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Device Capacitances
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DCM: Soft Switching

L1 D1

g S! 11>J|-‘ _out
Vi {L} B560C l
— =
{vg} gJ‘q me = oy
C
M '_Bscmonos%;{ ¥ < {Rout}

X3
o+
d g
~
N
Lt [Cu |f, |Diode |n(sim) |
22uH 22uF 202k  Si(FR) 93.9%
22uH 22uF 202k  SiSchottky 95.8%
4.6uH 22uF 202k  SiSchottky 98.2%
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DCM Simulation

I(D1) Id(M2)+Id(M1)

10A:

e i R e

-1A

50V-

10A

23V - S5A

-5V :
110W : V(g)*I(Ll?

S e
10W+

70WA
-10W 1 \

50!
T T T T T T T
Ops 2us 4ps 6us 8ps 10ps 12ps 14ps

\I(out)*i(Rl)

30W-
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MOSFET Turn-Off

1d(M2)+Id(M1) 1(D1)

10A: "
H j;\ H H H
SA s .
-1A - - -
sav Vw) . V(gl)

T T T T T
3.609ps 3.627ps 3.645pus 3.663ps 3.681ps 3.699us
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MOSFET Turn-On

Id(M2)+Id(M1) I(D1)

V(sw) I ‘ V(gl)

B 1T, o e R T e S
-40W- T
4.68pus 4.84ps 5.08ps 5.16ps
R Id(M2)+Id(M1)
1 MHZ Operation D 10D
11A : 1(D1) : ‘ ‘
; ‘ s
5A- —
\~__‘______-
-2A
56V V(sw:) \{(gi)

-2A

av{ e

60V

28V

28V

14V

—

I ov:
] -14v

V(va:,out)*ItDl)

50w

= 5"'

140W-

60W-]

i V(sw)*(Id(M2)+Id(M1))

-20W

1 I I I I 1 1 1 1 1
0.0pus 0.3ps 0.6ps 0.9ps 1.2ps 1.5ps 1.8pus 2.1ps 2.4ps 2.7ps  3.0ps
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1.92pus 1.96ps 2.00ps 2.04p
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Low Power Operation

3.5A
2.1A]
0.7A;
-0.7A-
=2.1A

I(D1) Id(M2)+Id(M1)

-3.5A:
50V-

23V

V(;)ut)*i(Rl) | ' ' ' ' I V(g);“I(Llj

] \/vvuvvvvvvvvvv 'Vvvvvvv

Ops 1|.|5 2|.|s 3|.|s 4|.IS 5|15 6|.|5 7|.|5 Bps 9|.|s 10|Js 11|.|5 12|.|5 13|JS 14|.|s
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Synchronous Operation

L1

f'W j out
- I:M M1 I A o
{va} BSE1PON06LS3|{C} & {Rout}
~
X3
d@u.
1 2]
gt
-
P
o >
L G |f,|Diode [n(sim) |
22uH 22uF 202k  Si(FR) 93.9%
22uH 22uF 202k  Si Schottky 95.8%
4.65uH 22uF 202k  Si Schottky 98.4%
710nH 4.4uF 1 MHz Si Schottky 98.2%
710nH 4.4uF 1 MHz MOSFET 99.6%
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Synchronous Simulation

-1d(M3)

14A:
10A

Id(M2)+Id(M1)

10A

60V

28V

~ 4A

=5V

120W-
20WH]
60W-

30W-]
[

=30W

T T T T T T T T T
0.0ps 0.3ps 0.6ps 09ps 1.2ps 1.5ps 1.8pus 2.1ps 2.4ps 2.7ps  3.0ps

KNOXVILLE

Switching Transitions

14A

10a]

Id(M2)+Id(M1)

-1d(M3)

240W-
160W-
80w+

ow
-80W-
-160W-

-240W-

; T T T T T ; T T T
0.68ps 0.72ps 0.76ps 0.80ps 0.84ps 0.88ps 0.92ps 0.96ps 1.00ps 1.04ps 1.08ps
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Low Power Operation

128 Id(M2)+Id(M1) -1d(M3)

g\/.
=1

30V

G\/.
=2V

B0W-
40W—

oW

-40W-

-80W- T T T T T T T T T
0.0ps 03ps 0.6ps 09ps 1.2ps  1.5ps 1.8ps 2.1ps 2.4ps  2.7ps  3.0ps
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Resonant Operation

