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ABSTRACT

DC to DC step-down applications with high inputtage and high voltage conversion
ratio operational requirements, such as photowwhattery chargers, are subject to high
conduction losses, high switching losses and sobataeverse-recovery losses when
minority carrier principle diodes are used. Theerg introduction of silicon carbide
diodes with high breakdown voltages has made plesgib elimination of reverse-
recovery losses at high voltage levels and as Basltsparked interest in their use due to

the potential efficiency improvements.

This report presents the results of a comprehemsiagysis on the use of silicon carbide
diodes and their counterparts, ultrafast silicadds, in conventional buck converters
and isolated current-fed buck converters in higiutrvoltage and high voltage
conversion ratio step-down applications. The aisljlustrates both theoretically, with
the use of steady-state average models, and exg@aity the substantial efficiency
benefits of the use of reverse-recovery free gilicarbide diodes in the conventional
buck converter and the small but significant imgoent in the efficiency of the isolated
current-fed buck converter. The improvements efdbnventional buck converter paired
with silicon carbide diodes are shown to be sigaifit enough to grant the variant the
most efficient position for power levels below 1 kWh addition, the four variants are
categorized based on their cost and performaneegftire, providing engineers with a
convenient guide to aid their selection of the appate converter depending on the

operational requirements.
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1 INTRODUCTION

1.1 Definition of the problem

High voltage step-down applications with high vgetaconversion ratios, such as
photovoltaic battery chargers, face extreme opggatonditions that give rise to high
transistor switching losses, high conduction logsessignificant reverse-recovery losses
when minority carrier principle diodes are usedit&ble converters must cope with such
extreme conditions and imposed losses, compromizhgeen simplicity, cost
effectiveness, and efficiency. These goals ardlicong at times and are best achieved
by adaptive topological and component selectigmstred by technological and
conceptual innovations. The innovations bring witém interesting properties and

facilitate new solutions to old problems.

One such technological innovation is the silicorbe (SiC) power diode, a
conventional Schottky diode with high breakdowntagés [6]. The insusceptibility of

the SiC diode to reverse-recovery losses makesatteactive option for high voltage
applications compared to ultrafast silicon (Si)d#ie which operate based on the minority
carrier principal and are subject to reverse-regolasses. The qualitative advantages of
the SIiC diode are obvious; however, the quanteggberformance benefits and cost
premiums are unknown. In addition, the appropriap®logical selections are unclear

given the revolutionary nature of the SiC improveise



1.2 Literature Review

The scope of the topological comparison is limi@tivo popular step-down buck
topology variants deemed appropriate by a liteeataview, namely the conventional
buck topology and isolated current-fed buck topglogihe conventional buck topology
is the most rudimentary step-down topology, makiran attractive option for analysis
due to its simplicity and cost effectiveness. dididion, it is susceptible to high reverse-
recovery losses, as is noted in [1, 8] and shovahapter 2; therefore, the potential
benefits of the SiC diodes are meaningful and wani@lyzing quantitatively. Pulse
width modulating converters with quadratic DC caisu@n ratios were deemed

inappropriate due to their low efficiency performarj7].

The isolated current-fed buck topology addressasyroithe downsides of the
conventional buck topology by isolating the congerto two regions with galvanic
isolation [4, 5]; therefore, reducing transistoiitstvng losses, reverse-recovery losses
and front-end conduction losses as noted in ch&ptdihe improvements minimize the
potential benefits of the SiC diodes and permitisiéated current-fed buck topology to
showcase the importance of topological choice sielec In addition, the inclusion of the
isolated current-fed buck topology in the analysisvides results for a topology with

galvanic isolation: a requirement in many commeajgpolications.



1.3 Thesisobjectives and methodology

This thesis addresses the questions raised imtitweluctory section through a
comparative analysis of the use of minority andamj carrier principle diodes in high
input voltage and high voltage conversion ratipstewn applications. The objectives

of the comparative analysis are to determine thfdpeance advantage of the SiC diodes
over ultrafast Si diodes in conventional buck asalated current-fed buck converters, to
determine the cost of the four variants, to deteenthe efficiency of the four variants

and to present the findings in the form of a guit& engineers can use to select the
appropriate high voltage step-down converter. ihpat voltage range is chosen to be
250V to 550V and the output voltage is chosen td@é. The methodologies chosen to
achieve the mentioned objectives are based ondtiemirand experimental benchmarks

and are explained below.

A theoretical analysis of the conventional buckwater is presented in chapter 2. The
steady state averaged model, equivalent circuiirahdidual losses are derived and
shown for the case where both ultrafast Si anddti@es are employed. In addition, the
prototype is explained and exhibited. Chapteres@nts the same theoretical analysis of
isolated current-fed buck converter with specitdrgion given to the topological
improvements over the conventional buck converterorder to keep the results
consistent the isolated current-fed buck convesteonstructed using the conventional
buck components. In addition, the prototype tramsér leakage inductance problem is

examined and the solution presented. The expetahesults are presented in chapter



4: illustrating the cost, efficiency vs. input \ade, and load regulation. Comparisons to

the theoretical predictions and results are ma@pp@topriate times.

Chapter 5 is reserved for the discussion of thelteand for recommendations. The
suitability of each converter variant is debatesldobon the results from chapters 2, 3 and
4. Finally, the success of the thesis and thearehet is based on is presented in the

conclusion with a short discussion about furtheeaech.



