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ABOUT US

Founded in 1997
KLIPPEL

I R Presenting in 2000 the
' I ' Distortion Analyzer 1

Followed by HW & SW
innovations until now

KLIPPEL

VISION

We help to optimize audio
systems in size, cost and
quality.

In all applications.

Worldwide.




KLIPPEL

SERVICE

Unique test equipment for
electro-acoustical transducers
and audio systems.
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AUDIENCE today

Students/ Industry
From which regions / companies?

Where are you in the audio chain?

OVERVIEW

W\ VS - ocends
TTVU TUll Aayo AL




Roadmap

Two day courses

% — XFirst Day

N

v W

. Introduction - definition of tools and terms & roadmap
. Small-signal modeling & measurement

. Cone vibration analysis

. 3D Sound Radiation

. Nonlinear modeling & measurement

28 __XSecond Day

N

o U W

. Nonlinear distortion Symptoms, relationship to Large Signal Parameters
. Abnormal sound - irregular behavior, defects

. How to define maximum SPL?

. Quality Control, full system assessment

. Adaptive Nonlinear Control of speakers

. Control in your hands

Let’s start
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Loudspeaker  IEC 60268-21

Sound system equipment - Part 21:

measurement Acoustical (output-based) measurements
standards « IEC 60268-22

Sound system equipment - Part 22:
Relevant for rating and testing Electrical and mechanical measurements
on transducers
« 1EC 62458
Sound system equipment -
Electroacoustical transducers -
Measurement of large signal parameters

Acoustical Measurements

~
KLIPPEL
s

~
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ANALYSIS BiAGNOSTICS
MEASUREMENT BIAGNOSTICS

LOUDSPEAKER CONE VIBRATION : :OKU'ESPEAKER SOUND RADIATION

Boundary Lement Metnod
Accumuiaied Aceiersoon Levet. e — v MAa
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Survey

Your input to
improve...
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Sound Quality

of the electroacoustic Signal Chain from Source to Ear

Part 1: Setup and Tools

~
KLIPPEL
A

o Software Setup

2. Hardware setup and devices under test




dB-Lab = Project-oriented Software

Signal
configuration

Export and
Import

Measurement

Database

Setup

templates

Simulation
Auralization

HTML Reports

~
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—

dB-Lab toolbar

Property page

Current Project
* Folder

¢ Object

* Operation

Result
window list

Result
windows

@ Examples-212715 - 2024-10-30 - d8-Lab 212715 - 0o X
Project Edt View Operstion Mardware Tools Window Help
8|v| - BRA | & K- @O~ x| mae|
|
En s Tansduces Pas ducer Barm : o [E=]
4-C Standard Tests e ° = =
(3 Testony Neme ® Increase averaging to improve laser signal g of Electacat iripadancs Z(7)
Electrical Parameters Maasured Fitted
1 Transducer Parametes ldentiication (LS|, LPM, MMT, MSC, BAC, IMP) Re 436 Chm  clect Name Vele  Unt  Comment z >
& Muhimedia Woofer (LPM, LS)) Le 0156 mH  frequ Voltage: 20 RrREL
L1 LPM /S parameter with laser in air] h’ 3 0234 mH para- Upp 038 v pesk to peak valt s
2156 Wosler R2 2% Chm  clect Uae 005 Vims  AC pant of vehag £
8 35 Small Woofer Cmes 003 WF et Ve 000 v B
e el | [ e | R | B
i o mw:y:m'm:) & Res 724 Ohm  resist USNR:D 415  dB ratio of signalto E] -
= fs 021 Hr  drive u noise requency of noir | =
23 Frequency Response-» Distortion (TRF, D15, TEM, SPL. ALD, 30L, MTON, MT ' 240 He. fonpiany o
41 [ Simulation, Auralization (LSIM, SIM, SIM-AUR, DIF-AUR, ALS} b i goin 1820 Amplifier gain m, i 1
(3 Scanning Laser Vibrameter (SCN, RMA, HAA) e ':'" - B s
& 3 Dinectiviy = Room Correction (NFS, ISC, POL, SCN-NF) Lsmgtoes) Curent E
40 Trensducer Part + Material (SPM, MSPM, LST, BFS, MPM) M i 9 i, Ipp 005 A pesk to peak val 6
41 (21 Postprocessing Tocls (TF4, PPP, STAT, ADC, YST, Ms#) M 5 2487 9 mect Tac 001 Amms  ACpart of currer
1 0 Endurance « Power Testing (KETPWT) A 0389 kg/s  med 1de o0 A 500m 2 51020 5010@005001k2K Sk
Frequency I Hz
gdrx® 8-m- A s l=H = TS & [ =] | amces Parmmetes iderihe.s =
[ Teble Linezr Parameters i S Soeahts Tor . o .
Table Signal Characteristics de of ul = X{num erminals Displacement Level Spectrum of Vosce Coil
B (1) impedance Magnitude Measurad W Signai ines N Signal ines
] 200 mpedance Phase = = = = Filied withou! creep Noise + Distortions Noise + Distortions
[ Hif) Displacement Transfer Function o P R0l ke i
[ senstivity y KLIPPEL -0 KUIPPEL

[ 2if) Lossy Inductance
[ uit) Voltage Waveform
[ itt) Current Waveform
O «(t) Displacement Wavelgy

00 Muiti-Tone Distortion Level
O Protecal

Frequency / Hz

[
5 10 20 50 100200 500 1k 2k 5k

Tunen! Level 188 {16 TA)

&
8

H

8

140
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500m 2 5 1020 500BOGOMNK 5K0R0K
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80
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-100
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500m 2 5 1020 500R0BONKK SH0ROK
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& @ Exemples-212.715 - 2024-10-30 (636 ME)
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Software Setup

Hardware Setup and devices under test

~~
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KA3 — Klippel Analyzer

e AMP-Card
XLR-Card

* Laser-Card

* Speaker-Card
(QC-Card)

2026
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KA3 signal
configuration T S [
@ High sensitivity (Low Current) current it measurement it
Input and output routing |, == e L e
Input T <] e oppoiEnE 7] [ossoommn 55|
Sensor selection Lo L=
Sensor supply option ac QB
Input R e e
Signal conditioning
Calibration data handling grsew e ] s
Output [ — ‘
L . More. Help. ‘ Cancel ‘ oK

Multi Scanning
Workbench

* KEYENCE LK-Ho52 laser
* Mic 4oPP-10

* 19" rack-size modification

~
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DEVICE
UNDER TEST

7\
KLIPPEL
A
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Speaker-(active) - final BLUETOOTH product from a well-known brand

e

Speaker-passive-with grid - electronics rem

Multimedia wide-band-speaker in a closed box design

* Diameter: 40 mm / Nominal impedance: 4 Ohm / Lightweight, high displacement compared to size

2026
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Sound Quality of Audio Systems

Part 2:/ME SRR E!

Part 2: Small Signal Modeling

2026
~Klippel GmbH

Roadmap

Two day courses
% — XFirst Day

1. Introduction - definition of tools and terms & roadmap

2. Small-signal modeling & measurement
3. Cone vibration analysis
4. 3D Sound Radiation

5. Nonlinear modeling & measurement

28 __XSecond Day

1. Nonlinear distortion Symptoms, relationship to Large Signal Parameters

N

. Abnormal sound - irregular behavior, defects
. How to define maximum SPL?

. Quality Control, full system assessment

;0w

5. Adaptive Nonli Control of sp S
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How to assess the Quality of the System

=

transmission

Electrical, mechanical and acoustical signals Sensations, judgements
— _/ \ )
YT . Y
Measurements ~ Listening tests
el . e
Physical Perceptual
Evaluation * Evaluation

Sound Quality

~
KLIPPEL
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B89 75 %

Our Methodology

1L EME AR DERRLFZETHRRE

We study the physical relationship first and develop objective models

2. ZMEERENERMSELERERANEENTERMR

We select optimal measurement techniques to apply those models to the real audio system

3. BPIRAMEER R ELYERR 2 MrIE R

We study intensively the relationship between signal distortion and physical causes

y &R, EMERABRSREARAENATRME

Finally, we discuss the audibility of the distortion using psycho-acoustical models

~~
KLIPPEL
N
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Generation of Signal Distortion in an Audio System

Distortion can be separated into:
Input Output
Signal u(r) Signal
* Linear transfer function: Desired small signal .| Linear Mogel
performance H(sH1
* Time variant behavior: Unavoidable time variance (e.g. | | Time-Variant
heating, aging) Model H(s.t)
 Regular nonlinear distortion: Large signal performance . N:ﬂ""ﬁaf
motor, suspension oce
AR, i s
. . - . npredictable
Irregular distortion: Undesired defects 1 Dynamics a0
N\
KLIPPEL
N’

R E A A

Linear Modeling

EEEhEE 7T EY Rk
RIE DRIVER MODELING
Amplitude
X 30
fmm]
10
3
55JE47 4 weakly nonlinear
1
. EH
03 RN ARIE almost linear | | Constant Parameters
voice-coil
Displacement
BB ~
KLIPPEL
A\ g
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Loudspeaker - a dynamic system
Audio band :E':&Eﬁ Frequency

1 kHz 20 kHz

Resonance Cone break up

IR 7 B IR ED

th 1s oms 1ms 0.05ms

:l:rl. N

/EZF Length of sound wave

3m 30 cm 15 mm

ﬁﬁﬁ%;ﬂ*ﬁ: distributed model required

S
H
(V)

;ﬁ*ﬁﬂ lumped model useful

IS IR1EEY Small Signal Modeling
?Eib‘t?a'ﬂzﬁ% ##t Passive Loudspeaker System

Amplifier , Mean voice coil volume velocity g,

. -> . .
voltage ug velocity v of an equivalent point source

P

o
T -=""> acoustical output
! : power

~ ~
air load i p(r)

sound pressure

1 I 1

I I 1

: I Diaphragm, : enclosure, 1

Motor + | : Cone, , 1 passive :
Suspension 1 Surround, , 1 radiator

Dust cap, Panel 1 I

e e e e e = L T L, 1




E:I:(EMU) %ﬁ Fii

Lumped Parameter Modelmg

75@% dust cap
Ié: 5| voice coil
*“EH pole plate

— ﬁﬂ ﬁt magnet

surround L S

#RFE cone
EIE 5& spider
BEXR

voice coil former

Tﬁ back plate

LEEIp =HEP

Driving force Inertia
Eog=Fr+F, +Fg
EEH k=)

Friction Restoring force

BlE 2 B8 ST RY F R BB S

Equivalent Circuit of a drive unit

ll’m«t(r)

= p "
=5 i 1 v O
Flectrical domain | Mechanical domain I Acoustical domain
| |
Electrical dc | Moving mass Mechanical [
%Siﬁsﬁ‘;ﬂ%ﬁ inductance | REnE & I{éi;;;ﬂ I
== EPE I =}
! [ EREh A Compliance [
Re Lg Driving force FIEE .
| acoustical load
%MtL Fy _Sl
current f
MT Cus ? Rys” )[
B REEEES I
Voltage Back EMF I sound pressure
o

effective radiation
area

|
Force factor J1EB 1 F [

2026
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BEEAEEEH
Basic Electroacoustic Modeling

lpaut(r)

BRE& &4 Assumptions:

* Influence of air is considered in the mechanical parameters

* no heating of the voice coil (= A, = const.)

* eddy currents neglected (loss-less inductance > £,

* nonlinearities neglected (e.g. B/= const.)

