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Issued Patents
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Samsung Audio Lab
Valencia, CA

201 3 First Hire
1700 Lab Area in m?

2 Anechoic Chambers
3 Listening Rooms

2 Transducer Test Rooms
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Samsung Audio Lab Products
2015 R-Series Wireless Speaker

» Static Electromagnetic simulations for woofer driver

———

R7 R6 Portable RS R3
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Samsung Audio Lab Products
2016 First Dolby ATMOS Soundbar K950

» Acousticsimulations for height channel

» Project launch to CES prototype: 6 weeks

* Project launch to mass production: 5 months

» First Samsung soundbar to ever achieve 5 star
rating from Home Cinema Choice

COMSOL Conference | 2018-10-23 | Lausanne, Switzerland | Andri Bezzola, PhD SAMSU N G 9



Loudspeakers are Multiphysics, Multiscale, and Nonlinear

Voice coil

Pole piece

AC/DC

= Nonlinear magnets
= Saturationin steel

Structural Mechanics
= Anisotropic materials
= Large deformations
= Frequency dependent damping

Acoustics
= f=20Hzto 20 kHz
= A=17mto17 mm
= |nfinite domains and far-field

measurements
= Lossesin narrow regions
Heat Transfer

= Temperature from-20°Cto 200°C

Fluid Dynamics

= Turbulent bidirectional air flow
through ports and vents
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Nonlinear Distortion
Sounds Bad

Linear Non-Linear
Woofer Woofer

I
I O
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Nonlinear Distortion

Anti-Distortion

—BL(x) [N/A]
Le(x)[100xH]
| Kms(x) [N/mm]

Voice-Coil Excursion [mm]

-10 -8 -6 -4 -2 0 2 4 6 8 10

u V] X i )
X =[x,%,i] g(X,u) =1[0,0,u/L,(x)]"
X =g(X,w) + f(X) C = [1,0,0]
x=CX
2

1 (—Kms(x)x — RyX + BL(x)i + L dLe(x))
fO0 = |+ 2 dx

Mo L)

_ ) (— ()% — Rpi — I X l>

Linear Non-Linear | Corrected
Woofer Woofer
el (e e [ e
I T
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COMSOL Apps for Calculation of K_.(x)

Geometry Import
[ e |

Import CAD File | Selections Materials Mesh Compute Save

Q@@ L EE

Import DXF File:

Scale DXF File: Scale Factor:  0.001

(_import
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COMSOL Apps for Calculation of K_.(x)
Selection Definition

File

"

Import CAD File Selections taterials Mesh Compute Save

aaq@ -afa

Surround Domains Spider Domains
= E—— = —
i T B &
A e
Surround Edges With Prescribed Displacement Spider Edges With Prescribed Displacement /\#
| | e @ - e B —— @& - :
0 & — m &
-~
Surround Edges With Fixed Constraint Spider Edges With Fixed Constraint
‘[@ 103 g - ‘E‘ﬁ]i 82 g =-
' 0o & = BN
F R
Other Moving Domains (for results display only) Static Domains (for results display only)
‘[@.‘3‘.5 7; = o i 7? =
& o § e Ui
pii] = 5 =
R 5
15
17
— Close-up of Surround | sl I [ S P i T | N
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COMSOL Apps for Calculation of K_.(x)

Material Definition

Import CAD File| Selections Matenals Mesh Compute  Save

Surround Properties:

Young's modulus (E) 5
Poisson Ratio (V) 048
Density (2) 1100
Spider Properties:

Young's modulus (E) 330
Poisson Ratio (¥) 03
Density (g) 400

MPa

kgi/m?

