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Electric and Magnetic Circuits in Power
Converters are Tightly Coupled
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Constant switching frequency buck converter
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Example: Constant F,, Buck Converter

Si4410L
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Example: Constant F,, Buck Converter

Inductor current ripple:

A

Inductor (core and winding) loss
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Example: Constant F,, Buck Converter

Peak and RMS semiconductor current:

Switching and conduction loss Inductor current ripple:

A

Inductor (core and winding) loss
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Example: Constant F,, Buck Converter

Peak and RMS semiconductor current:

Switching and conduction loss Inductor current ripple:

A

Inductor|(core and winding) loss

J__ Power(L1)

3 .
|+ C1 R1
220 [RLoad}
RLK$1Meg
ESRE4m J

Capacitor ripple and loss

Trigger
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Example: Constant F,, Buck Converter

Peak and RMS semiconductor current:

Switching and conduction loss Inductor current ripple:

A

Inductor|(core and winding) loss

J__ Power(L1)

3 .
|+ C1 R1
220 [RLoad}
RLK$1Meg
ESRE4m J

L and its ESR will also affect control loop dynamics Capacitor ripple and loss

Trigger
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Example: Isolated LLC DC-DC Converter

N Resonant inductor Transformer Affect switching frequency
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We can pick L, L, and design to spec

but we do not know ESR, L, Without designing the magnetics
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Choice of L Affects Many Aspects of the
Electrical Circuit

e Whatis L?
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Choice of L Affects Many Aspects of the

Electrical Circuit
e Whatis L?

* An electrical attribute of a magnetic circuit
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Choice of L Affects Many Aspects of the
Electrical Circuit

e Whatis L?

* An electrical attribute of a magnetic circuit

2 lwist)

wim

* Pick L —try to design the magnetic circuit — might conclude it's best
to pick a different L!
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An Iterative Process

Change the magnetic circuit and L — now many other properties of
the electric circuit change

It would be best to concurrently design both circuits, and
Immediately see

The SIMPLIS Magnetics Design Module (MDM) enables this
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Example 1: Planar Inductor for 12 V-t01.2 V
10 A Buck Converter

ing Frequency Buck Corwerter with MDM Inductor
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Example 1: Planar Inductor for 12 V-to1.2 V 10 A
Buck Converter

W Core = winding & Cooling

L

Predefined Cores
Cylinder + Round Block
EE 1 air gap
EE 3 air gaps
EE multiple air gaps
EE scriptable air gaps
EFD 1 air gap
EFD 3 air gaps
EI 3 air gaps
EF 1 air gap
EF 3 air gaps
ERI 1 air gap
ETD 1 air gap
ETD 3 air gaps
F 1 air gap
F 3 air gaps
FM 1 air gap
FM 3 air gaps
FQ 1 air gap
FQ 3 air gaps

Core Specifications:
Core type:

Height of one Half (h):
Width (w):

Inner Width (wi):
Mid-leg Width (wm):
Length (1):

Air Gap Size (gap):
Window Height (hwl

Stacked Cores

EE 1 air gap

2.5 mm

14| mm

11| mm

3 mm

53 mm

mm

simeus
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Custom ELP core with one air
gap

Core material with square wave
voltage (triangular flux wave)
loss measurements
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Example 1A: Two-Layer PCB

« 2-layer board with 2 0z copper —

modeled as a rectangular wire
Copper (pure)

Solid Rectangular

Winding Parameters: Custom

Conductor Thickness (d):
Conductor Length (1):

Isolation Thickness (s):

Winding Spacing

¥-Spacing (xd) 1| Fill Factor

Y¥-Spacing (yd) 1.6/ mm

Winding Name:

1.6 mm FR4 layer in between
copper layers
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Example 1B: Four-Layer PCB

*  4-layer board with 1 0z copper — modeled

as bifilar rectangular wire
Copper (pure)

: »id
Solid Rectangular

Winding Parameters: Custom

Conductor Thickness (d):

Conductor Length (1): . :-:

Isolation Thickness (s):

Winding Spacing
X-Spacing (xd) 1| Fill Factor

Y-Spacing (yd) 1| Fill Factor

Winding Name: .“‘
e INE =
hb -

B
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Example 1: Electrical Circuit Waveforms
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5 ° are sent to MDM for post-
1uSecs/div prOceSSIng
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Example 1A: MDM Post-Processing Results

«» MDM Results for L1 (simplis_pop4)

U|t50‘-’EWIEW Losses By Winding Waveforms L ws. Current Inductor%esign

O x

Results

Inductance

Total Losses

Core Losses

Winding Losses

Skin Effect Losses

Core Temperature

Total Boxed Volume

Proximity Effect Losses 0.033 W

Winding Temperature 58.797 °C

0.604 pH

Chart Type Bar Graph -~ Sort By Component

Losses by Component

0.254 W

0.23

I e
e - breakdown

DC Bias Current Losses 0.189 W
AC Conduction Losses 0.008 W

0.000 W

33.746 °C

0.885 cm?