+ visco-elasticity neglected (> (5= const.)

» simplified damping model (viscously damped system > R,,¢/
* higher-order modes neglected (piston mode described by S,/

- linear, time invariant, single input based on lumped parameter modeling

Sk S SR AERO B

Measurements for assessing small signal performance

Fo F(r,)
U ———»| > > p(r,)
V0|tage terminals Motor Voice | Vibration | "dialor's | gagiation | N€2T far
coil _surface field field
current i =— « p(r,)
: Veoi v(r,)
i Magnitude of eleciric impedance Z()
‘_ nitud =\
ZEE3
E B R
Electrical -
Measurement & |
electrical Impedance // -
zM=umn RN
Ro(Tv) 20
1
HRES L
Model Fitting
iu T Crnes Lces Res
=5 * £2
EHFANZSE

Electrical Parameters

2026
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BT RIS EER
Interpretation of the Electrical Input Impedance Z,(jw)

Magnitude of electric impedance Z(f)

=n w -
5 e o i 1 = R PE 11 Nowored e
Electrical Impedance at the 7 HPFEL
Terminals
voltage 60
U(jo) 0
zZ(jo)= —" -~ \
1 ( ] @ ) Eww \
current gao 7 (i
z0) o) L
Re(Tv) ® 20 1=
I IR / P Al
Lo bt L L e L
" e ° 1 2 5 10 20 50 100 200 500 1k
Frequecy [Hz]
fS’cl€S'QmS
HIRIAR EmEREF NS EEF
Resonance Frequency Electrical Quality Factor Mechanical Quality Factor
1 1 1 1 R 1
-—— -—— Q=== =27C,.R. =—————=24C, R
A - \/ oM. ax \/ CoI. . (BIY 27, O, C. R 24 7,Ces R

SE(HAYEE R R
Extended Electroacoustical Modeling

Ri(t) Lg(w,x,i) F=Bl(x,0i

u T Bl(x,t)v Bl(x,1) s PouT)

« $EFFERE Frequency dependency > LLER SR ER SAER IS B2 8
parameters are described by linear transfer function

o FEFRMESFMENonlinearities > REEUR N IR REE
parameters depend on state variables (x, v, p, i)

« BFFEIEEL Time variance > S8 AR5 t ERE

parameters are a function of time t

$TEY IEC 42 New IEC standards:
EEBEIEEE Acoustical measurement (IEC 60268-21)
ER R BER EIZZE Electrical and mechanical measurement (IEC WD 60268-22)




BURBSAFRNS BY
Parameters depend on Frequency

_______
- ~~o

Ry(t), o Le(o,x, l) F=Bl(x,0i q
1 > ' »——0—
\ ’ Fy o
; \Rtoxi) ¥ - " Sole.) \
A SSemee=" Fra(x,i) I’ \ / N ,' :
I v/ N 4 a——
1 ‘l 1 [} ”~ >
uT @ Bl v Bl(x,1) Myt gcws( ;xtj ;RMS((U:VI)‘I )C l\po,,,(r) Y
v 1 1\ \ \-_//
3] ,,' \ J
v
T 7 * o
%*ﬁf“‘: 8 o 3t
ERSEIEE lumped parameter modeling (;EZEEAE piston mode) hlgher order EE.EJ.:FEEJ.E/EXEQ
R Radiation into
mechanical 3D space
modes P
EPE 4R 14 #8158 bR 2] Higher-order linear transfer functions
o | 1BLERL LOSSV inductance & 3HE Z | Wlimportant for woofers
. %ﬁgnu S A visco elastic creep modelin J ST ¥ BB Wimportant for microspeakers
. # Jx 2 75 25 Mechanical modal vibration &t B fimportant for headphones

« B257 Radiation

\—\

*Umiglb\%!:‘ztt%

AIESRYIRRER

Lossy Inductance ZL(jo) measured curves fitted by an ideal inductance

Ideal inductance is purely reactive
* Magnitude increases by 6dB/oct
* Constant Phase of 90°

1{E £ 211 Parameter only
* Does not consider magnetic losses

FEA _EAIESlimited use

Re(Tv) Z(f, %, 1) Ms Rus(v) Ks (x) S
V() q=v-Sdx)
—1
it) Fixn
l“(’) Bl(x)-v(()‘ BI (x) ‘ BT (1) Sq (x) Ziosa
Le 7 i) = L_i
YA L(jw) = Lejo
Impedance of Lossy Inductance ZI(f)
m—Magnitude memmm Phase
120
10 110
$=90° 100
%0

Impedance Magnitude / Ohm

20 50 100

dB/oct.

Frequency / Hz




Lossy Inductance ZL(jw)

* Real inductance depends on frequency

 considers magnetic losses (eddy currents, skin effect)
* Real inductance comprises resistive behavior

e magnitude increases by less than 6dB/oct

* phase < 90°
* LR-A'model

 versatile: can be extended by more LR elements

* high degree of freedom

Impedance Magnitude / Ohm

LR-3 model
L, Ls
T
Ry Rs

Impedance of Lossy Inductance ZI(f)
m—Magnitude e Phase (fited)

<6 dB/oct.

6o/ aseug

IR SR R0 SRR

Suspension at Low Frequencies

Magnitude o fTransfer Function  X//U()

T T 1T .
08 Smeasures
o7
06 N .
Sos
Eou
03
o2 estimated without creep
ot e ||
00
101 102 10 100
flHz) 3 “
R Zu
Bii
u Bl Bl T M Coell) SRemal
T : ‘ ‘\/—dx/dl o )
.
T Y

HERERNER

Discrepancy to traditional modeling

FIFAKnudsen und Ritteri& 1T & A5 5

Creep modelled by Knudsen und Ritter

C(f)=6Co (1 — Alogyo (Jf—f>>

Kundsen and Jensen, JAES 1993

(i)

COF) = Co| 1—rclogy | T
Sy
()

Ritter, 2010

FIEE R AR HEIRARNE
SERE S RRAAAYIEM

compliance C,,4(f) and resistance R4(f) increases
to lower frequencies below resonance f << fy

~~
KLIPPEL
N
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10H = ik _t E*}% EI,] '%' /,J] £ /,EJ]

Voice Coil Displacement - Laser measurement on Microspeakers and Headphones - for BI(0)
identification

BEMBAEME R

Magnitude of transfer function Hx(f)= X(f)/U(f)

—
Centre

0 degree rim

90 degree rim

Magnitude of transfer function Hx(f)= X(f)/U(f)

Measured 1 2
18 270 degree rim - - -
F 0,125 2 4 5
L JLIPE L ,\ i
orzs
L 0,
ook
%@M kett L | 0,075 o
£o St 5
R i i A £
[ 0,
0, ‘ L
[ | Repeatability at one point

Measurements at 5 points

L L

50 100 200 500 1k

Frequency [Hz]

0,025 —t \
o Ll

50 100 200 500 2 k 10k
Frequency [Hz)

£ Conclusion:
SRATEEEAE No piston mode
EETEATFY Spatial averaging is required
1 ROHEMETRENER

Repeat laser measurement at least at 2 points

2 FHEFIIT/SEH

Calculate mean value of T/S Parameters (approximation)

~
KLIPPEL
N

BEM®

Reference Displacement x_; (w)

Xcoil(w) >

27
(@1, 0)dp
Xy (@) =
Asymmetric Motion 2z
210,9 Hz!
- e — e Y BN A RRRE IR E AR
T e e How to cope with circumferential modes ?
- HHEERMUEETSHBESIEMNUBER (R FAE)
Measure displacement at multiple points (4 points minimum) at
Rocking Motion voice coil position equally spaced
225,6 Hz!
o ETERMIBAIT
. — == Spatial averaging of the displacement
° L%%—FEIM
Optical laser measurement recommended

~~
KLIPPEL
N
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Mechano-Acoustical System - Lumped Parameter 2-Port Modeling

volume velocity

Voice coil
velocity v 9a
=== =" 1
- 3 164 -
v : a0t ar Condition:
e - . EEEEARR GFE)
AN N Considering the fundamental
ML A | ) A PR I:l an mode (piston) ONLY
: : radiation . ESEELE
1 1 impedance Low frequency approximation
1
| T,
! 1
Force F, : Diaphragm, | Sound
| Cone, : pressure p,,
| Surround, |
1 Dust cap, Panel 1
L

------ J |:FL:| -4 |:pD:| _|:a“ a12:||:p:| _{{SD\‘: O j||:ij|
=4, = =P
v qp Ay Ay |19 01/, ] g,

Effective radiation area
~
KLIPPEL
~—

BRI EIR

Effective Radiation Area S,

Electrical domain Mechanical domain Acoustical domain
B R AT D s B8R
i R B psa e Ta -
Tu Blv Bl N T Kre SR Sa Pl Co |Ra @
BUEHEES,

« EPSEHEAUD—(EEESY

is an important parameter of the lumped parameter model

o T EMISNE R BB S

describes coupling between mechanical and acoustical domain

- REBEHLNBEHENYR

determines the acoustical output (sensitivity, efficiency)

es'aﬂg?ﬁ%EEiﬂU%?FﬁE%

Precise Measurement of Spis important !

~~
KLIPPEL
N
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REFAVELL? ERAYNERHWEGEERIREETE

A Good Approximation? Calculation of Effective Radiation Area S, based on measured diameter

{E25% Assumption:

o ERBEAIBITERIEAIEE

displacement decreases linearly over the surround

- AEIBRIEERE

displacement in constant in the inner part

SD = %(diz + (do - d[)d[ +M]

3

2

zf(di+d°j :£d2
4 2 4

R. Small: less than 1% error if 0.8 d, < d;)

~
KLIPPEL
N

AT 481 B4 PR

Limits of the Approximation

Variation of Displacement with Radius BRRUTCEL K 1n headphone
T Wﬂ*g—gﬁ micro-speakers
297,4 Hz %%;%E%E tweeters
= _— BRI 5 compression drivers
A e G - 1
il e~ g P ‘::;’

R N — —
N W B B . EEBHMBRER
- No constant displacement in the , piston area "

40
B L B e s it Sy DR S
€ _— v— N - =
S S . BEESMBIRSGILRRE
= 10 P S No linear decay of displacement in the surround area
0

20,0 150 100 50 0,0 50 10,0 150 20,0

Radius [mm]

~~
KLIPPEL
N
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Effective Radiation Area S, Definition

Real surface area S Rigid piston
El}%%ﬁ% |rep|acedhy > ﬂﬁ]l”i}ﬁg
displacement air volume \
ENERBENUBE _Sp(w)
V(@)=] x(@r)dS =5,(@)x,,(@) (@)
s, N
x(w,r,) Mean voice coil displacement
\( FHERUBE N
coi “E( g @)
=0 N L‘,,.,(w)=¥ V(o)
,T,)dS
(@) -—L2 [z
W)= = =
- Jox (@) X eoit (@)
S, =S, (0] EBRFHREREESENE

Reading the absolute value at fundamental resonance

~
KLIPPEL
N

2026

AR iR B AR SR AR (R

Frequency Dependency of S,(f)

iR
Bendingresonance ~ 7 %g(mu%ﬁgﬁg
Total Sound Pressue Level T T T == =/ |Piston Mode
S Emni T
1y
o T = o ffective radiation Surface (Sd)
[E— i
Ip(ar,) FETHE T T
2, |P(@yT, i
Sy =[S p(@)| === o EESRAE
&Py X (@) o BLEXfE 1
700- Reading the absolute
600 value at

resonance f,

Sd [em"2]