2 CONVENTIONAL BUCK

The theoretical analysis of the conventional bumhverter, shown in figure 2.1, is
presented in this chapter. The analysis is brakemto four sections: analysis of
operation, steady-state equivalent circuit modeldéon, individual power loss analysis

and experimental prototype discussion.

Figure2.1  Schematic of conventional buck converter

2.1 Analysisof operation

During a normal operating cycle the conventionalbconverter equipped with minority
carrier principle diodes proceeds through sevegest&ransferring energy from the
source to the inductor and discharging the stonedgy into the load. The use of a

majority carrier principle diode eliminates oneg&atherefore, eliminating the need for



two analysis. A normal operating cycle, consistigeven stages, is described below

with reference to figure 2.2.

1. (0<t<DTy
The transistor is on and the diode is completefyaif of the minority charge is
removed).

2. (DTs<t<DTs+1t)
The transistor switches off as the voltage acrossmps up. This time period
corresponds to the time required for the gate dtveharge the MOSFET gate-
to-drain capacitance.

3. (DTs+&<t<DTs+t + tor)
The diode becomes forward-biased and current bégiosmmute through it,
increasing linearly until all of the inductor cuntas flowing through it. This time
period corresponds to the time required for the gaitver to discharge the
MOSFET gate-to-source capacitance.

4, DTs+b+tp<t<TS—bn—1t—1)
The diode is on and the transistor is off.

5. Ts—tn—tr—t<t<Ts—t—t)
The transistor switches on. The first step in ghigcess is for the current through
the diode to decrease to zero. This time periotesponds to the time required
for the gate driver to charge the MOSFET gate-tars® capacitance.

6. Ts—k—t<t<Ts-}¥
The stored minority charge is removed from the diod@his occurs both actively,

defined as @, and passively, via recombination.



7. (Ts=t<t<Ts)
The transistor begins to switch on as the voltagess it ramps down. This time
period corresponds to the time required for the gaitver to discharge the

MOSFET gate-to-drain capacitance.

Figure 2.2 illustrates the transistor and indugtdtage and current waveforms of a

normal operating cycle based on the above anabysiperation. The capacitor

waveforms are omitted due to their simplicity.

Figure2.2  Waveformsof a buck converter during normal operation
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It is important to note that and Q disappear from figure 2.2 when majority carrier
principle diodes are used. The mathematical aecstgndy-state analysis is presented in

the next section.



2.2 Averaged steady-state equivalent model

This section presents the derivation of the avetafeady-state equivalent model using
inductor volt-second balance, capacitor chargenalaand input average current
principles and the small ripple approximations ioetl in [1, 2, 3]. The section is broken
up into five subsections: inductor voltage equatmapacitor current equation, input port
equation, voltage conversion ratio and efficieraryd equivalent circuit model. The
following names, along with those defined in presicgubsections, are used to represent

the model components.

Rdson Transistor Q on-resistance

RL Inductor winding resistance

Vc Output voltage

Ve Diode D voltage drop

Vi Inductor voltage

I Inductor current

lc Capacitor current

g Input current

D Duty cycle

Ts Switching period

tr Transistor voltage rise time

s Transistor voltage fall time

ton Transistor current rise time

toff Transistor current fall time

trr Silicon diode reverse-recovery time
Qrr Silicon diode reverse-recovery removed charge



2.2.1 Inductor voltage equation

This subsection illustrates the derivation of tineluctor voltage equation using the
principle of inductor volt-second balance as defibg equation 2.1.

(v)=0 (2.1)

Using figure 2.1 and figure 2.2 as a guide the ayeinductor voltage is found to be

tr +tf ' tr +tf
o7 Vo ~Ve =1 Rign) = (D'~ JVe +Vo) - IR (2.2)

<VL>=(D+ AR

Replacing the duty cycle with the equivalent duggle defined by equations 2.3 and 2.4

transforms equation 2.2 into the simpler form afiagpn 2.5.

D, =1- D (2.4)
(V) =DV, =V =1 Rygy) = Di (Ve +Vo) =1 R, (2.5)

2.2.2 Capacitor current equation

The capacitor current equation is derived belowmgighe capacitor charge balance

principal.



(ic)=0 (2.6)

vy Ve Ve
i)zl -2 =1 =7 2.7)

2.2.3 Input port equation

The last required equation is derived by averaguegnput current.

1 (T,

<|g>_T—j0 i it (2.8)
S

. ||_ tof“f +ton Q

i y=—(DT. +t +t. + +t )+ =0 2.9

(iq) L A (2.9)

. ||_ tr +tf +ton +toff +2trr Q

i y=—(D_T. + + =0 2.10

(ig) T (OaTs 5 )+ (2.10)

2.2.4 Voltage conversion ratio and efficiency

Using equations 2.5, 2.6 and 2.7 the voltage cameratio and efficiency as a function

of equivalent duty cycle can be represented astiemqsa2.11 and 2.13 respectively.

10



_Ve

,  Damy D
uD,)=—= g (2.11)
™ Vg 1+ RdsonDeq-i_RL
R
P V.1
D) =~ =-CL 2.12
N(Dg) P, VI, (2.12)
| H(Dgy)
D, )=u(D_,)+= = 2.1
,7( eq) /’[( eq)l tr +tf +t0ﬁ +t0n+2trr Q ( 3)
¢} + + rr
= TS IL-I_S

The significance of the reverse-recovery loss [magnt in equation 2.13: the reverse-
recovery time,, is doubled compared to the other switching tim@santitative results

are provided in the experimental prototype section.