Winding Losses Core Losses

B DC Bias 1 AC Conduction  Skin Losses M Proximity M Core
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simeus

TECHNOLOGIES

Simulation Software for Power Electronics

Component Design ¢ Circuit Design « System Design




«» MDM Results for L1 (simplis_pop4)

Results Overview Losses By Winding wWaveforms L wvs. Current Inductor Design

=) (=) 1) [] virtual Winding Machine View 1:

P>

-

Example 1A: MDM Post-Processing Results

Effect of proximity loss
(including air gap fringing
flux and the core)

4.50e+01 Wicm™3
3.66e+01 Wicm™3
2.98e+01 W/cm"3
2.41e+01 Wicm™3
1.96e+01 Wicm™3
1.58e+01 W/cm~3
1.27e+01 Wicm™3
1.02e+01 Wcm™3
8.18e+00 W/cm™3
6.50e+00 W/cm™3
5.13e+00 W/cm"3
4.01e+00 Wicm™3
3.10e+00 W/cm"3
2.35e+00 Wicm™3
1.74e+00 W/cm™3
1.24e+00 W/cm™3
8.31e-01 W/cm™3
4.97e-01 W/cm™3
2.23e-01 Wicm™3
8.65e-05 Wjcm™3
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Example 1A: MDM Post-Processmg Results

«» MDM Results for L1 (simplis_pop4)

Results Overview Losses By Winding Waveforms | vs. Current Inductor Design

off  Graph Data Info

Flux Density (T)
144e-3 Fluz Density (B)

126e-3
108e-3
90e-3
726-3

I
2618e-6 3.054e-6 Ade- 3.826e-6 4 363e-6

Current (&)
Current ([}

I [ T [ I
2618e-8 3.054e-6 Ade- 3.826e-6 4 363e-6

Voltage (W)

I I I
3.054e-6 Age- 3.826e-6 4 363e-6
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Example 1B: MDM Post-Processing Results

«3» MDM Results for L1 (simplis_pop3) O 4

Results Overview | gsses By Winding Waveforms L vs. Current Inductor Design

Results

Chart Type Ba Sort By Component
Inductance 0.604 pH ¥pe bd ¥ p

Losses by Component

Total Losses 0.224

Core Losses 0.024
Winding Losses 0.201

DC Bias Current Losses 0.170
AC Conduction Losses 0.008
Skin Effect Losses 0.023
Proximity Effect Losses 0.000

Core Temperature 50.382
Winding Temperature 58.108

Total Boxed Volume 0.588

Winding Losses Core Losses

B [DC Bias © AC Conduction  Skin Losses M Proximity M Core
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Example 1A vs 1B

4.50e+01 W/cm"3
3.66e+01 W/cm"3

» 4-layer inductor has slightly lower S entl wioms

2.41e+01 W/cm"3

losses (by 30 mW or 11.8%) than L erat wioms

— — 1.27e+01 W/cm~™3
the 2-layer - - e
8.18e+00 W/cm~™3

6.50e+00 W/cm"3

5.13e+00 W/cm"3
4.01e+00 W/cm™3
3.10e+00 W/cm"3

Due to the different arrangement of £ v
windings in the core window, using S 3i01 Wiem>

4.97e-01 W/cm™3
2.23e-01 W/cm™3

a 4-layer board eliminated the 75005 Wiem-3
proximity losses of the 2-layer
example (33 mW) s 4002 Wi

Loz e
Stzea Wi
2400t W
However using a thinner copper S I— s e
layer added 23 mW of skin effect e v
losses, which were not present in — - cizvewr
the 2-layer board zoewi
1.12e+00 W/cm=3
6.62e-01 W/cm™3

3.08e-01 W/em~3
3.03e-02 W/em”3
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Example 2: 600 W Isolated LLC DC-DC
Converter

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% @ 25
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Resonant Inductor and Transformer

ICE172241




Example 2: 600 W Isolated LLC DC-DC Conve
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Example 2A: Pot Core Transformer