’i;t?ﬁ f[Hz] ”

~~
KLIPPEL
N
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Laser Scanner Technique

753 Method:
1. ERRERES ETAFR

Measurement of vibration and driver geometry

2. HiIRERERSEUEFES

Integration over surface and voice coil position

3. AIEANESEE

Calculation of effective radiation area Sp()

Yx@r)AS, 4 BERERERNENER
8 () = S 20

X (@) ReadingSp(ws) at fundamental frequency o
Seoll &7 Problems:

o REWIMEFREE(BHRAREL)

Surface is covered by grill (surface is not visible for laser)

wo o ERERASNENE |

30 i ::esa"::‘i:ﬁ(teh;i:::olute value at fundamental l“]

== 5, =15, (0,) I

20 = 4

5 i S4(@, I k
pED MNRIITINSNINE:GBHIHAN
N |\

Frequency [kHz]

~
KLIPPEL
N
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Acoustical Load System - Lumped Parameter 2-Port Modeling

volume velocity g,
generated by
diaphragm volume velocity ¢,
CooTTTT i
— o =
! v I\ qD/: : : | ‘JR:'
Ro . :L i - Sound radiation
F, / 1 T
Ay Awa § PD: Aar l i’n Zir
u e i
e : |
! ! Sound pressure p; at the
! ! radiation impedance
i i
1 1
Sound pressure pj, i enclosure, E
at diaphragm | passive ! Radiation impedance
1 H 1
| radiator H .
Pp Pr ay Gy || Pr bomomieeees : ZMU@:M
=4, = 4j®)
qp qr y Ay | 49k
7N\
KLIPPEL
~—
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Acoustical Load System - Lumped Parameter Model

qc qr
- L
Ya Cus B
AN e
P

closed-box system

©
‘).. ;1.‘5*

N\ "

k
Mar Ca*Tq Pros

passive radiator system

° . q %
So Rar . L. ax
- 4e Rip )( P/[ L, q
p €L | -
)( Cis N CuF
AN
Phox

&
“ooo—]|
%5 o

Ru
vented-box system band-pass system using a rear
and ported front volume.

~
KLIPPEL
N

ERPEREZEFHEA

Measurement in air or in vacuum ?

ZERPin Air EZEin vacuum
M 2C BB REE M Cng  Rna REEEBHEMNM S IREEEERHE
Mps and C,; consider mechanics and air load parameters M4, Cing , Ring consider mechanical elements without air load
S W RGBS A > HREBIRH MU REARSBRTHEE AL SAEERN
Useful Parameter set for system design Useful for driver design and comparison with the weight of the

loudspeaker parts

~~
KLIPPEL
N

2026

15



2026

M REZERSEREM SRR MEZE RS E

Mechanics Separated from Air Load by performing a measurement in vacuum

i Bi ERPAIEENIRAE

electro-dynamical transducer

E operated in air
U @ Bl B g M hies()
V=dxi Crslf) TR’

EHME+ER

radiation
resistance + turbulences

10

i ]
FITIN

Tu ~© Biv I N w i § Culh §Rm<f)" My, c S Ra

ERER
. air leaks
— ~ waEs
HEPRMREAMAESE
pure mechanical elements measured in - mass ZefERZES
vacuum air Cavities

~
KLIPPEL
N

IMESREEIR

Small Signal Modeling - Passive Loudspeaker System

sound pressure

______ Voice coil velocity
Amplifier H(w) Hfw) N R, (@)
voltagews. T volume velocity ¢,

P,
acoustical output
power

E air load impedance

'

' Zar

1

1

5 Hlwx)

22 A e 1 A . (@

|

| Total transfer function

1

I

I

I

I

I

I

I

H(/mr)- -H(la)fé(/a)fl(/mr)

'
: Diaphragm, 1 enclosure,
: Motor + by i ;

H . Surround, . | passive

H Suspension, Dust cap, Panel . E radiator

! i

I

; ~~
-------------------- R — KLIPPEL
A\ g
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Pass-Band Efficiency of direct-radiator loudspeaker in an infinite baffle

Example: Micro-speaker

o = Mo 0.007 %
2
P RM, 2m Re 7.80 Ohm
for f>f; and ka<1, Bl 0.774 N/A
radiation on one side considered Mys 0.082 g
Sa 1.03 m?
'DC transduction moving effde‘ct‘iye
resistance parameter mass radiation
(force factor) surface Sy
R Migs

g—Sv

electric input acoustic output
power P, ! L power P,
TU ,-\9 Blv P17 5{ §2R,4/e(f) |:>
TuW
100 mW

~
KLIPPEL
N

IMU R ERERER

Transducer at small displacement

EE S EHE A shorter voice coil height gives

+ BEEREBMERD> EZTBBHBERBBIR,

less voice coil DC resistance R, > more motor efficiency factor BI?/R,
- BBHEED

less moving mass M,

- BEREES

more pass band efficiency

AW, EARERENEDRERFERSMB TESEMIFRLE ! -> Green Speaker Design + active
However, an electrodynamical transducer with a shorter coil will become more linearization(DSP)
nonlinear at higher displacement !

~~
KLIPPEL
N
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Linear Lumped Parameters

—BE2Y Important

B A28 Basic parameters : _ EEETNENEE
«ERPAHT dc resistance Re Time varying

'%E‘%E‘E Voice coil Inductance L,

‘;Eij]fé%(ggﬁﬁﬁ ) Moving mass M, (with air load)

o itk 71 EE A FForce factor BI

-T%Wﬁﬂ?ﬁ Mechanical resistance R

o F& R R R FIRIBER TR MM 15 Bl stiffness Kins Of the suspension at f,

. *E?ﬁ'f&lﬁﬂ'f&%%ﬂ(%%?) Vicsco-elastic stiffness parameters (, creep factor lambda )
A XEEGIHTE Effective Radiation Area Sp

HHESE ( T/S ):Derived Parameters (Thiele/Small)

o HHRIAZR Resonance frequency fg

B MERE T Electrical Q-factor Qe

Mt MR B E T Mechanical Q factor Qps

HRBERAT Total Q-factor Q

- B SRR TE Equivalent box volume V,,of mechanical stiffness

1B TS B B F Pass-band sensitivity and efficiency

~
KLIPPEL
N

RIEZBECEI= (FLSI)

Linear Parameter Measurement (FLSI) - Experiment

. RERE (F5. BERRARF. Bk
Optimal Setup (Laser, current sensor, Template)

. BHBERISIRY (BE. B, RE)
Critical test condition (Stimulus, positioning,
environment)

c HERERENE (BEBES BNREEHFEZ =

M ES) H
=

Ensuring Accuracy (reference speaker, coincidence
between added mass/laser method)

. HOE, AEARIE (T, SNR)
Fast, reliable testing (averaging, SNR)

. R CERRIE. 1F%. HRER. 0. FH)
Interpretation (nonlinearities, creep, lossy inductance,
SD, leaky box)

. TEREE
Interpretation of the results
. ZEAR

Warning Messages

~~
KLIPPEL
N
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LSIM) - Linear Loudspeaker Simulation (LSIM) - Experiment 2

. EARMAETARY GERMRERS) #TEE
Modelling with broadband, audio-like stimulus (spectrum and crest
factor)

. ZEFARMORBG (55, WEEMR. @R

Considering transducer with load (box, passive radiator, panel)

. BE% (DSP)

Automatic equalization (DSP)

. BAZ30KE (SPL(fr). FK SPL)
Target Performance (SPL(f,r), max SPL)

. B&E 5B ( Xpeak, Upeak, Pe, max)
Critical limits (Xpea Upeako P

emax)

. HEHNRBSRSRARER

Efficiency important for Green speaker design

Improve power
efficiency

18T = e Green Speaker

~
KLIPPEL
N
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Sound Quality

Of the Electroacoustic Signal Chain from Source to Ear

Part 3: Cone Vibration Analysis

Roadmap

Two day courses
% — XFirst Day

1. Introduction - Definition of Tools and Terms & Roadmap

2. Small-signal modeling & measurement

3. Cone vibration analysis
4. 3D Sound Radiation

5. Nonlinear modeling & measurement

28 __XSecond Day

1. Nonlinear distortion Symptoms, relationship to Large Signal Parameters

N

. Abnormal sound - irregular behavior, defects

. How to define maximum SPL?

;0w

. Quality Control, full system assessment

5. Adaptive Nonli Control of speakers




== £
HEeR - B R
Loudspeaker - a dynamic system
Audio band E:&Egﬁ Frequency

1 kHz 20 kHz

4

Creep Resonance Cone break up

s Hir HRBE 7 B IR ED

Time constant

th 1s 0ms 1ms 0.05ms
EOTRNTN
éﬂi 7&% Length of sound wave
3m 30 cm 15 mm

ﬁﬁﬁ%;ﬁ*ﬁﬂ distributed model required

% EF' %;ﬁ*ﬁﬂ lumped model useful

Modal Cone Vibration

12255 mm, phi = 180° 1= 195 mm. phi = 180°

Rigid Body Mode f<1kHz First mode f=1.4 kHz

~~
KLIPPEL
N
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More Comprehensive Assessment

F X(r) soundfield
=8 Tere
— Motor Voice Vibration | “Cones | Radiation | 10 emmmm—lpy- f_falrd
u: | ol surface e e
Vv ; F(:r)
a
....... L S
Bt & B
Mechanical Measurement i Acoustical Measurement
Impedance M HETRPRB+ G TSR .
Z,()=Uf) () Hx(f)=X(f)/U(f) Cone Vibration  eeebee » Far Field SPL Response
i + Geometry
i v
electrical mechanical mechanical acoustical
L1 28 Lumped Parameters i 281 Distributed Parameters

2 2 Poll:

TR E B R BIEMIRE) 2

~
KLIPPEL
N

How do you measure the mechanical vibration on speakers ?

(Multiple responses are possible)

#1728 138 | have never done it.

