2026

TR BT IR LS

{Ilmllu‘- ’

LARD I&LPPE L  sOoma st

Sound Quality

of the Electroacoustic Signal Chain from Source to Ear

Part 6: Nonlinear, regular Distortion - Symptoms
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Roadmap

Two day courses

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

. Cone vibration analysis

. 3D Sound Radiation

. Nonlinear modeling & measurement

. 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
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oNonIinear distortion and mechanism

2. One tone measurement (Harmonics, DC)

3. Two-tone measurement (Intermodulation)

4. Multi-tone measurement

5. How to measure in normal rooms?
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Regular nonlinear behavior

Distortion can be separated into:

performance
variance (e.g. heating, aging)

performance (motor, suspension)

Input
Signal

* Linear transfer function: Desired small signal
* Time variant behaviour: Unavoidable time
 Regular nonlinear distortion: Large signal

* Irregular distortion: Undesired defects

u(f)

Linear Model
H(s)-1

Time-Variant

Model H(s!t)

Nonlinear
Model

Dynamics

()

dit)

Output
Signal
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HOW TO MEASURE

NONLINEAR SYMPTOMS?
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Which stimulus is useful?

- Rising complexity of the stimulus >

Single-tone Two-tone Multi-tone
(TRF, DIS) (DIS) (MTON)
Harmonic distortion  Intermodulation Multitone distortion ~ Any signal
(HD), DC distortion (IMD), AMD (MTD)
Sine Sweep Multitone Musj; Signal
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Evaluation of the
Prototype

22 Poll:

~\
KLIPPEL
N

Z gﬂ(* ﬁ:g_k) Parameter based (model required)
? ﬁ@ﬁ}@bl | Linear transfer functions
IMEIRESET/S small signal parameter T/S
7(1;:’5 > gﬂ(ﬁ"*ﬁ 3'5 ? f ) Large signal parameters (thermal, nonlinear)

\

ﬁﬁ/\ E (Hy/ihﬁ/\'f;. ‘5)€) Performance-based (depend on stimulus)

3'5,‘& V:'EEM% Nonlinear symptoms (THD, IMD, XDC)
Rub & BUZZEI/‘J%E%Z Symptoms of Rub & Buzz

ZBa - BRHE - RRINE Coil temperature, compression, Pmax
~
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EIN{AIETE E R IEIRIERE ?
How do you assess the regular nonlinear distortion ?
(multiple responses are possible)

F AR TR B S ME | have never done this
FAEERY Listening

R S EBl2 Harmonic distortion Measurement
B ik EBIE Intermodulation distortion test

E R {7582 Measurement of DC-displacement
H {th Others
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Symptom: New Spectral Components

spectrum of two-tone Stimulus

input

spectrum of reproduced stimulus
output =

T
T
T
T
T

YRIF Amplitude
A

¢ ¢

Nonlinear System

sound pressure spectrum

2nd

H

3

Intermodulation
2nd Distortion

nm
difference tone summed tones
fim(n=Df, frﬁffz+f| fem-ns  SEE
2 frequency
ﬂii% )\5§ 7\
“bass component” “voice component” KLIPPEL
A
7\
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FH P58 2R

Q&Efi

boscope

#R 52 I B G o
EE SRITIK £ BiR
_t Generator B —(EERES scale
I tone at f pointer
Stroboscopic View on the AR
Vibration Behavior Resonance

frequency f

BREIER/N\RH

BEARENH B EININ

IRIRRRS IR RS IR
1. Experiment 2. Experiment 3. Experiment
fefs f>fs

f<fs
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Nonlinear Effects

in the Vibration

of Loudspeakers

il
" /'—Jrr-'lr‘

rJM’ u J'J'
PI=TE
Nonlinear
Symptom:
Instability

\\lLL'—:

E0N

Small Signal Domain Large Signal Domain

X

KLIPPEL

x Iy

Bifurcation

into two states

Stimulus: Single tone
(f = 1.5fs ) at high
amplitude

2026
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Weak or Strong Nonlinearity ?

Force factor Bl vs. displacement X

0 25 75 w0
Displacement € X [mm]

SEETFEE

Parameter is almost constant

(k]

LOW Signal Distortion (THD, IMD)

Force factor Bl vs. displacement X
-

50—

s
Displacement X (mm]

Parameter varies significantly

ShHiE =

HIGH Signal Distortion (THD, IMD)
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Symmetry or Asymmetry ?

Force factor Bl vs. displacement X

L
BIX]

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

Symmetrical nonlinearity

HEIERM

’ﬁﬂﬁﬁg Good and bad

R~ B8 B P
MERERBLER

related with size, weight, price,

efficiency, maximal output

Force factor Bl vs. displacement X

L~

o e o~

4

BI [NIA]

3
2
1
0

400 75 50 25 00 25 50 75 100

Displacement X [mm]

Asymmetrical nonlinearity

AEHEIF LR 1

FRZ AR A &

iis

. BEERBASI|
g

Caused by asymmetry in geometry, voice coil

offset, ...