2=l

sﬂlﬁ [| ﬂm 1
L. - Fairly large pot core,
TDK PC95 material

Core Specifications:

=) (=) 1) [ virtual Winding Machine Vie 1
Core type: |P 3 air gaps 2
Height of one Half (h): 145 mm

78] * Non-interleaved windings

57.5 mm

Diameter(Width/Length) (d):
Inner Width(Diameter) (wi):

Outer Mid-leg Diameter 295 mm

8.5 mm
8 mm
0.85 mm

9 mm

Stacked Cor

XIXIXIXIX

Litz wire for primary, large solid round wire for
secondaries

¢y
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Example 2A:

LLC Waveforms

vGsQ1 |
vGsQ2 |

139.66452292287

139.66452292287

139.66452292286

139.66452292286
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«» MDM Results for TX1 (simplis_pop5)

188.935 pH / 8.134 pH

Total Losses 9.413 W

Core Losses 0.188 W
Winding Losses 9,225 W

DC Bias Current Losses 0.128 W
AC Conduction Losses 0.763 W
Skin Effect Losses 0.633 W
Proximity Effect Losses 7.702 W

Core Temperature 75.377 °C

Total Boxed Volume  146.265 cm?3

Low conduction

Winding Temperature 114.790 °C /
2

&)

4

1

Chart Type |Bar Graph Sort By | Component

Losses by Companent/ve I’y Iarge pI’OXI m |ty

0.633
0.763

total loss!

Large core, very law ¢
loss

0.188 ¥

0

.

losses

Winding Losses

Core Losses

|l DC Bias © AC Conduction  Skin Losses M Proximity ™ Core
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Example 2A: MDM Post-Processing Results

«» MDM Results for TX1 (simplis_pop5) O X

Results Overview Losses By Winding waveforms L vs. Current Transformer Design

1: Primary 1
|| (=) 19 []virtual Winding Machine View 2: Secondary 1

3 Secondary 2 Large proximity losses in
the secondary winding

1.85e+00 W/cm"™3

1.72e+00 W/cm"3

1.60e+00 W/cm™3

1.49e+00 W/cm"™3

1.38e+00 W/cm"™3

1.28e+00 W/cm~3

1.18e+00 W/cm"™3

Y v 1.09e+00 W/cm~3
X 1.00e+00 W/cm"~3
9.15e-01 W/cm™3

8.35e-01 W/cm™3

7.5%-01 W/cm™3

6.86e-01 W/cm™3

6.17e-01 W/cm™3

5.52e-01 Wicm™3

4.89e-01 W/cm™3

4.30e-01 W/cm™3

3.73e-01 W/cm™3

3.19%e-01 W/cm™3

2.68e-01 Wicm™3
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Example 2B: PQ Core Transformer

}!E_I} « Same PC95 material,

but much smaller PQ35

Core Specifications: E.-iﬂ | C O re

Core type: |FQ 1 air gap

1: Primary 1
17.4) mm 12} |=) ) []virtual Winding Machine View 2: Secondary 1
3: Secondary 2

Height of one Half (h):

Width (w): 36.1 mm

Inner Width (wi): 32| mm

1435 mm « Non-interleaved

o Bifilar litz wire ; , windings

Mid-leg Diameter (dm):

Length (1):

Air Gap Size (gap): 0.2 mm

Inner Cut Width (wxi):

10 mm foil windings
z74] e for the

23.5 mm

Inner Cut Height (bx):

A A A A A

Outer Cut Width (wxo):

)
)
)
)
)
Window Height (hw): 12.5| mm for prlmary,
)
)
)
)

secondaries

Quter Cut Height (Ixo): 21.2| mm

Stacked Cores

7777777777777777
R e R
PR ET 2T WD DN e
[ L R TR L LR W TR R LR R LR O LR

4 s e e St St a4 St k% e ke %t 4 ket

s s s s T O
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Example 2B: MDM Post-Processmg Results

«» MDM Results for TX1 (simplis_pop6)

Conductionloss-a bit
179.522 pH / 7.950 pH hlgher, but pI’OXImIty IO Type Bar Graph Sort By Component -
I Losses by Component
Total Losses N IS almost zero! . et

2
Core Losses 1,792 W 1.851
Winding Losses 1.851 W 175

DC Bias Current Losses 0.000 W
AC Conduction Losses 1.851 W
Skin Effect Losses 0.000 W
Proximity Effect Losses 0.000 W

