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Power Converter Figures of Merit

Cost, cost, cost

Power Density Technology
Reliability

Time to Market @ Specifications
Supply Chain

Passing EMC, UL...
Efficiency Manufacturing

Transient Response
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What Matters in Switching Power Converters?

o
.

Physical System Thermal Limit

Power Density

Improved Technology

Base Technology

v

Efficiency
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How is Design Optimization Done Today?

Pricing/Supply
Digikey
Octopart

Sim/Control Optimization Loss Models
PSIM, SIMPLIS, MATLAB, Power Electronics
PLECS, LTSpice Custom Excel Textbooks

Spreadsheet
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The Eta Designer Advantage

Eta Designer provides instant, simultaneous design and simulation of power systems

Editor

Schemati

C

* Create arbitrary topologies
* Parameterize and sweep anything
* Automatically create standard designs

Component Database

Core Mag Volume Mag. Area Mass Typ. Loss Max Loss ‘
RM4 230 11 15 6.59 9.89‘
RM4/ILP 251 145 13 6.31 9.47
RMS5/1 574 248 3.2 417 6.26
RM4/1 322 138 17 5.57 8.36

* Vast database of component data
* Chooses top-10 devices, shows power loss
for each one

Fast Simulation Engine
—‘- I = Y

“~C T

2

Ultra-fast linear simulation engine
Instant results — runs in the background
Control stability and loop response

Custom designed magnetics integrated
with simulation

Supports Litz & planar designs
Complex, high-frequency loss analysis

Powerful Controller Design

Isns = Hfilter - Iramp  ———p

:

20ns
—

* Flexible, intuitive specification
* PWM and variable-frequency designs
* Arbitrarily control each rising/falling edge

Efficiency Modeling

= MOSFET Rds,on
A

= MOSFET Switching

* Real-time efficiency estimation based on
simulated operating conditions

* Modern peer-reviewed loss models

» MOSFET Gating
)

Teancbnrmar NCD

* Free real-time parameter variation

Eta One Power, Inc
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System Requirements of Magnetics

Circuit Requirements Transformer Design Physical Requirements
~

Cost

Winding Config Core Size & Shape

PCB Area / Height

Turns Ratio Core Material
Frequency Turns Count Mass

Volt-Second Product Wire size & type Safety Isolation

Peak Currents Winding Procedure Ambient Temperature

Isolation Means

Peak Temp. Rise
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Magnetics Loss Mechanisms

DC Resistance Loss Core Loss
* Incorporates I°R copper losses based on RMS » Captures core hysteresis and eddy current losses
currents * Steinmetz equation:
° . . . . . . . ) a Ca
Minimizing DC loss involves choosing a large « Non-linear effects with wavef&mn?hzg?o,g, cBrg

winding window & short turn length, and

geometry, and DC bias
maximizing copper fill factor

AC Winding Losses Winding Capacitance Losses
* Additional winding loss due to high-frequency * Capacitances between winding turns yields
skin effect, external H-fields due to other additional switching losses in circuit
windings (proximity) and core gap (fringing) * EMC concerns from charge injection from primary
* Frequency-dependent; linear with winding to secondary
currents * Winding construction and shielding layers can

mitigate these effects

m Eta One Power, Inc © 2018 Eta One Power, Inc. 8



Magnetics Loss: DC Resistance

DC Resistance Loss: Ppc = IiysRpe

DC Resistance impacted by:

* Average turn length

* Number of turns

* Cross-section area of copper

Things to consider:
* Planar cores have smaller window
* PCB windings have low fill factor
* Isolation requirements may reduce
effective fill-factor
* Margin tape for spacing
* Thick triple-insulated wire

... 8.9 0 . 0.0
<]
y
... 0.9 0 0.0
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Magnetics Loss: Core Loss