’ FE AR usually bad ‘

~
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Distortion of a Symmetrical Nonlinearity

Forgir e s x Spectrum Pfar
.-
; . . [ ]
g 7 A 100 Distortion Fundamental
’ [fundamental fundamental
RN 90
Symmetrical nonlinearity C 3
MU T - I{
WREIERME e . .
- Sth
o 70
} = F
60 - Sth Sth
odd-order distortion -
== /7 =EBY —
SHERELE  0F
3rd,5th,7th-order - Pndj4th 1, 4thPnd Pnd 4th |
component 40 L1 11 A N N R RN R N
0 250 500 750 1000 1250 1500 1750 2000 ~
Frequency [Hz] &PPEL

FEEFEIERIERE

Distortion of a Asymmetrical Nonlinearity

Force—!actor Bl vs. displacement X
. 100 Distortion Fundamental
N= 05 fundamental
fundamental
« 90 £
T e 85 F
Asymmetrical nonlinearity = bnd
AETERIIRAR 1 80 chafend
U ot
o 70 =13
even-order distortion 2 65 =
BREE R RE 60 =i sat s
2nd,4th,6th-order 55 &
component 50 =
= Sth
l 45 + I 4th Zth
40 =1 1N N I WO N DN Y [ T T T
odd-order distortion
e ! 0 250 500 750 1000 1250 1500 1750 2000
- 7\
3rd,5th,7th-order component Frequency [Hz] KLIPPEL
A
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Total Distortion generated by hard or soft limiting nonlinearity

Nonlinear Parameter (e.g. Bl(x))

50 £F i

[T\
40
Bl I( - equal-tength \ \\
NIA = J
20 N 60 -H LR -
R = i AN e
b // \\ 50 equal-length {2 7
0.0 s b b boaa o ™ [ /
75 50 25 0.0 25 5.0 75 | ’ s
Displacement  mm % 40 : ; , i3 [i]ﬁ 'E ﬂ_ E i%ﬂ DD
M e / Steep) put
30 H e / | Tgteingfease
= O 4 overhang
=EE P
nlun /&%E 20 4 7 4 EE'-F“]E
Total harmonic distortion (7HD) in percent H // / LX< 'PEE
10 T vl /
TIE§1EHM7J[] 2 el i ENEEI AN AN AN AN ENR AN

earlybutslowmcrease 05 10 15 20 25 30 35 40 45 50
displacement  mm

(peak) ~
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Effects of the Dominant Nonlinearities

: Flux Modulation
””””””””””” Inductance

Mechanical L (X) Le(l)
Stiffness  Resistance Force factor BI( ) e
ms(V)
KMS(X)
d _L . . .2 dL
Kms(‘x)x+ ms = u(t)— ( e(l,x)l) +l_ e(x)
dt 2 dx
o Parametric Differentiated  WARE]
MR Flux Reluctance Force '&', P/P?L
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ZKms(X)5 &
HIKE

Problem:Distortion

due to Kms(x)

RZE:BI(X) 84
=]

Problem: Distortion of Bl(x)

~\
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stimulus
{: o0 [ B
N oltage pressure paSS band
highpass
Displacement x .
K=
lowpass Bass tone
< \: multiplier
Kms(x)-Kms(0)
1. Generating displacement x by low-pass filtering
2. Multiplication of displacement x with nonlinear function of displacement x
3. Adding the nonlinear distortion to the input signal
4. High-pass filtering
- harmonics (f; < f,) at lower frequencies
~
KLIPPEL
~—
pass band

Voltage

PON=

distortion impedance highpass
Voice tone
current
«:
S lowpass

$

_\ Bass tone

fs

BI(x)-BI(0)

Generating displacement x and current i

» ———oO
/ fs pressure

multiplication of current i with a nonlinear function of displacement x

Adding the nonlinear distortion to the input signal
High pass filtering

- harmonics (f; <f,) and intermodulation distortion at higher frequencies

(f<f,f,>f)

2026
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5|RERVKE

Distortion caused by Le(x)

PN~

~
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pass band
@D J
Voltage fs pressure
distorti
istortion _ highpass
differentiator . impedance
/ I |<—<
BdBloct current _\/\ Voice tone
f,
L(x)-L(0)
multiplier —_
N\ i-— Bass tone
displacement! fl

Generating displacement x and current i
Multiplication of current i(t) with a nonlinear function of displacement x(t)
Differentiation of distortion
Adding the nonlinear distortion to the input signal

lowpass

- High intermodulation distortion (f; < f,, f, > f,) at higher frequencies

A AR S S EERIERNZE

Interaction between nonlinearities coupled via fundamental component

e |
: electrical input
Bl ( ) current
X
Force ) "
(fundamental voice col
Cms(x) ————+ component) displacement
Le(x)
1| voicecolil
velocity N
Rms(v)
Feedback to the nonlinearities

