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Concurrent Design of Electric
and Magnetic Circuits

Benefits

Obstacles

Concurrent Design more aware of the flow of
energy during the conversion process

— Example of 2100W Sync Buck

What a Concurrent Design process might look
like?

— Example of 600W LLC
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Benefits of Concurrent Design

« We can arrive at a better product much quicker

 Better because

— Both the electric and magnetic Design Variables are
simultaneously brought into play

— Both electrical and magnetic designs are evaluated based
on impact on performance of the complete system

e a common yardstick to measure “goodness”
— Design process does not leave out important effects.
— Consequences of design choices are visible ~ immediately
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Benefits of Concurrent Design (2)

* Overcome challenges introduced when we separate
Electrical Design from Magnetic Design

— we must simplify the design problem
* to facilitate the information handoff between

— two engineers who don’t understand what the other
IS up against.

 We are then vulnerable to leaving serious money on the
table, when it comes to design optimization.
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Benefits of Concurrent Design (3)

 We can arrive at a better product much quicker
* Quicker because

— Simulation offers a path to significantly speed up the
evaluation of design tradeoffs

* Focused design tools can facilitate and promote
concurrent design

— Visualize Magnetic circuit in the context of evaluating the
overall System performance

— Both Magnetic Designer and Electrical Designer can see
the impact of design choices on both circuits

« By using a common yardstick to measure “goodness”
of the complete System design
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Benefits of Concurrent Design (4)

« Concurrent design is a better way to negotiate
the electric and magnetic circuit tradeoffs

* As In any negotiation, we can almost always get
a better result if both sides are trying to solve the
same problem

— This requires both parties to have some real insight
Into the challenges facing the other party.

« Concurrent design is far preferable to an adversarial
negotiating process
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Obstacles to Concurrent Design

« Magnetic circuits as a field of study are out of
favor In many universities

* Power magnetic devices:
— Are stubbornly nonlinear
— If you don’t know them, it is hard to love them

* Objective confusion

* Our Industry has a complex
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High School & our Industrial Complex
« Meryl Streep

— Used to think that “Life is like college.”
— But found out that “Life is actually much more like High School.”

* |n the hardware business,

— End System designers and some Silicon designers
are the “cool kids”

— Power supply engineers are not
« Getover it
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High School & our Industrial Complex

We all lose when we try to make power electronics what
we wish high school had been for us

We hurt ourselves and our profession when we perpetuate
this caste system of
 Silicon - power supply = magnetics

We just need to stop

The fact is we will never be one of the cool kids
— actually good news
— Your 50t

This makes it much harder to do concurrent design
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Outliers

* There have always been Outliers who

— Did not accept the “I'm better than you” division of
labor & instead,

— Embraced the concurrent design of the magnetic and
electric circuits...

— Consistently outperformed larger & better funded
design groups
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Strong Precedent for Concurrent Design

* In the Beginning
— Genesis 1:3

« Day One, Job One
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Confusion about our Objectives
leads to Division in the team

« We hurt ourselves and our industry when we falil
to clearly distinguish between these two
objectives

— Storing and processing information
— Storing and processing energy

* Leads to unnecessary confusion and division
among us
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In the context of power supply design

 Moore’'s Law is most often brought up to contrast

— dramatic improvement in information density of
silicon devices with

— the lack of comparable improvement in the
energy-storage density of power magnetics
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Failure to make an important distinction —
creates unnecessary division

 Moore’s Law
— Shrinking the volume required to store fixed amount of information

Power Magnetics
— Reducing the volume required to store a fixed amount of energy

Two fundamentally different objectives

We do not need to apologize for not shrinking the volume
required to store a fixed amount of energy by a factor of
two every year
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Using Moore’s Law
to Beat up on Magnetics Folks

It's not helpful
Creates unnecessary division
Makes Concurrent Design harder to achieve

We just need to stop
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What if we believed that

« What was true in The Beginning
— |Is still true today?

— Electric circuits and Magnetic circuits working
together

* IS a good thing
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We would think differently

Stop thinking of Inductors as L di/dt

Better appreciate critical nature of the coupling
between magnetic and electric circuits

Embrace nonlinear nature of magnetic circuits

Discover the advantage of designing these
highly coupled circuits concurrently

We would think a lot more about the flow of
energy and less about just volts and amps
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4-Phase Synchronous Buck Example
Powering Microprocessor

= 12V Input
e rE—— = 1.0V Output @ 100A
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Concurrent Design tends to focus on

the energy flow
= 4 x 100 nH inductors

T = 44 x 47 JMF output capacitors

PHN=0
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IGMD_N
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Inductor Curren
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Where does the energy go during Steady State?

At Full Load each
Inductor stores &
delivers to output
veeR e *, 31 uJ/cycle
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Where does the energy go during Steady State?