CBW453

Core Loss incorporates hysteretic and eddy- 104 S = 5co6
current losses and is a function of Flux = ¥
. . v Q -_N'
Density Amplitude and Frequency (KW/m?3) ,“9 i f$~
07
(=]
Steinmetz Equation: 103 ;i
— a A,B 3 4 s
P, =kf*BP  kw/m? e
flux density found using either: / !/ /
: [/
A VAt 10 F—H
= applied volt-seconds f
2nA, PRIEEY y
LI /
= Y inductance & current ripple 10 /
n
e 1 102 g (mT) 10°

Note: k, o and § vary with frequency; refer to plots
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Core Loss vs. Frequency
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Ferroxcube data handbook

10
operating freq. (MHz)

Core Loss does get better at higher frequency
Inductors with “small” ripple get better
“Large” ripple inductors are a mixed bag:

* Core loss improves

* Skin & proximity effect is worse

Transformers are impacted more from skin and
proximity loss; gains are modest

Eta One Power, Inc
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Core Loss: Non-sinusoidal Waveforms

* Most real power converters don’t run on sinusoids
* Multiple methods:
* Harmonic analysis
e GSE, iGSE, i2GSE... based on instantaneous methods

iGSE is the easiest-to-use accurate method:

Instantaneous loss depends on overall AB and dB/dt: p(t) = p(AByos, dB/dt)
/ — N

dB/dt y \

[ref] Venkatachalam, Sullivan, Abdallah and Tacca, “Accurate Prediction of Ferrite Core Loss with Nonsinusoidal Waveforms using only Steinmetz
Parameters,” IEEE COMPEL 2002.
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Magnetics Loss: AC Winding Losses

Proximity Skin Depth

Fringing

Eta One Power, Inc

Current in single
wire or turn

H-field generated by

nearby turns and

windings

Fringing H-field
contributed by core

gap(s)

© 2018 Eta One Power, Inc.

L 4

Eddy currents
induced to
cancel H field

|

Additional
copper losses
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AC Winding Losses: Skin Depth

At high frequencies, eddy currents generated by the ()
magnetic field drive the internal current to zero l

: et

Skin Depth: O = —— bt

\/TTO o
‘Llf [Wikipedia]

100

Litz wire or foil can be used to counter skin effect

DC

tot

Typel

d/d
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https://en.wikipedia.org/wiki/Skin_effect

AC Winding Losses: Proximity Effect

Eddy currents in conductors are induced to make
H field approach zero inside conductor (like skin effect)

Proximity effect deals with H-field generated
by other windings

Often examined in a 1D stacking of foil windings: 10,000
easily conceptualized and can be calculated exactly with

Dowell’s equation for a single winding with M foil layers: o |

Pac+Ppc h[ . (R 2 h h .
7 =5|0(5) 3 D Gi(5) - 26:(3 LI

ooy _ Sinh2@)cos(p) + cosh(p)sin(p)
2(9) = cosh(2¢) — cos(2¢) 10p

sinh(2¢) + sin(2¢)
cosh(2¢) — cos(2¢)

G1(p) =

2D and 3D proximity effect losses must use field simulation and #
5 e

squared-field-derivative method 0.1 1
hid

[1] P. L. Dowell, “Effects of Eddy Currents in Transformer Windings,” Proceedings IEE, Aug 1966

[2] L. H. Dixon, “Eddy Current Losses in Transformer Windings and Circuit Wiring,” TI/Unitrode Power Supply Design Seminars

[3] Sullivan, “Computationally Efficient Winding Loss Calculation with Multiple Windings, Arbitrary Waveforms, and Two-Dimensional or Three-Dimensional Field Geometry,” IEEE Trans.

m Eta One Power, Inc © 2018 Eta One Power, Inc.
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Proximity Effect Example
MMF: '

F=3€Hdl=NI o |

1) I
.