~
KLIPPEL
s
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Interaction Between Nonlinearities coupling via DC displacement

Bl(x)

B2 FIE LT
HEBEE B

m
Visco-elastic Visco-elastic behavior of
behavior suspension may increase dc-
displacement

Cms(x)

l
DC
DCForce| - Cms(f) _“Displacement

R B F IR T
WESHIBHIERDE

Collecting the dc-component

Le (X) from all frequencies and all
nonlinearities
Feedback to the nonlinearities ~
KLIPPEL
N

~
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Nonlinear distortion and mechanism
.One tone measurement (Harmonics, DC)

3. Two-tone measurement (Intermodulation)

4. Multi-tone measurement

5. How to measure in normal rooms?

2026
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Is a Single Tone a Good Stimulus ?

complexity of the stimulus

Audio
Signal

Multi- Noise

Tone Tone Tone

PRO:

o 4R EME simple to generate

o BARFE reveals harmonics, dc component

- BERESARMGIIR KL reveals maximal output of
fundamental compression

«  RIZE Ultra-fast sweep measurements are possible

o HHRRAABKERZIFAT good for rub&buzz (see section D10)

CONTRA:
. RALMKE no intermodulation components are generated

« HRIFRMEETEAEG

not a comprehensive assessment of the nonlinear behavior N\
KLIPPEL
N4
Peak and Bottom Value of Waveform
y2 peak + bottom
100V 200V 300V 400V
— 100V (D) — 200V (D) m— 300V (b)
— 4.00 V/ (D)
4 KUPPEL
g
L) L) o
DIS: H distort
. narmonic aistorton 3
a0
£
L
-4
10 100
Harmonic distortion Erermenpy FHe
Compression D& Canmporedt
y2DC
DC Component 100V 200V 300V 400V
MOtOI’ Stab|||ty 06 KI.IP;-E\L
05- -
E 04 .
E 03
2 }
§ 0.2
01
0
10 100
Frequency / Hz

2026
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DC displacement due to Bl(x) asymmetry

[ |
DC component _ dc x Xrms
Em e S 2,0 £ KLIPBEL]
000 Ny — 15 f ]
NI B 10 © //
25 - 0+ - .
/ os b | —1 X rms/amplitude
E.o,em ;/
ars = 0.0 E | —
/ E 05
' Y X 1,0 £
A A 15+
A E
20£ X dc
25
EE‘E%&E%)&E&, z15 fs,ﬁ?ﬁ;ﬂ”%&t L1 [ [ [ [ [ |
Test at critical frequency f~1.5 fs 2,5 5,0 7.5 10,0 12,5 15,0
Voltage U1 [V]
7\
KLIPPEL
A
7\
KLIPPEL
N
Km(x) Mechanical Stiffness
1 e Xs g wnique
\ o SYMPOM  softer side of
DIS. I —— N S suspension
3 1mm/{ T
DC Component a
B 0 : >
f, frequency
* Nonlinearities produce DC L e a0
component by rectifying the T e
Ac Signal — ()  m—{x)
%k
Different rectification
processes cancel out each £ 5mm
other i
o
« More Information: _ Trequency
<<Goiln ol Qut>> Bl-maximum

o
Displacement e

2026

14



ERPRERRE

Harmonic Distortion in Sound Pressure

O—» FT ——
ignal source Amplifier Drive i
frequency Unit Microphane i;:‘eacl;rzu;\
?JE'IE Amplitude
=/ N X ET] O . . A
B ERY B ELEH SR Optimal Stimulus:
BESE R B (LR B SRS .

Single Tone with varying frequency

Requirement:
ALMA Test CD, tone generator,
Real time analyzer

Defined by IEC standard 60268-5

nth

=6l
AR /X
harmonics

ST

Amplitude response
versus frequency:

2rd-order HD
39 —order HD
Total HD

5

>

nf, ﬁg

frequency | |ppEL
N

Total Harmonic Distortion

Absolute SPL components in fundamental

®
k=]

T
dB g
yo, S 60
2 Pa(f5) £
Liy(for,) =10lg| 2=2——— |dB T 40
)2 = ¢ Noise
% 20 i corrupted
g
reference sound pressure p, 2

= 20pPa 0

500 1k 2k
Frequency [Hz]

Relative Distortion Ratio in percent

Total Harmonics

Noise
corrupted

w Noise
N 2 "’ corrupted
DIV S
Rrpp (for,) = —n~=2 % cr
pref(fvre) § 30
20
The reference signal can be 10
0
« the Fundament (IEC) 100 200 500 ®

Frequency / Hz

« the total signal (IEEE)

10k

~
KLIPPEL
s
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The causes of harmonic distortion

E Fundamental

80

£
=
S 60
L
Sa HEREIRRE THD
z 7
ks 20 | o] . Noise
5 s corrupted
? 0 i
100 fs 200 500 1k 2k 5k 10k 20k
Frequency [Hz]
Kms(x)
BI(x) BITX). >
Rms(v)
L(x) (x)

L) <

#224RE) Cone Vibration

~\
KLIPPEL
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How to verify measured nonlinearities?

