedturn-
off. Consequently, after the channel is removed the collectorent
continues its decrease and aoorrent tail is observed until the IGBT
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collector-emitter voltage begins to increase. The current tail bump results
in higher losses atZVS turn-off than expected from data sheet
information. Nevertheless, the turn-off losses are lowerZiég than for

hard switching [34].

Another problem observed, is due to the conductivity modulatiofi3ég
[43], appearing for high collector current time derivatives. FoIGBIT,

the origin of this lag is the same @8 the power diodeliscusseckarlier.
This means that the collectaurrent increases at a rate higher than the
rate whichexcesscarriers areinjected into the drift regionneeded to
establish conductivity modulation.

In [34] problems arising frondevice packaging are alsliscussedHere,

the problem is that bonding wire inductance not only gives an increased
forward voltage drop but also can result in unewemrent distribution
among several IGBT chips packaged in the same module, athigbnt

time derivatives. Uneven current distribution leads to increlsses and

also increased device stress.

The soft switching problemsliscussed abovare investigated in the
simulations presented in Chapter 5, where at least the current tail bump is
clearly seen.

4.3 Inductive elements

A resonant converter has at least one inductive element being a part of the
oscillatory circuit. Moreover, & SC also has aurrent stiff outpuffilter,

i.e. the output filter must contain inductiedements connected to the
converter output terminals. To be ablecadculate the overall efficiency
from simulations, inductor models are needed. The simulatimalels

used and methods to determine their parameters are discussed.

Magnetic materials

Inductive elements consist of one or several copper windingswhich
in mostcasesare wound upon an iron core. In thasction thedifferent
core materials used in moshsesare discussed.Core materials and
inductor design are thoroughbliscussed irffor example [42], [44][62],
[63].

Magnetic components for power electronic applications, su¢chdastors
and transformers, are oftedesigned onlyfor the intended application,
due to the fact that it is impossible to maintain a storage of the wide
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variety of components needed. This means fimmost power electronic
applications, inductor design is a natural part of the developraicg
almost every power electronic circuit contains this kind of components.

Selection ofappropriate core material is an importasgue in magnetic
component design. The material choice is to a large extent determined by
the frequency spectra of the magnetistugrent. The frequency spectra

of interest for power electronics, range from 50 Hz (thyridboidge
commutation inductors) to severdliHz (pulse transformers in for
example transistor driveircuitry). There are mainly thretypes ofcore
materials used to cover this frequency spectra.

For the low frequency region (50 Hz to some tens of kHz), alloysoaf

and for example chrome, silicon or cobalt are used. These alloys are
characterised by high electric conductivity and high saturation flux
density (up to 1.8 T). The high conductivity make this material subject to
eddycurrentlossesj.e. the applied magnetic flux easily induaasrent

in the core. The induced currents results in resistive loestesred to as
eddy current losses. Topartly overcome this problerthese cores are
laminated, or in someasesmanufactured as steel tape, to decrease the
length of the current paths and the magnitude of the currents induced.

For the mid frequency region (#Hz to 100 kHz), cores madéom
powder of thesamemixtures as in the previous case, are used. ifidre
powder particles are covered with an insulating layer, and forced together
with pressureSincethe powder particles are electrically insulatedm
eachother, the conductivity and thus the edtlyrrent losses ofthe core
become low. However, anothéwss componenteferred to adysteresis
loss, becomesore significant compared to tloasefor the previously
discussed laminated cores.

In the upper frequency region (38iz to 10MHz), softferrite cores are
commonly used. Ferrites are ceramic compounds, consisting obxide
together with usually zinc or nickel. Other compound materialsaks®

used, and also mixtures of several compound materials are possible. The
crystals of theferrite aretypically 10-20um in dimension, thus limiting

the eddy current path length and the magnitude of the current induced.

Ferrites, like othemagnetic materials havisses associatedith the
hysteresis of th&-H loop. Hysteresis occurs due toiction associated
with magnetic domain wall movement and magnetic domain rotation when
an external magnetic fieltl is applied, causing the change in magnetic
flux density to lag the change in magnetic field. This lag is known as
hysteresis. For an AC magnetic field, a loop is formed inBti plane,
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forming the hysteresis curve. The aremclosed by such a loop
corresponds to the hysteresis loss.

In most cases the manufacturer specifies the losees asurves showing

the lossper volume ormassunit, depending on the flux density and the
frequency. In somecases,empirically derived expressions are given
instead of curves. There are however also analytically derived loss models
like the Steinmetz formula [44] where the specific losses are given by

Pre = Knf #BZ + ke F2BS (4.1)

wherea,, a,, k,, andk,, are material dependent constants. The fiesin

of the Steinmetz formula above, is due to hystelesisesand thesecond
term due to eddygurrent losses. Note that the AC peak magnédhixx
density is needed to calculate tiren losses. Severabther forms of
Steinmetzformula are often used. For example, the hysteresis loop is
travelled once each period, implying tlgt1. Also, if the hysteresis loop

is approximated as being rectangugs2 can be assumed.

For the magnetic core materials used in the simulations of Chapter 5, the
manufacturer [67] gives the specific iron losses according to the empirical
relationship

f

pFe= a + b c

3 223 Rleb
Bac Bac Bac

+(dr282) (4.2)

wherea, b, ¢ andd are material dependent consta@pecificiron losses
in this case means that the losses are given in the unit niW/cm

Simulation models

To be able to simulate the battery chargers with quasi resonant DC links,
models of the magnetic components are needed. To estimate the
efficiency, the losses of these components have to be included. This is due
to the fact that theskssesmust be compensatddr, to maintain the
output power. This means that tlsses inother parts of the circuit may
increase, since the input power becomes higher.

In Figure 4.5, simulation modefor an inductor and a threwinding
transformer areshown. The two windingransformer model used is
similar to the three winding counterpart with the tertiawinding
removed.
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(@) (b)

Figure 4.5 Simulation modelsfor (a) an inductor, and (b) dhree winding
transformer.

In Figure 4.5, resistors are included in the magnettnponent
equivalents to model power dissipation. The resistors nd&ggedre used

to model the copper winding losses. Consequefilythe threewinding
transformer there isne suchresistor for each winding. Note that the
copper winding resistance is temperature dependent, implying that the
operating winding temperaturgas to be assumed. The average winding
losses, for each winding, is calculated from

Poy = Reulf (4.3)

where |, is the RMS current through the corresponding winding with
resistance.,.

The resistorused to model thé&on losses ofthe entire core islenoted
R.. Here, the magnetisingurrenti,, is used to calculate the flux density
of the core. The magnetising currergferred tothe primary winding, is
calculated as

. . N, . N;.
=i, +—20,,+—2 4.4
m =1 N, L2 N, L3 (4.4)

where N;, N, and N; denotes thenumber of winding turns for the
primary, secondary and tertiary windings, respectively. Note that for the
single winding inductor and the two winding transformer, the magnetising
current is foundust by setting the currents of tiabsent windings equal

to zero. According to Appendix D, the flux densidgpends on the
magnetising current as
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B=_lilm_ (4.5)
NlAFe

whereL, denotes the self inductance of the primand A, the ironcore
cross-sectional area, perpendicular to the magnetic fluxpeBforming
spectral analysis on the flux density calculated, the éss®ciated with
each frequency component is calculated according4td). Theiron
losses for these frequencies are summed and multiplied with thearen
volume, giving the total ironossesP.,, in the unit W. The resistoR.,,
used to model theron losses inthe simulation equivalent model, is
calculated from

V2
Ree =000 (4.6)
Fe

where Vg, is theRMS value of the magnetising voltagseeFigure 4.5.
Note that the equivalent models are onged to estimate the influence of
the magnetic componetdsses orthe otherdevices of theentire circuit.
To calculate the actudédsses ofthe magnetic components, equati@n2)

is used on the simulated data.

Note that also the magnetic coupling factdes, k,; andk,., are included
in the three winding transformer model shown in Figure 4.5.

4.4 Capacitors

Different kinds of capacitors anesed in power electronic circuits. Here,
only two arediscussed, the non-polarised metalli§iénh polypropylene
capacitor and the polarised wet aluminium electrolytic capacitor. Non-
polarised capacitors anesed in outpufilters and for applications with
high capacitor voltage time derivative, like commutatiaircuits.
Polarised capacitors aresed when a high capacitance is needed, for
example for DC link capacitors.

Design

Metallised film polypropylene capacitors have a thin plastic film to
support the metal layer of the electrodes. The plastic used for the film can
for example be polyester. If the plastic film has electro@dsthe same
polarity) on bothsides it isreferred to aslouble metallised film. The
dielectric consists of a polypropylene film. To avoid parcketsresulting

in a locally high electric field strength, the polypropylene film should be
somewhat porous to be able to absorb oil, according to [62].
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Wet aluminium electrolytic capacitors contains a fluid, the electrolyte,
between the aluminium electrodes. The electrolyte is absorbed by paper in
between the aluminium electrodes, in order to avoid air pocRetse the
electrolyte is conductive, the aluminium electrodes are electricklge
together, only separated by the dielectric of the capacitor. The dielectric
constitutes of a thin aluminium oxide layer on the positive electrode.

Simulation model

Both the metallised polypropylene and the wet aluminium electrolytic
capacitors are modelled by the capacitor equivalent shown in Figure 4.6.

icy

RESR

I—ESL

T°
Figure 4.6 Capacitor simulation model.

In Figure 4.6 two parasitielements are showrl,.;, and R.sx The
equivalent series inductantg, is due to stray inductance of the leads and
the metal layers forming the electrodes. A numerical vétuel . is
often specified in the manufacturer datheets. The equivalent series
resistanceR.q; is due to the resistance of the leads and distectric
losses. Therefordr . is frequency dependent according to

tand,
2nfC

Rew(f) =R + (4.7)

where the term tad, is referred to as the dielectric dissipatfantor. As

the name hints, the dielectric dissipation factor is dulegseswithin the
dielectric itself. This term is regarded a&snstantfor the possible
operating frequencies. However, since the voltage acrosslighectric
decreases with increasing frequerfcy a constantRMS value of the
capacitor currenti., the dielectriclossesalso decrease with increasing
frequency as concluded from (4.7). The constant tfroontained in the
expression foR.gziS due to the resistance of the leads and the electrodes.

However, since the equivalent series resistance is frequency dependent, it
can not be used directly in an online simulation model. Instead, spectral
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analysis is used to calculate the RMS capacitor current for each frequency.
Then the loss of the corresponding frequency is calculated from

Pesr(f) = Resr(f) D&(F) (4.8)

The loss contribution for the different frequencygomponents are
summed, which gives the totldssesP.,, Finally, an equivalent series
resistance without frequency dependency is calculated according to

Rese = 157 (4.9)
c

wherel. is the RMS value of the total capacitarrrent. Also in thiscase,
the simulation modeR.y is only used to influence the rest of thewer
electronic circuit. Tocalculate the capacitor losses, eafthquency
component is treated separately, as in expression (4.8).

103






5

Simulation

Simulations areused inorder to evaluate the battergharger equipped

with the different quasi resonant DC links investigated. Tassive
component values usddr the resonanlkinks are calculated according to
the design expressions developed in Chapter 3. The simulationsetde

to verify the design expressions and to estimate the energy efficiency of
the battery charger using the differeqtiasi resonant DC links. The
simulations, giving the waveforms and efficiency, grerformed for
battery charging at rated power. A haditched batterycharger isalso
simulated as a reference to investigate the improvement in efficiency, if
any, gained by the use of an quasi resonant DC link. The Analogy
software SABERI is used for all the simulations in this chapter.

5.1 General simulation model

The general simulation model used throughout all the simulations is
shown in Figure 5.1. Note that both the line side and the basidey
output filters consist of inductors only, to simplify theontroller. The
guasi resonant DC link is shown as a block named QRDCL, to show its
location independent of the resonant circuit used. The DC link capacitor is
not included in this block, but drawn outsifte visibility. For the hard
switched batterycharger, the DC linlsupply rails of the battergharger

is directly connected to the DC link capacitor. This is achieved simply by
creating a QRDCL block with two feed through connections.

The resonant link controller block ieeded both to delay thmodulator
control signals until zero voltage is achieved and also to control the
resonant link switches. To accomplish the latter nekffierent signals
depending on the type of resonant link used, are measured. The control of
some of the circuits even relies on knowledge about the resonant link
output current botlprior to and aftereach resonant cycle. Toontrol
thesecircuits, the load currents are alssed by the resonant link
controller. The controller and modulator block ifdependent of the
circuit used and is described in Appendix A and Appendix B.
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Figure 5.1 General simulation model.

The utility grid considered in the simulations is a symmetric 400 V, 50 Hz
three phase AC system. Thisorresponds to the consumer level of the
Swedish power grid. The rated DC link voltage used in the simulations is
set to 750 V. The rated battery voltage is 375 V, which is approximately
two times higher than the battery voltage of most present electric vehicles.
However, the battery chargaimulated has the samatings as the one
designed and tested in [3], excépt the rated powewhich is 10 kW in

this casebut 75 kW in [3]. Thefrequency of the modulatioparrier is
selected to equal 4.9%Hz, implying that the modulator switching
frequency is 4.9%Hz. Note that the switching delagtroduced by the
resonant link operation, might result in a decreased aciiaVerter
switching frequency.

General simulation devices and passive components

The semiconductor switches used in the simulatanesselected tovork

as close to as possible, but below, the level giver§2l). The line and
battery side converter IGBTissed in the simulationare of the medium
fast types International RectifierlRGPH40M and IRGPH50M,
respectively. The quasi resonant DC link IGBTs are all of the fast type
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IRGPH50Kfrom the samemanufacturer. The powetiodes are of type
Harris MR10150. To meet the constraint (2.1) several diodes are series or
parallel connected, when needed. The IGBTs have a voltage rating of
1200 V, implying that only parallel and not series, connection is needed.
These semiconductor devicaee selected since thegre the onlysuitable

by means of ratings, contained in the Analogy software SABERed for

the simulations.

As mentioned in Chapter 4, the resistance of the IGBT gagestor
affects the switching times. For all IGBTs used in the simulations, the gate
resistors are selected to the minimum values recommended in [66]. This is
done due to the fact that the switching times are only spedtiethese
values in [66]. Thus, the model validity by means of switching times for
the hard switched case, can only be investightedthese gateaesistor
values. Therefore, each IGBT of typelRGPH50M and IRGPH50K is
equipped with a 5.Q gate resistor and eatRGPH40M is equippedvith

a 10.0Q gate resistor. Theasetemperature, for all semiconductarsed

in the simulations, is set to 7C.

Besides the gate resistors each IGBT gate drive ciomuisists of an ideal
voltage source which assumes the discrete valligs/, depending on the
gate drive circuit input signal level. In the hard switcloade a blanking
time is also implemented in the gate drive circuits, to prevemm
transient short circuit during switching. Essentially, blanking time is
provided by delaying IGBT turn-on by but not delaying turn-off.

The output filter inductors on both the line and battery sidesianalated

as being based on iron powder cores, to eliminate the problem of air gap
losses, see Appendix DHowever, for the iron powder cores
manufactured by Micrometals the operating temperature igreft
concern. In the data bodk7] it is stated that phenomena likeermal
runaway can become a problem at operational temperatures as low as 75
°C. It is also stated that the core materials is espegatiye to thermal
runaway if the core loss exceeds the copper loss, which should be avoided.

The inductive elements of the quasi resonant DC links used in the
simulations are therefore designed to operate at a tempechisesto 90

°C at an ambient temperature of 4D, which make the inductonsaather
bulky with respect to the rating. For the line and battde inductors
such a moderatéeemperature rise would make the inductors even too
bulky. Therefore the filter inductor operating temperature is limited to
125°C instead. According to the data book provided by Micrometiis,

is not a severe problem due to the fact that atritiser low frequency,

the dominating cordoss is likely to be hysteresis loss which is pobne
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to thermal runaway. Furthermore, it is alsssumed that only one side of
the inductor is actually a cooling surfacgnce the inductors must be
mounted somehow. This results in quite conservative output di#isigns.
The design procedure is similar to the cioe a tape woundC-core
discussed in Appendix CHowever, iron powder cores are usually not
equipped with an explicit air gap butstead several distributegir gaps
resulting from the insulation between the iron powder grains. mbi&ns
that the material choicdepends on both thieon lossesand the desired
inductance. The manufacturers provide an quantityAthealue, foreach
core and material it is available in. The inductahcis related to thed,
value according to

L=A N? (5.1)

Selection of appropriate line side output filteinductance values is
covered in[4]. The battery side inductance value is determined in a
similar way and is therefore ndiscussedere. The most importamiata

for the output filters used in the simulations are given in Table 5.1 below.
In Table 5.1, the winding DC resistance is given, which is calculzdedd

on the assumption that the winditgmperature is 90C. Skin effect of

the winding currents is neglected in all the simulations, sinceasssmed
that Litz wire [44], i.e. several parallel conductors, is used.

Table 5.1 Line and battery side inductors used in the simulations.

Inductor Core A (NHN? | R, (MQ) L (mH) R, °C/W)
Lyne 2xT650-28 |  254.0 206 15.2 0.60
- 3xT650-28 |  381.0 168 14.9 0.47

The core material used in the output filters, i.e. Micrometals mat&&l

has the constantsr calculation of thdossesaccording to (4.2), given in
Table 5.2 [67]. The same constants are also given for some other materials
usedfor the resonant link inductorsyhich are discussedater in this
chapter.

Table 5.2 Core material loss calculation constants.

Material a b c d
-2 4.0000° | 3.0010° | 2.7010° | 8.0010°
-8 1.910° | 2.010%° | 9.0010° | 2.510%

-28 3.010® | 3.200" | 1.9110° | 3.1107*®
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Since the core losses given by expression (4.2) is specific, i.e. presented in
mW/cn?, the volume of the core is needed to determine the doksals.
The volume of a single core of type T650 is 734 ancording to [67].