2.2.5 Equivalent circuit model

This subsection illustrates equations 2.5, 2.62aidn the form of an equivalent circuit
model in accordance with [1]. The first part o #equivalent circuit model is derived

using equation 2.5 and is shown in figure 2.3.

11



Figure2.3  Part of the equivalent circuit model based on inductor voltage

equation
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The second part of the equivalent circuit modeldsved using equation 2.7 and is

shown in figure 2.4.

Figure2.4  Part of the equivalent circuit model based on capacitor current

equation

The third and last part of the equivalent circuddal is derived using equation 2.8 and is

shown in figure 2.5.

12



Figure25 Part of the equivalent circuit model based on input port equation
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Combining the three parts together leads to thepbete circuit model shown in figure

2.6.

Figure2.6 = Complete equivalent circuit model
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2.3 Individual power lossanalysis

This section illustrates the derivation of the \ndual power losses. The equations are
used in the next section to shed further lightt@equantitative significance of the
reverse-recovery loss and the benefits of themiaktion with SiC diodes. The section is
broken up into five parts: inductor conduction |dsansistor conduction loss, diode
conduction loss, transistor switching losses andrse-recovery loss. The derivations

are based on the complete equivalent circuit mskvn in figure 2.6.

13



2.3.1 Inductor conduction loss

The inductor conduction loss is proportional to tbgistance of the copper and the square
of the RMS current that flows through it; howewuge to the small ripple-approximation
the RMS current is equal to the average currehe r€lationship is derived below into

equation 2.14 and the definition of the resistaa@so provided as equation 2.15.

P.=1°R (2.14)

RL =p— (215)

An important uncertainty in equation 2.15 is th@perature dependant resistivity. At
room temperature (20°C) the resistivity of coppset.i72410° Q-cm and 2.3.0° Q-cm
at 100°C, a 1.33 increase. In light of this diparecy the working temperature of the
converter is assumed to be 20°C for the rest ofitfadysis. This is in accordance with

standard inductor design principles.

2.3.2 Transistor conduction loss

The transistor conduction loss is subject to thalmoation of the equivalent duty cycle,

transistor on-resistance and the square of thectodaurrent as is shown in figure 2.6.

14



Pdson =1 Lszson Deq (216)

2.3.3 Diode conduction loss

The diode conduction loss is the product of theersg of the equivalent duty cycle, the

diode on voltage drop and the inductor current.

P, =V, 1 D, (2.17)

2.34 Transistor switchinglosses

The transistor switching losses are composed dfréimsistor turn-on and turn-off losses
imposed by the charging and discharging of thesistor gate-to-source and gate-to-

drain capacitances.

(2.18)

15



2.35 Reverserecovery loss

The reverse-recovery loss is a product of the rehofithe stored minority charge. As
such, it is relative to the reverse-recovery timd the removed minority charge. It is not

present when majority carrier principle diodesased.

P =Vg|Ltrr +Vger

2.19
r TS ( )

24 Experimental prototype

This section outlines the construction of a 32 K80 W conventional buck converter
equipped both with ultrafast Si and SiC diodesthéoretical analysis of the converter,
based on the derived equations from previous segtie also provided. The section is
broken up into three parts: active component selecinductor construction and

theoretical analysis of prototype.

2.4.1 Active component selection

The components were selected in accordance wittatpeal requirements and care was

taken to select state-of-the-art devices. The @mapt selection is shown in table 2.1.

16



Table2.1 Conventional buck active component characteristics

Component Name Manufacturer V br eakdown | max

Transistor SPW47N60C3 Infineon 650 V 56 A
Diode (Si) APT30DQ100BG Microsemi 1000 V 30A
Diode (SiC) SDT12S60 Infineon 600 V 12 A

All of the active components were employed paratigjroups of three in order to

decrease conduction losses.

2.4.2 Inductor construction

The construction of the inductor was based on pleeification of the current ripple. In
accordance, the current ripple was chosen to bedfGbe average current at 700W, 1.5
Amps for an output voltage of 48 V. This goal veabieved with an 506H inductor
constructed in two parts: the first part was coneplosf two 77439A7 cores wound 29
times with two paralleled AWG 12 copper wires ahe $econd part composed of two
77439A7 cores wound 24 times with two paralleled B\W2 copper wires. The
inductance was determined using the inductor velguation rearranged as shown in

equation 2.20.

L VeD'T,

A (2.20)

17



The 77439A7 core was chosen because it comfortabigfied the magnetic field
intensity requirement, 5600 ampere-turns per nmet&000W. In addition, two cores
were used in order to keep the magnetic lossesrtimianum, keeping the magnetic flux
density below 0.04T and the core losses below 85Que¥\part. Also, the copper gauge
was chosen using the conservative 700 circular paitsamp rule. It is important to note
that the inductor was over-engineered on purposkatat could be used in the isolated

current-fed buck.

2.4.3 Theoretical analysisof the prototype

In order to shed light on the potential benefitsh&f use of SiC diodes in the conventional
buck converter a theoretical analysis is preseb&tolv. The component information is

shown below and is based on component datasheets.

Pout : 800 W
Ve : 48 V

Ve (Ultrafast) : 1.2V
Ve (SIiC) ; 1.25V
Radson : 0.02Q

RL : 0.0127%2
R ) 3Q

tr : 35ns

f : 40 ns

18



ton ; 4.63 ns
tr : 50 ns

Qn ; 400 nF
I : 16.67 A
fs : 32 kHz

The efficiency vs. input voltage with constant autpoltage of the conventional buck

converter equipped with SiC and ultrafast Si diadgwesented in figure 2.7.