=ABEESHBEMF (120 KLIPPEL) Triangulation laser measuring

displacement (e.g. KLIPPEL)

C. SEEBIBIEEE (FIA0 Polytech) Doppler laser measuring velocity

(e.g. Polytech)

D. IMEEEAIE R —EBEAINNEE Accelerometer measuring acceleration at

one point

E. REFREIREIMIET SR (HI140 SCN KLIPPEL) Scanning laser measuring

the vibration on a surface (e.g. SCN KLIPPEL)
F.  Efth Others

2026
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| KLIPPEL
e R (= T =
Ampliier ansgucer N Sensor
SCN: How to " w )
Measure |
Displacement .
at 20 kHz? o
0 10 0 30 Yi:nae[ms?a 60 70 80 10 20 30 “':‘C;'mifl 60 70 80
* Apply a frequency-dependent e
. . Signal Y2 vs time (Channel 2) ooy Setinge
amplitude shapmg. .. I —T
* Then, the amplitude of b SR =k
. . " o Ll |
displacement is almost constant o wmamem m Teie
over a wide frequency range I = N
(the absolute displacement in L = =
this case is less than a i - .
micrometer). e ———
| on ~ ] Smoothing o ‘poits/oct.
o |
- Foqengte e =
i 1 AR 1S RV R A IS
T TH At &
Resolution of the Scanning Grid
BIEEHE Sqimit RESE e HEnTERE
Profile Scan S4 Scan Explore Scan Rectangular Scan Detailed Scan
(27 points) (100 points) (226 points) (2000 points) (2900 points
BIRENEhE TS BHINERENERE BHREFETNR  ARiRTVERSEN BERRENES
Assuming FNEMBEHESERTA B D HTANERIETEA HEUSEE RIS Good for searching
axial-symmetrical 2 Good for vibration Good for TV and forirregularities
vibration Good for analysis and sound micro-speakers
measurement of pressure prediction
effective radiation of round speakers
area lumped X .
parameters Scanning Time
~~
KLIPPEL
A\
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HESIREN 54T (SCN)
Cone Vibration Analysis (SCN)
Experiment 3

150 Hz 1 kHz 5 kHz

* Topics:
- BRI
Mechanical Scanning in Practice

« IR
Minimum scanning time

«  EERIRBIMAIRIE

Visualization of cone vibration

~
KLIPPEL
N

RREMRER

Accumulated Acceleration Level

10781 Hz i Integral of the absolute value of radiator’s
acceleration a r,)over radiator‘s surface S,

PAVER . \ - AAL( f,rﬂ):ZOlog(

weighted by a useful reference acceleration

i ; 2”\/51)0

9 ; Accumulated _
F | Acceleration Level i Mp s (ra) =
e T N Po

r, —r,

L7

with reference sound pressure
E Py, density of air p,, and the
o distance to an observation point

r, in the sound field

100 000 10000

1
f[Hz]

~~
KLIPPEL
N
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Accumulated Acceleration Level

T T T 17177 T T
90 -
N E#RAcceleration Level 2 [KTIPPEL,
g [\
S ST R —— 7 |
3 — - P N A I »\
o - i | A
70 L= - : %J %Il
» / V Al
|/ TotalspL| || ; 4 [
=60 o i A
) T ~ T
T f i {8
“s0 i
40
30
100 1000 10000
f[Hz)

B2 INTERPRETATION:

AALIIL 7 #BROMEMIIRED  AAL describes total mechanical vibration
AALEASPLARE AALIs comparable with SPL
TEMIMEEME 0T AALEASPL—EL AAL is identical with SPL for a rigid body mode
o AALZBA/NFRSPL AAL s never smaller than SPL

o AALRRRE TR ERROIEIE AAL neglects acoustical cancellation

o AALBEAR EROZRARERIR /> AAL has significantly less dips

~
KLIPPEL
N

REES T BB — R IR IE IR RE

Modal Analysis - Expansion into a Series of Orthogonal Modes

INEER SEBETHERERE

dB—-Acceleration level——— ) Frequency response
1 7 N/ \A for each mode

‘ atr) = Y H (o)

TR RS T AR ) B AR R B
Natural Functions
describing mode shape

1000
f[Hz]

TEARERB
Natural —— ——v || < = || v
Function

N el RV S S

TE2ARMREM (1IE3R ) | Completely different mode shapes (orthogonal) !

~~
KLIPPEL
N
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AAL - AAL Frequency Response of a Single Mode

90 f A B #AE#INatural Functions
85 T \ f=Tomz -wioke
o8] \ ,k SRR 184 v Namast S [ S S S
7% 1 N~ ! '
P I A \‘k
o ML AL s, S — i
65 2 ML VYN — e~
= N, .
/ ) AALs NS,
« /I // /I e /
- ay
/ ,I MLQ 1, =6375 HZ. 1:=8109Hz
E / s
50 Il’ 7 {JAAL. AT s o
i AN S| AAAL
01 1 fikHz) 10
;

Loss factor

a(r)= S 1o, x)
=0

pEESEI [EB#E=RNatural Frequency
Frequency response

~
KLIPPEL
N

REBKEF

Modal Loss Factor

EIEERALA T RE3dBRIER

Read the bandwidth for 3dB decay in the accumulated acceleration level !!

925 £
ML E || aemeaes "'V‘N{'I ...... 0dB
O
g75 SHIARER N 3dB
es0 [Acgeleration level pd N\
8215 g e RN
= F / 1
800 — f f. \\
775 £ f, —
6*10 710 8*1@ 9*1@ 10
f[Hz]

J; o EREFBEREEORNIRR R E
Modal Loss Factor depends on frequency and temperature

- 2EGERANME (EMBERETZRER )

describes the material used (independent of the geometry)
~
KLIPPEL
A\




RESTHEER

Experimental Modal Analysis

Vibration Data

|
\ |

¥ HE D 7 FEPFUENI B
Axial-Symmetrical Decomposition Singular Value Decompositon (SVD)

n N B A
L) 00 = &

round shape of the radiators required !! applicable to radiators of any shape

~
KLIPPEL
N

An{a] 53 Bt R AB AR RE 2

How to Separate Circumferential Modes ?

BIEBNET FHE LMK BT D MBS RSB D B
Total vibration Decomposition technique for radiators with axial-
symmetrical geometry:

Ztatal = ymd +v

—circ

HERBEFS
Averaging over
circumference

AEiRE RS

Circumferential vibration

LRREREN

Radial vibration

~~
KLIPPEL
N
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Axial-Symmetrical Decomposition

|
#Ix&Total vibration &[afREIRadial vibration [EiE#%& Circumferential vibration
1 2
v =V . +v v, =—| v d
Ltotal — Yeire T Lrad Yraa =50 ! Vi (P)d O Vere = Viout = Vvad
60 E —TT7
: [ [[] N
dBE Total AAL il
o | AT
23 E LT TRadial AL ]
: T VAN
35E ]
30 = -
2 E Ci rcumferent‘la A‘A‘L‘
20"
1k frequency [Hz] 10k
N\
KLIPPEL
~—

BRH A HERER ST

Modal analysis of a Headphone

ACC [@8/1V]

e % ¥ 8 & v 8 3 8 8 §

I

$ & B ¥ %

frequency (Hz)

o o o9

@ “ {1:; l{:::\\ e;',\' ‘g,h = Rocking mode

le/® sl (&l

~~
KLIPPEL
N
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Axial-symmetrical Piston Mode ? - Laser measurement on Microspeakers and Headphones

Magnitude of transfer function Hx(f)= X(f)/U(f)

Centre 0 degree rim 90 degree rim
180 degree rim 270 degree rim Measurements at 5 points
£ KILIPIPE
0,125 -+
0,100 /%
%&Mm:z\% S B 7
% 0,075 = T
£
0,050 | mass imbalance
K stiffness imbalance /]
0,025 - ¥ force factor
C imbalance
£ M~
0,000
50 100 200 500 1k 2K sk 1
Frequency [Hz]
Causes:

. BERIHEFEE

Stiffness imbalance at low frequencies (f < fs )

- BHEREEFEE

Mass imbalance at high frequencies (f > fs)

o EHIRERS . NRESEFABE

Force factor imbalance outside resonance (f <fs, f > fs)

~
KLIPPEL
N

1 E = R IERE

What are rocking modes ?

O

‘Eg*i ﬁﬁﬁﬁéﬂiﬁ‘MM' Symmetric

forces produce only transversal displacement > Desired piston
piston mode mode

B &L Benefits:

- FEAR A generates acoustical output

- BEERTKEEess critical for voice coil rubbing

T LLERFEAE S can be modelled by FEA

fi:slzfrjﬁi%*fﬁe B ﬁﬂiﬁiﬂﬂﬁﬁﬁﬁﬁ-*#g B Moments

produce a tilting of the diaphragm - Undesired rocking modes

v q ik BiDisadvantages:
ilting angle - BB voice coil rubbing

1> - IREXE (EF) impulsive distortion (rub & buzz)
= o3 - BB E I reduced acoustic output
i@jﬁjﬁiﬁ;g - FTHTEEESTE asymmetric radiation pattern

mode

q

~~
KLIPPEL
N
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How to interpret the Resonators ?

rockin,

....... d

mode

s0 700 200 300

Frequency [ =]

Fy=80 Hz F,=129 Hz F,=15] Hz
0,-6.97 [Q,:34.7 0,-30.3

Rocking modes have a much less damping than the piston mode !! .
KLIPPEL
N

=R RS T ERRRE

What Causes Rocking Modes ?

Stiffness
_Imbalances

N
R
RRRRImRHRuHHey
NN
! |g=|“.
11177]
I

17117
777 11777
iy
220X
"‘//&;"/
Mass
Imbalances

force factor imbalance

'+ Inhomogeneos distribution of mass, stiffness and force factor generate imbalances

~~
KLIPPEL
N
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Distributed Mechanical Parameters - Summary

TEMM A 22 R RS FAVIREN B 41T
Describe the geometry and vibration of the radiator at the boundary between mechanical and
acoustical domain

AESI R S RIAAL

Can be integrated to an accumulated acceleration level (AAL) which is the basis for modal analysis

BERESASAR - HE BRI

Show the natural frequencies, damping and the shape of the modes

Sz 1B B o A T [ 1R AR AV B

Support the identification of circumferential and radial modes

~
KLIPPEL
N
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Sound Quality

of the Electroacoustic Signal Chain from Source to Ear

Part 4: Sound Radiation and Room Influence

Roadmap

Two day courses

% — XFirst Day

1.

Introduction - definition of tools and terms & roadmap

2. Small-signal modeling & measurement

3. Cone vibration analysis

4.3D Sound Radiation

5

. Nonlinear modeling & measurement

28— XSecond Day

1.

2

3.

A
5

Nonlinear distortion Symptoms, relationship to Large Signal Parameters
. Abnormal sound - irregular behavior, defects
How to define maximum SPL?

. Quality Control, full system assessment

. Adaptive Nonlinear Control of speakers

2026
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~\
KLIPPEL
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TR EBERNERLH 2

How do you measure the acoustical output of a speaker ?

(multiple responses are possible)

A.
B.
C.

E—EXMEZE In a large anechoic room
EHNBHZER (FEIB) Outsidein free air (a parking lot)

FERBAFESB/NEIEEES In a small semi-anechoic room with
insufficient treatment

aEEEM (ERF. #a=. HE=E) Inanormal room
(workshop, office, listening room)

£ 155 23 #9315 In the near-field of the speaker
H fth Others

Loudspeaker: single input, multiple output

u'®)

On Axis

t
stimulus u d(t)

Nonlinear
System N;

H(f,r) is dependent on:

y
| |
= -
o
&

o
Y=
£
Sound Pressure Level / dB (re 20 yPa)
2
2

30° Off Axis

60° Off Axis

Position (distance and radiation angle) 0 i« o

Cone Vibration (size, shape, material)

Frequency in Hz

Enclosure (size & shape, number & position of drivers, box design e.g. vented)

Active directivity control (DSP, filters, beam steering & shaping )

Room acoustics (reverberation, reflections, room modes)

~
KLIPPEL
s
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3D SOUND: Directional
Characteristics

Far Field Characteristics:

Frequency response

Sound power, Directivity index
Contour plot, Coverage angle
Polar plot, Directivity ballon

Near field analysis:

* Based on target application
» Near field frequency response
» Spatial sound pressure

3D SOUND: Directional
Characteristics

Simplified characteristics &

Diagnostics acoustic zones:

* Listening window
* Early reflections

~ ~
=) o

=
&

Sound Pressure Level / dB (re 20 pPa)
& & & & 8

@
&

~\
KLIPPEL
N

On Axis

30° Off Axis

° Off Axis

100
Frequency in Hz

~
KLIPPEL
—

90° VERT

180°

On Axis

Listening Window

Early Reflections

270° HOR

270° VERT

2026
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Effective frequency range KUIPPEL