The DC link capacitor is selected based orcitgent handlingzapability

and on the capacitanceéurthermore, electrolytic capacitors usually do
not have a rated voltage exceeding 500 V, implying that series connection
is necessary. An appropriate capacitance value is determirjéfi and is

not discussed here. The DC link capacitor selefdedimulation actually
consists of two series connec#&éd mF, 450 V capacitors manufactured
by Rifa [65]. The equivalenproperties, for the two capacitors together
are given in Table 5.3 beloveome of the data given in Tab#e3 are
actually not given explicit in [65], but instead derived to fit the model of
Figure 4.6. However, the data given in Table 5.3 do not contradict the
data given by the manufacturer.

Table 5.3 Specification of the DC link capacitor used in the simulations.
Capacitor Type C(mF)| tary, | R, (mQ) | L, (nH) [ R, (°C /W)
Cic 2xPEH200YV447DQ 2.35 | 0.020 14.0 70 1.5

General design criteria for the quasi resonant DC links

All the quasi resonant DC links are designed to exhibit a maximum output
voltage derivative of 1000 WY&. Furthermorethe maximum duration of

the zero voltage interval is selected to bpsl Nevertheless, theuration

of the zero voltage interval is allowed to be longmr energy storage or
clamp capacitor voltage control, i.e.yu b5 maximum duration is without
application of suclktontrol. For all thequasi resonant DC links utilising
clamp action, the clamping factiris set to 1.2.

The maximum resonant link output curresitange assumed at the design
stage, equals the battery chargmgrent. Actually,this is the worstase
resonant DC link output curremhange only if it is assumed that none of
the line side converter half bridges aswitched simultaneously, to
contribute to a larger change.

5.2 Simulation of the two switch passively
clamped quasi resonant DC link
First, appropriatepassive component valuese determined for the two

switch passively clamped DC link. Then, the simulation moddissussed
and suitable passive compongiatrametervaluesfor loss calculation are
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given. Last, the simulation results verifying the design expressions, are
shown and théossescalculated. Figure 5.8hows the passively clamped
two switch quasi resonant DC link, used in the simulation modEigare

5.1. Note that the DC link capacitor is included in Figure 5.2, even though
it is not a part of the QRDCL block shown in Figure 5.1.

1+
* Vdc

Figure 5.2 The passivelyclampedtwo switch quasi resonant Dithk used in the
simulation, including the DC link capacitor.

Simulation model and parameters

Since this circuit is passively clamped and has renergy storage
capacitor, capacitor voltage control is not needed in this case. tAlso,
circuit has athird degree of freedom, which in thesse is used tamit
the resonant inductor curremj to the same level as thated battery
charging current. Thelesign expressionfor this circuit, i.e. (3.58),
(3.63) and (3.64) determined iBection 3.1, gives approximately the
following component values

L, =100.82 uH
H., =55.86 uH
oLy = 25205 uH
HC =66 nF

(5.2)

The passive component values selected, ompproximately fulfils the
design expressions sindbere are discretesteps between component
values manufactured. The simulaticea® intended to be as realistic as
possible and therefore only available component values are used.

The inductive components are designed according to Table 5.4 below.
Note that in this design the magnetic coupling factor of the clamping
transformer, i.e.L,/L,;, is assumed to beerfect even though no
precautions are made to fulfil this. In the next chapter, a batteayger
using this quasi resonant DC link is implemented and in d¢age the
magnetic coupling factor is considered in the design.
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Table 5.4 Resonant link inductor specifications used in the simulations.

Inductor Core A (NHN? | N (turns) R, (MQ) R, (°C/W)
L,/L, T520-2 20.0 71/355 39.6/1485 1.55
L, T300-2 11.4 70 39.2 4.24

The resonant capacito€, actually consists of 3parallel 22 nF
polypropylene capacitors with logsarameters approximated from the
Rifa PHE 428 series [64]. The logmrametersused for the resonant
capacitors of all the quasi resonant links are given by

(R, =19.45 mQ

Han &, = 0.000278 (®-3)

The thermal resistanc®,, varies for the resonant link capacitors for the
different circuits, depending on their different physical size. However,
they are all designed not txceed atemperature rise of 38C. The
equivalent series inductande,, in Figure 4.6, is set to zeror all the
resonant capacitors in the simulations due to lack of manufacturer data.

The resonant link IGBTSS/S, according to Figure 5.2, actually consist of
two parallel IGBTs of typdRGPH50K each. As previously mentioned,
each IGBT is equipped with a 5®@ gate resistor. TheliodesD,/D, are
modelled by four parallel connected MR10150 diodes each. The clamping
diode, D,, consists offive series connected diodes of the same type. The
reason forthis is thatD, has to withstand a blocking voltage of 4500 V.
Since MR10150 is @500 V diode, five suctare needed to fulfil the
requirement given by (2.1).

Simulated waveforms and losses

To verify the design expressions givéor the passively clamped two
switch quasi resonant DC link, i.e. (3.58), (3.63) and (3.6#)ulations
are used. One period of the fundamental grid frequency is simulated in
order tocalculate the average losses, since ldssesare likely to be
dependent of theurrent level and thus vary with time. Theimulated
waveforms are presented in three different tsoales. The shortest time
scale isfor investigation of the soft switching behaviour of the IGBTs in
the circuit. The medium timacale is used to show thesonant link
waveforms, similar to the ones shown in Chapter 3. The longeststate
equals oneperiod of the fundamental grid frequency, sbhow how the
line and battery currents are affected by soft switching.
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First, the quasi resonant DC link quantities, veltages andurrents, of
interest are investigated. Figure 5.3 shows the resonant link waveforms at
turn-on of the upper IGBT of the battery side converter at ratetent,

i.e. maximum increase of the resonant link output currgms discussed

in the previous section, this is the worst case increase only iagsismed

that no other half bridge is switcheduring the resonant cycle,
contributing to a larger increase.

From Figure 5.3 it isseen that theesonant link voltagey., enters
clamping. According to the design constraints this should not happen at a
maximum increase of the outpeurrent, since the resonanturrent i,
should equal the outputurrent before clamping occurs. This farn
results in a resonant link capacitor currgnequal to zero which implies
that the increase . is finished.

v [V] ' ' ' dv/dt [V/ps]
1000} 11000
750} {500
500} 10
250} {-500
ot {-1000

0 5 10 15 t [us]

Figure 5.3 Resonant linkvaveforms at an output current increase corresponding to
the rated maximum value. The waveforms shown are resonantoliiaige
V.. (top, black) and its time derivative (top, grey) and the resonant currents,
i, (bottom, black)i, (bottom, dark grey) anig (bottom, light grey).

There are mainly two reasons why clamping still occurs in FiduBe
First, the battery current ripple, due to theitchedconverter output
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voltage, gives a maximum resonant link outputrent increaséower

than the average battery current. Secondiaig assumed in thgerivation

of the design expressions that the resonant cycle starts at sSiedely
conditions, i.e. without oscillation betweén and C. As seen inFigure

5.3, V¢ is increasing immediately before the resonant cycle is started
implying a positive capacitor current This also implies that is higher
than the resonant link output currdgt which causes, to be higher than
needed at the end of the resonant cycle, thus clamping occurs. The
positive initial resonant capacitaurrent i, also results in thamore
energy is beingtransferred tolL, sincei, is larger than i,, thereby
counteracting the discharge ©f Therefore, the peak value gfbecomes
somewhat higher than the value specified for the design constraint (3.64).

Figure 5.4shows theresonant link waveforms at turn-off of thgper
IGBT of the battery sideonverter, when the battery charger is operated
at nominal load, i.e. maximum decrease of the resonant DC link output
currenti,.

v [V] ' ' ' dv/dt [V/ps]

1000} 11000
750} {500
500 0
250} {-500

ot , \ ; {-1000
i 05 [A]
40 L

: A |
. / |

0 5 10 15 t [us]

Figure 5.4 Resonant linkvaveforms at an output current decrease corresponding to
the rated maximum value. The waveforms shown are resonantoliiaige
V.. (top, black) and its time derivative (top, grey) and the resonant currents,
i, (bottom, black)i, (bottom, dark grey) anig (bottom, light grey).
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In Figure 5.4 above, it iseen that theresonant link voltage time
derivative is approximately 1000 M, which was the maximum value
specified for the design constraint (3.63). Note that larger output
current decrease, which could result if several half bridges dbdtiery
charger change switch state at the same resonant cycle, gives/em
higher resonant link voltage time derivative. Also note tfwat these
simulations, the duration of the zero voltage interval is kept constant at 1
ps independent of the resonant cycle.

From Figure 5.3 and Figure 5.4, it isoncluded that thedesign
expressions gives the desired behaviour of the resonant circuit. However,
some important measures are not covered by the design expressions, for
example the duration of the resonant cycle including the clamping
interval. This is a severe drawbackjnce the maximum switching
frequency obtainable is strongly affected.

The collector current and collector-emitter voltage at turn-off ofgneesi
resonant DC link switclg,, for thecaseshown in Figure 5.3 anBigure

5.4, are shown in Figure 5.5. The corresponding waveforms,flmoks
exactly the same since the transistors are identical in the simulation model.
In reality, there are parameter deviatidredweenS, and S,, resulting in
slightly different waveforms for the two transistors.

Ve V] i [A] Ve V] i [A]
1000 40 1000 40
750 30 750 30
500 20 500 20
250 10 250 10
0 0 0 0
9 10 11 12 t[us 9 10 11 12 t[us|

Figure 5.5 Turn-off waveforms for the resonant link IGES, whenthe resonantink
output current ismaximum increased (leftand maximum decreased
(right). The guantitieshownare the collector-emitter voltage (black) and
collector current (grey).

Note the difference in the IGBT current tail for the teasesshown in
Figure 5.5, which is due to the difference in the resonant \imlkage
derivative. The resonant curreiptcan partly commutate to the diodeg
andD, during the zero voltage interval, which is shown as a step decrease
of the IGBT collector current in the leftmost part of Figure 5.5.
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Figure 5.6shows thecollector-emitter voltage and the collectonrrent

for the upper IGBT of the battery sidenverter, for the resonanycles
shown in Figure 5.3 and Figure 5.4. Note the difference in the current tail
bump at converter IGBT turn-off, compared ttee case ofthe resonant

link IGBT turn-off shown in Figure 5.5. The low magnitude of the
current tail bump appearing for the converter IGBTs is probably due to
the fact that internal recombinatidakes placeduring the zerovoltage
interval. This results in very low convertirssesfor the casewhere the
passively clamped two switch quasi resonant DC link is usedthe
battery charger, which is shown later.

Ve V] i [A] Ve V] i [A]
1000 40 1000 40
750 30 750 30
500 20 500 20
250 10 250 10
0 0 0 0
9 10 11 12 t[us 9 10 11 12 t[us|

Figure 5.6 Switching waveforms fothe upper IGBT ofthe batteryside converter at
ratedpower, turn-on(left) and turn-off(right). The quantitiesshown are
the collector-emitter voltage (black) and collector current (grey).

In Figure 5.7, one of the line side phaserents and the battegurrent,
for one period of the AGide fundamental, are showar charging at
rated power and battery voltage.

T T T
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I I I

0 5 10 15 t[ms]

Figure 5.7 Line currentin one phase (black) and battery cui(gmy). Bothcurrents
are defined as positive going out of the converters.
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Note the presence of loarder harmonics ithe currents of Figur®.7,
which is due to the fact that the switching instants commanded by the
modulator are delayed by the operation of the quasi resonaninRC
Furthermore,the length of this time delay varies due to the fact that the
duration of the clamping interval is varying.

Efficiency

In order to comparghe efficiency of the different quasi resonant DC
links, thelosses ofthe passive componentése calculated as described in
Chapter 4. The simulation software used, directly givesrtstantaneous
semiconductorlosses which are integratedfor one period of the
fundamental frequency of the AC mains, to give the average losses.

The load condition considered corresponds to battery chargimgted
power. Howeversince thebattery charger current controllemave not
reached steady state, the actual output power is likely to deviate slightly
from the rated. In the simulation investigated here, the average power fed
to the batteries was 10.104 kW. Thsses ofthe quasi resonant link is
listed in Table 5.5.

Table 5.5 Losses of the passively clamped two switch quasi resonant DC link.
Component C L./L, L, S/S, D./D, D,
Losses (W) 1.3 30.5 9.8 78.0 3.2 8.6

The total losses for each of the blocks are listed in Table 5.6. Note that the
output filters dissipate more than half the total losses.

Table 5.6 Losses for the entire battery charger at rated power.

Component/ Line side Battery side DC link | Resonan
Block Converter|  Filter | Convertdr  Filter | capacitor| circuit
Losses (W) 64.8 305.7 63.3 131.2 5.1 131.4

This gives a total efficiency of 93.5 %. The efficierfoy the passively
clamped quasi resonant circuit including the convertegaials 97.5 %,
according to the simulations.
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5.3 Simulation of the one switch passively
clamped quasi resonant DC link

In this section passive component valdes the oneswitch passively
clamped DC link are determined from the expressions found in Chapter 3.
Passive componemtarametervaluesfor loss calculatiorare also given.
Simulation results verifies the design expressions. The efficiency is
calculated based on the loss parameters and the semiconductor losses given
by the simulator.

Figure 5.8 shows the QRDCL blocKor simulation of the passively
clamped one switch quasi resonant DC link, used in the simulation model
in Figure 5.1. Note that the DC link capacitor is included in Figure 5.8.

&
|

1+
* Vdc

Figure 5.8 The passivelyclampedone switch quasi resonant DC linksed in the
simulation, including the DC link capacitor.

Simulation model and parameters

For the oneswitch passively clamped quasi resonant DC link shown in
Figure 5.8, the resonant link voltagg has to be measured to detect both
zero voltage and clamping, && the previous circuitFurthermore, the
resonant current, also has to be measured dénder to detect itszero
crossing during the zero voltage interval. When the zero crossiogrs,

S, should be turned off by setting its gate-emitter voltage negative, isince
commutates to the freewheeling dioDg This isreferred to as natural
commutation and is favourable since narrent tail appears for the
resonant link IGBTS,.

The design expressions determinedSection3.2, i.e. (3.137), (3.138)
and (3.139), araised to calculatappropriatepassive componentalues
based on the assumption that the magnetic coupdiogpr between the
resonant inductork,; andL, is 0.9. The passive component valsetected
for the simulation model are thus given by
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L, =64.0 uH
H.,=17.64 uH
o5 =1600 yH
HC =165.0 nF

(5.4)

Note that these passive component vakes calculatedor a maximum
currentstep corresponding to a rated batteryrent ten percentigher
than the specified. This is done to parttgmpensateor the reverse
recovery current of the resonant link diddg even though not necessary
for reliable operation which is further discussed later on in this section.

The inductive components modellddr the simulation are designed
according to Table 5.7. Alséor this resonant circuit, thenagnetic
coupling factor of the clampingansformer, i.eL,/L,, is assumed to be
perfect. Still, no precautions are made in the design of the simulation
model clampingransformer to fulfil this. Thesame is alsdrue for the
magnetic coupling factor betwedn andL,, i.e. it isassumed that it
equals 0.9 though not considered from a design point of view.

Table 5.7 Resonant link inductor specifications used in the simulations.
Inductor Core | AL (NHN? | N (turns) R, (MQ) R, (°C/W)
L,/L,/L, 2xT520-2 40.0 40/21/200 | 20.2/10.6/572.)y 1.11

The resonant capacit@ is modelled by 11 parallel 15 nF capacitors with
loss parameters approximated from the RB&IE 428 series, given in
Section5.2. Note that theather high number of capacitoused here is
neededorimarily to limit the temperature rise and secondarilyatjust
the total capacitance.

The resonant link IGBTS, is modelled as five IRGPH50K IGBTs
connected in parallel. Each IGBT is equipped with a(®.Qateresistor.
The diodeD, is modelled by nine parallel diodes of type MR10150. As
for the two switch counterpart, the clamping diod®;, also in thiscase
consists of five series connected diodes of the same type.

Simulated waveforms and losses

Simulations areused to verify the design expressions givdor the
passively clamped one switch quasi resonant DC link. fdsdhis circuit
the results are presented in three different tgoales, inorder tofocus
on different performance criteria.
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First the quasi resonant DC link quantities, i.e. voltagescamcents, of
interest are investigated. Figure 5.9 shows the resonant link waveforms at
turn-on of the upper IGBT of the battery side converter at ratgtent,

i.e. maximum increase of the resonant link output cuigent

v [V] ' ' ' dv/dt [V/ps]
1000} 11000
750} {500

500f 0
250} {-500
of {-1000
i, [A] ' ' '
100t
50t
0
50 |
-100 {
0 5 iO 15 t [us]

Figure 5.9 Waveforms for the passively clamped one switch quasi resonant DC link at
an output current increase correspondingthte ratedmaximum. The
waveforms showrare resonant link voltage. (top, black) and itstime
derivative (top, grey),and theresonant currentd, (bottom, black),i,
(bottom, dark grey) and (bottom, light grey).

From Figure 5.9 it isseen that theesonant link voltagey., enters
clamping. Still, the capacitor curreftecomes slightly negative due to
reverse recovery of the diod®, appearing whem, crosses zerauring

the resonant link voltage ramp up interval. This also implies ithat
slightly lower than the output current fed to the convert@samping
occurs due to the fact that is lower thar,, at this instant which implies
thati, will continue to increase to becortagger than the outputurrent

i, This phenomena is alleviated by the ten percent higher maximum
output current increasasedfor the design. However, the dip g when
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i, crosses zero during the resonant link voltage ramp up interval is
decreased by designing for a higher output current increase than expected.

In Figure 5.9 it isseen that theesonant link voltage derivativexceeds

1000 Vfis during the ramp down interval. This is due to the fact that the
resonant cycle starts at a resonant link voltage close to the clamp level and
at a slightly negative resonant link capacitor current.

Note the high peak value of the resonant inductamrent i,, shown in
Figure 5.9. Also the peak value fis rather high. Togethethese two
currents contribute to a resonant link capacitor prakent close to 200
A. The high pealcurrent is the reason why 11 capacitors aeeded to
model the resonant link capacitGr without unrealistic temperatungése
appearing.