31

X4=125uJ
e F'||:|:P~J1:U 5 X 730 kHz
=91.25 W
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Where does the energy go during 100A 2 3mA
Load Step?

YDDH L=1
PHN=0

c49u

ICMD_F
IGMD_N

VDDH

ICMD_F
IGMD_N

VOOH

When all the energy
stored in the
magnetic circuits
suddenly cannot go
to the output...

ICMD_P

r ICMD_N

VDDH

ICMD_P
ICMD_N

... the output caps

must save the day.
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Cost comparison of Delivered Energy

Material cost ($ / pJ) Board Area (mm2/ )

OUTPUT INDUCTORS ouTPUT INDUCTORS
CAPACITORS CAPACITORS

For the same energy delivery capability,
the magnetic devices deliver superior value
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Cost comparison of Delivarad Fnerav
Board Area (mm2/ )

including solder pads

Material cost (S / uJ)

OUTPUT INDUCTORS OuUTPUT INDUCTORS
CAPACITORS CAPACITORS

For the same energy delivery capability,
the magnetic devices deliver superior value
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What might Concurrent Design look like?

special thanks to ™ |
Jon Hancock <|nf|neon |

600 W half bridge LLC eval board with 600 V

CoolMOS™ C7 and digital control by XMC™

Authors: Francesco Di Domenico
Jon Hancock
Alois Steiner
Johnald Catly

Application Note

Used with permission of author
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600W LLC Converter Infineon Eval board

Vin = 380 +/- 30 Vdc Cinfineon
Vout = 12 Vdc @ 50A
Efficiency > 97.5% @ 25A
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Resonant Inductor and Transformer
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600W LLC Converter
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A Proposal for Concurrent Design Process
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First, Characterize Gain of
LLC Power Stage

GAIN

1st Harmonic Approx(Q=0.2)

1st Harmonic Approx{Q=0.4)

1=t Harmonic Approx{Q=0.6)

SIMPLIS(Q=0.2) Harmorjic Approximation

SIMPLIS(Q=0.4)

SIMPLIS(Q=0.5)

PLIS simulation|results

=
=
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Then, Design Compensator

il o irmer of Frneo: g er
(much as 1-10 sechio d=ahie

{Infineon_
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We can do all this without having to actually
design any magnetic circuits
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We can do all this without having to actually
design any magnetic circuits

1) Pick value of L
(& ESR?)
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can do all this without having to actually
design any magnetic circuits
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However, in order to build something,
we need to design the magnetic circuits
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To Design the Resonant Inductor

&% 5|MPLIS Magnetics Design Module

File Help Core Material

-m 4 = % E| : Ferrite
’ . [+ | Ferroxcube
W Core = Winding #»&, Cooling n

P 3 air gaps
PM 1 air gap
PM 3 air gaps
PO 1 air gap

PO 3 air gaps
RM 1 air gap ChOOse d

RM 3 air gaps core structure

= | EPCOS M Select a
# RM 10 {low pr A .
magnetic

S M51 )
w profile) MN72 material

NB7 {ds}/
# BEM 14 (Jow profile)

=

# RM 4 (low profile) S
# RM 5 (low profile) .

# RM 6 (Jow profile) NZ2
M95

M9G
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Pick number of turns, wire type and size,
place wire in winding window

=) |=) |2 [] virtual Winding Machine View 1:

9 -+ Number of Turns

AWG39 Copper (drawn wire)

AWGAD Litz Round
AWGA1
ANGE2 Winding Parameters: PF AWG38 120
AWG4H3

AWGaS

PF AWG33 10
PF AWG38 12
PF AWG33 15 Total Diameter (d):

PF AWG38 20 Strand Conductor Diameter (di):
PF AWG38 25
PF AWG38 30
PF AWG38 35
PF AWG38 45

PF AWG38 60 ¥-Spadng (xd) 1| Fill Factor

PF AWG3S 75
PF AWG3S 90 ) .
PF AWG3S 105 Y-Spacing (yd) 1] Fill Factor
PF AWG3S 120
PF AWG3S 135 Winding Mame:
PF AWGH 3
PF AWG4 5 Filar:
PF AWGH 6
PF AWG4 8 Tape
PF WG4 10
PF AWG41 12
PF AWGH 15
PF AWG41 20 Bobbin Pins
PF AWG4H 25
PF AWG4H 30
PF AWG41 35
PF AWG4H 45
PF AWG4H 60
PF AWG41 75
PF AWG41 90

Mumber of Strands (n):

Winding Spacing

05 layers of thickness: 0.025 | mm

Position  Pin # Position  Pin #

start |Left |3 End |Left « 2

Direction of Rotation:

S8 8220088880200 0088000000880t




Define the air gap

An air gap in all 3legs ?