Frequency Response
—Froquency Rosponse  memmm Mean Sound Pressure Lovel

xxxxxx

Rating the frequency range ° YRR AN oo SR
100 Hz - 20 kHz

‘Sound Pressure Level { 0B (1o 204iPa)

Calculating Mean SPL in the rated frequency range

66.11 dB (re 20pPa)

2 50 100 200 500 * % sk 10 20k
Froquoncy / Hz

Frequency Response

Finding the effective frequency range (EFR)
at Mean SPL - 10dB

fL,EFR - 166.99 HZ
fU,EFR = 20000 Hz

Sound Pressure Level / 0B (1o 204Pa)

Froquoncy / Hz

Spectral Balance

~
KLIPPEL
—

Frequency Response
— Frogquency Rospor Rograssion Lino

Spectral Balance (SB) describes the e o
slope of the linear regression line in M
dB/octave, which best fits the Vil v Rated Frequency range:
measured frequency response curve in 20 Hz - 20 kHz

the rated frequency range. ¢ B,y = 4.5 dB/oct

100 200 s0 k2 s 100 20k
Froquency / He
Frequency Response

—Frequency Response s Regression Line
m—1can Sound Pressure Level in Rated Frequency Range

e

Rated Frequency range:
100 Hz - 20 kHz
By = 1.4 dB/oct
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~
KLIPPEL
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Sound Radiation -
Prediction by
Vibration

~
= AN *ﬁ KLIPPEL
b =
Radiation Analysis
Acoustical Test Environment
EE] X(r =i
F e [ X0 ) EEER
C.OII . surface near far
— Motor Vibration Radiation | " el ol
u ¢ -
v )
G L Ay
Mechanical Measurement Acoustical Measurement
Impédance H (f) X(f)/U(f) Far Field SPL
_ = . |
ZH=0mnM - T HEAIRE+ AT Response
Cone Vibration
E + Geometry
electrical mechanical mechan‘ical acoustical
%*%%{Lumped Parameters ﬁﬁﬁ% ﬁ Distributed Parameters




HOW TO PREDICT
SPL Radiation with SCN?

SCN Software extrapolates the sound
pressure output based vibration data
Diagnostics of radiation problems
(cancelation) caused by modal vibration or
other root causes

Limitations:

 Extrapolation is based only on membrane motion
* Simple approach

* Limited accuracy especially for high frequencies

SCN: * Rayleigh Integral Equation

Prediction Of
Sound Pressure

modeling

~
KLIPPEL
A
g Total SPL On-Axis
i. Sound Power*
g .
5 Directivity
7\
KLIPPEL
N
Excursion
5 jko| R—7;]
p(Rew)=-2L [Z——x,7) ds
271 ‘ R — 17’.‘
: S H
Radiation
G(r. |r,)
Integration Green's Function
over radiating
surface

* Sound pressure prediction
* Based on measured geometry and displacement x in z-direction
 Sufficiently accurate for shallow cones

e Could be improved by BEM (Boundary Element Method)

2026



SCN:
Calculation of
Directivity

Evaluate SPL

at several points on a
hemisphere above
the speaker surface.

directivity pattern

~\
KLIPPEL
N

ERN D

Sound Pressure related Decomposition

=X, +X,,+X

total/ n anti quadrature
ELEEE REEE REBE
generates sound reduces sound no sound

2208 M pri= 0 122085 phi= 0

=208 i =0

~
KLIPPEL
s
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SPL Components
80 £ 7 RIS
ok BEa SEECLIS S RS W JE g A
= :j ﬁﬂrfﬁ|n_ph se colporent AR otal vibration|made | 19
60 ¥ R S P Y ey -
- 50 -E— | ;.“,:-‘ ot
Sk K ARAIAY ]
§40 F Anti{Phase|Conponenjt
30 £
20+
10 +
0 E
2 3 I
10 f/Hz 10 QVEMEMEM7
- EED ELERKEER Quadrature Component
In-phase component produces the highest SPL
« RABAR D D BIIREMEE /N2 AR
Anti-phase component generates a small SPL below break-up
* OEIERRPUD FEEZEAR
Quadrature component generates no SPL KLIPPEL
A

2RI

Acoustical Cancellation

s _._:_;‘\éa
= 'fj Total Viljration| {‘! ™

In-Phpse Campagnent

*E A AntitPhade Component ;

2*10? 4*10 6*10% 8*1(? 103f 2*10 4*10 6*1C° 8*10°
[Hz]

MR EAENIAL D ROB B AR S 1R AR AL Al 79 RO BR 4R, AR R AR AN 22 R
M EHARTE LRG|

If the in-phase component equals the SPL of anti-phase component then a
dip in the total SPL response is generated !

~
KLIPPEL
s

2026



EERHEEARIMUBE(E

Components change their role at cancellation frequencies

: \
2RI AL 7>

Anti-Phase Component
— 61406 Hz .

Kk /
J

o pl BB RY53"1n-phase component

~\
KLIPPEL
N

65

B e A AR AR P A& RIRY L IR?

How to Avoid Dips in the Total SPL Response ?

it S ARAL B LE R AR Az A 73 /v 10d B

ﬁ*ﬁﬁ[ln-phase component Keep anti-phase component 10 dB

below in-phase component

= D
WD AL T

60t

~—= M [\

55¢

S P

< | ] W

dB£

@ 45+

VSO R AL VRN
/| 5dB ~

~ 40+

&35+

30+

7 15 dB § A
40 dB 3@%
/

S Eki=%s)

25+

/ Anti-Phase Component

20£
15+

10£

200

1000 200 800
Frequency/ Hz

~
KLIPPEL
s

2026



Mo EBEEREENEE? RS EEBEREEEZMMAIEE

How to evaluate the Loudspeaker Enclosure ? Woofer mounted in a sealed box

total vibration at 416 Hz

~\
KLIPPEL
N

ﬁﬁﬁ%]ﬁ@]ﬁ*ﬁ ’ K\LI/P/P?L

= <

Cone Vibration
Analysis (SCN)

Experiment Topics:

Vibration Decomposition

BAEE

Radiation prediction

Sound power

2026
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Far field measurements

~
KLIPPEL
~—

FAR FIELD
MEASUREMENT

Simulated free-field
conditions by windowing

Good suppression of room
reflections at higher frequencies
Higher SNR due to ambient noise
separation

Limited low-frequency resolution

Experiment

h(t) / (V/ V)

500

400

300

200

100

-100

-200

Measured s \Windowed

100

Impulse response h(t)
H(f)= Signal at IN2 / Voltage Speaker 1

200
left:-8.917

300
Time / ms

400
right:68.667

500

600

~
KLIPPEL
N\ %

2026
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FAR FIELD

MEASUREMENT
Anechoic

Anechoic Chambers Room

Realized as a half or full space
Good absorption of room
reflections (> 100 Hz)

High ambient noise isolation
Controlled climate conditions
and avoids wind effects

~
KLIPPEL
~—

g [; Microphone
/ / /Array
Theta ' /

Turntable

Holographic near field measurement

~
KLIPPEL
~—

2026
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~\
KLIPPEL
N

by

Radiation Analysis

Acoustical Test Environment

i) X(r BRFE
F VOIQ:Ie -L’ Cone 's
.c0| i surface near far
— Motor Vibration Radiation | | el o
u : » '
Vv F(r)
T == i Ay
Mechanical Measurement Acoustical Measurement

v

Far Field SPL
Response

Impedance

.....................................................

ZO=UDAM  HO=XENE) seictin s

i Cone Vibration
H + Geometry

v
electrical mechanical
;% ':F' %&Lumped Parameters

~
KLIPPEL
N
SPL over distance at 500 Hz
Trw : - — T T : . . KUPPEL
160 oo BIRESUE - IEREMN—EE RS RE6dB (1/rEE)
Near [field In the far field of the source the sound level falls 6 dB per doubling the distance
150 - B T A (1/r law)
S > R THRBEERNBEAGER
eyt E Used for extrapolation of the measured sound pressure to a longer distance
%120
S Far-fieiy
3‘,1105:-'555'- B <A
100 ?&%%ﬁ;ﬁ*um 1. -6dB
"1/ R
90 - 1/rlaw is not applicable
1 in the near field
80 m ] T o o

L 8 0 distance / m 199

13



~
KLIPPEL
. A
EXtra pO I atl on * 20 s | KLIPPEL
. EEEMME, FEAE/6dB
Error In the 5 SPL decrease by doubling the distance 16532
L] m
Near-Field ° 8 >16m 1 taw
’ 6dB
0 2->4m
4>8
B |
-10 100 1k 5 kHz 10k
5 kHZE"]EE%TJ Radiation Pattern at 5kHz
NEAR-Field Far-Field
. NP ’ //\" . N i T \
d TABSREN g o
m 4m 8m 16 m 32m X
7\
KLIPPEL
N

z,e%s/
s WA

fE S ‘ >

Far Field Responses

0 =-20°, -30°,— 40°, 40°, 50°, 60°

faEmEtE

Directivity

On-axis Listening Early
Response Window Reflection
Response Response
¢=0°, 6=0° Horizontal (¢=90° ) Horizontal (¢=90" )
0=0,+10°, +20° , +30° 0=0,+10°, £20°, £30° , +40° , +50° ,
Vertical (§=0° ) £60°,£70°, £80° , 90° , £1800°
f=+10° Vertical (¢=0° )

Sound
Power
Response

2(0))

Ly(N)= 1010g10(

0

With Py=10"12 W

fREEIRE

» Directivity Index

+

2026
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BRETRFHRRMIERE) ~
> = +E =] Sound velocity is dependent on air conditions (e.g. temperature) KLIPPEL
Ei V=] E — 00 _ ~
L 2 E’J Fﬁ (*H 8§ =20°C > ¢ =3434m/ s Atemperature difference of A9=2°C will change

=23 ;
11‘1 .ﬁi go Era ; E 8, =22°C — ¢, =344.6m/ s the sound velocity by Ac=1.2 m/s

i E“E) RERIER - BREESYEBRNEERRE

on the distance, the temperature difference will influence the sound wave propagation time:

Problems in the Far-Field Dependi
Phase response depends on air
temperature
Deviation:  Af =0.1ms
(Ar =34.3mm)

H2°CRE=FrEMmMEARE

Phase error caused by temperature difference of 2°C during

Frequency  Wave length Phase Error in 5 m distance
f=2kHz A=171.7mm 36° (0.1A)
f=5kHz A=68.7mm 90° (0.25 A)
f=10kHz | A=34.3mm 180° (A) |
EISNEAZHMRERN
KRR

Far field measurement are prone to
phase errors !