Figure2.7  Theoretical efficiency vs. input voltage with constant output voltage of

the buck converter
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The improvement in efficiency due to the use of$i€ diode is exceptional, more so at
higher input voltages. An investigation of theiindual losses provides the explanation

of the above results and is presented in figureA@dfigure 2.9.

Figure2.8 Individual lossesof a conventional buck converter with Si diodes
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Figure2.9 Individual losses of a conventional buck converter with SIC diodes
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Figure 2.8 clearly illustrates the significancelud reverse-recovery process, providing
strong evidence that the SiC diode is superioh¢oultrafast Si diode at the 800W power
output levels. Experimental results provide furtbenchmarks and can be found in the

fourth chapter.
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3 ISOLATED CURRENT-FED BUCK

The theoretical analysis of the isolated curredtifack converter, shown in figure 3.1, is
presented in this chapter. The analysis is brakemto four sections: analysis of
operation, steady-state equivalent circuit modeldton, individual power losses and

experimental prototype discussion.

Figure3.1  Schematic of isolated current-fed buck converter
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3.1 Analysisof operation

During a normal operating cycle the isolated curfed buck converter goes through
seven distinct stages. In this analysis the dedmiof a stage is expanded in order to
keep the number of stages reasonable. In addiheryse of a minority carrier or
majority carrier principle diode only serves toyé#ne time of one of the stages and as

such only the minority carrier principle diode \aari is examined. The full-bridge,
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transistors A, B, C and D in figure 3.1, is opedaat 50% duty cycle with a small overlap

as shown in figure 3.2.

Figure3.2 Isolated current-fed buck control signals
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The above control scheme ensures an effectivefpathe inductor current to commute

through at all times. The stages are numbereddardance with figure 3.3.

1. Transistors A and D switch on, experiencing switghbsses due to transistor
gate-to-source and gate-to-drain capacitances.

2. Transistors A, B, C and D are on, ensuring a patlthie inductor current during
the full-bridge switch from the B/C conduction pavhthe A/D conduction path.

3. Transistors B and C switch off.

4. Transistor Q switches on, removing minority chairgen the diode until it is
reverse-biased.

5. Transistor Q is on and the diode off. The inducarharged by the input source.

6. Transistor Q switches off.
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7. Transistor Q is off and the diode on. The induarained via a path through

the diode.

Figure 3.3 illustrates the input transistor, fulidge A and B transistors, and inductor

voltage waveforms and input transistor, full-bridgand B transistors and transformer

combined output current waveforms of a normal apegeacycle based on the above

analysis of operation.

I solated current-fed buck converter current and voltage wavefor ms

Figure3.3
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The magnetizing current is neglected in the abaadyais and as such only one cycle is

described.

3.2 Steady-state equivalent circuit model

This section presents the derivation of the avetafeady-state equivalent model using
inductor volt-second balance, capacitor chargenalaand input average current
principles and the small ripple approximationsg13]. The section is broken up into
five subsections: inductor voltage equation, capacurrent equation, input port
equation, voltage conversion ratio and efficieraryd equivalent circuit model. The
following names, along with those defined in prescubsections, are used to represent

the model components.

Rori Transformer primary winding resistance
Rsec Transformer secondary winding resistance
Ry Full-bridge transistor on-resistance

Ro Transistor Q on-resistance

RL Inductor winding resistance

Vb1 Diode D1 voltage drop

Vb2 Diode D2, D3 voltage drop

Ve Output voltage

Vi Inductor voltage

I Inductor current

e Input current

n Transformer turns ratio

D Duty cycle
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Ts
tr

Transistor Q switching period
Transistor Q voltage rise time

Transistor Q voltage fall time

ton Transistor Q current rise time

toff Transistor Q current fall time

tofta Transistor A/B/C/D current fall time

tona Transistor A/B/C/D current rise time

tia Transistor A/B/C/D voltage fall time

tra Transistor A/B/C/D voltage rise time

tq Full-bridge dead time

tr Silicon diode reverse-recovery time

Qr Silicon diode reverse-recovery removed charge

In addition, several time constants and an equitalety cycle are defined for

convenience, denoted by equations 3.1-3.6.

_ fa ra
t, =t, + > (3.1)
1:r +tf +ton +toff +2trr
2= > (3.2)
Tt +
t,=t, +t, +t, +- o o > offa (3.3)
t,=t, +t +t_ (3.4)
D =D—tr+tf (3.5)
€q ZTS .
D', =1-D, (3.6)
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3.2.1 Inductor voltage equation

The inductor voltage equation is provided below amad derived using the inductor volt

second balance principal.

%

)

(V) =DgV, =1 (DgR, + R +(R + anz)(l—;i) +2R, (1-
S S (3.7)

t t .
—nVe (1_T_l) —NVe, (1_T_4) ~ViD'y = 0

S S

3.2.2 Capacitor current equation

The capacitor current equation is provided belod \&as derived using the capacitor

charge balance principal with the help of figurg. 3.

L N A '
(ic)=nl @ T) = O- Il =— (3.8)

t
s nR(L- -2
( T)

S

3.2.3 Input port equation

The input port equation is provided below and wasveéd by averaging the input current

over one switching period.