From Figure 5.9 it isalso concluded that the maximum duration of the
zero voltage interval iglose to 1ps, which is desiredrom the design
constraints. Note that aldor this circuit the duration of the resonant
cycle is not considered by the design expressions, i.e. the maximum
switching frequency obtainable is not controlled.

Figure 5.10shows theresonant link waveforms at turn-off of thepper
IGBT of the battery sideonverter, when the battery charger is operated
at nominal load, i.e. maximum decrease of the resonant DC link output
currenti,. Also in this case, the decrease equals the weaseonly if

none of the line side converter half bridges aweitched during the
resonant cycle. However, for this circuit the maximum time derivative of
the resonant link voltage do not appear during the ramp up interval,

the i, current step of Figure 5.10 do not correspond to the woeste
anyway, which was also concluded in Section 3.2.

From Figure 5.10 it is alsseen that theesonant link voltage during the
ramp down interval is well below 1000 Mg in this case, unlike thease
shown in Figure 5.9. This is due to the fact that in Figure 5.10, the
resonant cycle starts at a resonant link voltage level lower than the DC
link voltage.

As seen in Figure 5.9 and Figure 5.10 the selected component fedfiles

the design constraints. However, it is shown that the maximum voltage
derivative is higher than the desired 100Q¥If the resonant cycle starts
from alevel exceeding the DC link voltage with a non-zero resonant
capacitor current. This due to the fact that the design expressions are
derivedbased on the assumption that the resonant cycle §tamsrest,

i.e. with the resonant link voltage equal to the DC link voltag¥,..
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Furthermore, it isalso shown that reverseecovery of the diodeD,
influences the resonant link waveforms, especially at high outpuent
increase. Here, this is solved by designing the resonant cfoui ten
percent higher output current increase than the actual.

v [V] ' ' ' dv/dt [V/ps]
1000} 11000
750 {500

500} 0
250} {-500
of {-1000
i, [A] ' ' '
100t
50t
0
50 |
-100 {
0 5 iO 15 t [us]

Figure 5.10Resonant linkwaveforms at an output current decrease corresponding to
the rated maximum value. The waveforms shown are resonantoliiaige
V. (top, black) and its time derivative (top, grey) and the resonant currents,
i, (bottom, black)j, (bottom, dark grey) ang (bottom, light grey).

Figure 5.11shows thecollector-emitter voltage and the collectonrrent
for the upper IGBT of the battery sidenverter, for the resonanycles
shown in Figure 5.9 and Figure 5.10. Note the mwrent tail bump at
converter IGBT turn-off.

The quasi resonant DC link transist®y;, turns off naturally asliscussed
previously in this section. This means thatausrent tail appearsyhich
is favourable since the switchingsses becomesery low. The highpeak
value of the resonant curreptresults in high conduction losses f/D,.

121



5. Simulation
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Figure 5.11Switching waveforms fothe upper IGBT ofthe batteryside converter at
ratedpower, turn-on(left) and turn-off(right). The quantitiesshown are
the collector-emitter voltage (black) and collector current (grey).

In Figure 5.12, one of the line side phaserents and the battegurrent

are shownfor one period of the AGide fundamentalfor charging at
rated power and battery voltage. Compared to the correspondingnts

for the previously discussed two switch counterpsipwn in Figures.7,

it is clearly seen that the loirequency distortion is considerablgwer.

This is due to the fact that the average duration of the resonant cycle is
shorter for thepassively clamped one switch quasi resonant ID,
compared to the case for the two switch counterpart.

Ia’ Ibatt [A]

MMWWMMMWAWWWWMWAWWMAMAMMAWANI

I I I

0 5 10 15 t[ms]

Figure 5.12Line current in one phase (black) and battery cui(gmty). Bothcurrents
are defined as positive going out of the converters.

Efficiency

The average losses are calculated also for this citcased on simulation
results. The load condition considered corresponds to battery charging at
rated power. For a simulation time corresponding to the period of the
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grid fundamental, i.e. 20 ms, the battery charger output pbeeosmes

9.965 kW. The losses of the quasi resonant DC link is listed in Table 5.8.

Table 5.8 Losses of the passively clamped one switch quasi resonant DC link.
Component C L./L,/L, S, D, D,
Losses (W) 3.4 29.8 63.0 1.4 10.3

The totallossesfor each of the blocks are listed in Table 5.9. Table 5.9
gives a total efficiency equal to 94.0 %. The efficiency of ghssively
clamped one switch quasi resonant circuit including the convertsguisl

to 97.7 %, according to the simulations.

Table 5.9 Losses for the entire battery charger at rated power.

Component/ Line side Battery side DClink | Resonan
Block Converter|  Filter | Convertdr  Filter | capacitor| circuit
Losses (W) 64.0 273.1 58.8 127.9 7.6 107.9

5.4 Simulation of the parallel quasi resonant DC
link

In this sectionappropriatepassive component valuese determined for

the parallel quasi resonant DC link. The simulation model semiconductors
and passive componernparameters forloss calculationare given.
Simulation results verifying the design expressions are shown and the
battery charger efficiency is calculated.

In Figure 5.13, the QRDCL blocfor simulation of the parallefquasi
resonant DC link, used in the simulation model in Figure 5.1, is shown.

iCrl ‘{ Dr

Ver t:: Cr I—r lil_r Cdc::+ Vdc

CeTfVe
Figure 5.13The parallelquasi resonant DC linksed inthe simulation, including the
DC link capacitor.
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Simulation model and parameters

For control of the parallel quasi resonant DC link the resonant link output
currenti, must be measured, since ttigp currentlevels arecalculated

based upon knowledge @f The output current foeachconverter half
bridge is measured (one of the output currents of the line side converter is
actually calculatedrom the other two). Together with trectual switch

state and the switch state to be set, the present and the next level of the
output current, i.el, andl_ are calculatedBased on thes®utput
current levels, the trip currents are determined.

Note that also the resonant inducturrent i, has to be measured to
detect thetrip current crossings and tetect when the resonant link
switch § can be turned off by means of appropriate gate signalhich

is afteri,, has commutated frori§ to D,.

The resonant link voltage., also has to be measured, sincedbaverter

half bridges should be shorted by applying appropriate gigtels to all

the converter IGBTs when the zero voltage interval is entered. The
resonant link voltage has to be measured also to detect the end of the
resonant link voltage ramp up interval, whe®eshould be turned on
again.

Also, the energy storage capacitor voltagg, is measured since it has to
be controlled for proper operation of the parallel quasi resonant link.

This circuit hasthree passive component values to be seledtedC, and

C., see Figure 5.13. The design expressfonghis circuit determined in
Section3.3, i.e. (3.187) and (3.191), gives appropriaéuesfor L, and

C,. The energy storage capacitor valuesédectedfrom simulations. For
the implementation in [41], the capacitanceQyfis selected as 700 times
higher than the one d,. In [41], this means an energy storage capacitor
C,, of 100uF which is a suitable value also here.

The passive component values selected the simulation model of the
parallel quasi resonant DC link are selected according to

(1, =17.09 uH
. =33nF (5.5)
He, =94 uF

The simulation model resonant link inductoy, is designed according to
Table 5.10.
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Table 5.10Resonant link inductor specifications used in the simulations.
Inductor Core A_(NHN? | N (turns) R, (MQ) R, (°C/W)
L T200-2B 21.8 28 13.4 6.56

r

The resonant link capacitd, is considered as being selectedm the
Rifa PHE 428 series. The loss parameters for such capaaioigiven in
Section 5.2.

The energy storage capacitoyis modelled as two parallel polypropylene
capacitors, MSR-D-47-45 manufactured by Icar. The relevantfdatde
resulting, i.e. parallel equivalent, capacitor is listed in Table 5.11 below.

Table 5.11Specification of the energy storage capacitor used in the simulations.

Capacitor Type C (uF) tany, | R (MmQ) |Lgg (NH)| R, (°C /W)
C 2xMSR-D47-45 94 0.0002 [ 0.92 60 3.2

e

The simulation model resonant link IGBTS,and S, actually consist of
three parallel IGBTs of typlRGPH50K each. As previously mentioned,
each such IGBT is equipped with a ®0gate resistor. ThdiodesD, and

D, are modelled by six parallel connected Harris MR10150 diodes each.

The behaviour of the parallel quasi resonant DC link is simulated in the
battery charger application iorder to verify the design expressions
given, i.e. (3.187) and (3.191).

However, it is somewhat complicated to validate the simulation results by
means of waveformgor the circuits relying on energy stored in a
capacitor, since the energy storage capacitor voltage is controlled which
affects the resonant link waveforms. Still it is important to simulate the
entire circuit, i.e. without replacing the energy storage capacitor with a
constant voltage source, since tentrol action needed do indeed affect
the efficiency obtained.

Figure 5.14shows theresonant link waveforms at turn-on of theper
IGBT of the battery side converter at ratedrrent, i.e. maximum
increase of the resonant link output current

In Figure 5.14 it isseen both that thduration of the zero link voltage
interval is longer than desired and that the resonant link voltage derivative
is well below the maximum allowed.

The reason why the duration of the zero voltage interval is longer than
expectedfrom the design expressions, is that it is maintained longer on
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purpose, in order to decrease the energy storage capacitor Wltage

due to control action. The maximum resonant link voltage derivative is
only experienced for the minimum output curreht, which is not
achieved for the case shown in Figure 5.14.

Ve, [V] ' ' ' dv, /dt [V/ps]
750 500
500 0
250} {-500
ot {-1000

iLr' iCr [A]

0 5 10 15 t [us]

Figure 5.14Resonant linkwaveforms at an output current increase corresponding to
the rated maximum value. The waveforms shown are resonantoliiaige
V., (top, black) and itstime derivative (top, grey) and the resonant
currentsj,, (bottom, black) and., (bottom, grey).

Figure 5.15shows theesonant link waveforms at turn-off of thepper
IGBT of the battery sideonverter, when the battery charger is operated
at nominal load, i.e. maximum decrease of the resonant DC link output
currenti,.

In Figure 5.15 the duration of the zero voltage interval is shorter than the
one shown in Figure 5.14, due to the fact thatctiveent decrease at its
most. Still, it is longer than predicted from the analysis in Section 3.3, due
to the control actions made to decrease the energy storage capacitor
voltageV,. As shown in Figure 5.15, the resonant link voltage derivative

is well below the specified maximum also in this case.
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Ve, [V] ' ' ' dv, /dt [V/ps]
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Figure 5.15Resonant linkwaveforms at an output current decrease corresponding to
the rated maximum value. The waveforms shown are resonantoliiaige
V¢, (top, black) and itstime derivative (top, grey) and the resonant
currentsj,, (bottom, black) and., (bottom, grey).

The reason why the maximum allowed resonant link voltage derivative is
not appearing for theasesshown in Figure 5.14 and Figure 5.15, is that
the circuit is designed for a minimum output currequal to discharging

of the battery charger at rated current.

In Chapter 1, it is stated that the battery charger should be able to operate
as an electronic gasturbine, i.e. to support the power grid patk
power during periods of high power demand. Thisans that theattery

could be discharged with a current corresponding to the rateidh for

this circuit becomes the limiting case by means of maximum resonant link
voltage derivative.

The resonant cycle time is not considered for this circuit either. However,
the cycle timefor this quasi resonant DC link is the shortest of fibwer
investigated.

The collector current and collector-emitter voltage at turn-off ofgnesi
resonant DC link IGBTsR, andS, for thecase shown irrigure 5.15i.e.
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turn-off of the upper IGBT of the batteside converter, areshown in
Figure 5.16.

Ve V] i [A] Ve V] i [A]
750 30 750 30
500 20 500 20
250 10 250 10

0 0 0 VL 0
8 9 10 11 t[pg 8 9 10 11 t[us|

Figure 5.16Turn-off waveforms fotthe resonant linkiGBTs S, (left) andS, (right)
whenthe resonant link output current is decreased by its maximum. The
guantitiesshown are the collector-emitter voltage (black) aodllector
current (grey).

Note the difference in the current tail for the two IGBTs showRigure

5.16. The series IGBT turns off at a typical zero voltage condition,
resulting in the appearance of a long collector current tail. The resonant
link IGBT S turns off naturally by commutation to its freewheeling diode
D,, hence no current tail appears.

Figure 5.17shows thecollector-emitter voltage and the collectourrent

for the upper IGBT of the battery sidenverter, for the resonanycles
shown in Figure 5.14 and Figure 5.15. Note the difference iuhent

tail at turn-off of the converter IGBT, compared to the resonant link
IGBT, S, turn-off shown in Figure 5.16.

The pronounced collector current tail appearing at converter I{6BT-
off, gives a considerable contribution to the conveitmseswhen the
parallel quasi resonant DC link is uskxt the battery charger. This is
seen later when the efficiency is investigated.

The reason why this current tail appears for this resonant link but not for
the passively clamped previously investigated, is that for the panabei
resonant circuit, it is the turn-off of one IGBT efch half bridge that
initiates the resonant link voltage ramp up interval. Thuscowverter
IGBT internal recombination takes place prior to the ramp up interval.
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Figure 5.17Switching waveforms fothe upper IGBT ofthe batteryside converter at
ratedpower, turn-on(left) and turn-off(right). The quantitiesshown are
the collector-emitter voltage (black) and collector current (grey).

In Figure 5.18, one of the line side phase currents and the battant,
for one period of the AGide fundamental, are showar charging at
rated power and battery voltage.

T T T

[A]
200

i,
a' batt

i i i

0 5 10 15 t[ms]

Figure 5.18Line current in one phase (black) and battery cuiigmty). Bothcurrents
are defined as positive going out of the converters.

Note the small amount of lowrder harmonics appearing ihe currents
shown in Figure 5.18. This is due to the fact that the switchmisignts
commanded by the modulator are only slightly delayed by the operation
of this quasi resonant DC link, due to thether short duration of the
resonant cycle.

Efficiency

The passive componenossesfor the battery chargeusing the parallel
quasi resonant DC link are calculated as described in Chapter 4. The
instantaneous semiconductiessesare directly given by the simulation
software used, and the averadgssesare calculated by integration. The
load condition considered corresponds to battery chardioge torated
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power. In the simulation the average power fed to the battbeesmes
9.960 kW. The losses of the quasi resonant link are listed in Table 5.12.

Table 5.12Losses of the parallel quasi resonant DC link.
C L S S

r r T S r S

Losses (W) 0.1 1.1 6.6 9.2| 60.3 2.6 9.2

Component C

e

The totallossesfor each of the blocks are listed in Table 5.13. Note that
the output filters dissipate more than half the total losses.

Table 5.13Losses for the entire battery charger at rated power.

Component/ Line side Battery side DClink | Resonan
Block Converter|  Filter | Convertdr  Filter | capacitor| —circuit
Losses (W) 123.7 276.0 77.4 126.0 3.4 85.6

This gives a total efficiency of 93.5 %. The simulated efficiefary the
parallel quasi resonant DC link including both the converters is equal to
97.2 %.

5.5 Simulation of the actively clamped quasi
resonant DC link

The simulation model of the actively clamped quasi resonant DQutiall

for the battery charger considered, dscussedand suitablepassive
component simulation model parametaluesfor loss calculation are
given. Simulation results verifying the design expressions are shown and
the efficiency is calculated.

Figure 5.19shows the QRDCL blocKor simulation of the actively
clamped quasi resonant DC link, used in the battdgrger simulation
model in Figure 5.1.

L,
" Tl sf¥p v
ic DC
Viink rl S Cuc= Ve
Ver 5=C,

CCTVCC

Figure 5.19The actively clampedjuasi resonant DC linkused inthe simulation,
including the DC link capacitor.
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Simulation model and parameters

For the operation of the activelglamped quasi resonant DC link, by
means of simulation, theimilar quantities ador the parallel quasi
resonant DC link have to be measured. In an implementationtrifhe
current level should not be calculated as being an IGBT collectoent
due to practical problems. Instead, both the trip curressesd in the
simulation are expressed as resonant inductor currgpt§;his implies
that this current has to be measured and also that the resonant output
current must be estimatefom the line and battergide currents and
modulator command signals, dscussed in SectioB.4. However this
adds no further complexity to the resonant link contsoice this anyway
has to be donéor properselection of the instant to initiate tmamp up
interval, i.e. the second trip current level and its crossing.

The resonant link voltage,, has to be measured, since twaverter half
bridges should be shorted by applying appropriate gigigals to all the
converter IGBTs when the zero voltage interval is entered. The resonant
link IGBT S should be turned off when the zero voltage interval is
entered.

The clamp capacitor voltagé.. is measured, since it has to @@ntrolled
to obtain the desired clamping voltagm the actively clampedquasi
resonant DC link.

The resonant circuit has three passive component values to be sdlgcted,
C, andC.. The design expressiofigr this circuit determined irSection
3.4, i.e. (3.240) and (3.244), gives approprieatuesfor L, andC,. The
clamp capacitor value is selecteflom simulations. The passive
component values used in the simulations are

O, =14.4 uH
=540nF (5.6)
He. =94.0 uF

Note that the minimum current marging, and |, neededfor safe

operation, are assumed to equal 5 A each in the calculation paskseve

component values. These minimwuarrent margins aralso used in the
simulation model.

The resonant inductor is designed according to Table 5.14.
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Table 5.14Resonant link inductor specification used in the simulations.
Inductor Core A_(NHN? | N (turns) R, (MQ) R, (°C/W)
L T400-2D 36.0 20 3.9 2.12

r

The simulation model resonant capaci@r actually consists offour
parallel connected capacitors, two 12 nF and two 15 nF, ek
parameters selected from the Rifa PHE 428 series, see Section 5.2.

The clamp capacitor is modelled the same wa§ asasfor the parallel
guasi resonant DC link, i.e. as two parallel connettad MSR-D-47-45,
see Section 5.4.

The resonant link IGBTs§, and§, shown in Figure 5.19, actualbpnsist

of three parallel connected IGBTs of type IRGPH50K each. The di@des
and D, are modelled by six discrete, parallel connected diodes of type
Harris MR10150 each.

Simulated waveforms and losses

For the battery charger utilising the activellamped quasi resonant DC
link, one period of the fundamental grid frequency is simulatedrder
to calculate the average losses,fas the previouslyinvestigated quasi
resonant links.