MPa

kg/m*

aaaf@ L-Efa
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COMSOL Apps for Calculation of K_.(x)

Mesh Setup
[ e |

Import CAD File| Selections  Materials Mesh Compute  Save

. aaqQE LB @

Plot Mesh

Max Size for elements in Spiden: 0.05

urround: | 0.1
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COMSOL Apps for Calculation of K_.(x)

Solve

Import CAD File| Selections Materials Mesh Compute Save

aaq@ -afa

Final Excursion: | & mm
U= Outstroke: DispZ(1)=0.001 mm e
Excursion Step: 0.3 mm
Continuation parameter DispZ = 0.007,
Iter Solkst. ResEst Damping Stepsize #Res #Jac+
1 025 37 1.0000000 094 102 591327
z 038 47 0.3478925 0.58 103 60134¢
3 00095 5 1.0000000 0.34 104 61 136.
4 83e005 00071 1.0000000 0014 105 621
Max Iterations: |23
Continuation parameter DispZ = 0.0075.
Iter Solkst Reskst Damping Stepsize #Res #laci
= — 1 024 44 10000000 097 109 63 141:
z 092 58 0.3232631 14 110 64 1432
Computs Compute 3 001 65 10000000 03 111 651451 ~ ) .
Outstroke Instroke 4 2 NS, AN

4

Plot
Oustroke

Plot at displacement LQ.PQI * mm

Plot

Plot at displacement | -8 il mmm
Instroke -

B

Plot Kmsix)

=
+

Plot
pree-Dieflectiof
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COMSOL Apps for Calculation of K_.(x)

Outstroke and Instroke
(e |

Import CAD File Selections Materials Mesh Computs Save

Final Excursamn

Excursaon Step:

Blax ferabions

Compute
Cutstroke

ey
Piat
Dustroks

Plat
Instroke

Plgt Kmsix)

=
Pt
oece-Dleflectice

e a '\__ =

8
0.5 i

aaaiE s -2fje

Continuation parameter Drspd = U007

Iter  SaiEst

ResEst  Damping  Stepurs SRes #lae -
37 10000000 082 102 59 1325
47 034vE9IS 058 103 60 134+«

5 L0000000 034 104 £l 135
00071 10000000 0014 105 62 18

Continuation parasnetsr Tap? = 0075

1 035
i 038
3 00085
5 4 B3e003
Her Solkst
— 1 Q.74
o FR
Compute 3 (2T 128
Instrcke i

Piat ot displacement | -8

Rezkst [amping Stepese SResSlacs
44 10000000 057 109 63 141%
38 03252631 14 110 &4 1432
£5 10000000 03 1311 £5 1451 ™

Qutstroke: DispZili=0.001 mm v
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COMSOL Apps for Calculation of K_.(x)

Results

Import CAD File| Selections | Materials Mesh Compute Save
New App Title:  Suspension Calculator V43,1 * This generates new name of App on Server a a A (] | I-I-m = | =

Calculate Force-Deflection curves of | * Extra info you want to add
spider and surround based on 20
CAD drawing.

Stiffness Curve

= T T T T T
New App L8
Description:
1.6
l.dr
Author: DMS Audio Lab User
Setand Set and Save lz2r
Save On Server
s f — 1 =
Image Size: |_Large | * Text entered in fields
above will show up on
pen finished report in Word report title page 0.8
E
y . E
1 Include "Title Page” in report = a6
ol Include "Setup” section in report ] Include "Geometry” section in report E ’
o 4
[ Include "Selection” section in report w
" b 0.4
W] Include "Materials" section in report £
W] Include "Mesh" section in report i
= 0.2 -
[¥] Include "Solver Setup" section in report
clude "Results” section in report  |¥]Include "Outstroke” plot in report
] Include “Tnstroke” plot in report gy
Include "Force Deflection” plot in report
W] Include "Kms(x)” plotin report 0.2
0.4 -
-
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COMSOL Apps for Calculation of BL(x)

Geometry Import

E

Bl /BLK

L

Saturation:

Import DXF File:

Units of DXF File:

By -
B Mebwson 5
B \'I.lecen_t:er._z.' E
coordinate:

Note: At least one domain must be selected for
the voicecoil before geometry can be finalized,

e
Finalize
Import.