~
KLIPPEL
—

Acoustical Test Environment

Cone Vibration
+ Geometry

= VAN
L1 ETJ vag)il _ F [ 28 | X [ =a&z&
Radiation Analysis coll 1 > e ear or
— Motor Vibration Radiation | " emmfmmelp- fiold
u -—
v , F(r)
e . A B 3 B
EE‘EztfiE‘cua% Mechanical Measurement AcousticaﬁAeasurement
Measurement)é
Impedance ; Far Fiellj spL
Ze(f)=§U(f)/l(f) H(B)=XO/U(E) - st ditiesy+ ok Response

B

+
electrical mechanical
;% ':F' %&Lumped Parameters

15
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Acoustical Test Conditions

Wave Expansion
In-situ —mM  —
Testing under normal conditions

simulated
Ex-situ
Testing under idealized

?uc,:ezsr_ﬁe'd I_C_Qnd_iti_Qf?_S__S_U_Gh_a_S:_________,I
« Free-field condition (small - _Far-field condition _
. *"Free-field condition
anechoic room, large workshop,
parking lot) Benefits
Benefits » satisfies standard

requirements

* No large anechoic room required + Provides comparable results

~\
KLIPPEL
N

~
KLIPPEL
—

IS S
% ErEE

Practical Importance - of
the acoustical near field
characteristics

° kEjmg;ﬁ(ﬁﬁg;ﬁ)Sound source has large dimensions  (e.g. line array)

o FEEZERE K/ Nanechoic room is too small

o FERETTIERS £ Rlmeasurement not possible in the far field

o BEWRERRERAME  BAABRERE - AE - ZLRER) The receiving pointin
target application is close to the source (e.g. personal audio equipment, car, multimedia)

o RIGHE R 8 2 Ffar field data are not meaningful

2026
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£ R 58
=
Holographic
Near-Field

User Input
Grid v

Grid G[l ]‘ Robotics +
Calculation Measurement

| P
Measurement Tensormatan

inates
y P C(f>=arglgglg[ > |e<f,rE)|2j
VrpeG
Optimal £

Parameter
Fitting

e(f’rE) :Hm(fsrf) _H(f’rE))

e(f.r;) modelled measured
¥

sound pressure p—
... field e e Results: Coefficients C(/)

i . : I eF)) of the wave expansion
! " Postprocessing

40 o] B 2 5= A BY P& SN2

How to Find the Maximum Order N ?

BRERERRARENARE

Fitting error as a function of the maximum order N

N=0 IN=1 IN=2 IN=5 N=10

ElRMEEETREUTSE: ’
The measurement system determines automatically:

> ERERMBNREREE p

optimum order N of the wave expansion

> ERMEE

total number of the measurement points
> SRR

measurement time

-20dB = 1%

Fitting Error in dB

Directivity at 2kHz:

~
KLIPPEL
s

Sufficient gccuracy

2026
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7\
KLIPPEL
A
m=% /Al
v Number =
mES Mmber  Result BN ERERYUTEE:
"“5 . Subwoofer in Number of points required depends on:
How Many Points Need to be 1 sealed box . ;%g%gagﬂi;(j(d\ B E)
Measured ? Loudspeaker type (size, number of transducers)
- GERUBEE(HEE)
sound power Symmetry of the loudspeaker (axial symmetry)
100 | Directivity ° iﬂﬂE@EFﬁ(EASEﬁ*ﬂ)
Application of the data (e.g. EASE data)
- ZEEBZND EGERERM)
Normal scan Field seperation (non-anechoic conditions)
1000
High resolution
AR FTRKARIERE/NRET &R
BEERITE
5000 Note: Number of measurement points required is much lower than the

final angular resolution of the calculated directivity pattern !

~
KLIPPEL
—

RiEIEE
Scanning
Effo rt Single Dual Rotational

No Symmetry plane symmetry plane symmetry symmetry
e A RS
fi 2PS, ¢
Lo a 2
. 3 . . ‘

e K L4 o ;
ot P8 8o el
gt JdeRopa NG R ¥ S EN
XA AR L **ﬁo&xm AWy E LA AL ¥ PN
% 4 s = s o

Y, \
100% 52% 27% 3%

FIFRISE S EFE MR 2 Exploiting symmetry of the loudspeaker reduces
o SBURIEARIZREMAELE Number of coefficients in wave expansion
 BIZ2HE Number of measurement points

o IRt RE B R 2 BE B A IE tE Scanning time is proportional to number of
measurement points

18
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~\
KLIPPEL
N

it PR b S
(SCN . N FS) Acoustical scanning in practice

. REFHEERE (3HE)

Minimum scanning time (symmetry)
H - . ERI5H A

Aco u Stl ca I N ear Holographic field identification

field-Scanning - SRR

Evaluating resolution and accuracy

(SCN, NFS) - ESREEES

Extrapolating from Near-field to Far-field
. R mE TR AR
Experiment Interpretation of Directivity and Sound Power

. MHEEAE
Measurement without anechoic room

. AR RE S 2R E

Half-space measurement with infinite baffle

. FEETEIRIRED
Coping with baffle vibrations

ZE [l (EHEE B 2R

Spatial Transfer Function

Prp(fr) solutions of the
H = = B 10
Hpp (f.r) v C(/IB(f.r) wave equation
Loudspeaker
parameters
- WAL (R GETREERENNEES !
Describes the direct sound radiated from the speaker under free-field (ex-situ)
conditions z
inm | |

+ 3DERE GEHMES) PESREERERIEENE M

Accurate amplitude and phase of the direct sound at any point r in 3D space (near

and far field)
Far-field
-10
- EREIB IR A SR R o ~ ol
Based on spherical wave model fitted by near field scanning N plot)
® ~10
Xinm
¢ RIERFRE ) REXNSERSH
Coefficients C(f) of wave expansion are tial loudspeaker p s
Example: Sound pressure distribution in 3D space of
ERAE the direct sound generated by a bluetooth
3 Get more information in webinar loudspeaker at 5 kHz. KLIP/PEL
& i KLIPPEL live #3 A

19



=5 __{El=efi:
iR E =Y
[RIN

Example: Studio Monitor

=5 = {E R f:

HE (RS S
&)

Example: Laptop

Far field

information

7\
KLIPPEL
N4
8 o
g woofer tweeter
.§
£ .
” vertical
fin Hz
L Controlled directivity -
s : .
ERBEREEETINFS £z .
Near-field scanning in an ordinary office room = &
5001E £33, . .
500 points fin e horizontal
PEEIAN=20
Order of expansion N=20
~
KLIPPEL
N
Vertical (phi = 0 degree)
Horizontal (phi=90 degree)
"' 3 kHz

1680

150+

(€ .

EOGEREEEHRNERE

The left and right speaker generate a complex directivity pattern !

2026
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STRADEMIEE IR E BB 5 R ErUFT )

Comprehensive 3D Information
supports the evaluation of spacial sound effects

Near Field SPL Response

LeftEar

= -4 Listening
~_ Observation plane Points
M

.-

Right Ear

1 frequency / kHz 10
SPL distribution Wave frant propagation
/ ’ Comprehensive
Information
Amplitude) (Phase)

~\
KLIPPEL
N

STRADE MBI IR E R B 5 R ErUFT )

Comprehensive 3D Information
supports the evaluation of spacial sound effects

a Sound Pressure on axis
Observation plane " r=0.5m
2m - (near field)
: W
P (far field)
© Variation versus distance

1 Frequency /kHz 10

Comprehensive f\‘Nave front propagation (3kHz)

Information

all (Amplitude)
\ (Phase)

~
KLIPPEL
s
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ZI54E%E (NFS
f721k)

Sound Field
Characteristics

(NES
Visualization)

Experiment

Room influence

EEEFE (REKE)

» Far-Field Characteristics (Balloon)

L EHE (1m)

* On-Axis Response (1m)

* Sound Power Response

AHEE

* Directivity

BIEEIRE (CTA #0IEC)

* Listening Window (CTA and IEC)

B2[E (EQ)

* Acoustical Zone (IEC)

~
KLIPPEL
~—

~
KLIPPEL
~—

2026
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Acoustical Test Conditions

Wave Separation

Insitu —mM@M@@  —

Testing under normal conditions

such as

* Near-field

* Any acoustical environment
(room, furniture,..)

Benefits
* No large anechoic room required

simulated
Ex-situ
Testing under idealized
.conditions suchas_________
» Far-field condition
* Free-field condition

Benefits

» satisfies standard
requirements

* Provides comparable results

EZERE AR

1ER

Interaction with the

room

/Wﬂ Late reflections

B

I9FE T, room modes
/

< RIEAR ST
early .
' reflections -

=hed

direct sound

2026
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DIRECT SOUND SEPARATION

Holographic processing with
double-layer scanning

BEReEERMA:

Moving the microphone has the following advantages:

- BBEP  FAVEEZEmMENTZER

BIEM(AEIFRS

RIR)

Constant DUT interaction in the room during the scan (required in
a non-anechoic environment)

- BREEIERE

Accurate positioning of Mic

Facilitate heavy loudspeakers (hanging on a crane)

%%FEEW?&E%&R%%E(*UFH@E%

Minimum gear within the scanning surface (only a platform and a

pole)

~\
KLIPPEL
N

DIRECT SOUND SEPARATION

Holographic processing with
double-layer scanning

@

8 3 3

K

2 3 3 8 88 8

On-Axis Response

measurs

ed

 direct sound

i
finte

‘ - measured

direct

sound

o

~
KLIPPEL
s

2026
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IR S E R

Scanning Single or Multiple Layers ?

external boundaries (walls)

AN A

Sound reflections

scattering =

@

Direct sound

standing waves
(Room modes) /

: MENRHIRE T RAAASBROANR - EANTARSBIZM S
peee (B ESTER

N\
Adouble layer scan provides information about the incoming and outgoing sound waves which can be used to KLIPPEL
separate the directly radiated sound from the room reflections. g

72 B |H 5 Direct Sound Separation

Measurement performed in a normal office room

Front side (on axis)

115 measured

direct sound

aBsPL

room reflections

o .k o
fnve
Rear Side
s
Double layer "scanning +
holographic processing allows to 5"
separate the direct sound from

room reflections w
s

~
o " KLIPPEL
~—

2026
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Separation of the Sound Components

P

3
A

Near-Field Measurement

Total Sound

E(tf) Spectrogram
ol 5

ound in st =15 m

Direct Sound

E(t) Spectrogram

Timo 5]

roct sound ISt room 1.5m

Reflected Sound

00
=3
%%

E(tf) Spectrogram

o it =15
9 KLIPPEL

sand (A —
.@ soun . - e Response attrng o =13
" Halft) F. s e e
Target Application 21
G . - BERAEEERRREPELRENRESRE
, " Room modes generate significant distortion in the
Tiive o) Y total sound in the target environment
c( | Expansion P Hie(f)

« BEEXUTEMNERHE  BERBTERE
Room modes occur at distinct frequencies
decaying smoothly with time

- ETAEEESIRARANRHRS

Table and wall can cause strong early reflections

KLIPPEL LIVE #13

~
KLIPPEL
—

Summary

~
KLIPPEL
—

2026
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KLIPPEL

WORKBENCH

Half space measurement

CAROUSEL

KLIPPEL

2026
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HOLOGRAPHIC
NEAR FIELD

MEASUREMENT

~\
KLIPPEL
N

Extrapolation of near field data

(based on spherical wave expansion)

e Comprehensive assessment of direct sound in 3D space (near + far field)

« Ideal for 3D sound design, beam steering, controlling line arrays

e Accurate phase and time delay information (referred to the expansion point)
* Low redundancy in the generated data set (minimum number coefficients)

* Coefficients will not change if order N(f) of the expansion is reduced
 Spatial interpolation of amplitude and phase based on spherical wave model

e Angular resolution is larger than the number of coefficients

2026
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WAL A P IX VTSR PLER G I 3L

=z =Z o 3 O B
SEARFNESTmE
Sound Quality of Audio Systems

Part 5: Nonlinear Modeling and Measurement

2026
Klippel GmbH

LA KLIPPEL  soma wiu

Roadmap

Two day courses

2 —XFirst Day

1. Introduction - Definition of Tools and Terms & Roadmap

N

. Small-signal modeling & measurement
. Cone vibration analysis

. 3D Sound Radiation

(€ I

. Nonlinear modeling & measurement
2 XSecond Day

1. Nonlinear distortion Symptoms, relationship to Large Signal Parameters

N

. Abnormal sound - irregular behavior, defects

. How to define maximum SPL?

s 0w

. Quality Control, full system assessment

S

5. Adaptive Nonli Control of sp

2026



JAN===) " &I/P@L
% 2 Poll: .