First, the quasi resonant DC link quantities, veltages andurrents, of
interest are investigated. Figure 5&tows theresonant link waveforms
at turn-on of the upper IGBT of the battery side converterastd

current, i.e. maximum increase of the resonant link output cugtrent

In Figure 5.20 it isseen that theluration of the zero voltage interval is
longer thanwasdesired at the design stage. This is due to the fact that
control actions are made to increase the clamp voltage. The clamp voltage
is increased by supplyingxcessenergy to the clamp capacitor at the
clamping interval. To do this, the zero voltage interval is maintained
somewhat longer than needed imgans ofshort term operation of the
resonant circuit. Thisneans thaexcessenergy is stored in the resonant
inductor L, during the zero voltage interval. This energy thgen
transferred to the clamp capacitorat the clamping interval.

However, this also means thathgher current thamxpected is supplied
to the resonant link capacit@, during the ramp up intervatausing the
resonant link voltage derivative to be higher than desired, whielsds
seen in Figure 5.20.
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Note that in both Figure 5.20 and Figure 5.21 the resonantviiikge
derivative is not explicitty shown but instead the resonant capacitor
voltagev,, derivative. This is done irder toavoid showing the high
derivatives, appearing in the resonant link voltage at the start of the
energy storage interval and at the end of the clamping intefVvedse
high voltage derivatives can not be controlleddrgper selection of the
resonant link passive components.

Vi VI ' ' ' dv,, /dt [V/ps]
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Figure 5.20Resonant linkvaveforms at an output current increase corresponding to
the rated maximum value. The waveforms shown are resonantoliiaige
Vv, (top, black) and theime derivative of theresonantcapacitor voltage
V., (top, grey),and theresonant currents,, (bottom, black) andi,
(bottom, grey).

The corresponding waveforms at rated resonant link outputent
decrease, i.e. turn-off of the upper battasige converter IGBTwhen
charging at rated power, are shown in Figure 5.21. The paoidems as
seen inFigure 5.20 also occurs here. The duration of the zeitage
interval and the resonant link voltage rising edge derivative &atheds

their desired values. The reasons arestmee as discusséor turn-on of

the upper battery side converter IGBT, even though the poor result is not
as obvious as in Figure 5.20.

One way to avoid the high resonant link voltage derivatoaysed by
clamp voltage control action, is to include the boostrent in the
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selection of the passive components. In the design expressions given in
Chapter 3, this is done by specifying the maximum beostent as a
current margin andnclude it in the design. It is however important to
only include this variable boosturrent when the voltage derivative is
calculated and notor the duration of the zerwoltage interval. This is

due to the fact that the boostirrent commanded by the clamp voltage
controller can be lower than its maximum, thus giving a shalteation

of the zero voltage interval than expected.

Vi [V ' ' ' dv,, /dt [V/ps]
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Figure 5.21Resonant linkvaveforms at an output current decrease corresponding to
the rated maximum value. The waveforms shown are resonantoliiaige
Vv, (top, black) and theime derivative of theresonantcapacitor voltage
V., (top, grey),and theresonant currents,, (bottom, black) andi,
(bottom, grey).

The turn-off waveforms for the resonant circuit IGBTs are leftlmre,
since they are similar to the ongiscussedor the parallelquasi resonant
DC link circuit. The clamp circuit IGBTS, turn-off waveform inessence
resembles the one given f& in Figure 5.16, i.e. a collector current tail
bump appears since the IGHRiUirns off under zero voltage conditions.
The resonant circuit IGBTS, turns-off naturallysince the resonant
inductor currenti, commutates to theonverter freewheelingliodes
when the zero voltage interval is enteréfénce,the turn-off waveforms
for the IGBT denotedS for the actively clamped quasi resonatitcuit,
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closely resembles theurn-off waveforms given in Figure 5.16 for the
parallel quasi resonant circuit IGES.

Figure 5.22shows thecollector-emitter voltage and the collectonrrent

for the upper IGBT of the battery sidenverter, for the resonanycles
shown in Figure 5.20 and Figure 5.21. Note the converter IGBT collector
current tail at turn-off. Thigmplies that alsdfor the batterycharger
equipped with the actively clamped quasi resonant DC linkctmeerter
losseswill be high compared to theaseswhen the passively clamped
guasi resonant DC links are used.
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Figure 5.22Switching waveforms fothe upper IGBT ofthe batteryside converter at
ratedpower, turn-on(left) and turn-off(right). The quantitiesshown are
the collector-emitter voltage (black) and collector current (grey).

In Figure 5.23, one of the line side phase currents and the battagnt,
for one period of the AGide fundamental, are showar charging at
rated power and battery voltage.
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201

I I I

0 5 10 15 t[ms]

Figure 5.23Line current in one phase (black) and battery cui(gmty). Bothcurrents
are defined as positive going out of the converters.
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Only a small amount of loworder harmonicsappears in thecurrents
shown in Figure 5.23, even though the actively clamped quasi resonant
circuit is not as fast as the parallel, previously investigated.

Efficiency

As for the otherquasi resonant DC links investigated, tlossesfor a
battery charger using the actively clamped resonant circuit, are calculated.
The calculations ardased on simulation datmr one period of the
fundamental frequency of the AC mains, to give the average lo&lses.

for this charger the load condition considered is battery chargirafeat
power. In this case the average power fed to the batteries was 10.027 kW.
The losses ofthe actively clamped quasi resonant DC link are listed in
Table 5.15.

Table 5.15Losses of the actively clamped quasi resonant DC link.
Component C. C L S S, D D,
Losses (W) 0.5 1.4 20.2 21.0 125.0 10.0 7.6

r r r

The totallossesfor each of the blocks are listed in Table 5.16. Note that
in this case the output filters dissipates less than half the total losses.

Table 5.16Losses for the battery charger at rated power.

Component/ Line side Battery side DC link | Resonan
Block Converter|  Filter | Convertgqr  Filter | capacitor| circuit

Losses (W) 159.2 303.1 94.0 130.0 14.4 185.9

This gives a total efficiency equal to 91.9 %. The efficiefioy the
passively clamped quasi resonairtuit including the converter isqual
to 95.7 %, according to the simulations.

5.6 Simulation conclusions

One of the investigated quasi resonant DC link battery chargers should be
implementedor further analysis. Also, a hard switched batteryarger
should be implemented to compare the simulated efficiency with the
measured. In this section the simulakessesand efficiency for a 10 kW

hard switched battergharger is first given, and then tihoice of quasi
resonant circuitselectedfor implementation isdiscussed. The actual
design and implementation of both the hard and soft switdladtbry
chargers are presented in Chapter 6.
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Losses and efficiency of the hard switched battery charger

The hard switched battery charger is simulated undesdhee conditions

as the quasi resonant DC link chargers are, i.e. battery charginagedt
power for one period of the line side fundamental. The losses fdrattte
switched battery charger at a charging power of 10.044 kW, are given in
Table 5.17.

Table 5.17Losses of the hard switched battery charger at rated power.

Component/ Line side Battery side DClink | Snubber
Block Converter|  Filter | Convertdqr  Filter | capacitor| capacitorg
Losses (W) 90.0 328.7 101.1 132.7 4.8 =0

The charging power and the losses listed above gives an overall efficiency
for the battery charger of 93.8 %. The converter efficiency is 98.1 %.

Note that for thesimulated hard switched battergharger, thegate
resistor valuesare selected 10 timekigher than for thequasi resonant
chargers, to partly decrease the maximum converter output voltage time
derivative. Still, the maximum obtained derivative is as high as 10000
V/us, in the simulation model. Thiwssesare however only slightly
affected by the high gate resistealues used in the simulation, which is
probably due to the fact that the dominating part of the switdbigsgs is

due to IGBT collector current tailing. Note that the IGBT collector
current tail is only slightly affected by the gate resistor value.

Table 5.18 shows the simulated efficiencfor the different battery
chargers investigated.

Table 5.18Simulated converter efficiency arndtal efficiency of the different battery
chargers, operating at rated power.

Battery charger Converter efficiency Total efficiency

Passively clamped two switch quasi 97.5 % 93.5 %
resonant DC link

Passively Clamped one switch quasi 977 % 94.0 %
resonant DC link

Parallel quasi resonant DC link 97.2 % 93.5 %
ﬁ::lzlvely clamped quasi resonant DC 95.7 % 91.9 %

Hard Switched 98.1 % 93.8 %
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An important conclusion drawifrom the simulations of thedifferent
battery chargers, is that the maximum converter efficiency is obtained for
the hard switched topology, which is shown in Table 5.18. However,
resonant converters are in mosases used for higher switching
frequencies than the 4.9%1z usedhere, whichmeans that theonverter
switching losse$or the hardswitchedcharger would be higher isuch a
case. Still, several of the quasi resonant DC links investigated do not allow
higher switching frequency, without compromising the maximum output
voltage derivative, the duration of the zero voltage interval or the output
current low order harmonics.

The results of this chapter, byeans of simulated efficiency, should be
usedcarefully. This is due to the fact that the battery chargers do not
operate at steady state conditions, in the simulations. This is chesly

in the tables containing the losses of the different battery chargers. In fact,
the DC link voltage drops a few voltsr all the circuits during the
simulations, which is due to the fact that the integral parts ouhesnt
controllers, see Appendix B, daot settlefor such a short simulation
time. One way to circumvent this problem, isuge the calculatetbsses

of a previous simulation to calculate initial conditioios the integral
parts. Even though this metheds used, it was naterated thenumber

of times neededor the integral parts to settle, mainly due to the long
simulation time required.

However, a DC link capacitor voltage decrease of 2 V corresponds to an
average power of less than 200 W, fed from the DC link capacitors to the
rest of the battery charger. This power is fed from the ghen steady

state conditions are established. Timisans that thipower should be fed
through the line side filter and converter, which implies thatldkses of
these parts would increase. However, the additional power constitutes only
a minor part of the total power, fed via the line siBarthermore, the
battery charger and converter input power eatculated by adding the
corresponding output power and the losses. This implies that the resonant
link power losses are not affected, at least not to a large extent.

Therefore,the simulated efficiency is probabblose to the one obtained

for steady state conditions. Note that in tase of simulatedonverter
efficiency it is only the line side converter losses that increases, due to the
additional power. Still, it should be pointed out that the DC hakage
decrease is not equal in the simulations of the different battemygers,

but it only corresponds to a few volts even in the worst case.

Note that a similar comparison is made in [27][27] the rated power is
5 kW and the DC link voltage is 375 V. Therefore, 600 V IGBTs ased
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in this case. If27] the efficiency of the hard switched battecharger
becomes lower than the efficiency of several of the quasi resonant DC link
equipped ones, even though the same resonant circuitseras are
compared. The reason for this is that the hard switched battarger is
equipped with capacitiveturn-off snubbers connected acrossach
transistor, i.e. not hard switched. Adiscussed in Sectio2.1 the
capacitive turn-off snubber is not suitable in bridge applicatiomse the
IGBT collector currentbecomesvery high at turn-on, whicltauses the

low efficiency reported in [27].

Actually, snubbers areised alsdor the hardswitched batterycharger
investigated here. However, in thiase capacitivevervoltage snubbers,
connected across each half bridge, are used. Such snubbers are intended to
reduce the semiconductor overvoltage stress, appearing duogctot

stray inductance. This kind of snubber does not affect the semiconductor
switching waveforms.

Selection of quasi resonant DC link for implementation

The passively clamped two switch quasi resonant DC link batteayger

is selectedor implementation. The reasons feelecting this circuit are

the quite high efficiency together with the uncomplicated contedded

for implementation.Uncomplicated control is importargince several
quasi resonant DC links relies upon high bandwidth measurements of
resonant link voltage and resonant inductor currents, which is hard to
achieve. Also, internal time delay of the IGBT drivers furtb@mplicates

the controller implementation.

Another important reason faelecting the passively clamped twwitch

quasi resonant DC link battery charger is that also a hard switched version
should be implemented. To circumvent differences between individual
semiconductors used, it is favourable if the vesgme converter
components can be usédr both chargers implemented, byeans of
efficiency comparison.

However, there are also drawbaassociated with the passively clamped
two switch quasi resonant DC link. The main problems occurs in the
clamp circuit, where several diodes have to be sememected and a
transformer with high magnetic coupling factohas to be designed.
Another problem is the large amount of low order harmonics contained in
the output currentscaused by the time delayptroduced by the long
resonant cycle time for this circuit.
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6

Implementation

In this chapter, the implementation and evaluation of plassively
clamped two switch quasi resonant DC link batteshiarger, are
presented. The ratings and switching frequency of the implemented
battery charger are theame ador the ones investigated in Chapter 5.
The implementation of the power electronic main circuit is presented in
steps discussing each component usedlot of emphasis is put on
minimising the effects due to non-ideal device behaviour. €swtion
describing the modulator used is also given. Finally, the quasi resonant
DC link battery charger isested and its efficiency compared tdhard
switched counterpart. To overcome measuremelgviations due to
parameter variations both for the semiconductors and phssive
components, the quasi resonant batthgrger is altered to form laard
switched, instead of using two separate circuits for the comparison.

6.1 Power electronic main circuit

The battery charger main circuit $down in Figure 6.1. Theonnection
points for the clamp transformex, anda”, are marked in Figure 6.1. To
perform measurements on the hard switched battdrgrger, theclamp
transformer isdisconnected at the connection poirds,and a’, which
instead are connected directly to each other.

Note that the output filters of the implemented battery chargepuaay
inductive, i.e. LCL-filters are not usddr the evaluation. The reason for
not using LCL-filters isdiscussed irthe measurement section. The output
filters used in the batterycharger implementation are natesigned
especiallyfor the application, and theloss characteristicare unknown.
Therefore, loss measurementare made both on the battegharger
including filters and on the battery charger itself. In order to determine to
what extent the limited bandwidth of the power matsed affects the
measurements, it is important to include tpassive filters in the
measurement of losses.
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Figure 6.1 The main circuit of the implementeagliasi resonanibattery charger. To
convert the charger to &ard switched,the clamp transformer is
disconnected at the poirdsanda”, and these points are connected directly
to each other.

1+
* Vdc

The DC link capacitor actually consists of four electrolytic capacitors, two
series connected and two in parallel. Data on the DC link capacitor
parameters for loss calculation are not available. Neither is the equivalent
series inductancé.,g. The data available on the output filters and the DC
link capacitor are listed below.

[Lyine =15.5 mH
bart = 21.7 mH (6.1)

Heye =22 mF

To estimate the efficiency of the implemented battery chargermeays
of simulation, the losparametersusedfor the output filters and the DC
link capacitor are the same as was given in Chapter 5.

Converter semiconductor devices

The converter semiconductaused in the simulatiorsre considered not
suitable for the implementation. The main reason is that in the simulations
several semiconductors are connected in parallel to meet the constraint
(2.1), whichcomplicates the design. Instead IGBT modules consisting of
an entire half bridge, i.e. two IGBTs and two freewheeling diodes, are
used. The current ratings of these modulessatected in such a way that
paralleling is not needed. By using modules, good mechanicahanchal
design are also gained.

The modules selectddr the battery charger converters are of tyee
SKM50GB123D manufactured by Semikron [68], whidnsists of 50 A,
1200V devices. However, at a silicon temperature of 4@25which is a
suitable operating temperature, the rated current for the module is 40 A.
The IGBT module rated current is thus slightly higher than needed for the
line side converter of the battery charger, according to (2.1).
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Drive circuits suitabldor the modules selectedre also manufactured by
Semikron. For the battery charger ttever SKHI23/12 is choseff68].
This is a 1200 V duadriver which means that it actually consists of two
drivers, one for the upper and one for the lower IGBT of a batige.
The drivers are equipped with internal gate resistattspse resistance
only can be decreased. However, the built in gate redistora resistance
of 22 Q but for the IGBTmodules used, 2T is recommended68].
However, IGBT gate resistors of Z2 are usedfor the implementation.
In Chapter 4, the influence of the gate resistor value onswitching
waveforms is discussed.

The drive circuit SKHI23/12 internally provides blanking time andls®
equipped with an interlock function. The interlock function istlnms
application turned-off. The logic control signals fed to the driver provides
the blanking time needed for the hard switched converters.

Quasi resonant DC link IGBTs

Sincethe peak resonant inductaurrent isselected to equal theated
battery current, the same IGBT modules can be tmethe resonant link
IGBTs S, andS, and the diodeB®, andD,. Note that one module igsed

for each IGBT and freewheeling diode combination, $¢D, and S/D,.
Thus, one IGBT of each module must never be turned on.dfiver
SKHI23/12 is used also for the resonant link IGBTs, with gate resistors of
22 Q.

Clamp circuit diodes

The clamp circuit diod®,, must withstand a blocking voltage of laast

six times the DC link voltage, which appears across the diode during the
resonant link zero voltage interval. Thiseans that the clampircuit

diode should be selected to sustain a voltage of 4500 V inc#ss.
Consequently, several diodes have to be series conn8atedthe series
connected diodes are not likely to exhibit tkame properties, an
additional margin has to be adopted, by means of blocking voliduges,

an even more conservative margin than the ased for the other
semiconductors, i.e. (2.1), must be used. In the implemented design, six
1500 V diodes are series connected, implying a voltage margin of 100 %.

Furthermore,since the series connected diodes do not have exactly the
same characteristics, a voltage dividingtwork is adopted. The voltage
dividing network used for the implementation is shown in Figure 6.2.
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Figure 6.2 Thesix seriesconnected diodefr realisingD, together withthe voltage
dividing network added. An opto-coupler is used to detect clamp action.

The parallel resistorsR,, are used to divide the total blocking voltage
among the series connected diodesing stationary blocking conditions.
Otherwise, differences in the reverssakagecurrent characteristic for
the diodes can caussevere reverse voltage imbalance among the six
diodes. The parallel capacitors, deno@g are used to divide the total
blocking voltage during th&urn-off transients. This iseeded due to the
fact that the series connected diodes possibly exhibits different amounts of
reverse recovery charg®,, leading to the fact that one of the diodes will
start blocking before the other. Thus, this diodexposed to the total
blocking voltage appearing at the moment. [®3] selection ofproper
parallel resistor and capacitwalues is discussed. As seenFigure 6.2,
another resistolR,, is connected in series with each parallel capa itor
This resistor is included inorder todampen oscillations betweds), and

the stray inductance of the circuit.