—

Max R-coordinate:
Max Z-coordinate:
Min Z-coordinate:

TBT3U6E215H | m
2495 m
im

- Update _F:Li.s

aaal - B @8

50 |m
457

N
407
357
307
257
207
157

107
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COMSOL Apps for Calculation of BL(x)

Selection Definition

R :
AR A A A
Geometry | | Selections | | Materials Mesh. Bld/BLY | | Saturation
aa @ | wlaw é_é_i_ﬁl_é =
50 m i ]
B =
& 457]
)
407
357
[¥]Enable secand magnet selection ]
Magnet 2 Domains. 39’
B - ' B - |
BN [af 25
el &
207]
157
) 107
B -
BN i
i 5
o
=
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COMSOL Apps for Calculation of BL(x)

Material Choice
A || R | & (| A || N
Geometry | | Selections | | Materials Mesh | | B/BLY | | Saturation

Steel | Magnets | Voicecoil | Shorting Elements |

Electric Conductivity (@) 8.41[MS/m]
Relative Permittivity (€,)  1[1]

ReIat‘-i\.'e-.Permeabi.lity:'(].{,_) Non-linear B-H

Resetto default | |
aaal WUE &=
BHCUrvel(t) o
22 T T T H
: 2 i
1.8 E
T e

14t

Bt L
1iH 7
0.8 4
0.5 4
0.4 4
0.2 4
0 H 1 H

80000

50 Jm

| a@@ B L
M Ea

457
407
357
307
257
207
157

107

dd B a8
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COMSOL Apps for Calculation of BL(x)

Mesh

A || || Al N

Geometry Selections Materials Mesh Elx) / BLE) Saturation
Mesh Size: Z a a Q@ B E - i gl [El [o] E
‘ | 1 | I I I
. _— . = hy =
General size: _ Normal | 116m Kesh (]
Geometry 1007 -
Customize Element Size: (Optional) 0] Ey
Sizel |Size2 | Size3 [ Sized | SizeS | Size6 | Size7 | Size |
— ESIE 807 B
L m &
= 707] i
607 I
Max size; 1| mm 507 i
Refine Mesh for Inductance Skin Layer: Only used for inductance calculation 407 B
Activate Bounday Mesh
307 I
207 I
107 0
o =
M
107 I
207 I
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COMSOL Apps for Calculation of BL(x)

B-Field and BL Curve

A [ g L)

Geometry Selections Materials Mesh Elx) / BLE) Saturation

aa@E LB @&

= Surface: Magnetic flux density norm (T) @

Button 1 m
a0
aafH WE @@=
BField (radial component) in gap through center of voicecail B
3B
E 3
< 301
2 25 2.5
fir 4
o 4
T 20
T 2
i 15
1 1 1 1
-6000 -4000 -2000 0 2000 4000 6000
Z coordinate relative to center of gravity of voicecoil (mm) 10l
aaRE UE @ L
BL{x) o
5 -
6500[ I / -~ I I ]
e ""\\‘
o
5000 G = al i
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COMSOL Apps for Calculation of BL(x)

B-Field and BL Curve

Geometry Selections Materials Mesh

Enter coordinates or use mouse-click on
saturation map to pick evaluation point

onl

B / BLix) Saturation

R: 1256464290618 m oot _' Display Smooth Field
o

z 27.18583679199; m Saturation ° Display Contours

@ : ; : o
Qa Saturation At Evaluation Point

e T T T poe e —

2 ———— e
a — B(H) il
Ll m —— B(H)-MH |
= — B_sat

& O B(H) at Evaluation Point

E 1 1 1 1 H

20000 40000 60000 80000
[HI

g Demagnetization Curve Magnet 1 2
Lo | 1.4F T T T T T

1.2 + Br=1.30[T]

] Lr

5 - 0.8

= e

Bk

= sl

0 | © Magnet 1 Operating Point }»

He_b = 9.790E5 [Afm] |

= 0.2 b | | | | | !