Comparing measured distortions with simulated distortions based on nonlinear

distortions
Total Harmonic Distortion THD
80 S KLIPPEL
70 2 \\ measured
Measurement process: . © A\ i
° 5\\\ N\ L
1. Nonlinearities - FLSI/LSI3 0 EN e
40—\
2. Distortions - DIS g \ ‘\
3. Simulation - SIM 20 E \\\\\
10 s D N\
I
40 60 80 100 200

Frequency [Hz]

~
KLIPPEL
s

2026
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ERRERETSEH L = FEEHENSN
HBIERKE (THD) EBEEENE I

Total harmonic distortion (THD) in
percent versus excitation frequency
measured at three distances on the
reference axis in a non-anechoic

THD(f, r) versus distance

o
u(t)
stimulus

p(rs)

;!Zcm ,30cm 60cm
14 vy v

environment

THD a
80
§
© 60
[9]
[N
S 40
g =
S
°
a 20
0 AJI AL IrY | o
100 1000 10000 KLIPPEL
Frequency / Hz N
7\
KLIPPEL
A
TRF. * Nonlinearities are independent of the measurement position
> * One single point is sufficient (2-3 points are recommended)
Eq uivalent * Near field measurement recommended (best SNR)

» Dependency on test point position
= symptom of distributed nonlinear distortion and noise

input
harmonic

Filtering with the inverse transfer function

H(f,r1) |—P|H(f,l'1)'1 (r1)

H(fr) I_’I H(fry)" p(rz)
7] P()

H(frs) [ Hfrs)' o

distortion
(EIHD)

u(t)
stimulus

d(t)

Nonlinear
System N;

2026
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Evaluate Distortion at the Source
equivalent input harmonic distortion IEC 60268-21

L ] wm
U > U ©
(2P T em L I
¢ r
u'(@ ‘ﬁ%_ ) p(r) F{f,v N
o L2 17 30em I
stimulus /
ooy e
(. T3) 7 T > 11(,T3)
urm(?) ;  60cm
Nonlinear ,"' / /
' System N; 7 M ' ' v ¥
equivalent input THD THD in sound pressure
6 80
H EGO
- fa
i & 20
o o - a
10 Y o000 o o oo ) et o000
% E B : . P Distributed nonlinear
ot Advantage_s of Equwa!ent input distortion: ) B distortion (negligible)
mEE *  explains the dominant loudspeaker nonlinearities

. is independent of the measurement position, room, microphone, etc. ~
KLIPPELLIVE #8 » is the basis for generating relative voltage distortion ratio uy/u (in percent) KLIPPEL
N

~
KLIPPEL
—

EREXE (BEF)
Nonlinear Distortion

(single tone)
Experiment

« RERVHBIE TR E U TERE TS BRI

* Loudspeaker Diagnostic on following symptoms with
minimum test effort:

« BERFERUEER (ROBRT

* Nonlinear Compression of the Fundamental (minimal
heating)

- FERAZANEESTAEERME
* DCdisplacement measured with Triangulation Laser
¢ HEIRKE (BREFRBIRERIR)

* Harmonic Distortion (Chirp stimulus)

2026
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Sparse but

Comprehensive Stimulus

~
KLIPPEL
~—

Nonlinear distortion and mechanism

2. One tone measurement (Harmonics, DC)

.Two-tone measurement (Intermodulation)
4. Multi-tone measurement

5. How to measure in normal rooms?

~
KLIPPEL
N\ %

Stimuli complexity

Single- Multi- Noise Audio

Tone Tone Signal
|

—— Harmonics of the two tones

Intermodulation Distortion

Amplitude Phase
Phase
Modulation
Total Distortion Time Domain Amplitude
; Envelope / -
2nd-order Analysis Calculation —— Modulation
3rd-order

2026
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Y1(f) Spectrum

f1=5003.9Hz U1=4.00V
L
D I S. I Distortion MM Fundamental

Intermodulation
distortion

* Series of steady-state
measurements

* Two-tone, different levels

* Intermodulation distortion

Sound Pressure Level / dB (re 20 pPa)

0 5k 10k 15k 20k 25k 30k 35k 40k 45k
Frequency / Hz

BARKRERAIS - S8R5

Measurement of Intermodulation - Two-tone Stimulus

spectrum of two-tone Stimulus )
- spectrum of reproduced stimulus

Sk input output
= - - i
A @ @ G
Nonlinear System "
*EIIE Amplitude
A
sound pressure spectrum

- Intermodulation
2 2nd Distortion

n!h
difference tone summed tones
7, 2f, nf,  L-@=Df fz_ﬁffz‘*'ﬁ fr+ (=1, SER
! 2 frequency
1] AR ~
“bass component” “voice component” &PP EL

2026
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Causes of intermodulation distortion - bass sweep technique in sound pressure