27



<ig>:'L(Deq+;—2)+& (3.9)

S S

3.24 Voltage conversion ratio and efficiency

Using equations 3.7, 3.8 and 3.9 the voltage cameratio and efficiency as a function

of equivalent duty cycle can be represented astiemnsa3.10 and 3.11 respectively.

%_h(l_ti) - Vo, D'eq
(D ):V_C: n Vg T,° nVg (3.10)
& Vs t, 2 t, .
DeqR:) + RL + (1_7)(Rpri +n Rsec) +2RH (1_7)
1_71_'_ TS 2TS
Ts R )
TS
t
P A=)
N(Dy) =2+ = *— (D) (3.11)
Pm D + t2 + er
Sh A
S L'S

The above equations are non-trivial to decode artidr analysis is needed.

3.25 Equivalent circuit model

The complete equivalent circuit model was derivsisg equations 3.7, 3.8 and 3.9 and

Is shown in two parts below for better presentgbili
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Figure3.4  Equivalent circuit model of theisolated current-fed buck
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3.3 Individual power losses

This section illustrates the derivation of the indual power losses in the same manner
as section 2.3. The section is broken up into parés: inductor conduction loss, input
port transistor conduction loss, full-bridge traater conduction loss, transformer
conduction loss, input port diode conduction lesstifying diode conduction loss, input

port transistor switching loss, full-bridge transirsswitching loss and reverse-recovery
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loss. The derivations are based on the completiva&gnt circuit model shown in figure

3.4.

3.3.1 Inductor conduction loss

The inductor conduction loss is easily extractednfifigure 3.4 and is defined by
equation 3.12. It is important to note that thduion of the inductor current leads to

significant loss reductions compared to the corigeat buck converter.

P.=1.°R, (3.12)

3.3.2 Input port transistor conduction loss

The above step is repeated for the input port istsrsconduction loss and is shown
below. The same significant reduction is also @né this case; however, the loss is

smaller due to the increased equivalent duty cycle.

I:)ston = Deql LZRQ (313)
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3.3.3 Full-bridgetransistor conduction loss

The full-bridge transistor conduction loss is cosgab of the full bridge transistor on-
resistances. Majority of the time the total onis&sce is the sum of one active leg;
however, during the transition between full-bridegs the total resistance is halved due

to the fact that all four transistors are active.

Psen = 21 R, (1~ 1) (3.13)

2TS

3.3.4 Transformer conduction loss

The transformer transfer energy from the input pmthe output load at all times except
during the transition of the full-bridge conductipaths. The overall transformer

conduction loss is presented by equation 3.14.

R, = |L2(1—.:_—3)(R1+NZR2) (3.14)

3.3.5 Input port diode conduction loss

The input port diode conduction loss is subje¢htinverse of the equivalent duty cycle

and is presented by equation 3.15. The expectkattien in losses compared to the
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conventional buck diode conduction loss is two faihek inductor current is reduced

along side the inverse of the equivalent duty cycle

Py, =Vpu! D'y (3.15)

3.3.6 Rectifying diode conduction loss

The rectifying diode conduction loss is subjedhi® transformer output current;
therefore, during the full-bridge conduction patmsition, when the current is flowing
through all four transistors, it is zero. It isgortant to note that the diode is modeled as

a constant voltage drop, as denoted in [1].

Py, =nVp,l, (1_.:._4) (3.16)

S

The overall diode conduction losses of the isolatatent-fed buck may be comparable
to the conventional buck due to the fact that gwifying diodes have lower voltage
breakdown requirements and smaller on-voltage® fiilhbenefits will be discussed in

the theoretical analysis in the next section.
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3.3.7 Input port transistor switching losses

The input port transistor switching losses are egfflanatory and are presented in
equation 3.17. Reductions are expected compartu toonventional buck losses due to

the decreased inductor current.

tr +tf +ton +toff

o7 (3.17)

3.3.8 Full-bridgetransistor switching losses

The full-bridge transistor switching losses arejsatto the same principles as the input

port transistor switching losses and are presdantedquation 3.18.

t, +t, +t

ra + tona
Posy =NVl

ZTS

a

offa (3.18)

3.3.9 Reverserecovery loss

The reverse-recovery loss equation is identicéhéoconventional buck and is shown in

equation 3.19.
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It +
P :V L=rr er

r g

(3.19)

3.4 Experimental prototype

This section outlines the construction of a 32 Bz kW isolated buck converter
equipped both with ultrafast Si and SiC diodese Holated buck converter prototype is
based on the conventional buck converter prototigseribed in the previous chapter.
One benefit from the re-use of the conventionaklzenverter is the fact that higher
output power levels can be achieved with the sasngonents. A theoretical analysis of
the converter, based on the derived equations fr@wvious sections, is also provided.
The section is broken up into five parts: activexponent selection, inductor
construction, transformer construction, full-bridmeer-voltage and theoretical analysis

of prototype.