= -800000 -600000 -400000 -200000 0 200000

n

aa@E LB @&

40

35

30

25

20

1o

10

Contour: mf.normB/{mat3.BHCurve BHCurvel(le6)-mu0_const*les) (Afm)

0.85

0.9
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Inductance
Coupling of B-Field, Current, and Velocity

Self Inductance of a Wire Loop
di(t) d
¢ dt  dt

Vina(t) = L
Magnetic Flux

= dea= fuo,uera
S

Ampere’s Law

VXB =/
Currentin Voice Coil
d
Vo—BLvV — >~
. dt
R,

Magnetic Force on Voice Coil
F=BLi

Ho:
My

BL:

Inductance

Currentin the voice coil wire

Magnetic flux through voice coil

Magnetic flux density vector field

Magnetic permeability in vacuum

Relative permeability (saturation dependent)
Magnetic strength

Radial component of magnetic B-field integrated
over the length of the voice coil wire

Total current density per square meter
Applied voltage from amplifier

Voice coil velocity

Resistance of voice coil wire
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Non-Linear Distortion in a Woofer
Coupling PDE and ODE

> LJRms

A
FEM (PDE)

- Lumped Model (ODE)
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Moving Mesh for Large Deformations

Prescribed Deformation
x(t) from ODE

Free Deformation
Laplace smoothing ensures even distribution

Static Mesh
Everywhere else

Continuity Condition
Between moving mesh and static mesh
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A Better Approach in COMSOL®:

Moving Physics

Model Builder ~ % Graphics Function Plot 5
=t 1l -StES . e Qe - 2eaegon 5
& Analytic 2 (inputSwitch] fan2) = || B = S | @ i
2. Interpolation 6 (kms) (int6) Label:  Surface Current 1 B o | | | z
. Interpolation 10 (int10) {int10} e 0,025 | il
2 Piecewisel fowl) fow) BRI S =
' Analytic 3 (Sinef) fan3) Selection: | Manual - 0.02 3
& Analytic4 (Sinef1) fand) = ; i
I Step1 (stepl) fstepl} wm| © & 0.0157 &
A Piecewise2 (pwd) fow?) By -
Jau Integration1 (intopl) {intopl) Active B & 0.01
b [ Boundary System 1 sys1) {sysi}
b | Infinite Element Domain 1 fied) fiel} 0.0057 ﬁ
b [ View1 fviewl
b Geometryl {geomi) o
I £ Materials | Override and Contribution
4 M Magnetic Fields (mf) {mf! = 0,005
b B Ampére's Law1 fall} RARCAEo
I B3 Asal Symmetry 1 {axil} ~ Coordinate System Selection 0.01
I B5 Magnetic Insulation 1 {mil}
I B Tnitial Values 1 {init1} Coordinate system: 00157
I @& Ampére's Law SteelPiecesStatic {al2 Global coordinate system -| :
LB Amoee's | aw SteelPieces Quasistat L]
| @B Ampére's Law Magnet Bottom {a!3) ~ Surface Current Density 0.02
I @B Ampére's Law Magnet Top (al4) -
T e Surface current density: 0.025
554 Equation View {infol 0 ) r 2
4* Global ODEs and DAEs (ge) {ge} Joo  NO¥Icoil/h0_VC pwd (z-u) phi| A/m -0.03
4 (&) Global Equations 1 {gel} 0 z B -0
. I 0.035 T T =7
o nm noo noz

pwl(z-u)

u 0.00 mm

T ' ]
0.8t 1
0.6 7
0.4 1
0.2¢ .
0_. . ._

-20 0
z-Coordinate [mm]