Core Specifications:
Core type: |RM lair gap ~ \
Height of one Half (h): 7.3 | mm i
Width {w): -

37.6

Minimum Inner Width (wim): i7.4

Or only in center leg ?

wh

Maximum Inner Width {wix): 7t
Mid-eqg Diameter (dm):
Length (I):

Air Gap Size {gap): : J

Window Height (hw):
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Define Therma’ &% 5|MPLIS Magnetics Design Module

Environment Y

W Core = Winding v{. Cooling

Cooling Concept

Matural Convection -
Matural Convection
Forced Convection
Mo thermal modeling
Orientation (Gravity Direction) Side Definition

Top-Down

et

Convection Sides

front
back

M l~&

¢y
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With all this information

We generate a Piecewise Linear electrical model of the inductor

Level 1 Model

Level 1 models an inductor with a parallel shunt resistance and an equivalent series resistance (ESR).

Level 1 models these circuit elements Level 1 Schematic

L_IND PWL Inductance =
R_SHUNT Inductor shunt resistor !

ESR Series resistance
. L IND
R SHUNT

This simulation model is used to 2{R_SHUNT)
solve for the current and voltage [ Mo

waveforms in the electrical circuit EESSRR}

We solve for the flux waveforms in the i
magnetic circuit and calculate losses N
in a post simulation step
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Do the same for the transformer

&% 5IMPLI5 Magnetics Design Module

File Help : Core Material
w =-| | Ferrite
= i" = % =t : Ferroxcube

W Core = Winding &, Coolif

PM 3 air gaps The DTT-1C5un
EI . PQ 1 air gap +- | EPCOS
: - | TDK
PQ16/11.6 1 Gap

PG20/16 1 Gap :I 51::Ee|. PCO5+
PQ20/20 1 Gap +--  Iron Powder
PQ26/20 1 Gap

PQ26/25 1 Gap
PQ32/20 1 Gap
PQ32/30 1 Gap

PQ40/40 1 Gap lation Software for Power Electronics

_ # PQ50/50 1Gap . . . .
5 nent Design ¢ Circuit Design ¢ m Design
&- [l PO 3 air gaps yonent Design ¢ Circuit Design ¢ Syste esig
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With the exception that — for transformers

We generate a Reluctance model to

« Simulate the flux in each leg
 Better calculate core losses

™ Account for imperfect
coupling between windings

Q , Simulation Software for Power Electronics
sSimeus Component Design ¢ Circuit Design « System Design

HNOLOGIES




Then we run the simulation

400
200
0

Calculate all voltage, 200
-400

current and flux waveforms 0

10
-10
-30
-50

a0
&0

Use these waveforms in a 40

20

Post Simulation process 0

11.9420

to calculate 119410

» core losses, 11.9400
« winding losses e
. skin effect, and ;

-6

proximity effect 2

0 18 20

timefuSecs 2uSecs/div

Label Curve label Mame Yalue

[0 LCout Is1 Maximum  81.53016334 @1.4996123u5ecs
[ Per Cycle RMS{IRMS_Cout) |s2 Maximum  B2.6197114 @11.696069%u5ecs
| I_HF_Cap WVout Maximum  11.9422068Y @6.538293u5ecs

[1 Per Cycle RMS(IRMS_HF_Cap]) 151 Mean 24. 722694
[T1s1 Is2 Mean 25.030259A
[1s2
] vout
[ vs1 Vout Peak To Peak 3.2120047mV
‘Implls [ vs2 Vsl Peak To Peak 24.746379V

Vout Mean 11.940562V
TECHNOLOGIES Ws2 Peak To Peak 24.7990531V

Vout Minimum 11938994V @4.852413%u5ecs




Magnetic losses are calculated in a post
simulation process - for inductors

&» MDM Results for LR (simplis_pop1)

Chart Type Bar Graph -~ Sort By | Compaonent -
14.061 pH

Losses by Component

.63 W

Core Losses 0.405 W
Winding Losses 0,231 W

DC Bias Current Losses 0,000 W
AC Conduction Losses 0.134 w
Skin Effect Losses 0.000 W
Proximity Effect Losses  0.097 W

Core Temperature 44.025 =C
Winding Temperature  48.004 °C

Total Boxed Volume 19.267 om?