L1 DL

q SwW out

10p 3

L}

Vi Vds
ey . Mjca 1 2r1
&) g e '|'{1u 48

4
XS BSC100MN06LS3

r%

-
Hard 22uH 22uF 202k Si (FR) 93.9%
Hard 22uH 22uF 202k Si Schottky 95.8%
Soft 4.65uH 22uF 202k Si Schottky 98.4%
Soft 710nH 4.4uF 1 MHz Si Schottky 98.2%
Soft 710nH 4.4uF 1 MHz MOSFET 99.6%
Resonant 10uH + 2.4uH 1uF + 10nF 225 kHz  Si Schottky 98.6%
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Resonant Boost Converter

I(D1)

Id(M2)+Id(M1)

-5A

130V-

60V

-10V-

1.5A

60W-

40W-

20W

T T T T T T T T T T T T T
Opys 1ps 2ps 3ps 4ps 5S5ps 6ps 7ps 8ps 9ps 10ps 1lps 12ps 13ps
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Resonant Circuits
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Resonant Circuit Analysis

Soft Switching

* Advantages
— Reduced switching loss
— Possible operation at higher switching frequency
— Lower EMI

* Disadvantages

- Increased current and/or voltage stresses due to
circulating current

— Higher peak and rms current values
— Complexity of analysis and modeling

8/18/2016
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Limitations: Gate Drive

300

250

n
[=]
o

o
o

Normalized Power Loss [;5'1]
&
o

(4]
o

Gate power loss (normalized by C,

2
1556 )
0‘55—276pF, VG'pk—SV

T T T T T

100 150 200 250
Frequency [MHz]

50

300
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Limitations: t /T,

400
300
200

100

Telk prevu

3T/4

Noise Fifter 0ft

Z00w ® v i i i i
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Volume [dm’]

Power density [kW/dm’]

10'

10°

100
0
60
40

20

Limitations: Thermal

Total

)

S~
ESA

éoﬁm

e ——
N
CM filter P~
DM filter
10* 10° 10° 107
Switching frequency [Hz]
L 62.2 kW/dm®_|
@?2.1 MHz
| DE475501Naan | Fater cooled 5
i
S a i
/ﬂa.'ﬂ kW/dm* b
@ 820 kHz
\
A ir\' cooled
10 10° 10° 107

Switching frequency [Hz]

Minimum Switching Frequency

0
10

Core Volume

014222942
1 7
/
7 7
7 VA
Power loss / Fi
density / /
/ /1 00 kHz

i / /7%

1 MHz 500 kHz, 00 kHz /
50 kHz
01 ya ya —
i 7z VA VA
7 7 7 7 7 7
A va i
/ /
/ // / // /I

0.01 /

0.01 0.1 0.3
Tesla  (Bmax)
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Limitations: Circuit Modeling

Lacx

® @ o Classical model

3.5 4 4.5 5 5.5 6 6.5 7 75
Output current (A)

Rodriguez, M.; Rodriguez, A; Miaja, P.F.; Lamar, D.G.; ZUniga, J.S., "An Insight into the Switching Process of Power MOSFETs: An Improved Analw S‘l‘t"i_—i

Model," Power Electronics, IEEE Transactions on , vol.25, no.6, pp.1626,1640, June 2010

150-to-400V, 150W Boost
EXPERIMENTAL EXAMPLE

THE UNIVERSITY OF

TENNESSEE |8 §

KNOXVILLE
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ZVS with Si diode

[ B Toigd

b
v

) f.,=1MHz

\ | \
Vys(t) \
200¥ @B .. [1oons Q00000 E 7720V

1.30021MHz)

N

EJs

le» fiases |

tt
Zoom-in: ab

Fun Tria'd g 41—‘1'—L

Moise Filter Off

la T e
8 24453ms
B 24483ms
. <0, 400ns
i(t) "

i

3.5m4
~500mé

<0mi

Vds( t)
B

[100ns 2.44621ms]@ o

1.00001Hs]

|~ 004 JEBRMS  233A [ T

Tizza17

J

e ZVS turn-ON

* Eliminated losses due to C,,,
discharge during turn-ON
transient

* Eliminated losses due to
MOSFET di./dt during turn-ON
transient

* Diode reverse recovery still
impacts the waveforms and
losses

* Increased current ripple

* Increased conduction losses
(by >30%)