IMD
%

30

IMD generated by voice
displacement

distortion is
minimal at f

IMD generated by voice
coil current

o voice tone
dr§tc‘>rtmn is f2= 1 Ofs
minimal

above f

Nonlinear distortion and mechanism
2. One tone measurement (Harmonics, DC)
3. Two-tone measurement (Intermodulation)
.Multi-tone measurement

5. How to measure in normal rooms?

fg f,
Kms(x) negligible bass tone
L(x) L(x)
BI(x) 4 BI(x) >
LG W < L() >
Doppler < ZZE) U FE Doppler Effect >
Cone Vibration < HAHEIRE Cone Vibration > KLIP/P?L
~
~
KLIPPEL
~

2026
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complexity of the stimulus

= L/%&?ﬁ

Universal
Stimulus

complex, steady-state, like

Single- [ i Audio
Tone Signal

an organ tone |sparse excitation| some frequencies are not excited

l

Fundamental Components

| Multi-tone Distortion
Amplitude and Phase response (harmonics, intermodulation)

ZERE (MTD)

Multi-Tone Distortion (MTD)

Stimulus [Q } Output signal
IN(f) Spectrum
typical program material Microphone signal

u(f)

e Distortion (MDS) —wemmmm Noise floor M Fundamental

8 8

]

Sparse multi-tone complex

Il

Fundamental

Sound Pressure Level / dB (re 20 pPa)
3 8 8 8 8 8 3

W,

Unique ,Fingerprint® of the 0w w0 0wk sk

o

. g Frequency / Hz
regular nonlinearities

ElagE MTD comprise

i KLIPPEL LIVE #9 « harmonic components

~
* intermodulation components KLIPPEL
~—

22
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The causes of multi-tone distortion

SPL Spectrum

KLIPPEL

§ 80 Fundamental

g

® ol . )

s 60 Multi-tone Distortion (MD)

E

5

e 40

§ Noise Floor

£ 20 W

@ /\

100 F 200 500 1k 2k 5k 10k 20k
s Frequency / Hz
Kms(x) < Kms(x) >

Rms(v)

Bl(x) < BIR) >

L(x) L(x)
& Doppler Effect
PP & Doppler Effect > KLIPPEL
$#ERIRE Cone Vibration < Cone Vibration > N~

[dB]

AITEE®R\XE
Exercise: Woofer Analysis of Multi-tone Distortion (MD)

causes: |e(x) Kms(x) BI(x) Le(i) Doppler Effect  Cone Vibration

Spectrum sound pressure output

120 2nd 3rd KLIPPEL
fundamental components Harmonic  Harmonic
100 otal Bl(x)
Kms(x) dist ‘|‘l out of band distortion
80 ‘
60
40 | w
|y LWM
20 o il
Wl
| ! | ".llh
0 il

fs=60 Hz 102 0.5kHz 103

Ereauency [HZz]

~
KLIPPEL
s
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Distortion / percent

.01

I THD

THD £ RMD (FBE1542)
THD contra RMD (relative metrics)

Total Harmonic Distortion (THD)

Relative multi-tone Distortion (RMD
(referred to fundamental) ( )

Harmonic distortion (relative)

MTD rel. to Fundamental (IEC 60268-23)
Signal at IN1

o I Curve 2

100 %

-10

Low distortion in “
audio band ? 30

-40

r v -50
- 0.1%

100 200 500 1K 2k 5k 10k 100 200 500 1k 2k 5k 10k 20k
Frequency / Hz

Multi-Tone Distortion / dB

Frequency / Hz

excitation frequency f; > spectral frequency f 2>

How to interpret THD correctly ?

Harmonic distortion meausurement (THD) can not explain KLIPT’-E\L
distortion generated by a normal audio signal (music) ~/
~
KLIPPEL
~—
Equivalent Input Distortion Spectrum
: E$ gEB 5 *pink noise I * white noise BN * |EC NOISE WSS *CELLO M * VOICE .
/%& X P = .
(]
Stl m u I u S Relative Multi-
tone Distortion
Influence (RMD)
100 200 500 1K 2k 5k 10k
Frequency / Hz
Simulated cello music Simulated voice White noise

[pn——"

Cato Stmuius Spactrum Stmlus() Spectuum

B RS EBAYENRHEELEESHNEBUBMNAE
Stimuli with more low frequency power generates more
voice coil displacement and distortion !