3.4.1 Components

The components were selected in accordance wittatipeal requirements and care was

taken to select state-of-the-art devices. The @orapt selection is shown in table 3.1.
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Table3.1 I solated current-fed buck active component characteristics

Component Name Manufacturer V br eakdown | max
Full-bridge IXFK140N30P IXYS 300 V 140 A
Transistor

Rectifying Diode| STPS80170C ST 170V 80 A
(Schottky)

3.4.2 Inductor construction

Due to the low front end current a more liberakent ripple was selected. In
accordance, the current ripple was chosen to bed@Qfe average current at 800W, 2.5
Amps for an output voltage of 48 V and a transfaromversion ratio of 3.375. The
increased conduction losses due to the high curigple are 4.08% at the 800W output
power level. The current ripple was achieved \ath803uH inductor constructed in two
parts: the first part was composed of two 77439é/es wound 29 times with two
paralleled AWG 12 copper wires and the secondqmamposed of three 77439A7 cores
wound 37 times with two paralleled AWG 12 copperesi The first part was re-used

from the conventional buck converter and the se@mmstructed from scratch.
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3.4.3 Transformer construction

The transformer was constructed using therethod outlined in [1], while taking into
account the skin depth, proximity effect and leakegluctance. The leakage inductance
was an important consideration given that it wdaktl to losses and full-bridge over-
voltage conditions. The quantities used with thert€thod are shown below for a 2500

W output power level at 60 V.

p 0.0000017242-cm
ltot 54.1 A

na/ny 3.33

M 0.012903 V-sec

Ky 0.25

B 2.7

Kte 6.544759237 W/fem®
Core 2 x E80 (N27) OR-48020-EC
Ac 8 cnf

Wa 11 cnf

MLT 15.8 cm

Im 18.4 cm

AB 0.25T
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The results of the Kg method are a transformer @itlprimary turns and 8 secondary
turns. The equivalent copper wire gauge of thesiudes is AWG #14 and AWG #10
respectively. In order to decrease the proximityat and subsequently the transformer
leakage inductance the two sides were interleamddvadified such that the wire radius
was less than the skin depth, 0.0593 cm. The pyiside was constructed using three
AWG #18 copper wires and the secondary side usiodpifilarly interleaved 4.826 cm x

0.0254 cm foils. The interleaving scheme is shawfigure 3.5.

Figure3.5 Isolated current-fed transformer interleaving scheme
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The primary winding is divided into two layers c@tmg of 14 and 13 turns respectively
and the secondary winding is composed of 8 tuilife above scheme decreases the

proximity effect and leakage inductance by minimgzthe MMF and by insuring high
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coupling. In addition, the dc resistance of theosel winding is increased, due to the
proximity effect, by a factor of 1.5 as shown by1519]. The leakage inductance of

the transformer was measured to bepd2

3.4.4 Full-bridge over-voltage

Due to the leakage inductance of the transformefult-bridge experiences over-voltage
conditions during the full-bridge conduction patansition. A snubber minimizes the

over-voltage and is shown in figure 3.6.

Figure3.6 Isolated current-fed snubber schematic

The snubber relies on the C1 capacitor to contiiftill-bridge over-voltage caused by

the transformer leakage inductance.
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The snubber was designed to work up to the 2.4 k{yut power level and exhibit a
three time constant asymptotic voltage declinee ffAnsformer leakage inductance
power at the 2.4 kW level is 14.75 W. In accordanie snubber components are shown

in table 3.2.

Table3.2 Snubber component characteristics

Component Part Name Characteristic
R CB15275%B 20, 15W
D1/D2/D3/D4 RHRG3060 600V, 30A
C1l 330nF, 300V

3.4.5 Theoretical analysis of the prototype

In order to shed light on the potential benefitshaf use of SiC diodes in the isolated
current-fed buck converter a theoretical analysigresented below. The component

information is shown below and is based on compbdatasheets.

Pout ; 800 W
Ve ; 48 V
Vb1 (Ultrafast): 1.0V
Vpi1 (SIC) 1.05V
Vo ; 0.65V
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Rgdson . 0.02Q

Rhdson : 0.024Q

Ry ; 0.017623)
R2 ; 0.0031052
R. : 0.015871%2
R : 2.88Q

tr : 35ns

te : 40 ns

toff : 2.077 ns
ton : 1.385ns
tr : 30 ns

tq : 150 ns

Qrr ; 200 nF

I : 4.985 A

n : 3.375

fs : 32 kHz

The efficiency vs. input voltage with constant autpoltage of the isolated buck

converter equipped with SiC and ultrafast Si diadgwesented in figure 3.7.



Figure3.7  Theoretical efficiency vs. input voltage with constant output voltage of

theisolated current-fed buck converter

Efficiency vs. Input Voltage

97.5 -

96.5

Efficiency (%o)

- SiC Diode

—2-S1 Diode

95‘5 T T T 1

200 300 400 500 600

Vg (V)

The improvement in efficiency due to the use of$i@ diode is significant, more so at
higher input voltages. The above efficiency vpuinvoltage analysis does not include
magnetic core losses; therefore, experimentalieffaes will be lower. An investigation
of the individual losses provides the explanatibthe above results and is presented in

figures 3.8 and 3.9.
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Figure3.8
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The isolated current-fed buck topology effectivedguces the reverse-recovery loss and
the transistor switching losses compared to the@atonal buck topology; however, it

does this at the cost of increased overall condndtisses and magnetic core losses.
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4 EXPERIMENTAL RESULTS

The experimental results of the two prototypescdiesd in sections 2.3 and 3.4, are
comparatively presented in this section. The arpental data is obtained through the
measurement of the terminal parameters with cusieant resistors. The results are

organized in three parts: efficiency vs. input ag#, load regulation and cost analysis.