Rac/Rdc =4.77 Rac/Rdc = 0.65
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AC Winding Losses: Fringe-Field Effect

Flux Density (B) B = uH Field (H)

Current Density (J)

[1] Finite Element Method Magnetics: http://www.femm.info

Eta One Power, Inc © 2018 Eta One Power, Inc.
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Magnetic Structures : H Fields R
Distributed gap materials contain flux but distribute fringe field : :Em:zifm
Standard Ferrite

Distributed Gap Powdered Material

6.0020-002
] 4.003e+002 ; 5,003e-002
=] 3.003e+002 - 4.003e-002
] 2.003e002 - 3.003e~002
] 1.003¢+002 : 2.003e~002
<3.412¢-001 : 10034002

Dansity ®ot: [H|, A/m

* Single gap can cause large fringing losses in nearby windings
* Distributed gap effective at reducing fringing fields and losses while keeping flux contained in core

* Ungapped material (e.g. powdered iron) not effective in Pot-core shapes in constraining flux.
* Fringing fields extend into window, not near gap

* Likely much better in toroid geometries
h Eta One Power, Inc © 2018 Eta One Power, Inc. 18




Examining Winding Location: Eta Designer

85-265 VAC to 20V/2.25A Flyback @ 500 kHz

| e—— | S — e ]
0A 02371 05623 133 3.162 7.499 17,78 a7 100 o1 0237 05823 1354 382 T A 17.76 Lran 100 o 023N 058623 1334 362 7495 7.8 aw we
AC Loss | DC Loss Ratio AC Loss / DC Loss Ratio AC Loss ( DC Loss Retio

Winding Loss: 544 mW Winding Loss: 382 mW Winding Loss: 308 mW

See [2]: Hu, Sullivan, “Optimization of shapes for round-wire high-frequency gapped-inductor windings,” IEEE Ind. Appl. Soc. Annual Meeting 1998.

1
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Examining Winding Location: FEMM

85-265 VAC to 20V/2.25A Flyback @ 500 kHz

1 »2.000e-001
: LSQUe-o1
T Lg0e-C01
1 1,700k 001
+ 16006001
! L.500a+001
: L400a-C0l
: 1.300e-C01
: L.200e~C01
2 1.100c-Cal
: LOQUe-CO1
: 9.000e-C00
1 8,000 +000

Denzty Fot: |3, MA/mM~2

Winding Loss: 560 mW Winding Loss: 337 mW Winding Loss: 226 mW

See [2]: Hu, Sullivan, “Optimization of shapes for round-wire high-frequency gapped-inductor windings,” IEEE Ind. Appl. Soc. Annual Meeting 1998.

1
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Approach to Simulating Fringe-Field (& Proximity) Losses

1) Determine H field at wire / winding turn locations
2) Compute AC loss for specific wire given H field [3-5]

G(geometry)
Pext =

ﬁz
o

3) Add in skin depth loss, DC Loss, core loss
4) Evaluate and optimize magnetic structure...

[3] Sullivan, “Computationally Efficient Winding Loss Calculation with Multiple Windings, Arbitrary
Waveforms, and Two-Dimensional or Three-Dimensional Field Geometry,” IEEE Trans. Power. Elec. Jan

2001
[4] Nan, Sullivan, “Simplified High-Accuracy Calculation of Eddy-Current Loss in Round-Wire Windings,”

IEEE PESC 2004
[5] Zimmanck, Sullivan, “Efficient Calculation of Winding-Loss Resistance Matrices for Magnetic

Components,” IEEE COMPEL 2010

DC FEM Simulation determines external H

L Eta One Power, Inc © 2018 Eta One Power, Inc. 21



Winding Capacitances

Intrawinding capacitance:
* Distributed capacitance between turns of same
winding +

1|
11

V
* “Lumped” capacitance falls across switching node, N \= lour
adds to switching loss
* Leads to ringing in circuit and other resonant modes J':

Interwinding capacitance:

* Distributed capacitance between different windings

* Capacitive charge injection across barrier

* Leads to common-mode noise injected into output,
trouble at the EMC lab

Eta One Power, Inc © 2018 Eta One Power, Inc. 22



Reducing Winding Capacitance

Reducing intrawinding capacitance: Reducing interwinding capacitance:
* Reduce AV between adjacent turns * Minimize interleaving between windings
* Single-layer windings e Counter to minimizing proximity loss
«  Wind two-layer windings in same direction * Space windings apart with tape / insulation
* Stagger-wind to avoid large overlap AV * Add shielding layer