Vo — BLv — Ving
R,

Leoil

dp 2 mR,:N,
dt

dA,
dt

Vind . pwl(z —u)dz
vc

[ @ Ampére's Law Magnet Bottom {al3]
i @ Ampére's Law Magnet Top {ald}
[ = Surface Current1 {scul)
5 Equation View {info}
T:It%* Global ODEs and DAEs (ge) {g=}
4 Global Equations 1 {gel}

-

¥ Surface Current Density

Surface current density:

]
Jso MNO*Tcoil/hD_VICT*pwd (z-u)
]

phi

u: Voice coil position from ODE
NO: Number of turns
hO_VC : Height of voice coil

Icoil: Current in voice coil

Afm

COMSOL Conference | 2018-10-23 | Lausanne, Switzerland | Andri Bezzola, PhD

29

SAMSUNG



Dynamic Simulation Transducer A

Tirmea=058

o015
5.4

52

-6 -4 -2 0 2 - 6

42 paons
in & X [mm] —> out
46 201
6 i
., o0 al Position [mm] Velocity [m/s] Acceleration [km/s?]
L0z L
42 2
0.025 G

0 0.05 0.1 0.15 0.2 0.25 0.3
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Dynamic Simulation Transducer B

6
Tl"l“l&l=|:|5
G0z
5.4
Q015 g 5
Z,
5.2
.01 |
m 4t
3 005 ,’
#
- il 3 . I I I .
-6 -4 -2 0 2 4 6
- in & x [mm] - out
-0.01 -6 n
N 4.4
5015 4} |~ Position [mm] Velocity [m/s] - Acceleration [km/s]
i U 2
0
a o075}
-0.03fF

0oL o ]

0 0.05 0.1 0.15 0.2 0.25 0.3
Time [s]
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Quantifiably Better Drivers Through Simulation

Driver A Driver B
6 1 [ ' - . - 6
55 557}
5r 5F
< <
£.45 £.45 .
— - / %
m o / \\
4 \ ar / N
; — BL(x(t)) \ — BL(x(t))
35k’ | ------ StaticBL(x) - 3s{/ | ------ Static BL(x)
-6 -4 2 0 2 4 6 -6 4 2 0 2 4 6
in < X [mm] - out in € X [mm] - out
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Optimizing a Waveguide

Specific Constraints

» Very wide sweet spot

« Control sound horizontally and vertically
» Limited space available
« Must be able to play at high volume

-
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Traditional Cinema Loudspeaker Systems

Waveguides and Compression Drivers
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Best Frequency Response at Sweet Spot

Equalization (EQ)

'y
100.0 |

4 ;. ; ;

GO0 e nben e

80O

01 R S .

Sound Pressure Level (dB ref 20uPa)

——— Measured
B0 i
Target
. . — Equalized
50.0 ' : ' ; ,
20 100 1000 10000 20000

Frequency (Hz)
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Optimal Frequency Response at Many Points

)

@[]

SPL Difference to On-Axis

Normalized to Sweet Spot

10°
Frequency [Hz]

(),I - J/\ ‘\ ‘ ‘ ]
-2 e ‘\\‘:\7 //
-4 =
-6
-8 °
10l @[]
-12f|—0
14f|—10
—20
16
18 —30
—40
20 50
22/1—60
247|—170
26/| —80
'28.790. R .
10° 10°

Frequency [Hz]

© ® N bk b~
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Optimizing a Waveguide

Parametrization

e 3 Bezier Cross Sections

Inner Diameter (fixed)

Waveguide depth (fixed)

Outer Diameter (fixed, except 45°)
Tangency to driver exit and baffle

Strength of tangency given by L;, L,

—

—

1+(3x2)

7 Control
Variables

Throat | L, il B

. i < > i ®

axis ! sl i _
| i
. A 1
| ol 1
. . 1
| L; .
i A 4 ol i
D :
throat
g DO ! I i i i i i 5
> 0 20 40 60 80 100 120 140 160
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Optimizing a Waveguide