Stmus) Specium

I

Sheab by

2026
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BXREH=
(MTON)
Intermodulation
Distortion
Measurement (MTON)

Experiment

gfo] 2=
%E@?F%ﬁ

How to cope
with
nonlinearities

Summary

* Loudspeaker Diagnostic on following symptoms with

* Intermodulation Distortion with Two-tone Stimulus

* Distortion Spectrum generated by sparse multi-tone

~\
KLIPPEL
N

7
=2

9o

E%’DE‘Jiﬂ'l%i\“.lfﬁﬁﬂﬂﬁﬂ?ﬁﬂkiﬁﬁ%%%ﬁ

o
$

minimum test effort:

EEHBEFRKE (DIS)

(DIS)
HAARAREFATRNHRRE ST REHEEDN
KEHEFE (MTON)

stimulus representing typical audio signals (MTON)

« Measure harmonics and intermodulation
- Use multi-tone stimulus
. B HSIEHEERE
Measure nonlinear distortion in the near field
STEREHIEEELE ensure sufficient SNR
- BREEBKEERNEA
Transform distortion to the loudspeaker input
S>EMEMAKEMR concept of equivalent input distortion
RN ENBEEEA

Be aware of interactions between nonlinearities
S>ABEZERE no compensation of Kms(x), Bl(x), L(x)

« WAIERSE Check for dc-displacement
> FIBE M instability
« FERZEALEEEE Use numerical simulation tool

>ETHD, X2 SPLiay IMD, P THIRE
see impact on THD, X, SPLi o IMD, Py T

~
KLIPPEL
—
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EXCOURSE:
Digital and Wireless Devices

Multi-tone distortion (analog input) Multi-tone distortion (bluetooth input)

Spemm n n() Speotrum ofn (1)

——— Noice + Distorton. s e —— Noise + Disiortion, u = 0.1 —umﬁn —— Fundsmentsl,u =

Mll Illl ||||H|||| ll l,...luuurvwrillﬂ\
L

‘ . OIS

e T 1., Lk

Frequency IHe]

40 dB more distortion

4610

~
KLIPPEL
—

EXCOURSE: Tips: Avoid (if you can)

QO * Avoid long measurements (to get high frequency resolution)
Dlgltal and * Avoid long averaging
ereless Dev'ces * Use Clock Drift Tolerance (currently, only in MTON)

26
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4. R-egUIa‘r nonlinear Nonlinear distortion and mechanism
distortion (DIS' TRF, MTON) 2. One tone measurement (Harmonics, DC)

3. Two-tone measurement (Intermodulation)
4. Multi-tone measurement

.How to measure in normal rooms?

7\
KLIPPEL
A g
Measurements under simulated free-field conditions
IEC 60268-21
How to ( )
Compensate Target:  Perform all measurements in a non-optimized environment
Problem: Reverberation, room modes, and other influences
for the room Solution: Use a linear compensation function
influence? .
Reference Measurement In-Situ Test
Filter Analysis |—» FreDe;:;eId

Prree(1,)

Pe(1) ¢ j
. HC
] Compensation W)

Function




ISC:
Compensation
with low
frequency
reference

* More Information:

Fast In-situ
Measurement

7\
KLIPPEL
A
microphone - loudspeaker
H Ve
Ho(fy=— Huel/5)
Emom(f’ rt)Eﬂ‘ee(f’ rt)
= Href(f’rr)
Hles((f’ rt)
7\
KLIPPEL
A
Targets:

* Single point in-situ measurement

* Accurate loudspeaker data under simulated ex-situ conditions

e Applicable to nonlinear distortion (THD, IMD, rub & buzz)

boundaries
distance
>

u mounting position p(ry)

In-Situ

Free-field

Far field

u Standard artie Evaluation Pp(rgg)
mounting point

Simulated Ex-Situ Conditions

Measurement

compensation with
reference information

Results

2026
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New Compensation Technique

Solution: Filtering the microphone signal ptest(rt) with compensation function

u p lin p(rEX) IN-SITU N
H (f,l'Ex ? H coom (f’rls’rEX) p(rls) — ;IIPL;)Y - » Analysis — Results
¢ Prgg
N Simulated ex-situ
P _ condition
Ex-situ condition H oo (3T T JH () =1
1 Hy(f 1)
_ 4 EX
H.(f)

I:[ROOM(farlsarEX) Els(farls)

The same compensation function H.(f) can be applied to other speakers with
similar geometry placed at the same position (= fixed room compensation —
function) KLIPPEL

7\
KLIPPEL
N
How to provide g
accurate * Anechoic room (error caused at low

reference response = frequencies)

? . .
Hexlfrey) ? * Qutside free-field measurement (error

caused by climate, wind, ambient
noise)

* Holographic extrapolation provides
accurate data at any evaluation point
rex in 3D space

(recommended)

2026
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Chirp Analysis with Room Compensation

120 l I R
Filter Farina | Results 122 MpUiEe sesponse
Hef) | pudr) | Analysis - . d . d
:¢ | Linear direct soun
-
* The compensation filter compensates for the room influence o
0 0.2 0.4 _— 06 0.8 1 12
* reduces the ringing in the linear impulse response 0 - ’ .” Energy Time Curve
. L. -10 without compensation
* Reduces the ringing in harmonic impulse response B
-30
* Windowing can be applied to separate linear and distortion E 4 “ |'
components (Farina technique) © ! IW'L"IIIM it
-10 with compensation
e A
.90 i b
-100

Time (]

- Nonlinear Distortion can be measured under non-anechoic conditions !