T1

314.0uH

o

Eta One Power, Inc © 2018 Eta One Power, Inc. 23



Buck Converter: Inductor Scaling

<
] 2
T Core Loss Limited:
VIN = ; * Significant ripple and energy stored in core
- T IOUT * Fringing and skin effects must be considered
]
= | Larger Cores
4 2
F F m
2 x
= Saturation Limited:
Lg * Core Loss is a small % of total
S * Smaller gap and lower flux ripple
2 * Fringing effects minimal
Time Frequency
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Magnetics scaling: Generalization

Goal: Create a representation of power capability (via V-A product) for a general magnetic

Ay,
VA=V -1=(NfByA.) (%) = f(BoJo)(AcAw)

/ Max current density in winding window
Power handling capability Max flux in core

Applied voltage & winding current

For low frequency operation, saturation limited and for a linear dimension a:
* Power is proportional to o* — power density improves with magnetic size
* Power is proportional to frequency f (B, = B_,,)

ref: Sullivan, et. al. “On Size and Magnetics: Why Small Efficient Power Inductors are Rare,” IEEE 3D-PEIM 2016

m Eta One Power‘, Inc © 2018 Eta One Power, Inc.



Magnetics Scaling: Frequency

Operating Condition Power Density Power Density
by Size by Frequency

Low freq, saturation limited, fixed temp rise al f

Low freq, core loss limited, fixed temp rise a®to a02” f By(f)

High freq, core loss limited, fixed temp rise af>to 03" 0-5 B,(f)

Material performance factor

H0O0O Yoy
Py = 500 mW/cm“l
Lingarn Pt

Jln i
i
Xz
P

(HzT)

60000

40000

* based on Steinmetz B for core material @ frequency (B = 2 to 3)

X\§

ref: Sullivan, et. al. “On Size and Magnetics: Why Small Efficient Power Inductors are Rare,” IEEE 3D-PEIM 2016

il
LU

1 10
operating freq. (MHz)

1xBmax | LOC

ow
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CASE STUDY:

FLYBACK CONVERTER

Eta One Power, Inc

© 2018 Eta One Power, Inc.
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Modeling a Flyback Converter in Eta Designer

[ BN B untitied Schematic

e o New Corwerter Wizard = - ™
Topology _ Parseetwen _ Firia} : N OB SshD & Q ® 04 ¢ o ,_[y; T (N La
Minimum  Typical Maximum -
Input Voltage 90 350 v
Output Voltsge 15 v :)
Sive n o - T g [P
£ Raguire Isokation P THEE R P ouy )
fxom ¥ J

— ;
0z -t =N
WAF VoS
< k3
(,:Pw —‘I ,
=/ e L .
Spacify input and autput voltage and output currant l—‘ e - t

Help Carcel (PO e |

4
< 1000:0 ‘
= E_V Ve 'n'n-m‘:; 3
o vour -lb
s —4

’ Avatysis: @ oy
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Modeling a Flyback Converter in Eta Designer (2)