Target

Straight Lines in Off-Axis Plot

e Fixed 1dB down at 20° and b= B Azo(1 kHZz) —
10 kHZ 2 - AﬁO(f) | A20(10 kHZ)
Al Ago(1 kHZ)
e Fixed 6 dB down at 60° and .
10 kHz % -5}
S|
e Straight lines with variable | A0 (10 kHz)
values at 1 kHz 8l
-9+
e 2 additional control variables A5 , RN | RN
10° 10° 10*

Frequency [Hz]
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Optimizing a Waveguide
COMSOL® Implementation

LiveLink™ for SOLIDWORKS®

Pressure Acoustics, Frequency Domain (acpr)
— Semi-infinite domain (PML)
— Speaker mounted to infinite wall (3 x symmetry)

— Constant acceleration at throat

Optimization

— Parameter Optimization

— Nelder-Mead

Mesh

— Free tetrahedral and swept mesh (in PML)

e Study

— Frequency Domain, 3rd octave frequencies

res | Sketch | Evaluate | DimXpert | SOLIDWORKS Add-Ins | COMSOL Multiphysics |

T

Equations

E% Material <not specifieds
g Front Plane

ﬁ Top Plane

[l Right Plane

I_. Origin

@l Plane

[ () Sketchs

J-b Coordinate Systeml
Bl Plane2

i @ Boundary-Surface2

C Horizontal Xsection

¢ [ElR e[ >
¥

m

[ Plane3
Surface-Untriml

Ll I |

PEROE ©

v-S&-0-

Model Builder
= 1 = v B E
4 % SW_optimizationldptmmDi =
4 (Z) Global Definitions
Py Parameters
2 Materials
4 @ Component1 (compl) {
I = Definitions
ometry1 {geoml,
aterials

4 (1) Pressure Acoustics, |
' H Pressure Acousti
» S Seund Hard Bou
o B Initial Values1 fi
4 [ Normal Accelers £
24 Equation Vie
" (mm Far-Field Calcula
2 Equation View {i
b @ Optimization (opt) [
4 /& Meshl (mesh)
21 size fsize)
&\ Free Tetrahedral
b da Sweptl {swel)
i &3] Free Triangularl
b Studyl fstdl)

b~ Study 2 (std2)
b~ Study 3 (std3)

b i Results

Settings
Free Triangular
® Build Selected
[ Build All

Label:  Free Tric [[=]|

~ Boundary Selecti

Geometric entity level:

Selection:

Y
Adve B &
B

I Scale Geometry
Control Entities

I Tessellation

Graphics  Function Plat  Convergence Plot 1
a a @@
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Optimizing a Waveguide

Optimization
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Optimizing a Waveguide
3D Printed Prototype

e Measured in 2m-configuration

e Mounted flush to wall of 2m
anechoic chamber
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Optimizing a Waveguide

Off-Axis Results

Horizontal Off-Axis Response Vertical Off-Axis Response
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Optimizing a Waveguide

Results

Directivity Plots: Horizontal Plane
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Optimizing a Waveguide

Results

Directivity Plots: Vertical Plane
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Other Fun Simulations

Topology Optimization for Acoustics Fluid-Structure & Fluid-Acoustic Interaction
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Bezzola, A., “Numerical Optimization Strategies for Acoustic
Elements in Loudspeaker Design,” in 145% Audio Eng. Soc. Int.
Conv. 2018, p.10046, New York City, 2018

Straight Port Flared Port
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Conclusion & Outlook

e Loudspeakers are inherently multiphysics
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product development at Samsung Audio Lab e
e Simulation Apps accelerate product ( Zl‘m
development e —— ——

Optimization reduces development time

Simulations need empirical backup,

simulation engineers need a team!

Do not hesitate to consult COMSOL support

COMSOL is a registered trademark of COMSOL AB.
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