In order to selectproper diodes for the clamp circuit, the effect of
reverse recovery is investigated. Figure 8tl®ws an equivalent of the
clamp circuit with an equivalent parallel capacitor added. Alsostrey
inductances of the circuit are included.

jdﬁc Loy i1 Lg

—

Figure 6.3 Clamp circuit equivalent for investigating influence of cladipde reverse
recovery and circuit stray inductance.

The equivalent parallel capacitor, for six series connected diodes, is given
by
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1
Creq :6Cp (6.2)
The idea of the following investigation, is to study the effect of the
reverse recovery current @f,. Assume that the investigatiatartswhen
the off resonance interval is entered, i.e. immediately after the clamping
interval. Note that the stray inductances are neglected in this investigation.
The current through thequivalent parallel capacitor is coupled to the
clamping transformer giving

., _Nj dve

where N, and N, are the winding turns number of the clamping
transformer. The differential equatiorfor the circuit in Figure6.3,
neglecting the stray inductances, is thus written

0. ON,O 0 g2y
L +—27 [T T Ciy.=V 6.4
1%3 ng p,eq% dt2 C dc ( )

The general solution to the differential equation is given by
Ve (1) = ACOSWe (t —t4) + BSiNwgq (t —t4) + Ve (6.5)

where the characteristic angular frequency is given by

1

Wegq = — (6.6)
‘LEC+DN3D2EC O

| BB o

It is assumed that the reverse recovery is extremely snappy, idiotle
current returns to zero, from itsegative peak value, abruptly. This
means that the initial resonant link capacitarrent will be non zero in
this case. If the peak reverse recovery curremteiroted,,, the constants
of the differential equation above, is given by

EAF(K—l)VdC
01 oNg 1 8D O, (6.7)
éB_weqCBNTﬁ”_C\LlEp-F NECWE%WE”
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This means that the minimum resonant link voltage obtathethg the
off resonance interval becomes

Ve min = Ve _\‘/AZ +B? (6.8)

Hence,the minimum resonant link voltage is lower than calculated in
Section3.1. The problem is that, as the off resonance interval oscillation
continues, the resonant link voltage will enter a clamping condition again,
though operating in the off resonance interval. This ocsinnse more
energy than previously assumed, is oscillating in the circuit.

As shown aboveproper selection of the clamp circuit diodes is an
important issuesince even a loweverse recovery currerdffects the
behaviour of the resonant circuit to a large ext@erefore, thredast
diode modules of type Semikron SKKD42F15 [68], consisting of two
series connected diodes each, is seleftedthe implementation. The
voltage dividing network components are selected as

[R, =100 kQ
=10 (6.9)

HC, =10 nF

Note that the voltage dividing capacitors in the clamp circuit also affects
the other modes of operatiomince the total capacitance of thesonant
circuit is increased. Consequently, the characteristic angular frequency
decrease.

Clamp transformer

The clamptransformer design is also an important issue. First, the
importance of keeping the stray inductances of the resamiemiit at a
minimum, where the clamypansformerleakage inductances takart, is
highlighted. This is done with aid of Figure 6.3. The critical instant to be
investigated, is when the resonant circuit traverfsesn the ramp up
interval to the clamping interval. The resonant inductor currgnt
immediately prior to the clamping interval, is expressed as

i (t3) =1, + A, (6.10)

where Ai, corresponds to thexcessenergy stored in the clamping
transformerL,/L,. Assuming that the stored magnetic energy does not
change during this short interval, the following relationships are
established
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0 Cdic _ d%ve _ di,
Oc =11~ o O, = 2 T
0 gt dt olt2
0 Edi N, 00 d?v,

=iy —i O dc=§+l c 6.11
e =h s Sa BTNHE e O
O N Cli N, . d?y,
ip—ly+ig—2 = Ai $--1 C
El o oy, T E& Ny = di?

The following equations are also valid

di Ei di
0 . . (6.12)
d'dc N3 d|3 —

Ry, o, ey Na | dis g

where L,, and L. are the equivalent serigsductances ofC, and C,

respectively. The leakage inductance of the cldarapsformerwindings

are denoted.,, andL,,. L, represents the stray inductance asgociated
with a particular component, i.e. the striagluctance of the supplsails

etc. By combining the previous expressions it is found that

d?v, N
I—strayC dtzc +VC = %+|\|1§/dc = dec (6-13)

where the total stray inductands,,, is written

N, [ ON
Lo =A+—20 Ly + Ly, +L. +Le +0—20 (L 6.14
stray % N3E dc 1A g C HNgE 3A ( )

The characteristic angular frequency for this circuit is thus

1
wstray =S (6- 15)

\ LstrayC
Since the initial capacitor currenequalsAi,, the resonant linkpeak
voltage becomes
Aiy

\7C = KVdC +
wstrayc

(6.16)
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From the derivation above, the importance of keeping $tey
inductance of the circuit lowsecomeslear. Note thaespecially the DC
link capacitor equivalent series inductance, denatgdn the derivation,
affects the over voltage experienced. However, this inductangsugly
rather low, atleast compared to the leakage inductance of the clamp
transformer windings denotdd, andL,.

In order to minimise the clampansformerleakage inductance, a coaxial
winding transformer[29], [33] is adoptedfor the passively clamped two
switch quasi resonant DC link investigated in [8],and [17]. By using a
coaxial winding arrangement, theakage inductance becomesry low
and in [33] a magnetic coupling factor of 0.999 is obtained.

However, the coaxial windingransformerhas alarge drawback in the
fact that it is complicated to manufacture a winding with severais.
This means that designing teansformer for a certairself inductance
results in the need of a core having a large cross sectional af@haihd
[29], severaltoroidal cores are mounted along an U-shapedxial
winding, to form thetransformer. The primary isthe outer, hollow
conductor, which in effect is wourldssthan one turn. The secondary
conductor is thus inside the primary, to form a coaxial winding.

Here, a different approach isedfor the implementation of thelamp
transformer, since it should be designefbr a given primary self
inductance. The idea is to wind themary and secondary conductors in
parallel paths, which is a well known method to obtain leakage
inductance [63]. In this case, the winding turns ratio should be 1gb/¢o
a clamp voltage 20 % higher than the DC link voltagence, a split
winding technique has to be adopted. The split winding techriue
coaxial transformer is discussed in [8].

For the parallelprimary and secondary conductodiscussechere, the

split winding technique means that themary and secondary should be
wound together upon thigansformer core. Taccomplish this, N,/N,
parallel conductors are wound, with a turns number equal to the desired
number of primary turns, i.eN; turns in this case. ThenN,/N,
conductors are connected in parallel, fasm the primary and NJ/N,
conductors are connected in series, to form the secondary.

For the clamptransformer design, a band conductor is ustu the
primary and a circular conductor for the secondageFigure 6.4. The
combination shown in Figure 6.4 is wound upon itle& core, with the
number of turns required for thprimary. Then the five circular
conductors are connected in series flrm the secondary. This
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corresponds to the split winding technique, since the band conductor can
be regarded asonsisting of five parallel conductors, which &so
implied in Figure 6.4.

@
él@l@)l@lg

CY (b)
Figure 6.4 The investigatedwinding arrangement(a), with the band conductor

equivalentfor the five parallekconductorsndicated andb), 1/22° of the
clamp transformer core with the windings.

According to [10], the leakage inductanéer two parallel circular
conductors, is calculated from (in the unit H/m)

L =&Eg+arccoshmd [

s Dall (6.17)

The split winding technique gives the leakage inductémicehe primary,
L,,, and secondary,,,, as

O N o (1L 0d O N
=—=L, N, [MLT == — +arccosh=— (MLT
@LM N e DallN, 6.18)
_ N3 _ Mo 0d M .
am N LNy IMLT = £ 2+ arcooshiy (N IMLT

whereMLT is the mean length per winding turn.

The core usefbr theimplemented clampransformer is an iron powder
core of type Micrometals T650-8/90 [67]. The following specification for
the clamp transformer is listed in Table 6.1.
Table 6.1 Clamp transformer specification.
Inductor Core A (NHN? | N (turns) | A, (mn?) L (uH)
L./L, T650-8/90 200 22/110 12.5/2.0 96.8/2420

In Figure 6.4, 1/22 of the transformerwith the winding arrangement
used is shown. However, note that additional insulation is used $igce (
1)/N, of the total secondary voltage will appear between &adg@cent
winding turns, in this case 0.8-5-750 V=3000 V. At such high voltage and
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short distance between the conductors, there is a poteiskabf partial
discharge or corona effects appearing, destroying the insulation. Here,
this is solved by using an insulating mica foil between the conductors, see
Figure 6.5. Also the core itself is covered with mica foil, wodirectly

upon it.

DD ?ac

-ap-ac
2a,

Whp

Figure 6.5 The winding arrangementised forthe implemented clamfransformer.
Note the mica film(grey), which is used teliminateinsulation problems
by means of partial discharge.

Resonant inductor

The resonant inductdr, usedfor the implementation islesigned almost
according to the specification used in the simulation, $ection5.2.
However, since the self inductance of the clanamsformer primary, i.e.
L,, is lower in the implementation, the inductancd.gfis also lowered in
such a way that theatio L,/L, used in the simulation, igreservedalso
for the implementation. Thepecificationfor the resonant inductdt, is
given in Table 6.2.

Table 6.2 Resonant inductor specification.
Inductor Core A (NHN? | N (turns) | A, (mn?) L (uH)
L, T300-2 11.4 68 4.5 52.7

The inductor was intentionally designed to be wound with Litz |,
consisting of at least 12 parallel strands. Consequently, a copprctolr

k., equal to 0.2was assumed at the design stage. However, it was not
possible to manufacture the inductor with this type of conduttstead

only two parallel wires were used. This results in the fact thairtre
powder core is somewhat oversized due to the increase in cdifiper
factor, by using fewer parallel conductokin effect[44] of the copper
conductor currenfcan also become a problegince the AC resistance
increases with increasing frequency.

Resonant link capacitor

The resonant link capacit@, consists of six discrete capacitors connected
in parallel, three 10 nF and three 12 nF, to give a t@phcitance of 66
nF. The reason for natsing three parallel 22 nF as in the simulation of
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Section5.2, isbecause theonverter should also be operated undard
switched conditions. It is advantageous to distribute the capacitance among
the IGBT-modules since they serve as overvoltage snubbers imatie
switched case. The capacitors used for the implemented quasi resonant DC
link, to form the resonant link capacitor, are from the FRdE 428
series [64], see Section 5.2.

6.2 Quasi resonant DC link controller

In this section, the quasi resonant DC lio&ntroller is described. The
controller is used to operate the resonant link IGBTs in a proper way, and
to delay the modulator contr@ignals fed to theonverter drive circuits

until zero link voltage is established. Theasks seems, atfast glance,
rather simple to implement. However, several imporiastieshave to be
considered. First of all, error states of the resonant link must be detected.
The right controlactions must then be taken to solve gmeblem. The
second issue is that the IGBT drive circuits have an internal time delay of
about 1us, which also has to be considered.

In order toobtain safe operation of the quasi resonant DC link, two
signalsare measured. First, clamp actiondistected by th@pto-coupler
shown in Figure 6.2. This iseeded due to the fact that a resorayue

must not be initiated before the previous is completely finished. If the
resonant link IGBTsS, andS,, are turned on when the circuit is in the
clamping state, too much resonant energy is stored in the circuit. As a
consequence, the peak resonant inductorrrent i, will become
considerably higher than expected, which meansShandS, experience
higher current stress than expected.

The opto-coupler in the circuit foclamp action detection is used to
provide galvanic isolation between the main circuit and ¢betrol
electronics. This is especiallynportant in this casebecause of the
location in the clamp circuit where a voltage of several kV appears. The
opto-coupler input is connected across a resig&grequal to 2 R.

Also the current, is measured for operational reasons. As implied above,
a high peak value of thisurrent might result in resonant link IGBT
failure. Therefore,the currenti, is measured irorder to detecterrors
resulting in a high peak valueccurring due to other problems than the
previously discussed. Theurrenti, is measured with a LEMurrent
transducer of type LAS0P, whichas arated current of 50 A, but can
measure currents up to 70 A. The maidvantages gained by using a
LEM current transducer are the high bandwidth gatianic isolation.
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The needor galvanic isolation is discussedove. A high bandwidth is
not necessary for control of the quasi resonant cirsuite the measured
current is only compared to a pre-salue to detect overcurrent.
However, to analyse tharcuit, the currentshould be measuregnyway
and therefore the high bandwidth is favourable.

The state machin®r resonant link control ishown in Figure 6.6. The
resonant link controller is implemented in a programmable Idgidce,
PLD, which in fact consists of two PAL22V10 integrated circuits. One of
these integrated circuits is used to implement an asynchrostates
machine which keepsack of the resonant cycleeeFigure 6.6. In the
other integrated circuit, a timer function to control the duratioreasth
interval is implemented.

1xx0x OXXXX Ixx1x

XXX1X
1x0xx XOXXX 1xx0x

Ixxx1 1xx0x
OXXXX

Figure 6.6 Stategraph showinghe implementedjuasi resonant DC link controller.
The state machine is implemented in PAL circuits.

In Figure 6.6, the inpusequencesesulting in the state transitions are
shown next to each graph symbolising flossible transitions. The input
sequence is formed by the following digital signals

Input_sequence = [Enable,Soft_start,Clamp, Timer,Timer_clamp]

The input signaEnable is set as long as rerror occurs, i.e. as long as
over current is notletected.Soft_start is set when thearrier wave
modulator commands a change of any of the converter seidts. This
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is implemented as an exclusive or function between the actual and
commanded switch stator the switch states of eacleonverter half
bridge. TheClamp signal is set during clamp action. Note that the opto-
coupler shown in Figure 6.2 is actually inverting, whiokans that the
signal Clamp is directly given. TheTimer and Timer_clamp signals are
intendedfor synchronisation of thetate machine. Thstates shown in
Figure 6.6, correspond to the different modes of operation ofjubsi
resonant circuit. Aseenthere are eight logistateswhere two of them
are needed due to the IGBT drive circuit delay. These dtates are
referred to as intermediate or transition states. Stheesare described in
Table 6.3.

Table 6.3 Description of the states of the quasi resonant controller and modulator.

State Description

000 |Idle condition, corresponds to off resonance

001 |Ramp down. Resonant link IGBTSs turned on.

101 |Ramp down intermediate state. The new switch state is applied to the drivers.

111 | Zero voltage interval.

011 |Zero voltage intermediate state. The resonant link driver control signal is s¢t low.

010 |[Resonant link voltage ramp up interval.

110 |Clamping interval.

100 | Clamping intermediate interval needed to obtain a hazard free realisation.

As seen inFigure 6.6, theTimer signal is very importantfor the
controller operation. Note that foeach state whose transitions are
triggered by thelimer signal, the logic state is maintainéar a certain

time setfor the particular state. Fogach such state, the time set should
correspond to the duration of the resonant link mode in question.
Therefore, the times set have to be tuned, even though the simulated
waveforms gives the approximate duration of each interval.

Note that since theimer signal is involved in almost all thetate
transitions of the entire quasi resonant modulator and controllestatee
machine might as well be implemented as a synchronous state machine.
However, the PAL22V10 integrated circuits only have one clock signal,
which is used to update thmnverter switch state, i.aised as a clock
signal fed to the latches needed to delaydtiee circuit inputsignals to

wait for the zerovoltage interval. This clock or update signaltiigged
during the resonant link voltage ramp down interval, as soon asie

down intermediate state is entered.
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The logic signal controlling the resonant link IGBT drivers, is simply the
last bit of the three bit pattern used to symbolise the logic states.

6.3 Measurements

In this section the measured results are presented and compared to the
simulated. Waveforms of the quasi resonant DC link quantities are shown,
and discussed. Theonverter efficiency is measured for both tipeasi
resonant and the hard switched batterlyargers, and compared to
simulation results.

The testsare made at a lower converter DC link voltage tli@signed

for, due to overvoltage problems arising from the stralpctance of the
power electronic main circuit. The DC link voltagesed for the
measurements thereforequals 650 V. This means that thated
maximum currentstep which the quasi resonant DC link is desigfeed

is lowered by the ratio (650/750), i.e. to approximately 23.1 A.
Consequently, the rated battaryrrent isdecreased to the same level. In
effect, the rated output power of the battery charger is decreased by the
ratio (650/750), to become 7.5 kW. The large reduction in outpoiver

is due to the fact that the rated battery voltage equals half the DC link
voltage. This is of minor importanc#nce such a high DC voltage is not
available, at least ndor the currentlevel required, inthe laboratory.
Therefore,the efficiency measurements aperformed at rated battery
side output current and a DC voltage of 240 V. For practical reasons, the
DC voltage is generated by a rotating converiestead of electro-
chemical batteries.

Waveforms

The resonant link waveforms shown in this section are measured with a
Tektronix TDS 640Afour channel digitising oscilloscope in athses but

one, which will be pointed out. The resonant currentand i, are
measured by a LEMRR3330-SD Rogowskcurrent transducerwhose
output amplifier has a quitenarrow bandwidth which is seen in the
measured signals, later on. Also note that a Rogoegkent transducer

can not measure DE€urrents, whichmeans that no attention should be
paid to the DC level of the currentsandi, shown in the figures ahis
section.

In the first part of this section, the attention is focused on test of the
resonant link operation and parameter estimation. The measurements
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shown at this stagare made at a DC link voltagdose to 375 V and at
idle conditions with the battery charger output disconnected.

In Figure 6.7, first a resonant cycle is shown and then an off resonance
interval of long duration follows.
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Figure 6.7 Off resonance oscillation at reduced DC lintltage. The waveforms
shownarev, (upper, black)V,. (upper, grey),, (lower, black) andi,
(lower, grey).