e o Contraller Specification
o B Swiect Transistors Dasgnator: U1 Name: PWM Controbar
- AV W R - AV
A * nputs + Outp +
Nunw Dusciigtion Nare Owecrigtion
Vos,me: 1.3? -
* B 21800 - 1 Vout Output wltage measurement 1 PWM Primary switch
Mancfaceerer ¥ PN Yasmax Sasion| typ % Proe Fatloss EfMoergy 2 isns Source current sense
0 GoN Systems | GSGB8OGT G50V 0080 T SBSmw | 89.63% 3 7260 Vi crvis otk
1 Infinegn Tech.. | IPRSORIOSCY | 6OOV  0.180 m 7TmW | 89.61%
feferances, Fiters and Ramps *x -
I Infinoan Tech.. | IPBSOR38SCS 60OV  0.380 m 545 mw  S0.31%
! ! ! - pero oy o i
3 Infineon Tech.. | IPLEORIGOCP | 6OOV 0180  $1510  777mW | 89.67% Fiter Vigop - input: VREF - Vout Type: P
! ! ! ! ! Reference VREF - Type: OC 1.000 e o Lt PWM rizng mitge 1
& Infingan Tech.. | IPLEOA3BSCP 600V | 0.350 m S45mw K3 Refarence Zere - Type, DC O
Edit PAM nang edge ¥
§ Infineon Tech.. | IPLESROZOCY B850V 0.0820  $£210 Ga5mw | 80.08%
! 4 | Cosstisnts. * AV
6 Infineon Tech.. | IPLESRI30C7 650V 01150  $1.680 586 mwW | 90.33% .
Peried o | -
* infineon Tech.. | IPPGORIGEBCS | EOCV  0.a80 ™ 777mW | B961% Qutpat Control Ovag 609es 10 rewrmange, doutie - - - %
0 Infineon Tech,.  IPPGSROGSCT 650V 0.058Q 120 G6ImwW | 90.02%
ua i - | Cog € >
# Infinoan Tech..  IPPG5RI25CT | 650V omo $2.790 594 mwW 2031
_"{ Ingut Compare B whan  ICD a faks below B Ze10 B B -
coc | (N || 3 —N
- | o B Geop; € 2
|
l ! Culay av 200 s e WA a fising e 1 a -
| (
Help Define Losses,
o e (N
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Designing Flyback Magnetics

4. Edit windings as

Oesignatar Tt Name:  Custam Magnatic Loac Save
needed
Choose core Core Boecacaton gavics UCESTEEEN Losses vEX I —
geometry and ——— Goomatry; SFO2513/9 Seloct.. Data Orag winding grouns 1o rey; LCRRL UL
Wirdng
material —— Miutw: aca2 - Salect Data —— S a
Sobbin: CSH-EFD25-15-100 g o T o
CSH-EFD25-15-102: 1 section Fip Dot Center Tap
o= Gaz ans pbictance D
Choose gap size Al Gup: asEzase. g © Mo e pee
,
H Magnetizing inductance: 400y g Auto Trpw: Sold B
mag. inductance D o Sastag T wo B e
and/or turn count AT it 1 i madationTyps Sirgh Fim [ 10710 |
Wonsieg Soeotcation Pariiel Strends 8 a
Add an aUXilia ry Wnasirg Tt [Py e Parsdinl Grougings
T Primary 66 turns AWO 27 ) 03081 1585 6.31 26 100 e corce (NN
Wlndlng Secondary Nturns AWG 27 s b st e
Auxtiary G turme AWG 27 “ = -
PRI winding 1 T
Yoo \ 5. Drag windings and add
SEC winding 1
10’.‘::99.;2 tape to arrange as
s e Froc-ar Tamg, e 68.8°C TotalLoas: 2.68W d esl red
alp Ramet
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Flyback: Simulation vs. Bench

65W Universal AC to 19V Flyback Converter
LM5023 Valley-mode flyback controller EVM

S
(V)
c
20
(7]
(V]
| o— — ]
c a 03981 15685 8.31 12 100
© AC Lo { DO Lows Ratio
o) Estimated Losses
Ll
c Core Loss: 138 mw
| o B Winding Loss:
16H VOLTASE am o ) P .
= — = = Winding DC Resistance  DC Loss AC Loss
- TEXAS 1 Primary 1 556 mQ 348 mW | 844 mw
©2013 71
2 Secondary 1 15.4 mQ 395 mW | 929 mW
3 Auxiliary 1 B60.6 mQ 69.5 W | 24.3 mW

Total Loss: 2.68 W @ 3 A
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Flyback: Simulation vs. Bench (2)

Simulated: From Eta Designer

13 : s 3
Outpust Currenn()

Measured: From EVM Datasheet

v 3 nput Yoltage

" s

S [ e Sim w/o AC losses

Efficiency

o)
N
X

090

Sim w/ AC losses

Output Current [A]

115Vae
088 | —230Vac
086
3 084
=
u
082
080
078
0.000 0.857 1.713 2570 3426

losr

Eta One Power, Inc
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Measured results

115 VAC

2.5 3 3.5
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CASE STUDY: LLC CONVERTER
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Fringing Loss in LLC/Resonant Converters

Eta One Power, Inc

© 2018 Eta One Power, Inc.