* Increased dv,/dt upon turn-
OFF, MOSFET turn-OFF speed
is more important

D. Costinett, D. Maksimovic, R. Zane, A. Rodriguez and A. Vazquez, "Comparison of reverse THE UNIVERSITY OF
' handgap d osacy povi TENNESSEE |00

recovery behavior of silicon and wide bandgap diodes in high frequency power converters"

£, =100 kHz
Poss = 5.7 W, 1 = 98.1%

Ron

Reverse-recovery:
21% of the total loss

Loss Breakdown: Soft-Switched Si Boost

fi=1MHz
Prss=17.7W,n=94.4%
Experiment: N =95.1%

RL

Reverse-recovery:
68% of the total loss

KNOXVILLE

8/18/2016
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Soft-switched SiC diode

L

vds(t) 400V, 300 W

150V

R = OSQ

V C) ] Gate driver

.

+
] i
1 v R s
o C $ V
:Csw
I -

SiC diode, “soft-switched” operation

MOSFET

Fun Trig'd g 4!7 Noise Filter Off . d/,,—/dt — 200 A/IJ,S
Only 2"-order switching loss mechanisms remain
. Cds,eq =45 pF
i(t) \ /\ * R, =0150Q
4 SiC diode
_\ o = =
e B A
B e \ + * 2Cy0eqCoeq = 64 PF
[200ns £ s| | | ° =
T 200 ]RMS 24:?3231.\1 @E:a:l 475020201MH 123352 VD =18V
fi=1MHz
TE

THE UNIVERSITY OF

Soft-switched Boost with SiC diode

Conduction
losses only, 2nd-
order switching
losses not
included in the
model

100 kHz or 1 MHz
98.5% efficiency
Pross =45 W

Experiments:

Power supply technology limits become dominated by:

* Magnetics

98.7% at 1 MHz
98.0% at 2 MHz

+ 2nd-order switching loss mechanisms, e.g. gate-drive losses, parasitic
inductances (layout and packaging)
* Gate-drive circuitry and controllers to support high-frequency operation

TE

KNOXVILLE

8/18/2016
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VHF power electronics vy

»l
Component  Value Type F rect D
33 nH Coilcraft 1812SMS Lor
12.5 nH Coileraft AO4TG
o s 11-16V == S = 324V
39 pF ATCI00A
10 pF ATCI00A IN c rect out
75 uF Multilayer Ceramics 2F
22 pF Multilayer Ceramics
Freescale MRF6S9060
Fairchild S310 ¢ °
Conventional Design
Component  Value Type
Lioost 10 uH  Coileraft D03316T-103ML o
Co 75 uF Multilayer Ceramics Converter Efficiencies vs. Output Power
Cin 2k Multilayer Ceramics 1001 . . . .

LTI37IHV ; ~500
Fairohild §310 Conventional Converter (15 =500 kHz)

95+ - o« Resonant Converter (f5:110 MHz)

Efficiency [%]

10
Output Power [W]

THE UNIVERSITY OF
[11] D.J. Perreault, et..al. “Opportunities and challenges in very high frequency power conversion,” IEEE APEC 2009. TENNESSEE

KNOXVILLE

WBG Devices

Standard hard-switched PWM operation at 50 MHz
dv,/dt dominated by probe (4 pF) capacitance

out

TriQuint TGF2023-02
12W, DC-to-18 GHz
RF/microwave HEMT

FOM for switching applications
CyRon = 1 QpF
Q,R,, = 10 QpC

Emerging GaN HEMT devices may enable completely new RF-based
design approaches in power electronics

M. Rodriguez, G. Stahl, D. Costinett and D. Maksimovi¢, "Simulation and characterization of GaN HEMT in high- JUEE ”"I‘\‘I'E‘é‘é‘f OF

frequency switched-mode power converters," TEN xnovaE
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Topics Covered

* Course Topics

— High Frequency Power Conversion
= Switching losses and device selection
= Resonance in power electronics
= Soft switching (ZVS and ZCS)
= Magnetics design

— Non-resonant soft switching converters
= Constant frequency control
= State-plane analysis
= Resonant switches
= Modeling and Simulation
= Discrete time models

— Resonant Converters
= Resonant converter topologies
= Sinusoidal analysis
= AC-modeling and frequency modulation
= State-plane analysis

— Applications and practical issues of high frequency converters
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