4.1 Efficiency vs. input voltage

The efficiency vs. input voltage characteristicghad conventional buck and isolated
current-fed buck are shown in the figures belowe Theoretical predictions are also
provided in figures 4.1 and 4.2 for the conventldnak and isolated current-fed buck

respectively.
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Figure4.l  Theoretical and experimental efficiency vs. input voltage with

constant output voltage of conventional buck
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The theoretical and experimental results are with8%o of each other and exhibit the
same trends, namely the superior efficiency vautinpltage characteristics of the
conventional buck equipped with SiC diodes. Figuéillustrates the differences

between the theoretical and experimental resuttthfisolated current-fed buck.
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Figure4.2  Theoretical and experimental efficiency vs. input voltage with

constant output voltage of isolated current-fed buck
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The theoretical and experimental curves in ther@gbove share the same trend and the
differences can be attributed mainly to the lacknaignetic core loss considerations in

the model since the difference is constant betweetwo sets of data. The experimental

results of the four converter variants are showigure 4.3.
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Figure4.3  Experimental efficiency vs. input voltage with constant output voltage

results at 800W output power
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At the 800W output power level the conventionalkguerjuipped with SiC diodes, is the
most efficient variant. The isolated current-fectk equipped with SiC diodes, is the
second most efficient variant. In fact, for vokdgvels above 450 volts it is almost
undistinguishable from the conventional buck. Wwated current-fed buck, equipped
with Si diodes, is a close third most efficientigat. In the last position is the
conventional buck equipped with Si diodes. Thellgggulation characteristics of the

four variants are provided in the next section.
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4.2 Load regulation

The load regulation characteristics of the conwerati buck and isolated current-fed buck
converters are presented in the figures below. cBmeentional buck converter results
are in the 500 to 1000 W output power range, wihieisolated current-fed buck
converter output results are in the 800 to 1800ufput range. The selections are made
to coincide with the conventional operating rangethe two converters. The load

regulations results with Si diodes are shown inrgg4.4.

Figure4.4  Load  regulation resultswith Si diodes
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The isolated current-fed buck has a flatter logpileion and is less susceptible to input
voltage variations. For output current levels abav A, at 300V, the conventional buck
converter losses the efficiency crown. The logglitation results with SiC diodes are

shown below in figure 4.5.

Figure45 Load regulation resultswith SC diodes
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The conventional buck converter is the most effit@ption, at all voltages, below the 20
A output current level; however, the efficiency lmesgto drop significantly at this point.

In fact, the isolated current-fed buck convertevmtes the best efficiency for output
current levels above 23 A. Figures 4.4 and 4.5ambined to comparatively present the

Si and SiC diode load regulation results and aogiged in figure 4.6.
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Figure4.6  Load regulation resultsof all converter variations
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The above figure 4.6 illustrates the benefits ef $1C diode compared to the Si diode in
both converters. The efficiency of both converiensnproved to the point where
comparable performance is attained with SiC di@éf0 V as with Si diodes at 300 V.

The average efficiency of the four variants is preged in table 4.1.

Table4.1 Average efficiency of thefour converter variants

Isolated Buck | Isolated Buck | Conventional Conventional

(SIC Diode) (Si Diode) Buck (SIC Diode) | Buck (Si Diode)
Average | 95.66% 95.29% 96.02% 94.54%
Efficiency
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The average efficiency is calculated using theefficiency points per converter from

figure 4.6.

4.3 Cost Analysis

This section presents the component cost analysi®dour converter variants analyzed
in the previous sections. It is assumed that timeponent costs are major and that the
manufacturing costs are similar for all four vatanThe cost analysis is broken up into

two sections: total cost and cost per output watt.

431 Total cost

The component costs are presented below with thes@orrespondent to those in
figures 2.1 and 3.1. The quotes are gathered Bagikey and internal Xantrex database.

The magnetic components include the cost of matwiag.

Table4.2 Component costs

Component type Component Part name Cost per part (# parts)
MOSFET Q SPW47N60C3 9.71 (100)
MOSFET A/B/C/D IXFK140N30P 10.74 (50)

SiC Diode D1 SDT12S60 9.14 (1000)

Si Diode D1 APT30DQ100B| 2.42 (1000)
Schottky Diode D2/D2 STPS80170C 2.13 (1000)
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Component type Component Part name Cost per part (# parts)

Inductor 506H L 4 x 77439A7

Inductor 803H L 5 X 77439A7

Transformer Xfrm 2 X OR48020EC

Si Diode Snubber RHRG3060 1.32555 (1000)
D1/D2/D3/D4

The data from table 4.2 in conjunction with thetptgpe specifications are used to

construct the total cost table 4.3.

Table4.3 Total cost of converter variants
Component | Isolated (SIC) | Isolated Conventional Conventional (Si)
(S) (SiC)

29.14 29.14 29.14 29.14
L 18.90 18.90 16.84 16.84
D1 27.43 7.25 27.43 7.25
D2/D3 4.26 4.26 0 0
A/B/C/D 42.97 42.97 0 0
Transformer | 19.86 19.86 0 0
Snubber 5.30 5.30 0 0
D1/D2/D3/D4
Total cost 147.86 127.68 73.41 53.23

The above table illustrates the total cost dynamidbe four converter variants;

however, it does not take into account the efficjeand power output potential of the

converters. The next subsection analyses thepeostutput watt.
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4.3.2 Cost per output watt

A useful metric is the cost per output watt andrissented in Table 4.4 for the average

power and maximum power. Equation 4.1 describesdlationship is presented below.

$_28
W R#n

4.1)

The equation simply states that the cost per owtgatitis the total cost of the converter

divided by the output power. The efficiency is #heerage value of the 300V and 500V

efficiencies.