7\
KLIPPEL
A
7\
KLIPPEL
A
* Topics:
. Target: Fast testing of units of the same or similar transducer
N < type (without scanning) in the working bench
In-Situ Room e | 9 s
- . Accurate Free-field Reference Data from NFS
Co m pe nsatlo n . Generating simulated Ex-Situ standard conditions (according to
Experiment IEC 60268-21/23)
. Measurement of the SPL frequency response and THD with In-
Situ Compensation
In-Situ Clompensation
|
13
MEASUREMENTS any L' pe) [ @ | any
Simulated Ex-Situ Condition test stimulus analysis
(similar) speaker in-situ

30
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Important distortion measurements
according to IEC 60268-21

Total Harmonic Distortion:

Lrup= 2010%10(

JPRAZ+PBHZ + -+ P(Nf)2>

\VP()? +P(2f)?%+ -+ P(Nf)?

Multitone Distortion:

combines all distortion components, occurring

during broadband excitation
Intermodulation Distortion:

Signal components due to modulation of
different tones

~
KLIPPEL
N\ %

KEY TAKEAWAYS

Most of all regular distortion components are caused by the
nonlinear motor properties (e.g. BL(x), Kpys(x)).

Regular distortion is independent of the mic position

Measurements in the near field are highly recommended due to SNR.
With a linear room correction curve, the room influence can be
compensated

2026
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Sound Quality

of the Electroacoustic Signal Chain from Source to Ear

Part 7: Irregular Distortion (Defects)

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
5 _XSecond Day

1. Nonlinear distortion Symptoms, relationship to Large Signal Parameters

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

4. Quality Control, full system assessment

5. Adaptive Nonlinear Control of speakers

2026
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. Introduction

6. Irregular nonlinear distortion 2. How to measure irregular distortion?
3. Defect Analysis

4. Experiments

.

INTRODUCTION

What are irregular nonlinear effects?

Distortion can be separated into:
Signal u(r)

Linear Transfer Function

 Time variant linear Behaviour

» Regular Nonlinear Distortion: Large signal
performance (motor, suspension) —
Irregular Distortion: Undesired defects:

Output
Signal

Linear Model
H(s)-1
Time-Variant
Model H(s.t)

Nonlinear

Rubbing coils, Buzzing parts, Wire beat, N\ Noise

. . . . . Unpredictable
Coil bottoming, Loose particles, Air leak noise, Dyremies 97{,‘@

Parasitic vibration of other components

~
KLIPPEL
~—
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INTRODUCTION

Typical physical causes of irregular distortion

Magnet ’ Magnet

|
Loose Joint

(1 "M

Damaged Surround Loose particle

~\
KLIPPEL
N

Loudspeaker Defect: Buzz problem

Most defects behave as a nonlinear oscillator: Externally excited

e active above a critical amplitude mass l
¢ new mode of vibration

¢ powered and synchronized by stimulus .
« constant output power spring

parasitic resonator loose joint (nonlinearity)

vibration ]

- TE<'_ Tg— t_

distortion signal slow down reproduction @/’

(upsampled) =
N e

\/ \/ v time

\ one period

~

~
KLIPPEL
s




Loudspeaker Defect: Voice coil bottoming

Voice coil
Voice coil Voice coil Voice coil i
Backplate Backplate Backplate Backplate
distortion signal slow down reproduction E
‘\ (upsampled) g
Y
I \ / \/ v . time
\ one period —
KLIPPEL
~—

Loudspeaker Defect: Voice coil rubbing

Signal contains reproduceable and stochastic components:

g A [l@l]

Voice coil rubbing

distortion signal slow down reproduction 4)
(upsampled) g
AN

[ \Vi .
\V/ \/ one period time

~
KLIPPEL
s
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Loudspeaker Defect: Voice coil rubbing

Cause: rocking mode at 328 Hz

Cross-section View
i

distortion signal}\ ?Iow dOV\IIndr)eproduction 4)’_ :
upsample \
| AN
\['V
V

. time
one period

~\
KLIPPEL
N

Loudspeaker Defect: Air noise

Stochastic signal

Air pressure is changed by voice coil displacement
Synchronized with stimulus — signal envelope

cone

leakage

|
- dust cap

air noise

distortion signal slow down reproduction

k (upsampled) @/E
g

'~

. time
one period

~
KLIPPEL
s
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Loudspeaker Defect: Loose particles

L cone
* Stochastic signal
* Air pressure is changed by voice coil displacement )
* Synchronized with stimulus — signal envelope o\ Loose particle

!

dust cap
bouncing
distortion signal slow down reproduction 4)
/\ (upsampled) N
| | § i time
one period

~\
KLIPPEL
N

ARAIKE (ERES

Irregular Distortion (Abnormal Sound)

. I o
FfEProperties: Sinal [ Signal
« & (RBERERIEE)