During off resonance operation, the resonant link voltage is still
oscillating due to resonance between and C, which is discussed in
Chapter 3. Note the magnitude of the oscillating voltage whitietiseen

0.8 and 1.2 times the DC link voltage, which also is concludlech
Chapter 3. Also note the ringirgpen in both theesonant link voltage,.

and the resonant curren, when the resonant link enters the clamping
interval, in Figure 6.7.

In Figure 6.8, the clamp circuturrenti, and theforward voltage vy,
across one of the six clamp circuit diodeseFigure 6.2, are shown. For
convenience, also the resonant link voltage is shown. The poor bandwidth
of the Rogowskicurrent transducer is cleareen inFigure 6.8.From
Figure 6.8, it is also clear that tiRogowskicurrent transducecan not
reproduce the accurate DC level of the measunadent. A Rogowski

coil can not be used to measure a DC current, since it in fact is equivalent
to an air wound transformer.
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Figure 6.8 Clamp circuit waveforms. The upper part shdhsresonant link voltage.
Thelower partshowsthe diodeforward voltagey,,,, of one of the six
seriesconnected clamp circuiiodes (black) andhe clamptransformer
secondary current, (grey). Since the current is measuregith a
Rogowski current transducer, the DC level is not accurately shown.

The results shown in Figure 6.7 and Figure 6.8 wed to estimate the
resonant circuit actugdassive component values by means of inductance
and capacitance. The time derivative oh Figure 6.8, together with the
measured DC link voltage gives the self inductance of the clamp
transformer secondary, i.d,. The resonant link voltage during the
clamping interval and the DC link voltage gives the clamping faktor
which means that aldo, is estimated. Then the off resonance oscillation
period time is measured, which together withgives the total equivalent
capacitance of the circuit.

The passive component value which is hardest to estimate is definitely
Here,L, is estimated from the second resonant cycle shown in F&8re

by measuring the time to complete the resonant link voltage doam
interval. However, as seen in Figure 6.8, the resonant circuit is not started
at rest, implying that the actual initial conditions mustubed instead of

the ones derived for this mode in Chapter 3. On the other hand, this is not
a severe problemsince the cycle starts close the resonant link voltage
minimum for the off resonance interval. Thus, the resonant capacitor
currenti. is regarded as being equal to zero. By iterating equélds)

with these initial conditions, the inductancelgfis estimated.
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According to the measurementiscussedabove, the followingpassive
component values are estimated

i, =97.5 uH

H., =546 uH

s =232mH

EC +(Ng/Ny)? [T, o =112 nF

(6.19)

Also the oscillation period time at the start of the clampimigrval,
shown in the resonant link voltage measurement of Figure 6.8, is
measured. This oscillation time together with tbassive component
values previously calculated, gives the total stray inductange
according to equation (6.15). This gives

Laray =111 uH (6.20)

assuming that the equivalent series inductance of the DC link capagitor
equals 30 nH and that adther strayinductances equalsero except the
clamptransformerleakage inductances. If the latter are considered being
equal seen from the primary or secondary it is found that

L,, =533 nH (6.21)

This corresponds to a magnetic coupling factor equal to 0.995, which is
fairly high. However, it is not high enoudbr the application which is
reflected in the fact that the quasi resonant battery charger is operated at a
maximum DC link voltage of 650 V, whereas it was designed for 750 V.

Another interesting feature investigated at low DC link voltage is the
effect of clamp circuit diode reverse recovery. The fairly shallow slope of
i, during the clamping interval, indicates that the reverse recaergnt

of the clamp circuit diodes is likely to be low everrettifier diodes are
used.Therefore, six rectifier diodes of type Semikron SKKD46/168]

were tested in the clamgprcuit. The measured resonant link voltage for
this case is shown in Figure 6.9. Note that this measurement is made with
a different oscilloscope, Philips PM 3384A, whibhs onefourth of the
bandwidth of the oscilloscope used for the rest of the measurements.

Although, the time derivative of the clamp circaiirrenti, is low, the
reverse recovery probleliscussegreviously in this chapteshows up.
Note that clamping occurs also in the off resonance interval.
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Figure 6.9 Resonant link voltage, wheamctifier diodesareused inthe clampcircuit.
Note the large magnitude of thaff resonancescillation and thdact that
clamp action occurs during this interval.

By use of equation (6.7), it is found that the reverse recovery cuprént
equal to 0.75 Afor the case shown irFigure 6.9.Sincethe resonant
circuit behaviour shown in Figure 6.9 is not acceptable, thedfade

SKKD42F15 is used for the clamp circuit instead of the rectifier diode.

One important conclusion to be drawn from theasurements above and
the discussiorpreviously in this chapter, is that the voltage sharing
capacitors needefdr realisation of theelamp circuit diodeD,, do affect
the resonant link waveforms. This is reflected in the fact thatldination

of both the resonant link ramp down and ramp up intebs&domes
longer than for thease simulated i€hapter 5. This alone increases the
total cycle time.Moreover, the duration of the clamping intenalso
becomedonger due to the fact that the voltage time areathese two
intervals together with the zero voltage interval should equal the one of
the clamping interval, on the averagg. The increase of the totalycle
time results in the fact that the switching instafois the implemented
battery charger are further delayed.

There are alsadvantages gained by the increased equivalent capacitance.
The resonant link voltage derivatillcomedower than expectednhich

is advantageous in itself. Also, the nded accurate timingpecomedess
pronounced due to the fact that the voltage is flomva longer timesince

the resonant link voltage slopeme more shallow. Note that the
overvoltage due to circuit stray inductance is not affected by the
additional capacitance, sin€g ., is shorted byD, during the clamping
interval.

The rest of the measurements are made at a DC link voltage level of 650
V. The battery side output current reference value is equal to 2B1éss
otherwise specified. In Figure 6.10, one resonant dycléhe case when
clamping do not occur is shown.
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Figure 6.10Resonant link waveforms for orgcle in the casevhen clamping do not
occur. The upper parshowsresonant link voltage,. (black) and the DC
link voltageV,, (grey). Inthelower part,the resonant currentg (black)
andi, (grey), are shown.

In Figure 6.10, the upper battery side converter IGBT is turned on at
rated current (for the DC link voltage used). In Figure 6.11 positive

and negative resonant DC link outputrrent stepsare shown. Note that
the current steps for two of the resonaytles shown irFigure 6.11, are
larger than the rated ones. These large outptient changes occurs due

to the fact that several half bridges are switcdedng the verysame
resonant cycle.

The passive component valuase selected based on a resonant DC link
output currentchange equal to the rated battery swbaverter output
current, according tdSection3.1. There it is alsostated thatfor a
resonant link output current increase largean the rated, the resonant
link voltage will start to decrease whgrhas decreased to zero during the
resonant link voltage ramp up interval. This occurs due to the fadt that
has not reached the level corresponding to the new converter stateh
However, this is not seen iRigure 6.11, although the positive output
currentstep of the first resonant cycle shown is about 30 A. The reason
why this does nobccur, is due to the time contratedfor the resonant
circuit.
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The resonant link IGBTs are kept on for a constant time, and the length of
the ramp down interval used in thentroller must cover the worsase.

This means that in some cases the zero resonant link voltage is maintained
for longer than 1us which is used in the selection of the resonant link
passive components. The longer duration of the zero voltage inteugal
implies that more energy thaxpected is stored in the circuit when the
clamping interval is entered.
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Figure 6.11Resonant linkwaveforms forlarge positive and negative currestieps.
Note that the output current decrease during the last resonant cycle is larger
than the ratednaximum.The upper partshows resonant link voltage.
(black) and the DC link voltag¥,. (grey). Inthe lower part,the resonant
currentd, (black) and, (grey), are shown.

In Figure 6.12, the resonant link waveforms are shown for a time interval
corresponding to one period of the modulation carrier.

As seen inFigure 6.11 and Figure 6.12, the resonant inductor cuigent
has ahigher peak magnitude than expectesim the design expression.
The high peak value of, results from the increase of theguivalent
resonant link capacitor due to the capacitive voltage dividiegvork
used in the clamp circuit. Also, note that the peak valug isfdependent
on the level of the resonant link voltageand the capacitor curreiy, at
the start of the resonant cycle.
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Figure 6.12Resonant linkwaveforms for atime interval corresponding to the
modulation carriertime period. Thismeans that ideally eight distinct
resonant cycles should take place but in the shee/nseveral switchings
are madeduring some ofthe resonant cyclesThe upper partshows
resonant link voltage. (black) andthe DC link voltageV,, (grey). In the
lower part, the resonant currentg¢black) and, (grey), are shown.

Figure 6.12 shows the previousljscussegroblemassociated with a too
high amount of resonant energy stored when the clamping interval is
entered. This both gives a higher over voltage due to the istlagtance

of the circuit according to (6.16) and a longer duration of the clamping
interval according to (3.38).

In Figure 6.12, only five resonasycles take place, whereas ideally eight
should beperformed. Thisimplies that more than one of theur
converter half bridges arswitched simultaneouslyor some of the
resonant cycles. During a clamping interval, several switching transitions
might be held to await the next zero voltage intervitherefore, the
modulator commands are delayed a varying time, depending on the
duration of the clamping interval.
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The varying delay time, imposed on the modulator commnsigdals,
results in loworder harmonics appearing ie output currents, see
Figure 6.13.
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Figure 6.130ne of the line side phase currents (black) and the battery current (grey), in
the case of purely inductive output filters at rated cundr@nthe DC link
voltage equals 650 V.

In Figure 6.13 the input current for one of the Aide phaseand the
battery side outputurrent, inthe case ofpurely inductive outpufilters,

are shown. Though present, the low order harmonics arsuchtalarge
problem in this case. In Figure 6.14, one of the AC side input currents are
shown for the outer inductor in the case of a LCL-filter at wheditions

with the battery side disconnected. As shown, a high content obider
harmonics, appears. The high harmonic content reBolis the factthat

the impedance of theCL-filter is considerably lower than for the L-
filter, since thefilters are designed to have tlemame attenuation at
switching frequency. The result shown in Figure 6.14 is of course not
acceptable, and therefore L-filters are used for all the measurements.
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Figure 6.140ne of the lineside phase currents e case ofLCL-filter, at idle
conditions. Notethe magnitude of théow order harmonicsThe high
harmonic content is due to modulatierrors resulting fronthe fact that
the converter control signals are delayed by the resonant link operation.
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Efficiency

In order to measure the losses, a power meter is connected to thet-test
up. To measure the output power fronvatage source poweronverter

is a complicated task, due to the switched nature of the output voltages,
which makes high bandwidth measurements necessheyefore, afour
channel Norma D 6100 wide band power analysewsded for the
measurements, which has a bandwidth of 400 kHz. Howevergvan
higher bandwidth is desirable for the output voltage derivatives appearing
in this case. To verify theconverter input and outputpower
measurements, the power meter is also connected outside the filters to
measure the total powdosses ofthe battery charger. The result these
measurements is shown in Table 6.4.

Table 6.4 Measured battery charger efficiency.

Battery charge Without output filter losses Including output filter losseg
P, W] | P, [W] [Efficiency| P, [W] | P,,[W] [Efficiency

Hard switched 5765 5581 96.8 % 6051 5628 92.9(%

Quasi resonant 5955 5595 94.0 % 6263 5632 89.9 9

A series of measurements are made on ehelhger in Table 6.4. The
variations in efficiency between individual measurements are
approximately£0.5 % to the average efficiency. The results shown in
Table 6.4 are individual measuremealsse to the average of tiseries,

for each case. Note that the variation #3.5 % in addition to the
bandwidth limitations of the power metendicates that the efficiency
only can be measured with two significant numbers.

As seen in Tabl®.4, the efficiency of the hard switched battetyarger
seems to bapproximately 3 percent units higher than the quasi resonant
battery charger efficiency. The inductive filters are responsible of
decreasing the efficiency by 4 percent units.

To compare the measured results with simulations, models have to be
developed for the semiconductor devices used in the implementation. The
simulation software used, SABER supports characterisation of
semiconductors based arendor data sheets. However, the behavioural
models obtained are not as accurate as the physical mgsisin the
simulations of Chapter 5. The simulated results, at a load condition
corresponding to the measurements, are shown in Table 6.5.
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Table 6.5 Simulated battery charger efficiency.

Battery charge Without output filter losses Including output filter losseg
P, W] | P, [W] [Efficiency| P, [W] | P,,[W] [Efficiency

Hard switched 5878 5639 95.9 % 5978 5546 92.8(%

Quasi resonant 6025 5661 94.0 % 6122 5567 90.9 ¢

In Table 6.5, only the leftmost part is of interest since the indufitiees

used in the laboratory set-up is not the same as the simulated. In fact, for
the measurements the filter inductors are wound on 0.3 |anmmnated
cores, whereas in the simulation iron powder cores are considered. The
reason for nosimulating the inductors used in the test set-up, is that the
only data available is their inductance.

The simulated converter efficienégr the hardswitched batterycharger

is considerably lower than the measured. However, the efficiency of the
battery charger equipped with thliasi resonant DC linlshows good
agreement between measurements and simulations. The feasbis is

the poor semiconductor models used. Especially the switching transients
are difficult to model correctly with a behavioural modsince they
depend on a lot of factors. For example, both turn-on and turanaifgy
dissipation are junction temperature dependent but the nusddl do not
usetemperature as an input. Therefotee simulation model must be
characterised for the correct operating temperature to givedhect
turn-on and turn-off energies.

The data sheefer the semiconductors useshecifies these energies only
at a junction temperature of 12&, whereas the heat sink usked the
implemented battery charg&ras kept close tooom temperature, i.e. 25
°C, implying that the junction temperature is considerably lower than 125
°C. The on-state, or conductioigsses onthe other hand are not as
temperature dependent as the switching losses.

The losses of the hard switchednverter originates from botwitching
transients and current conduction. Thenduction lossesare almost
temperature independent but the switching losses increases with increasing
temperature. Since the actual junction temperature probably is thewer

125 °C, which the simulation models abmsedon, thelossesare over
estimated. For thquasi resonant converter implemented, ¢baduction
lossesare dominatingsee Sectiorb.2. Since theseare nottemperature
dependent, at the same extent as the switching losses, the simulated and
measured converter efficiencies show better agreement in this case.
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Conclusions

Quasi resonant DC link convertefsr a battery chargeapplication are
investigated in this thesis. The main topic investigatedards passive
component selection to meet certgpgerformance criteria. Fouguasi
resonant DC links are designed and then simulated. One ofuhsi
resonant DC links is implemented in the battery chargpplication
considered, for furtheinvestigation. This chapter concludes the results
obtained, by means of simulations and measurements. Also some topics
for future work on resonant converters are given.

7.1 Results

The design expressions derived in Chapter 3, umed to determine
suitable passive component values to nuegtain performanceriteria.

The performance criterigelectedor theinvestigation are the maximum
voltage derivative and the maximum duration of the zero voitatgeval.
However, the most importanssue covered by the developedesign
expressions is to guarantee the operation of the quasi resonant DC link at
the worst case load conditions.

In Chapter 5, the four differerguasi resonant DC links investigated are
simulated. To give a fair comparison, thienulated quasi resonant DC
links are designed to meet tlsame maximum voltageerivative and
maximum duration of the zero voltage interval. The simulatisimsys

good agreement with the expressions derived in Chapter 3, by means of
design criteria. The energyefficiencies are calculatettased on the
simulations. Fromthese calculations it is found that the outfiliiers
dissipate approximately half the total losses of the battery charger. Also, it
is found that the quasi resonant battery chargers do not have ltmses

than the hard switched.

One of the quasi resonant DC link battery chargers investigated, is
designed and built for 10 kW nominal power. Important aspecgiarding

the implementation arediscussed inChapter 6. The resonant link
waveforms are shown and discussed. Also |ldkses ofthe entirebattery
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charger and theuasi resonant DC link convertdossesare measured.
The efficiency of a hard switched battechrarger isalso measured for
comparison. Both the quasi resonant and the hard swittiztery

chargers are simulated with semiconductor modeised on dataheet

information. The simulated and measured efficiency do not shubw
agreement and the reasons for this are discussed.

Both simulations and measurements indicate that the efficiency of the
battery charger do not increase by tiee of a quasi resonant DC link
compared to the hard switched case. The main reason is that the switching
frequency is only SHz for the investigated battergharger. Atsuch a

low switching frequency, the efficiency is already higtr a hard
switched converter. In order to fully utilise resonant converter technology
the switching frequency should be higher than it is in this study. However,
it is also seen from both simulations and measurements that several of the
investigated quasi resonant DC links are not suitédrleoperation at a

high switching frequency. Alreadfpr the lowswitching frequency used,

the switching instants commanded by the modulator are sewdsklyed
resulting in low order harmonics appearing ithe converter output
currents. To partly overcome this problem, the restriction on the
converter output voltage derivative can be loosen or the clanfpaigr

can be somewhat increased. However, both these actions increase the
semiconductor stress.

7.2 Future work

For further investigations of quasi resonant DC link converterstapics

are of particular interest, modulation strategies and semiconductors
developed for soft switching applications. There is a lot of work done and
ongoing, on these topics. For example, for two of the circuits investigated
here, bymeans of passive component selectibeye are publications on
modulation issues [17], [40]. In[26] semiconductors suitabléor soft
switching is, to some extent, discussed. The work presentéd]iclosely
relates to Chapter 3 and Chapter 5. In [54], the resonant link voltage
derivative of the quasi resonant DC link converter presentddlihand

[31], is varied to minimise thdosses. Still, the results obtained sych
investigations are dependent on the type of semiconductors used.
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A

Modulation

In this appendix converter modulation is considered. Foatrier based
pulse width modulation (PWM) is introduced. This kind of modulation
strategy is often usewr hard switchedconverters, and it is oftestated

that it is suitable alséor quasi resonant DC link converters. However,
resonant DC link converters canngte this kind of modulatiostrategy,
since theseconverters are only allowed to switch at the zero voltage
intervals of the resonant link voltage. This implies that the switching
frequency is determined by the resonant link oscillation frequency. The
method usedfor this kind of converters is termed discrefmilse
modulation (DPM). Here, only the operation of one such modulation
strategy is discussed. Features like differences in output spectrum and so
on arediscussed irthe literature[23], [44], [62], [63], butare left out in

this text.