LTS ’ AHESERFREREE?
Why are loudspeaker nonlinearities important ?

(multiple responses are possible)

A ERZEZEHE (FW THD ) PEEFFULRE - HEMMRER
HIFNESEE £ They generate nonlinear distortion in sound pressure
output (e.g. THD) that degrade perceived audio quality

B. BMHABZERNR~T - EEFMMAERE They are related to size,

weight and cost of the loudspeaker
. NG EEREE The indicate an overload of the loudspeaker
D. ffIPRMI T Ex K #iL They limit the maximum output
HAth Others

Relevance of Loudspeaker Nonlinearities

) T{E#E
IRiE Working range
Amplityde
X 130
[mm] Destruction _
10 'Emij(mHjMaximal Output
VAN e - '%Emstortion
, Large signal domain *T) % EZ 3 power Handling
12 T2 14 stability
1
03 R~ ES MAAR!!
' Related to size, weight, cost !!!
FE %
Avoice»coil
displacement ~
KLIPPEL
~—

2026



FEAR 14 W14

Nonlinear Stiffness Kms(x)

K
. o,
N/";’" 5 total_/ ||

| suspension

4 :\\ /

3 TN VA
| .. '.' 7

2 H \ | 4
] N g 7
H spider "\ < ’

1 :\ ke el
H'~o syrround . #
’HH‘\?‘-T-\'V'\T'T"\?'*\W Pk du SRS REEE

T

-100 75 50 -25 00 25 50 75 100
diplacement x mm

F=K, (x)x
restoring displacement
force Nonlinear stiffness Kms(x) depends on
° Efﬁ@i%ﬁ%*%ﬁﬁ asymmetry caused by spider and surround
Cm (x) = I/Km (x) '1ﬁ$§'ﬁj\§m, %j{%ﬁ%g\ﬁ moving capabilities, maximal mechanical load
compliance stifiness 'Eﬁﬁgﬁ;&/ﬁi%ﬁ% adjustment of spider and surround
x

~
KLIPPEL
s

RE /03T 7 B9 HE 14 PR

Symmetrical Limiting of Spider

stiffness K_MS(x)

KLIPPEL

wimm)

KMs

o s 0 voice coil
iy <t o former

=K Requirements:

M W %B,@UEZ E’\J%%ﬁﬁ?ﬁﬂliﬁ%% geometry of inner corrugation roll is important
-E;-H%%EE%] E/‘] f?‘ﬁ/ﬁvﬁﬂ sufficient numbers of corrugation rolls

'ﬁ‘%ﬂ%ﬂﬁ %M‘E% number of grooves equals numbers of ridges

'ijﬁé E/‘] H#Jﬁgﬁ symmetrical feet

N\
KLIPPEL
s
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Compliance Limited Displacement x. - defined according IEC standard 62458

Cms(x)=1/Kms(x)

mm/N T T
E C‘MS(X=0)‘ StepS:
1 B it ot B - 1. Operate transducer in large
F // ﬁi'\\ signal domain
08 _/l_ _______ v_______k_ - 2. Read displacement X. where
06 L 0.75Cus(x=0) 1 compliance value C,(x,)
E / ! \\ decreases to 75 % of the value
04 / E C,s(x=0) at rest position
C 1
0.2 : yd Xc :
o T\\\\\\\\\\\\\\‘\‘\\\\\

-5,0 -2,5 0,0 2,5 5,0

~
KLIPPEL
s

FEEYTE RV 14

Stiffness Asymmetry Ay - defined according IEC standard 62458

Kins(x)
N/mm ?,,i Kuis( Hpeae) Steps:
5 1. KHASIGEHET
E ! Operate transducer in large signal domain
4 T 2. ENMSEE
C E Read stiffness values K (X,,) and K (-
3 E \ Kus( Xpeak) ).(P“k) at maxim‘all peak displacement
SR\ » 3. FEFFHBDE
2 : : \ //: Calculate stiffness asymmetry according
; C: _ '
£ ~Xpeak xpeaNI
07\\;1\\\\1\\\\\\\\Iv\\;'\\\
50 25 00 25 50 Z(K (=x,,.)— K, (x ))
MS k MS k
coil in x mm coil out A (X o) = — 2222100%,

Kys (_xpeak )+ Ky (xpeak )

N\
KLIPPEL
s
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[N/mm]
=
)
8

K_MS

HTIRAY A 75 PR

Asymmetrical Limiting of the Surround

o
>
b

°
9
3

°
N
R

°
3
3

%% Indication:

Rapid increase of Kys(x) at x,,,,,

JE@ Cause:

stiffness K_MS(x)

£ ‘ CritiL:aI ‘ }wu Capability of surround is exhausted

E (undesired) / /

% / / EQ;E Remedy:

: [ // BRI B0/ 1

£ V Adjust surround and spider configuration
E ————

i i -5,0 -25 0,0 25 50
<< coilin X [mm] ‘Coil out >>

fExmaxiE - KMS(x) Bl 14

MRAVESNEB 7 IRE

~
KLIPPEL
s

HU‘E

R b 28 BV PR 20 B 41

Adlabatlc Compression of Enclosed Air

Vi)
(0 PV () =const
air pressure with
AVY Vo F$EE/E ) static air pressure p,
FFAEZE BB static air volume 1,
BHEE adiabatic coefficient x
Po pt)
40 e s
srvolime =R AR B
Compliance of enclosed air depends on sound pressure
V0 0)"
i
(p=_t-to g [l+—]
=0 p(r)[ B
Caslp)

2
o2 o))
2\ p) 6K Po

Linear approximation for small

N\
KLIPPEL
s
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WAL

Force Factor Bl(x)

back plate BlLINA)

pole plate

B-field T N

coil FE o5 ; / N~

= displacement

0 mm x A RREEENRE

Variation of BI(x) caused by

F = Bl(x)i
Electro-dynamical
driving force

- Hii5 Magpnetic field
Voice coil current o
. % %E&gﬁi Heightand overhang of the coil
. %'ﬁf%ﬁl% Optimal voice coil position
u = BIl(x)v

Back EMF Voice coil velocity

~
KLIPPEL
s

EREMWE R

Motor with Equal-length Configuration

FEBEEE il height hm,,zﬁﬁﬁ%tgfgj gap height A,,,

force factor b(x)

A\

magnet 50% ‘

pole plate ‘ / lz o ‘ \

voice coil

ox_max < x < x_max.

Kuppe]

bINA]

25 25 5

pole piece

ks 0 00 50 78
<<collin x{mm] collout>>

’fiféf Properties:
-ﬂﬁ@ﬂﬂ%ﬁ’ﬂﬁ%ﬁ%‘%@i Sensitive to offset in rest position
HFHIRIE R DL _FRIARIBEIR B sensitive to instabilities >,
-/J\T}EIFE H#%Eﬁ% Low-order distortion at low amplitudes

’%EX’J\ ' ﬁ?ﬁ?ﬁ%ﬁ%'Tg Low inductance and flux modulation

N\
KLIPPEL
s
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REB#ERE

Motor with Overhang Coil

= %%E Coil height /1, > TP TR E. gap height £,

coil . force factor b(x)
rred

magnet *0E
g. pole plate 5 BOEVIIAN
voice coil \
: T T 2\
. ]
2 s
8 2 N
pole piece {boocoo00 oS
— "o n me 2 oo s se 7a 10
Lo et dlS

X HE Properties:
o B P11 B AU B 1B BB insensitive to offset at rest position
RSB Low distortion for x < (A-Fy,)
* S KB High distortion for x > (-,
SMEBERK High voice coil inductance
o 537738 58 BI1R BB sensitive to flux modulation

~
KLIPPEL
s

NEBEFIRFEIUZ S

Force Factor Limited Displacement x;, - defined according IEC standard 62458

BI(x=0)
6,0
Bl Steps:
[\/Z. N R AN S
Bt2% | : 1L KHSEEET
i
40 i ! Opera}e transducer in large signal
i H domain
i
30 i 4
! : 2. EEEHBRETEED
2 ! ; 82%EHOIIIISE
) i ! Read displacement Xg where force
! factor Bl(x,) decreases to 82 % of the
—_ ad)
1.0 H value BI(x=0) at rest position
| X8l
1
00 I 2
-5,0 -2,5 0,0 25 5,0
<< Coilin X mm coil out >>

N\
KLIPPEL
s
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AR ERE T

Force Factor Asymmetry Ag, - not yet defined by a standard

Force factor BI (X) Steps:
01215
—Xprot< X< Xprot Y- <X<Xpt e B () N
. e 1. KESRIEHT

Operate transducer in large signal domain

2. ENEKEEUBHNSEE
Read stiffness values BI(X,) and BI(-X,.,,) at
maximal peak displacement

3. FTEMEEEAAEEBI

Calculate Bl asymmetry according

BI('Xpeak) ————— Xgegk)_ Y

! 5 4 2 0 2 4 § 4 _ 2(3 N X i) = BUX ))
O TR Y TE

<<colin X{mm] collout>>

100%,

~
KLIPPEL
s

W NEEREF A B EERER KR ETT A

Causes and remedies for asymmetrical Bl(x)

Problem: Problem:
- EETEHUBENRS . HBANE

Offsetin coil ’s rest position Asymmetry in B field
Force factor BI (X)

Force factor 81 vs. displacement X Xprot < X < Xprot
o e 175 JeLIEREL
. 150
125
/ 100

e

Biacemment X (o

Remedy Remedy:
o RRWRPEEMNE o WEWEZFETTAR

Adjust coil in the gap Improve motor geometry (size and position of
- EBIEAE— &S TEE SRR magnet pole pecs .

Generate a plateau in Bl profile(e.g. increase voice * PRILEEE=

coil overhang) Reduce height of coil

N\
KLIPPEL
s




pole plate magnet le plate

1 Induction B - i Induction B

voice coil b voice coll

Pl ;
ole piece . ole piece "
poep x=0 displacemen poep x=x, displacemen
t t
Force factor Bl vs. displacement X Force factor Bl vs. displacement X
B - B
g 50
N .

/ AN w N

P N 7 ~

PR ISP PO P | PRSI IO P Y P31 = NI S S P P S S P

00 75 80 50 75 100 00 75 50 25 00

25 00 25 25 50 75 100
Displacement X [mm] Displacement X [mim]

~
KLIPPEL
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Symmetry point X,

- pceus®
A 6e\3\\ n e
a8 cribe

6,0

BI o

N/A % Definition:
HREESBEAHESBEREMNR
BE72XacHmEs 2 PRI E

4,0
Symmetry point is the centre point

30 between two points having the

! distance 2x,. having the same B/

value.