‘ ' Winding Losses Core Losses

‘Imptl‘ B DC Bias © AC Conduction  Skin Losses M Proximity ™ Core

TECHNOLOGIES




In addition to total losses by type,
can account for losses per turn

&% MDM Results for LR1 (simplis_pop1)

:Results Overview | |psses By Winding Wavef

1.52e+00 Wfom~3
1.48e+00 Wfom~3
1. 44 +00 W fom =3
1.40e+00 W fom~ 3
1. 36e+00 Wfom~ 3
1.33e+00 Wfom~3
1. 29e+00 Wfom 3
1. 26e+00 W fom ™3
1.23e4+00 W fom ™3
Winding Losses 0.231 W 1,192 +00 W fom ™3
1. 16e-+H00 W fom ™3
DC Bias Current Losses  0.000 W 1,13 +00 W/cm~3

AC Conduction Losses 0,134 W 1. 10e 400 W fom "3

Skin Effect L 0.000 W 1.07e+00 W jom ™3
" - I 1.04e +00 W icm ™3

Proximity Effect Losses  0.097 W 1,01 +00 W om*3
9.83e-01 W jcm~3
Core Temperature 44,025 =C 9,61e-01 W fom*3
9, 35e-01 W jcm™3

Winding Temperature  43.004 =C 9, 10e-01 W fcm ™3

Results

Inductance 14.061 pH

Total Losses 0.636 W

Core Losses 0.405 W

Total Boxed Volume 19,267

‘ ) Simulation Software for Power Electronics
simeus Component Design ¢ Circuit Design » System Design
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Magnetic losses are calculated in a post
simulation process - for transformers

& » MDM Results for T2 (simplis_popT]

Chart Type Bar Graph -~ Sort By | Component -
44,881 pH / 1.772 pH

Losses by Compaonent

Total Losses 2.713

Core Losses 1770
Winding Losses 0.943

DC Bias Current Losses 0,000
AC Conduction Losses  0.943
Skin Effect Losses 0,000
Proximity Effect Losses 0.000

Core Temperature 63.655
Winding Temperature 57.833

Total Boxed Volume  32.663

E j Winding Losses Core Losses

‘Implls B DC Bias © AC Conducktion  Skin Losses B Proximity B Core

TECHNOLOGIES




Losses per turn for transformer

Note: Loss density of windings
closest to the air gap is
higher than for windings

further away

¢y

simeus

TECHNOLOGIES

!
[
!
[
!
[
!
[

Uil el R S R Sl

Loa A & A& A & o u.a A s A s d s

rw oy T oy w oy w

¢y

9.93e+00 W fom~3
§.63e+00 W fom 3
7.54e+00 W fom~3
6.532+00 W fom~3
5.54e+00 W fom~3
4.86e+00 W fom~3
4, 16e+00 W fom~3
3.56e+00 W fom~3
3.02e+00 W fcm~3
2.54e+00 W fom~3
2,132 +00 W fcm~3
1.75e+00 W fcm "3
1.43e+00 W fcm "3
1.15e+00 W fcm "3
8.97e-01 Wfem"3
6.742-01 W fem"3
4.73e-01 W fem"3
3.05e-01 W jfem "3
1.53e-01 W fcm~3
1.88e-02 W/fcm~3

simeus M M

Simulation Software for Power Electronics
Component Design ¢ Circuit Design » System Design




Concurrent Electric and Magnetic
Circuit Design
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Both the Electric and Magnetic

design variables are

« Simultaneously in play, while

« Focus is on overall power
supply system performance
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Concurrent Electric and Magnetic
Circuit

b P AT .'.:-o.';a-.nqu.o-

a
PR

Far e RRES § FRES _WRAR PR

P T araha o

Fomua T3t
T,
0 -

T i S [

Frapatry
Fraqundy

oF FE
'—i Both Electric and Magnetic designs

10| Inchuchr basad on
Py htad FL s a5 0

e e use common yardstick to

L5 GATE CORTROL

B measure “goodness”
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o Overall system performance
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Concurrent Electric and Magnetic
Circuit Design
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Design process does not leave
S ——— out important effects.
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Concurrent Electric and Magnetic
Circuit Design
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L_ Simulation offers a path to significantly
- - speed up design optimization &
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- | -4 1  evaluation of tradeoffs
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Focused design tools facilitate
Concurrent Electric and Magnetic
—1 .. Circuit Design

oz
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Visualize Magnetic circuit in the context of
evaluating the overall System performance

Both Magnetic and Electrical Designers
can see the impact of design choices on

both circuits
L
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Focused design tools facilitate
Concurrent Electric and Magnetic
———1—.. Circuit
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Focused design tools facilitate
Concurrent Electric and Magnetic

——— 1. Circuit Design

a
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Circuit Notes
1] Dasigred for Z20W o 12V cormarson, output power L b S00W

[ — ilm Dommn, TEFAT R AACRE

e This becomes a highly collaborative design

s SR

environment — even though system trade-offs
are complex
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Focused design tools facilitate
Concurrent Electric and Magnetic
.. Circuit Design

Electrical designer is not required to become
a subject matter expert in magnetics

As long as both engineers are reasonably
competent in the other’s world, they can have
a very high band-width collaboration

Provides a common language for optimizing
the system performance
- LT z
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Benefits of Concurrent Design
of Electric and Magnetic Circuits
In Power Electronics

Thank you

SIMPLIS Technologies

‘ )SIMetrix/SlmPlll