Core Temperature 71.652 °C
Winding Temperature 81.744 °C
Total Boxed Volume 32.663 cm3
/ 0 _
Transformer ~5x smaller,/mmqg e e
‘l DC Bias W AC Conduction — Skin Losses M Proximity ™ Core

hence much larger|core
loss
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Example 2B: MDM Post-Processing Results
Total losses are reduced by ~2.6x

«» MDM Results for TX1 (simplis_pop&)

Results Overview Losses By Winding Waveforms L vs. Current Transformer Design
1: Primary 1

|| (=) 19 []virtual Winding Machine View 2: Secondary 1
3: Secondary 2

2.0%9e+01 W/cm™3
1.76e+01 W/cm"™3
1.48e+01 W/cm™3
1.25e+01 W/cm~™3
1.04e+01 W/cm™3
8.73e+00 W/cm"™3
7.27e+00 W/cm™3
6.03e+00 W/cm™3
4.97e+00 W/cm™3
4.08e+00 W/cm™3
3.32e+00 W/cm™3
2.67e+00 W/cm™3
2.12e+00 W/cm™3
1.65e+00 W/cm™3
1.26e+00 W/cm™3
9.18e-01 W/cm™3
6.31e-01 W/cm"3
3.87e-01 W/cm™3
1.7%e-01 W/cm™3
2.64e-03 Wicm™3

s, i, A, o i e, e, A e AR, A A R A ]
e RS s =
Lok 4 & A & & & b & b s doa k. s
Loh A & A & & & 4L & b & oA & b i
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Example 2C: Interleaved PQ Core Transformer

W Core = Winding %, Cooling

1: Primary 1
2: Primary 2
3: Secondary 1
4: Secondary 2

Final step: interleave primary and secondary
wi1: Primary 2 Winding

. mﬁﬂﬁ a‘ # | | Copper (drawn wire)
Predefined Windings ol
* AWGL0
- # AWG11 Winding Parameters: Custom
-8 AWG12
- % AWG13
- & AWG14

* AWGL5
- % AWG1E Conductor Thickness (d):

* AWGL7 Conductor Length (I):
- % AWG18
- % AWG19 Isolation Thickness (s):

* AWG20
- % AWG21 Winding Spacing

* AWG22
- # AWG23 *-Spacing (xd) 0.4 mm
- AWG24

* AWG25 Y-Spacing (yd) 1 Fill Factor
- AWG26

* AWG27
- % AWG28
- AWG29 Winding Name: | Frimary 2

* AWG30
- AWG3L Filar: 5=

* AWG32 =
- % AWG33
- % AWG34 Leg: CENTER

* AWG3S
~# AWG36 Tape

* AWG37
- % AWG38
- # AWG39

* AWGHD Bobbin Pins
: gmg:é Position Pin#
- AWG43 Start [Left
- AWGA4

# PFAWG38 10
- & PFAWG38 12 Q

# PFAWG38 15 ©

.. PE BVAIC n

Placement Method Simple
2] (=) 19 []virtual Winding Machine View
Number of Windings

| AR A AT A S A B AR A T A AT A T AR B A T A A S A S

Turns

None ~

= layers of thickness: 0.025 mm

L& b & hoa o hoa ok s oA oa ok oaohoaod
A Y W Y Y S Y S W W Y Y Y QY Y Y Gy Y|
rw oy ow oy ow oy ow o w oy w oWy oWy
[ Y G Oy Ay Y Y GV Y Y Y Y Y Y Y|

Direction of Rotation:

w2 Sacondarv 1
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Example 2C: MDM Post-Processing Results

«> MDM Results for TX2 (simplis_pop7) Interleaving: ~7x smaller leakage o  x
RESU|tSUVEI"-'IEW Losses By Winding Wavefor L vs. Current Transformer Design |nductan ce
Results //

Chart Type |Bar Graph Sort By Component

/L, 44.881pH/1.772 pH

Losses by Component

Total Losses 2.713 W

Core Losses 1.770 W

Also, lower conduction

Winding Losses 0.943 W / Slnce Secondary (80 A

DC Bias Current Losses 0.000 W .
AC Conduction Losses  0.943 W . peak) is shorter

Skin Effect Losses 0.000 W
Proximity Effect Losses 0.000 W 0.943

Core Temperature 63.655 °C
Winding Temperature 67.838 °C

Total Boxed Volume 32.663 cm3

Winding Losses Core Losses

BDC Bias 1 AC Conduction  Skin Losses M Proximity M Core
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