Examine transformer design in 500W, 380V to 12V LLC running at 300 kHz

® 9 lic_scaling Schematic
OB S hBLRe.Q.e i S TN s
- Resonant Inductor (+Leakage) +
E]M, Magnetizing Inductance 2
Mo IBS07067 ——C2 f
12'|F "
sw G
SEC1
NEE - E—
'°““ h ~SECT Vout z
AR vcm
ks
= M3 —C3
T LJE BSC014NO4LY e E
M2
MG DIBA70c7 ’_Jﬁ “1
BSC01ANDALS :
3
- Mas t
(13
Resonant Capacitors — &
PWMH  Vour
PWM. L
St
a2




LLC: Initial Design Decisions

Magnetizing Current:
Vin

I =
: - AT

*  Determines dead-time and ZVS
. *  Adds additional circulating current

- Resonant Frequency:
- Y
o |l dJ T Vou @ T onJL.C,

L

p—— . .
— [ —

*  Sets typical operating frequency
*  Sets approximate component size

LG
n? Vour/lour

*  Sets regulation capability
*  Determines necessary resonant components

Eta One Power, Inc



LLC Waveforms (at resonance)

e o lle_scaing Stescy stote simulation
r e i S (R am 5] , oy = N ava N PG —
B Pl (1 S & G |2 3 % =
[Weswm

N2

Primary switch-node voltage
Primary resonant current

> -

| EasEs

W s .
” Secondary-side currents

= 3

Time fos}
| — Y - b ———— T Y -
W 2o .
W e 7 W I Gating Waveforms
e

B =g

) e
3

a-
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LLC Silicon vs. GaN: Magnetic Effects

Silicon Version: GaN Version:
70 mQ 650V Superjunction 67 mQ 650V e-mode GaN
Cr: 24nF, Lr: 10pH, Lm: 50pH Cr: 24nF, Lr: 10pH, Lm: 200pH

9.500e+004 : >=1.000e+005
9.000e+004 : 9.500e+004
8.500e+004 : 9.000e+004
8.000e+004 : 8.500e+004
7.500e+004 : 8.000e+004
7.000e+004 : 7.500e+004
6.500e+004 : 7.000e+004
6.000e+004 : 6.500e+004
5.500e+004 : 6.000e+004
5.000e+004 : 5.500e+004
4.500e+004 : 5.000e+004
4.000e+004 : 4.500e+004
3.500e+004 : 4.000e+004
3.000e+004 : 3.500e+004
2.500e+004 : 3.000e+004
2.000e+004 : 2.500e+004
1.500e+004 : 2.000e+004
1.000e+004 : 1.500e+004
5.000e+003 : 1.000e+004
<4.776e-002 : 5.000e+003

Density Plot: |H|, A/m

16:1CT on 8L x 140 um PCB in EQ25+PLT-3F36 16:1CT on 8L x 140 um PCB in EQ25+PLT-3F36
Total Winding Loss: 5.43 W Total Winding Loss: 2.991 W

Eta One Power, Inc © 2018 Eta One Power, Inc. 37



Conclusions

 Magnetics design is complex with many tradeoffs
— Custom designs are needed for almost every power supply
 Magnetic design comes down to understanding losses and their
tradeoff in the context of the specific power converter
— Easy: DC winding loss
— Medium: Core loss (but non-sinusoidal waveforms are hard)
— Hard: Skin-depth, proximity and fringe-field losses
 Understanding the trends in magnetics design can help drive
converter design decisions

e Software like Eta Designer helps designers understand the tradeoffs
easily to quickly develop an optimized solution.

m Eta One Power', Inc © 2018 Eta One Power, Inc. 38