A.1 Carrier based PWM

Carrier based PWM is welldiscussed irthe literature, forexample in
[23], [44], [62], [63]. Here, carrier based PWM is owligcussed taive a
more complete description of the contyistem and itsnterface to the
power electronic main circuit.

The controllers, used in both the simulation and the implementation of the
battery charger, generate voltage reference values. These refeatrese

are fed to the modulator where they are transformed mitses
determining whether the upper or lower transistoreath halfbridge
should be on. This implies that one voltage reference value must be
generated foreach halfbridge, to form thepulse patterrfor each half
bridge output potential.

In order to generatthis pulse pattern, the PWM strategy adopisds a
carrier wave. Thecarrier wave can have differerghapesfor example
triangular or saw-tooth shaped. Bdtr the simulations of thelifferent
battery charger topologies afar the implementation, triangulararrier
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PWM is used. Anyway, saw-tootltarrier PWM are usedfor the quasi
resonant DC link converters reported in [17], [40], [41].

The switching instant®r a particular half bridge are determined by the
crossings between the carrier wave and the voltage reference value for the
half bridge considered. For an AC converter the voltage referealce

is time varying with a frequency determined by the desired output
frequency. Of course, thearrier frequency must be several timieigher

than the frequency of the voltage reference vétwethe modulation to

work properly. The ratidoetween these two frequenciese$erred to as

the pulse number, or modulation index.

In order toobtain the proper average outpwoltage for a certain
reference value, the carrier wave amplitude has to be a function of the DC
link voltage. Note that the DC link voltage limits the maximum output
voltage possible to supply to the load.

To some extent, the converter topology also determines the parameters of
the carrier wave. Forexample one single half bridge (the battesige
converter considered in the thesis) can have an average auaipage
ideally ranging from zero up to the DC linkoltage level. This implies

that thecarrier wave should vary betweethese values. On thether

hand, a threghaseVSC (for example the line side converter considered

in this thesis) has both negative and positive instantaneous output voltages,
implying that thecarrier wave in this case varies between aalue
corresponding to minus half the DC link voltage to plus half the DC link
voltage. All threephases can ugee samecarrier wave to determine the
switching instants in this case.

Note that in botfcasesabove, the peak to peak value of tarier wave

is proportional to the DC link voltage. Also, note that in the tipkase
converter case, it is not necessafgr the carrier to varybetween a
negative and a positive value, since a constant value can insteeidldgt

to each voltageeference value. A constant value added in th#ner,
corresponds to a zeequence component which can not be supplied by
such a converter anyway [4].

Saw-tooth carrier PWM

As the name implies, thearrier wave in thiscase issaw-tooth shaped.
This means that thearrier will traverse from its minimumvalue to its
maximum (or vice versa) abruptly. When this occurs, the crossing
betweencarrier wave and reference value will occur simultaneously for
all phases using this carrier. One example of saw-tooth carrier modulation
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of a threephaseconverter isshown in Figure A.1. Note that theulse
number is considered as very high whioheans that the voltage
references appears as constant for the short time interval shown.

%Vdc T
Va, ref
\ \
| |
: : Vb, ref t
! o~ ! o~ Ve ot
| ! | | ! |
1 ! ! \ ! ! \
évdc T : : : ‘ : : : Vsaw
Gy o L o
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| | \ | |
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| ‘ \ | ‘
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| w |
Ce | l l
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Figure A.1 Saw-tooth carrier PWM of a three phase converter.

In Figure A.1, the reference levels for each phagg, v, s andv, ., are
shown together with the saw-tootbarrier wave v, Also the
corresponding pulse patterns for each phase, andc,, are shown. The
interpretation ofthese pulse patterns is thfar each halfbridge, a high
level corresponds to upper switch (transistor or diode) conducting and a
low level means that the lower switch is conducting.

Triangular carrier PWM

Triangular carrierPWM uses atriangular wave ascarrier. The main
difference in operation compared to the previoudiscussed saw-tooth
carrier PWM, is that in this case simultaneous switching only oczhes
two referencevaluesare equal at thearrier crossing. Figure A.Zhows
the resulting pulse pattern whémangular carrierPWM is usedfor a
three phaseconverter. Similar to the previousase, the pulse number is
considered as being very high.
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Figure A.2 Triangular carrier PWM of a three phase converter.

The interpretation of the quantities given in Figure A.2 isddwme as the
one given for saw-tooth carrier PWM, except that the carrier is called
in this case.

A.2 Discrete pulse modulation

Discrete pulse modulation is similar to hysteresis confi28]. In
hysteresis control the idea is to feed the reference value andctial
value to a comparator with a dead band. The comparator output
determines the switch state to be feeteach halfbridge. In this way the
actual value is kept within a hysteresis band located arounckfitieence
value.

Voltage regulated sigma delta modulator

The voltage regulated sigma delta modulatbAN1), is the by farmost
popular modulator usefr resonant DC link converters, mainly due to
the fact that the modulation is load independent and exhibits relatively
good spectral performancd8]. This type ofmodulator acts upon the
error between the measured output voltage and its reference level. The
error isfed to an integrator. The output of the integrator is input to a
comparator, with hysteresis band equal to zero.
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Since this modulator is usedor resonant DC link converters, the
switching instants commanded by tleemparator are delayed until a
resonant link voltage equal to zero is obtained. This can be achieved by
latching the command signal from the comparator, andigkeeofanother
comparator to generate the clock signal to the latch when \a#tage
occurs. Figure A.3 shows a schematic of Idemodulator for onéridge

leg. HereK is the gain of the integrator and $§ymbolises the D-latch.
The signalzvfed to the D-latch, is the clock signal whitfggers the D-

latch when zero voltage is detected.

Vi, ref +- K. J— I D Gi +@ Vi

‘ZV

Figure A.3 Schematic picture of théA-modulator for one half bridge.

There are a lot of interesting features regardidgmodulation, some of
them can be found in [13], [18].
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Control

In this section the controllenssed in the simulation modale described.
First the battery sideurrent controller igdiscussedand then thevector
current controllerusedfor the line side converter. Finally the DC link
voltage controller igliscussedFor details on thecontroller usedfor the
implemented battery charger, see [4].

B.1 Battery side current controller

The simulation model battery or DC sideurrent controller is

implemented as a Pl controller, with felatward ofthe battery voltage.

All the controllers discussed in this appendiare based on sampled
quantities, i.e. time discretédence,the discrete time battery side PI
current controller is written

k-1

* Lk . .k . D
Vbatt(k + l) =K %l batt(k) ~ Ibatt (k)) + Ti DZ ('batt (n) ~ patt (n))H"'

A (B.1)

Vit (K)

wherev,,, andi,,, are the battery voltage amdrrent, respectively. The
corresponding referenceluesare marked with a star (*). The gain of
the proportional part iselected inorder toobtain dead beat actiong.

for astep change in the outpatirrent reference level, thectual output
current should reach this value at the next sampling instant. The following
gain, K, and integrator time constanl;, are used for the simulation
model battery side current controller

L R
et
T, 2
E— (B.2)
g2 R
S
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whereL andR are the load inductance and resistance, respectively. The
sampling time is denotef.

B.2 AC side vector current controller

The vector controller idased on the synchronousigtating reference
frame dg-system. This implies that that the thrphase quantitiesabo

have to be transformed into the stationary refererm® frame (two
phase quantities) and thdarther transformed into rotatingeference
(dg) frame (two phase quantities).

The controller acts upon tlierquantities, and also gives referenedues
expressed in the rotating frameherefore,the referencevalues must be
transferredback into thregphase quantitiebefore they argassed on to
the modulator. However, before the referencdues are fed to the
modulator they are symmetrised in orderutdise the converter DC link
voltage in a more efficient way.

Vector transformations

As stated above, the three phase quantities are transformed inphas®
guantities, i.e. fromabcto af-quantities. This means thatvactor § in
the stationanaf -frame is expressed as

<08 — \/§ [qsa +5,el@md +scej(4”/3)) =S, * Sy (B.3)

For a symmetric three phase quantities, this is simplified to
O _ /§
SRR P
5 1
3= 0%

This is further transferred intdhe rotatingdg-frame, seeFigure B.1,
through the transformation

(S,
(B.4)

s =5%e? =g + s, (B.5)

which means that
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[By = Sy COSO + s8N0

= =S, SiN6 + s, cost (B.6)

Figure B.1 The stationary and rotating reference frames.

Note that this means that the fundamental components dhtbe phase
guantities are expressed as DC quantities in the rotdipigame. For a
grid connectecconverter, thedg-system is oriented to the integral of the
grid voltage vector. This implies that the direction of the graltage
vector and theg-axis coincide.Hence, an easy way to calculate the
transformation anglej, is from

: g
ng=-—=>2

SN RL

B:osez 525 :

u \Ca * €

Note that this method is not suitablier implementation where
disturbances, transducer offset and harmonics might interfere with the
fundamental.

Vector controller

Current controllers for thel and g components are implemented in a
similar way as the DC side current controller. However, in ¢higethere
are also cross coupling terms which appears as feedard terms.
Hence,

* L * . < i i .
Vik+1) =K Eﬁ'd(k) ~ig(k0) ++ £ (i~ o) (B.8)

I n=0

K fig () +iq()) + €4 (k)
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* Lk . 1 < i i D
vi(k+1) =K Eﬁmk) =i (k) *nDnZo("*(n) _'q(n))5+ (B.9)

+K i (k) +iq (k) + &, (K)

wheree denotes the power grid voltage akdis the cross-coupling gain.
The gains and the integrator time constémt,dead beaturrent control,
is in this case given by

B<_L R

= — 4+

0 T, 2

O 2mfL

Ke= (8.10)
O

O

DTi:E‘}'L

0 2 RTg

wheref is the power grid fundamental. In the simulations the following
set points or reference values are used for the AC side current controller

R
Og(k)=0
- (B.11)

e D) VoK) 0
* K) = — batt 0 k dc Eﬂ* k
a0 =iy a0+ gy e

where DC link capacitor current reference is determined from the DC
link voltage controller, discussed later on.

Symmetrisation

Thedg-frame voltage reference values are transferred aftequantities

and further into threephase quantities. lorder to fully utilise the DC

link voltage available, the threghasereference voltages are altered in
such a way that the maximum and minimum instantaneous voltage
reference values have the same magnitude, i.e. that their distance from the
zero level are equal. This is achieved by calculating

v, (K) = %(max(v;(k),v;(k),v;(k)) + min(v;(k),v;(k),v;(k))) (B.12)

The new reference values are given by
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[, (K) = V4 (K) = v, (K)
Evzz(k) =V (K) — v, (K) (B.13)
Bez (K) = Ve (K) = v, (K)

Therefore, this is called symmetrisation.

B.3 DC link voltage controller

In order to maintain the DC link voltage at the desired levdiastto be
controlled. The deviation between the actual DC link voltage and its
reference value, is multiplied with a gain giving a curreaference
according to

.k _ CdC * _

ekt D) = Ko 77 (vo (10~ Ve (1) (B.14)
In order to limit the current demanded by the DC link voltegetroller,
the constant included in the gain is selected as

Ky =0.01 (B.15)

The DC link current referencealue calculated above is added to the
axis current reference. However, the low value of the d§jp,in effect
means that the DC-link voltageontroller is turned off, akeastfor the
short simulation time employed (20 ms). Instead, approximate initial
current controller integral parts acalculatedfrom the batterycharger
losses ofprevious simulations, to accommoddite the DC link voltage
variations. This is done due to the fact tfat the shortsimulation time
used, the integral parts will not assume steady state conditions.
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C

Differential equations

In this appendix a unified approach to use diféerential equations of a
resonant circuit in order to characteri¢g behaviour is presented. The
obtained results can be used to calculate peak values, constraints on
component values etc. An application example where the method is
applied to the resonant DC link converter, is also given.

C.1 Method

A typical solution to the differential equations arisifrom a resonant
circuit is

u(a) = Acos(a) + Bsin(a) + D=E

Hi(a) = —~ACsin(a) + BCcos(a) = F €1

For aZVS resonant circuitu can be regarded as the voltage across the
resonant capacitor andas the corresponding capaciturrent. A andB

are determined by the initial valuefr the particular mode of the
resonant cycleD is due to the stationary solution of the differential
equation E andF are the values af andv, respectively at instartt. For

a resonant circuit the resonance frequency, as well as the time, are part of
a.

Sincethe capacitor current is the product of ttapacitance and the time
derivative of the capacitor voltage, the facthbin (C.1) is the product of
the capacitance and the time derivativerpin this case.

The equation system (C.1) above is substituted into

%n(a) _ BC(E-D)- AF

. (A2 +B?%)C
. os(a) = AC(E - D) + BF (©2)
0 e
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This expression, together with the trigonometric identity
sin?(a) + cos?(a) =1 (C.3)

gives constraints on what simultaneous values arfidv, i.e.E andF, that
are possible, according to

(E- D)%+ gz =A% +B? (C.4)

OF
(c
By using the obtained constraint above, one unknown final value of one
mode of the resonant cycle can be calculated upon knowledge of the initial
values and the other final value of the particular mode. By repethiisg
several times, an entire resonant cycle can be charactdfisgtiermore,

the necessary initial values needed to assure a certain final value can be
calculated.

C.2 Application to the resonant DC link
converter

The resonant DC link converter introduced in section 2skliscted as an
example to show the application of the method previously descHimeok
only the behaviour of the resonant circuit is of interest here, the
simplified converter circuit can be used, see Figure 2.16.

Usually, the resonant cycle is only piecewlisear, whichmeans that it

has to be subdivided into intervals where a certain sediféérential
equations and initial conditions are valid. These intervalsrefierred to

as modes of operation. As the first mode of operation (mode rigtuaal
choice is the link voltage ramp down interval, i.e. the part of the resonant
cycle where the resonant link voltage has a negative derivative with
respect to time.

For the resonant DC link, this mode of operation is characterised by the
differential equations

0 dt d

: — VCr

Ocr =G (C.5)
0 dt

DLr - ICr + Io
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By assuming that the output current is constant during this mode, i.e.
io = lo1 (C.6)

this system ofordinary differentialequations can beewritten as one
second order differential equation

dive, | 1 1
+ Vor = V, C.7
dt 2 L,C, Cr L,C, dc ( )

This differential equation has the solution
Ve (t) = Acosw, (t —tg) + Bsinw, (t —tg) + Vg (C.8)

Here, A and B are constants depending on the initial values of the
capacitor voltage andurrent, respectively. The characteristic angular
frequency of the resonance circui, is given by

(C.9)

The capacitor current is expressed by
ier (t) = —w,C, Asinw, (t —ty) + w, C, Bcosw, (t —t;) (C.10)

Assuming a continuously oscillating resonaaircuit, i.e. without
damping, gives the initial conditions for this mode
DVer (to) =A+t Vdc = 2Vdc

C.11
Cr(to)zwrCrBzo ( )

The constant®\ andB are determined by the initial conditionshich
means that the resonant link capacitor voltage and current are given by

Qe (1) = Ve (L+ cosa, (t —to))

_ (C.12)
Ocr (t) = —w,C; Vg sinaw; (t —tp)

Mode 1 is finished when zero resonant link voltage is obtaindich
gives

D/Cr (tl) =0

Cr (tl) =0 (C.13)
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These values serves as initial conditions for the next mode of operation. It
should be clear that in thisasethey areeasy to calculate without the use
of the previously shown method.

As soon as the zero voltage interval is entered a new conwritah
state is set, if desired.

The zero voltage interval is somewtsgecialfor this type of resonant

link converter, in the sense that its duration can equal zero. This is due to
the fact that a decrease in the outputrent, i,, according to the new
switch state of theconverter implies that the resonant inductgr has
excessenergy stored, resulting in a positive, non-zero resonant link
capacitor current occurring immediately after the output current change.

If, on the other hand the outpatrrent is increased, the linkoltage is
clamped to zero by the freewheeling diodes ofdbeverter. At thesame
time, the inductor current is increassidce theentire DC link voltage is
applied acrosd.,. Mathematically this is expressed by tHéferential
eqguation

di
L, d—ir = Vye (C.14)
which have the solution
. . V, V,
ILr(t)zlLr(tl)"'%(t_tl):Iol*’%(t_tl) (C.l5)

r r

The zero voltage clamping due to the freewheeling diodes is inhibited as
soon as the resonant inductaurrent, i, reaches the level of the output
currentl,,. This means that the resonant link voltagenp up interval
(mode 3) starts when

iLr (tz) = I02 (C.16)

When analysing this circuit it is important t@member that théast
expression is only valid if the output current is increased. Otherwise the
link voltage ramp up interval starts immediately, i.e. when

iLr (tz) = I01 (C-17)

One of the problems when analysing this circuit arigem this fact,
since this results irdifferent initial conditionsfor the resonant link
capacitor current, depending on the output current change.
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For mode 3, the differential equations of mode 1 are still vhligyever
with a new set of initial conditions.

The initial conditions in thisaseare dependent on whether the output
current from the resonant circuif, has increased or decreased due to the
new switch state of theonverter. If the output currerttas increased, a
zero voltage intervahas been presemgrior to mode 3 and the initial
capacitor current will equal zero. If the output curreas decreased, the
initial capacitor current will be non-zero and positive. For the |athse,

it was previously stated that the duration of the zero voltagerval
(mode 2) will be very short.