Table4.4 Cost per output watt

Power Level | Isolated (SIC) | Isolated Conventional Conventional (Si)
(S) (SC)

800W Input |19.30c 16.87 c 9.56 c 6.91c

Power

Average 11.89c 10.31c 10.92 c 7.89cC

Input Power

Maximum 8.61c 7.46cC 8.27c 6.11c

Input Power

The average input power for the conventional buakverter is 700W and for the

isolated current-fed buck converter is 1300W. iraximum input power for the
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conventional buck converter is 925W and for théaisal current-fed buck converter is

1800W.
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5 DISCUSSION AND CONCLUSION

The theoretical and experimental results are dssulis this section in line with the
thesis objectives described in the introductiohe &nalysis is broken up into four parts:

SiC diode benefits, converter suitability discussiconclusions, and further research.

5.1 SiC Diode Benefits

The benefits of the SiC diode compared to the fal$teSi diode in high voltage
applications are quantitatively significant in batimverters analyzed. Theoretically this
was predicted by the identical equation 2.19 ad8 &hich are reproduced below for

convenience as equation 5.1.

P =Vg I Ltrr +Vger
r Ts

(5.1)
The reverse-recovery process forces the currenvaltae to be at their maximum
across the transistors during the reverse-recauag; This is troublesome due to the
fact that the voltage is independent of the inmat autput powers and leads to high
reverse-recovery losses at all output power leaglwas predicted in the theoretical
analysis and shown in the experimental results.th@rother hand, the current is

dependant on the input and output powers and ssléss detrimental to the performance.
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Experimentally this is presented in figure 4.6 venttre difference between the SiC diode
and Si diode converter variants is similar at atipoit power levels but not input voltages.
In addition, the reverse-recovery losses are gra@atbe conventional buck converter

compared to the isolated current-fed buck conveiterto the higher inductor current.

Quantitatively the efficiency benefits of the Si©dk in both the conventional and

isolated current-fed buck converter are outlinethlvle 5.1.

Table5.1 SiC diode efficiency benefits

Conditions (Pout, V) I solated current-fed buck | Conventional buck
500w, 300V N/A 0.96%

500W, 500V N/A 2.37%

800w, 300V 0.32% 0.94%

800W, 500V 0.45% 2.27%

1400W, 300V 0.35% N/A

1400W, 500V 0.31% N/A

1800w, 300V 0.30% N/A

1800w, 500V 0.48% N/A

The isolated current-fed buck converter resulter 1400W output power 500V input
voltage is erroneous; however, the quantitativeebenare clear and in line with the
expectations. The SiC diode is beneficial efficiewise for high voltage applications
irregardless of the power level; however, it is ensuited for use in the conventional
buck converter. It is important to note that timprovements in efficiency reduces the

strain on the cooling solution and are one addiidenefit.
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5.2 Converter suitability discussion

This section outlines a guide to the appropriateveder and diode component selection
for high input voltage and high voltage conversgiatio applications based on the results
from the previous chapter. The guide makes sumessbased on the efficiency, cost,

output power and galvanic isolation.

For applications with output power requirementobel 000W the conventional buck
converter is the topology to choose if galvanidason is not required. When efficiency
is the primary concern the SiC diode provides & hverage efficiency as is shown in
Table 4.1 at 96.02%, 1.48% greater than the Siedpmiformance. The Si diode
provides the cheapest combination option at 7.88qeer watt, 3.03 cents or 27.7%
lower than the SiC diode combination. In the cakere galvanic isolation is required
the price per watt doubles and the efficiency fadlthe 95.7% level when a SiC diode is

used and 95.4% level when Si diode is used.

For applications with output power requirementsvabb000W the isolated current-fed
buck converter is the topology of choice irregagdlef the galvanic isolation
requirement. The SiC diode still provides the Ipestormance; however, on average the
performance advantage is only 0.35% compared t8itkede. The price premium of
the SiC diode is 1.58 cents per watt or 15.3% coetpto the Si diode which has 10.31

cents per watt average price index.
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It is important to note that the price of the faonverter variants can be reduced with
intelligent component selection. In the case efd¢bnventional buck converter a
transistor with a lower on-resistance can be setedtie to the low conduction loss as is
shown by figure 2.8. In addition, in the caseh# isolated current-fed buck converter
the full-bridge and input transistors with lower@sistances can be selected to
drastically reduce the price at the cost of degradan performance as can be seen in

figure 3.7.

5.3 Conclusons

The SiC diode is the ideal performance diode chimidegh input voltage and high
voltage conversion ratio applications irregardiefsthe topological choice. The
performance benefits are greater in the conventimmek converter compared to the
isolated current-fed buck converter as was predibtethe theoretical analysis and
shown by the experimental results. In fact, thegomance benefits are significant
enough to promote the conventional buck conveaéné most efficient choice for output

power levels near and below 1000W.

The novelty of the SiC manufacturing process brivgh it a price premium that will
decrease over time as the process is refined gpulysimcreases; however, even at the
current 2008 prices the 15.3% isolated currentsieck converter and 38.4%
conventional buck converter SiC diode price premiuay be acceptable considering the

improved performance and reduced cooling requirésnen
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5.4 Further research

The converter prototypes were designed using sfatiee art active components with
price premiums. Further research could examinétaebacks between performance
and cost with respect to the component selecfidre theoretical analysis and
experimental results from this thesis provide antlekground information to
intelligently experiment with appropriate comporseahd extract performance and cost
drawbacks and benefits. In addition, further resean system integration, temperature

dependence on efficiency and converter reliabilibuld provide useful engineering data.
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