2,0
BI(X,,, —x,.) = Bl(x,, +x,)

1,0 Xof set

< Condition:
0,0
50 25 00 25 50 Xac > Xg
<< Coil in X mm coil out >>

N\
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Voice Coil Inductance L(x)

L,(f=100Hz)
[~
40 [ without shorting| ring
(9 mm) ]
Degi(-9 mm) o zz Twith skorimalring ===
Der - 15 F
10
05 |
00
i -15 -10 5 0 5 10 15
_' : voice coil displacement <<Coiin X {mm] collout
Omm  Omm  9mm x
e _du)  BEEURINEENLTIANR B A B
elr-induction = = o =]
LT KEBIRENRERTMUE
Reluctance (0 dL(x) L(x) determi.ned by geometry Qf coil, gap, .
force Fa=—""0 magnet,optimal size and position of short cut ring
7N\
KLIPPEL
N/

AC Induction field B.(r.x,f)

air path determines reluctance

iron path determines reluctance

N\
KLIPPEL
s
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Inductance L,(f,x)

Inductance L(f) at displacements x Inductance L(x) at frequencys f
018 Iron path — x=-10mm o Iron path — f=3lhz |
x<0 —— x=0mm \ <0 —— f=250Hz
0016 — x=10mm | 0016 — £=2000Hz |
— f=16000 Hz
0.014 0014 31Hg t
0.012 00124 200 Hz
T S
= 0010 >
€ 3

0.008

0.006

0010 ! \ ! |
0.008 } 1 \ Air path
2KkHz >0
0,006 i :
\\

908 Aco% 16 kHz Air path
0.002 0.002 T
102 10% 104 -100 -75 -50 -25 00 25 5.0 75 100
f/Hz <<Coil In X/mm Coil Out>>

The inductance decreases at positive displacement and high frequencies because the enclosed air
increases the reluctance of the magnetic flux.

~
KLIPPEL
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R..(v) - Nonlinear Mechanical Resistance R (v)

Rusl?)

Pole piece
woofer

Air flow

_ e HHHAEENEERRE E2HRER
0 ecas SEEAZ AMRIBRORE LB E) (58
‘ R IRAE)

Rs(v) depends on velocity v of the coil due to
air flow and turbulences at vents and porous
microspeaker material (spider, diaphragm)

magnet

backplate

N\
KLIPPEL
s
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BERZER - (HEEEFRAUALEFOESL)

DC-Air Flow generated by a smart phone with side-fire port

\AY
Compliance of enclosed air //‘/‘ %
diaphragm \\ o/
O
backplate
B HESRREENACTIS

-> Rectification of the AC flow generates jet stream

Courtesy by Qneo see App ,,Blower*

N
KLIPPEL
s

R R EALRYFEAR 1L

Nonlinearities at Loudspeaker Ports

ﬁfl‘% Vortices
<=

( [l

jet stream
o MENENECRIHFEE
Flow resistance depends on particle velocity R (V)
- BEELRRIRS
Turbulences generate broad-band noise
- AHBRAEREANEEERER

Asymmetric flow generates a DC pressure in the enclosure

N\
KLIPPEL
s
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Flow Resistance R,(v) at Medium Amplitudes

T . 3 )]
L

<<§. A
sl — >

QA

* V<V
o MARTURAIE laminar flow in the port

. EERGEEEZHA
energy dissipated in the far field

Ra(v)

/
]\

o [EAERFAYEEIK Harmonics at low frequencies

~
KLIPPEL
s

A ¥ HE RV B H )

Asymmetrical Flow Resistance R,(v)

Do
pbox > Dpox >
«L Xpc Xpc
/
— =
@ ™
R > Ry RalV)

- BEMNERNE
DC component in pressure py,,
. EFESEWE %

dynamical voice coil offset x

N\
KLIPPEL
s
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Criteria for dominant Nonlinearities

o PREVEZEREE L timits acoustical output

o EHTIFERE generates audible distortion

o BRI BRI indicates an overload situation

o SIEEARTBTERITTSS causes unstable behavior

o BIRUAK - ES RESTEBERE  related with cost, weight, volume
o WEBERLAFIVEE affects speaker system alignment

o REIMRBEZRAIRIER determines transducer efficiency

~
KLIPPEL
s

BEEsR IR AR IE S I RIPE

Ranking List of Transducer Nonlinearities

> MZRI\microspeaker

Fi

jj Eiii- }ﬁ gﬂ Force Factor Bl(x)

- tweeter

EEEK Inductance Le(x)
Ss STZ AEg 4 =r
MBS Fux Modulation Le(i S EZFMIIN woofers

Mechanical Resistance Rms(v) - AR \microspeaker

5577 % ﬁj] 9& E Doppler Distortion (x)
3 'E:é(?? ’TSE ?E H% ?E %}J Nonlinear Cone Vibration >full-band drivers

A=) \JSEZKTE Port Nonlinearity R,(v) >Vented systems, sidefire

10 H'ﬂﬂ many others ... KLIPT’?L
~—

3
4
5
6. FEARMEZEIE Nontinear sound Propagation clpl S IEEBIIN horns
7
8

2026
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Lumped Parameter Model

How to measure the free model parameters ?

EEEE P
inductance force factor mﬂ;ess radiation area port resistance
Ly(ox,it) F=Bi(xt)i
Re(o,x,it) Fy q @
Spl®,x))
Frufxi) Rur(qy)
= Cousl =
By | | By Mis S Kus(o,50" SR’ D C a5 Rus
L )3
Psox M,
CizlDrea) v
ATl
It
electrical domain mechanical domain acoustical domain

FRUSHUBENGERAUR

Nonlinear parameters require a large
signal measurement

/MR ERESE
Linear parameters can be measured in

the small-signal domain o
KLIPPEL
~—

N\
KLIPPEL
122 Poll:
RERERIERUSEETEERZE ?
Are you using the nonlinear parameters for loudspeaker diagnostics ?

(multiple responses are possible)

L HSZEIZER3BI have never heard about those

EAREEM - BERAEKREFABEM am familiar with the
concept but I never used them

C FHAESLE - BOILIBEESER AR measure the parameters

and | can interpret the nonlinear curves

D. HFEBEEILEE (FEM ) HEESELAR4HAAR] simulate the nonlinear

curve with finite element method (FEM)
E. EHft Others

15
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Need for Nonlinear Parameters

FERRME

Nonlinear
Parameters

PRI BT 1 R PR %t

Assessing Limits

Equalization
(thermal, mechanical)

(linear transfer response)

AR BAFE AR 1 F2 R sk e
Diagnostics

Linearization
(defects, nonlinearities)

(distortion reduction)

T HEE B A =/ANVBERER R
Performance/Cost Minimal Size of Protection
(weight, efficiency, output) Enclosure (mechanical and thermal)

~
KLIPPEL
s

ANERSERNE

Measurement of Large Signal Parameters

= B t£Stiffness
L, Kms(x)

o ERE ; \
Force Factor, .
Blx) T

ER :
Inductance™ -
Le(x) > BN

Defined in IEC Standard 62458:2010

N\
KLIPPEL
s
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Parameter Measurements Methods

ko EREE T; ")-
i
inductance lom; fe&nr snlr:ss.‘ ' radiation area port r;;mce
W Lo B o o) ResV)  Ruplve)
ms!
Static method

<

Incremental method

Full dynamic method

~
KLIPPEL
s

B+ : SIEEHRIFRRE

Example: Static Measurement of Kms

Bk
F secant
Method:
s - X
o TrecEavER
Sample the working range l
. BBERME
Generate DC displacement .x,,
- HISHBEAIRERER KMs(X?fDC
Measure associated state signals £, DC
. HERBNEY _
Calculate instantaneous parameters 1
- EHMITFRHEEAS
Repeat the measurement at other working points \
<l o
KLIPPEL
s
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Bl B EERIEERERIE

Example: Static Measurement of Kms

Ringlstetter Harman Becker Straubing 2004

N
KLIPPEL
s

tE Be e B -t N E B E IR RS

Hardware Setup - Static Measurement of Bl

[SEvaN
BRIRE ——
Current source

R E

Mechanical protection

EE Ve

turntable

— #F&THall sensor

Magnet system

N\
KLIPPEL
s

2026

18



2026

g YiE - R E LRz S o

Scanning of the Magnet Field-B Field on the scanned surface

Vertical
position z

Magnetic
flux

AAAAAA

_______

0.5 4" i
(Tesla)

400

T 300

10! 200

Vertical positionz  (mm) Angleg(degree)

~
KLIPPEL
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STREEENR

Full dynamic Measurement

F secant

Method:
Fac(t)

. ARHRRIERAMBIEER |
Excite speaker with large AC-signal

o RIS AREREEIX, () FOF (1)
Measure a state variables X,((t) and F(t)

o ETSIE BEIKms AR 85 AF, AN X,
Z BN % N

Estimate K),¢(x/to describe relationship between input F, Xt
and outputX,c ac(t)

Kus(x)=

E;

N\
KLIPPEL
s
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Full dynamic Measurement

measured

e Transducer is excited by a multi-tone signal of large amplitude .' @
e Electrical current and voltage is measured comer pousr
¢ Nonlinear optimization problem:

ac.
Signal
Generator
/

ampiifier

f
mpin{“imeas — imodel (P17} Nonlingar estimated P(:rl:ri::l‘er
Input Model signal Fitting
signal
+  p comprises the linear and nonlinear model Selecion o | [
working range
arameters v
Standard IEC 62458 Large signal
(Measurement of Large Signal parameters
Parameters)
B2 Advantages: T2 pisadvantage:

- BERIFELEHRGET . EBEIERRIMN
Loudspeaker is operated under normal working
conditions

o RENH

On-line identification (with music)

Requires advanced techniques (nonlinear system identification)

~
KLIPPEL
s

iR BT - DURIERIER

Results of the Large Signal Identification - for R&D (FLSI) and Loudspeaker Control

Stimulus
Multi-tone
complex
Power Speak
amplifier peaker
State Variables
> « peak displacement during measurement
« voice coil temperature
< eletrical input power
/ v \
Linear Parameters Nonlinear Parameters Thermal Parameters
« T/S parameters at x=0 * nonlinearities BI(x), Kms(x), Cms(x), Rms(v), L(x), « Thermal resistances Rtv
* Box parameters fb,Qb L() « Thermal capacity Ctv
* Impedance at x=0 « Voice coil offset « Air convection cooling
* Suspension asymmetry
* Maximal peak displacement (Xmax)
7N\
KLIPPEL
A
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VRIFARIE S EURIE (FLSI)

Nonlinear Parameter Measurement (FLSI) - Experiment 7

. Muy Rug{f ) K (X} s
L —
Fis
By Saix) Zinit
v
[

RAT)  Z Ui

it

ERZF A BERIFARMIER] (KeS) HREYIES 25| @ WM"‘
Fast Initial Parameter Identification for Adaptive Nonlinear Control ‘

(KCS) using multi-tone stimulus [—
SHRITEHENMPR (Xmax * Umax * Pmax ) - BB % B R —— i
MBERE

Finding limits of working range (X,.,» Unax Pmax) While avoiding
overload and excessing distortion

EEEEEH (HIMFELEM)

Considering higher-order loads (e.g. vented-box)

SR

Identification of thermal parameters
USRS R

Interpretation of the linear and nonlinear parameters

~
KLIPPEL
s

PAC /e

SRR ESE

ey e
Summary - Measurement of Nonlinear Parameters

- TRNEBESARMEESEES

Full dynamic measurement technique is most suitable for loudspeakers

«  IRACAYFEE BB O] AR AN SR E T RI I RO 2RI

Modern identification techniques can measure small and large signal parameters on-line (in enclosure, music)

- MABERFARABRIULUETRESIERISEEZ

Very fast measurements and long-term monitoring is possible using loudspeaker as sensor
- FARBRIRRENTE

Immunity against ambient noise

« HRAHSRSENBEEERERAERSHE

Interpretation of large signal parameters is simpler than the the interpretation of distortion

N\
KLIPPEL
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