However, in both these cases the initial capacitor voltage equals zero, thus
Ve (t) = A+ V. =0 (C.18)
Mathematically the first case is expressed as
i (t2) = 1oz (C.19)
i (t,) =w,C,B=0 (C.20)
which gives

[ (1) = Ve (1- cosa, (t - t))

. (C.21)
UCr (t) =Wy CrVdc SN, (t - 1:2)

The maximum resonant link voltage is reached when the capaaitoent
equals zero, i.e.

ir (t3) =0 (C.22)
which gives
Ver (t3) = 2Vdc (C-23)

Here, the resonant cycle is completed for the first case. The seasads
mathematically expressed as

i (t2) =161 > 102 (C.24)
iCr (t2) = wrCr B= I01 - I02 (C-25)

This gives the solution
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é/q (t) = Vge (1 - cosw, (t—t,)) + Wﬁnwr (t-ty)
0 rer (C.26)
%Cr (t) = G Vg sina, (t—tp) + (Iol - IoZ)COS(")r (t-ty)

Also in this casethe maximum resonant link voltage appears when the
capacitor currentequals zero. By using the described methoide.
equation (C.4), the maximum voltage in this case is described by

o Oy =10
Vo (tg) = Ve + . VA + 3oL (C.27)
Cr\*3 dc \J dc wrCr
This expression can be simplified to
_ J“ 2 Lr 2
Ver (t3) —Vdc +\jvdc +€(Iol - I02) (C-28)
) r

In this case the maximum resonant link voltage becomes highetvittan

the DC link voltage. This means that the previousbgumednitial state

for the resonant link voltage ramp down interval (mode 1) is not valid in
this case. However, as seenHigure 2.17, the initial conditiornisecomes
valid after only one additional resonant cycle.

The VPC strategy

Another example is found by applying the method to the voltsepk
control (VPC) strategy for the resonant DC link converter foun@ii

[47]. The idea of this strategy is perform the change of the switcttate

at such a resonant link voltage level that the maximum capacitor voltage
always becomes close to twice the DC link voltage. This impliesstimae

of the switching transitions are made at a resonant link vollag®ewhat
higher than zero.

However, since the VPC strategy is intended the resonant DC link
converter, the differentiagéquations and their solutions found previously
are still valid but with different initial conditions.

Consider thecasewhen the outputurrent i, is supposed to decrease.
Instead of allowing the capacitor voltage to reach zero,cttenge of
converter switch state takes place at

Ver (1) =Vero (C.29)
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The corresponding capacitor curreptjor to the change of switch state,
is depicted as

icr(ty) =i =0 (C.30)

Equation (C.4) states that the relationship betwegrandi. is given by

ED')C—Og +(Vero = Vae)” = Vi (C.31)
rCr
This is rewritten to

i(2:r0 = (("’rcr)2 |:qzvchCrO _VCZIrO) (C-32)

Sincethe capacitor is discharged at the resonant link voltage downm
interval the solution is given by

icro = _(wr Cr) EL““SZVchCrO - V(2:r0 (C.33)
The inductor current at this instant becomes equal to
iLr0 = Iol + iCrO (C-34)

Since only the casewhen the outputcurrent, i,, increases due to the
change ofconverter switchstate is considered, themp up interval
(mode 3) starts directly. The initial resonant link capacitor voltage is

Ver (tl) =A+ Vdc =Vcro (C-35)

The initial capacitor current for the resonant link capacitdtageramp
up interval becomes

. + — —_ - . —_
'Cr(tl) _wrCrB_lLrO - I02 = Iol_ I02 *lcro =

3 ) (C.36)
=l e~ (wrcr) [UZVdCVCrO ~Vecro
The aim of the VPC strategy is to fulfil (ndiet,)
DVer (t3) = 2Vge (C.37)

ECr (t3) =0

If this is inserted into equation (C.4), the expression below is obtained
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o D2 2 2
E) C E +(2Vdc _Vdc) = (VCrO _Vdc) +
s (C.38)
2
WH |:Qlol 02 w C )EL 2VchCrO V(ZZrO)
This expression is rewritten to
[ 0 f
2VgeVero = Véro = %017025_ v 2VaeVero _VCZIrOB (C.39)
By assuming
VCrO = Vdc (C-4O)

the expression is further simplified
o 2 _Ug - O EE—
 VaeVero — Vo = 575_\ 2VgeVero ~ Véro (C.41)

This is equal to

Ol I, 0
2\/2VeeVero = Vro = O;r Croz (C.42)
If both sides are squared, this expression becomes equal to
1 Oy -1l
2VgeVero ~Véro = 28 COZ (C.43)
which is rewritten to
) 1 Ol -1,
Vero — 2VgeV + =0 C.44
Cro dcVCr0 W, C ( )

According to the constraint (C.40), the only solution to seisondorder
equation is

194



C. Differential equations

o 1Oy -l,0
Vero = Ve = Vie "2 o COZH =
\ @t (C.45)
| 1 2
=V ~ \dec _4%001 - I02)
In [46], [47] the corresponding expression is written as
O 0O  0Z(lp—le)d0H
Vg = Vo1 — cosrarcsin——~22 0L (C.46)
Cro chl Bar 2Vdc
where
2= |k (C.47)
VG

Here, the symbol namemre fitted to theones used previously in this
section, which are not the same as the ones used in [46], [47].

Note that the VPC strategy is only used if the resonant link oatpuént
decreases due to the changecionverter switch state, i.e. if >,
Otherwise, the maximum resonant link voltage do not exceed twice the
DC link voltage anyway.

C.3 Integration of the voltage equation

For some of the resonant DC link circuits the differente&quations
becomedinearly dependent. This implies that there will be one term in
the inductor current expressiovhich is linearly dependent in time. The
reason for this is that the solution contains an integration of the capacitor
voltage which has one constant term.

Assuming that the expression to be integrated, is written
u(t) = Acosw; (t —ty) + Bsinw, (t—ty) + D (C.48)
If the derivative ofv with respect to time equals i.e. if

dv
=u

e (C.49)

thenv is found by integration of (C.48), thus
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t
v(t) = v(ty) :J'u(r)dr =
t0

t
:J’(Acoscar (T —to) + Bsinw, (1 —t))dr = (C.50)

t

:ABina)r(t -to) —Ecosa)r (t—tp) +Ba)r (t—tp) +E
W, w, W, W,

196



D

Inductor design

In this appendix, inductor design is reviewed. The design method used, is
basically the same as the one described in [42]. Nevertheless, some of the
steps are also found in [44].

D.1 Inductance

First, theinductance of a gappéddn core inductorseeFigure D.1, is
derived.

Figure D.1 Basic gapped iron core inductor.
According to [10], the inductandeis defined as

Lo dw

=5 (D.1)

where ¢ is the flux linkage resultingrom the currenti. For a linear
media, i.e. disregarding magnetic saturation and hysteresis icasieeof
an iron core, this is equivalent to

L=¥ (D.2)

[

For the gapped iron core of Figure D.1, Ampere’s circuital law gives
NO=Hg O + Hy O (D.3)

Here, N denotes thenumber of winding turnsH., and H; the magnetic
field intensity in the iron core and air gap, respectively. Tagnetic
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flux mean path length is denotgdin the iron and; in the air gap. The
magnetic flux densitieB., andB, is defined from

Bre = HoHreHFe

(D.4)
5 = HoHj

wherey, is the permeability of air angd., is the relative permeability of
the iron core material. Substitution into Ampére’s circuital law gives

NEHZEEHFEJE

5 (D.5)
HoHre Ho

Assuming uniform flux densities, the flux linkage is expressed as
L»U = NBFeAFe = N86A5 (D-6)

where A, andA; are the cross-sectional areas of the iron core and the
air gap, respectively. Substituting the flux linkage into Ampére’s circuital
law gives

_ Y [ IFe |6D
Nm-——{%r——+—— (D.7)
.UON FeAFe A5E
Fringing flux in the vicinity of the air gap is neglected, which is
equivalent to

Bs; =Bre =B = As = Are (D.8)

— Llf IFe O
NE—Mﬁ%N#%%+QE (D.9)

Rearranging this, gives an expression for the inductance according to

This gives

2
L:ﬂ:%QEiL (D.10)
I ﬁ+|
o
Hre

In most cases the relative permeability of the iron core is high and the air
gap long, i.e.
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ke
|5 >>—= (D.11)

which implies that the inductance is approximately given by

2
L= LAIFeN (D.12)
1)

D.2 Inductor core size selection

One of the firststeps in the design of amductor, is to select an
appropriate core size. The problemsafiecting the corsize arisesrom

the fact the geometrical properties of a core @wmposed in a wide
variety of ways. It is thus desirable to select tbee size in aformalised

way, by assigning a general quantity to a core that is not depending on its
actual geometrical shape, i.e. the ratio between the geometrical measures
of the core. A common way taccomplish is by selecting the cobased

upon the desired area product. Here, this method is reviewed from [44].

The peak flux linkage is expressed as

 =Li, =NA,B, (D.13)
wherei, is the magnetisingurrent. The windingvindow A,, of a core is

in the case of a single inductor coil expressed as

= Ny D.14
Ay ke, (D.14)

whereA, is the winding copper conductor cross-sectional areakand
the copper fill factor, expressing how tightly wound the inductor coil is.
The copper conductor RMS currdgpy is expressed as

lcw = Acudey (D.15)

where J., is the corresponding current densiBubstitution into equation
(D.13) gives

i = ka2 B A A (D.16)

ICu
The area product\P, of a core is defined according to

AP = A, A, (D.17)
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Substitution into (D.16) and rearranging the terms gives

ap=blmlos
kCu Bm‘]Cu

For an inductor, the copper conductor current and rtiagnetising
currents are equal from a design point of view, i.e.

im(t) :iCu(t) (D-lg)

Thus, in this case the area product is written

(D.18)

AP = M (D.20)
kCuBJCu

The last result is also found in [44]. If sevenadluctor coils are wound
upon a single core, likéor a regenerative snubb@3], the expression
(D.18) has to be slightly modified. This is done by assuming exuaént
density of each of the inductor coils. This means that the winding window
areaA,, is equally divided among the winding coils. Thus, the winding
window area available for one coil is written

Ay = NAc, (D.21)
NW NWkCU

whereN,, is the number of windings, i.e. the number inductors, wound
upon the core. Note that, similar to tlwase of atransformer, the
inductance and both the magnetising and copper condogtognts must

be referred tothe same coil. TheAP value for a core with several
inductor coils thus becomes

A=

L il
AP = N,, —<-mk-Cuk (D.22)
kCuBm‘]Cu

where the inductance and currents are referred tdkcoil

This is usedor core selection of the clampingransformersused in the
simulations of Chapter 5. Note that for the implementation cf@aping
transformer, the magnetic coupling factor must also be taken into
consideration. Asdiscussed inChapter 6, designingor a specified
coupling factor is a by far stronger constraint tremlecting coresize
based on thé\P value. Thus, the method above can not readilyudes

for design of a clamping transformer.
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D.3 Inductor design example

In this section one way of designing a certain type of inductors is given
through an example. The inductor designed is actually used in theidime
LCL-filter of the battery charger presented[8). The design is based on

a tape wound C-core. An advantage of tape wound cores is that a high
stacking factor is obtained even though a thin steel tape (0.025-0.3 mm) is
used.

The specification of the inductor is given in Table D.1.

Table D.1 Inductor specification.

L 0.3 mH
lans @ 1 kHz 120 A
lpeax @ 5 kHz 10A

lpeax @ 10 kHz 5A

Thus, the totalRMS current is approximately given by the 1 kHz
component, i.e.

ley =120 A (D.23)

By using four parallel conductors of rectangular cross-sectim ndm, a
RMS current density equal to 2A/mm? is obtained. Theabsolute
maximum magnetising, and thus copper condudatarrent iscalculated
according to

iy =120V2 +10+5A =185 A (D.24)

To selectcore size, an initialguess of a suitable peak magnefiigx
density has to be done. Here

B=035T (D.25)

is selected. Also, a reasonalgieess orthe copper fill factork., must be
made. A common value is 0.4. If this is used it is found that

ap = tlaulou - 9379 o (D.26)
kCuB‘]Cu

The C-core TELMAG Su 150b, have geometrical properties according to
Figure D.2 and Table D.2.
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—_— -
—_———

cl9g d
b

Figure D.2 Inductor based on a C-corEhe winding (grey) is split intatwo parallel
connected windings.

Table D.2 Geometry of the core Su 150b.
a 255.6 mm
b 150.2 mm
c 49.4 mm
d 76.2 mm
e

g

154.0 mm
50.0 mm

By including the stacking factor of the core with 0.1 mm tape,itbe
core area is found

Ac. = 0.968[33.9 cm? = 32.8 cm? (D.27)
The winding window area is approximated as
A, =15.405.0 cm? = 77.0 cm? (D.28)
Hence, the area product for this core becomes
AP = A, Ac, = 2527 cm* (D.29)

An initial guess, i.e. withoutir gap, of the number of windinturns
required, is given by equation (D.13). Thus
— I—iACu —
N = 5~ 48 turns (D.30)

e

From equation (D.12), the total air gap length is calculated.
2
|5:@=32mm=2ﬂ6mm (D.31)

According to [42], the fringing flux factok.., is calculated as
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I [(pel
Kep =1+ —2— [nn? =2.265 (D.32)
i \/AFe |5 E

The fringing flux factor is therused to adjust theumber of winding
turns, to compensate for the fringing flux introduced in the vicinity of the
air gap.
- 5L
\ HoAreKrr

The reduced turns ratio implies that the peak magnetic femsity
becomes higher than expected. According to (D.13) it is given by

=32 turns (D.33)

B=Ltlew —gs3T (D.34)

e

The peak flux density is calculatddr each frequency component and
then the iron coreloss for each component is foundrom the
manufacturer data sheets, which for 0.1 mm tape gives

(B, =0486 T (Proq ki, =141W
B, =0.029T O %DFQS iy =10W (D.35)
Eblo kHz =0.014 T EFFe,lO kz =6 W

If minor loops are neglected, the total iron cdoss is founddirectly
summing the loss associated with each current component, i.e.

Pee = Z Peej =157 W (D.36)
|
Another iron coreloss componentair gap loss due tofringing flux
components being perpendicular to the tape surface, introduces additional

eddy current losses. In [42], thair gaplossesare calculatedrom the
empirically derived expression

Ps; =388dl; f; B (D.37)

The corresponding air gap losses, for the different cumwentponents, is
found to be

203



D. Inductor design

(P51 khz =212 W

5.5kHz = 4 W (D.38)
510kHz = 2 W

Again, the total air gap losses are found by summing the components

P = Z Py; =218 W (D-39)
|

which seems to bdairly high. To calculate thelosses inthe winding,
referred to as copper losses, the mean length perMlrm, is calculated.
For a C-core with a winding geometry according to Figure D.2, i.e. two
coils, MLT is given by

MLT =2c+2d +2g =351 mm (D.40)

The total winding resistance of the inductor is calculated at a winding
temperature of 90C. At this temperature the resistivity of coppeg,,
equals 2.1580% QmnY/m. The winding resistance is thus

Rey = Poy NMLT _ 4 04 mo (D.41)

Acy

The copper losses is calculated from
Py = Reylé, =58 W (D.42)

In order toestimate the temperature rise of the winding, its surtaea
is calculated according to

Ar oy = 4e(C + Q) +2e(d + g) + 4g(c + g) + 2dg = 0.1276 m? (D.43)
Also, the iron core surface area is calculated
At £ = 4bc +2bd + 4cf = 0.0676 m? (D.44)

The total thermal flux density through the copper winding, is calculated as

__ 1 Qe

0 2
Y =—— =~ P_+P +P,,0=2782 W D.4
T,Cu A ,Cu[b+e Fe [9) CuD 8 /m ( 5)

In the samamanner, the thermal flux through the iron core surface not
covered by the copper winding, is calculated
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1 ob

0 2
Yoo =~ =7 =1154 W/m D.46
T,Fe A cu E] fe ( )

IDFeD_
According to the literature, for exampgk2], [44], heattransfer is due to

two physical processes, radiation and convection. Radiation follows the
expression

Wr g =5.7000 (T - T) (D.47)

wheree is the emissivity of the surface, aiidandT, are the surface and
ambient temperatures, respectivelideat transfer by convection is
according to [42], expressed as

Wr o = 217F (T = T,)"/p (D.48)

whereF is an air friction factorp is a factor depending on tlshape and
orientation of the surface arglis the relative pressure. Note thather
text books presents different methdds calculating the convection heat
transfer. The totaheat transfer is given by the sum of the radiation and
convection components, i.e.

l'lJT = LIJT,rad + l'IJT,conv (D'49)

However, since the hetatansfer byconvection is complicated to model,
heat transfer is instead calculated from experienc@ddhit is stated that

the heat transfer igsually 55 % radiation and 45 % convectigrhich
means that the total hemansfercan be approximated directlyom the
radiation component. The temperature rise at an ambient temperature of
40 °C, using this approximation, is shown in Figure D.3. In FigDt8,
another approximation is also shown where the temperature rise is
calculated according to

Wy

T =T, +—1—
aO+kaTa

S a

(D.50)

where the twoconstantsare selected asa,=12 W/nf(lC and k,=0.1
W/m?[AC?. As seen in Figure D.3, both methods give similar results.

If equation (D.50) is used, the temperature rise of the copper winding
surface becomes

Tocu - T =174 °C (D.51)
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which is by far too high. The temperature rise of the iron core surface
becomes

Tore—Ta=72°C (D.52)

T-T _[°C] ' '
S a 2
10°}

10° 10° w_[w/ m?

Figure D.3 Calculated temperaturése at arambient temperature of £C, based on
radiated heat (black) and an approximate method (grey).

The calculatedemperature rise of the copper winding surface is high,
mainly due to the air gap losses. Often, the air Igagesare not included
in the temperature calculation, which in this case gives

_ 1 pge O_ 2
Vo= 4y et Rup= 1074 Wim (D.53)

Tscu —Ta=67°C (D.54)

Another question to be asked, is how good the empirical airlagp
model is. However, when the inducteras implemented and tested, the
copper winding surface close to the gapwas byfar too hot, i.emore
than 130°C.

To partially overcome this problem, the windings split close to the air
gap, in order togive a more efficient cooling of the iron core in the
vicinity of the air gap,seeFigure D.4. Anotheradvantage gained by
splitting the winding, is that the eddy currents induced in ¢bpper
winding, are reduced. To some extent this solved the problem, but fan
cooling was also needed.
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Figure D.4 Magnetic flux lines (a) of the entiiaductor, and (b) othe regionaround
one of the air gaps.
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