Impulsive (low energy but high peak values) Linear Model
. EEH E’:“IT%'*/FEE%:‘ ] H(s)-1
Generate new high-frequency components o ——
- HEMEEM > Model H(s
Random properties : n(t)
.« BRLGEERNTER —»  Nonlinear 0
Difficult to model and to predict ! [Noise]
- BERFEEME (BEEEEE) |__,| Unpredictable
Time varying (usually getting worse) Dynamics di(f) .
1.
=
KLIPPEL LIVE #10
7\
KLIPPEL
A

2026



6. Irregular nonlinear distortion

1% Z Poll:

7\
KLIPPEL
A
1. Introduction
.How to measure irregular distortion?
/ 3. Defect Analysis
/ 4. Experiments
/’/
_ 7\
A BRI AR SMEMA R LE? KLIpPEL

How do you find and evaluate the rub&buzz and other irregular
distortion ?

A, HiEzHMHuE
| have never done it
By listening with music
C. @@L
Manual sweep + listening
D. #RIEERAIE + BREIRKE
(THD)Chirp + Total harmonic distortion (THD)
E.  #RIEEASE + S REER
Chirp + Higher-order harmonics
F.  Chirp + BB 47 (RRSES T, BREKRE 4T
Chirp + Time domain analysis (Time-Frequency Analysis,
impulsive distortion analysis)

2026



How to measure irregular distortion

Basic requirements

* High amplitude (displacement x, velocity v, acceleration a)
 Stimulus shall excite all frequencies
* Avoid masking by simple, tonal excitation (e.g. single-tone or chirp)
* Defects produce only acoustical symptoms which are similar to ambient noise:
- Use a sensitive microphone
- Place the microphone close to the source (near-field measurement)
 Defects produce high-frequency components:
- Low-pass filtered stimulus and high-pass filtered microphone signal

Stimulus Measurement of
enerator | —ar— sound pressure —  Analysis —— Symptoms
’ response

~\
KLIPPEL
N

Searching for a critical stimulus

Audibility of voice coil rubbing

The experiment investigates the influence of the stimuli and the input voltage
Music - - - -
o 4 = =
¢ ¢ & &
()

Multi-tone
20 Hz - 20 kHz

i

Multi-tone
20 Hz - 1 kHz

Sinussoidal sweep 1s

2wy Zins

~
KLIPPEL
s
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R AT AR HYEIN - m e v A B 5 B E R

Symptoms of a Loudspeaker Defect- loudspeaker with and without rubbing coil

— | |
with failure without failure F
104 KLIPPE|
RAISERMRE
102 Regular nonlinear
4R distortion,
100 SERNERE
g | Loudspeaker Defect
- i
_80dB _____ = o ﬂ“‘m“-u{ — == === e
= 106 | ‘ M TS
WA IRS oo i
SRR | | i
Masked by noise and 107 | | |
regular distortion -
-0 ‘[ 500 1000 1500 2000 2500 3000
Frequency [Hz]
E$850Hz Fundamental 50 Hz
The abnormal sound (rub & buzz) generates not only harmonics but also energy at other frequencies ! KLIPT’?L
How can we use those information for diagnostics ? ~/

~
KLIPPEL
—

IREIXE= :
= variable
o cut-off frequency

PRt fo> 10fe squarer

~/E\I] (1) gene.rahor o dspeaker g N / J" integrator
Measurement i o— norpasl o [ pes 1L analysis
mic ( dh(t)

of Impulsive  |EEEEEG—— L
Disto rtion (1) excitation frequency fe

Mean
SPL




IRETRE =8 (2)

Measurement of Impulsive Distortion (2)

’ analysis E
ariable E
cu(-c‘;f frequency "E U ‘v“"' mean S'?L AW S
i fo>10fe squarer MID R e e Lk &
geielgmr integrator rmsvalue 10 £ IIDR ‘ [
loudspeaker g" I
- i ICID
high-pass peak ID g =
O_ | filter detector peekvalue_>creglfaDcmr § LS |
mic dh(t) 8w I
{ E L] ID (peak)
e e e e R 70 ! I
- IDR E Mm
excitation frequency fo Mean odive % e L ("
SPL dlsltoﬁlulnralm . — \me L\ o
" ey ™
Impulsive Distortion Level Peak SPL of the high-pass filtered sound pressure signal
ID determined within one period of a chirp signal
Mean Impulsive Distortion RMS value of the high-pass filtered sound pressure signal
Level (MID) within one period of the chirp.
Crest Factor Impulsive Ratio (level difference) between ID and MID is an essential
Distortion (CID) criterion for impulsive distortion (CID > 12 dB).
Maximum Impulsive Difference between maximum ID in the stated frequency KLIPT’?L
Distortion Ratio (IDR) range with CID > 12 dB and mean SPL of the fundamental ~

Fundamental + Harmonic distortion components
Signal at IN1[0.25 V]

e Fundamental  w= == == = Fund. mean (100 to 500 Hz)
e D) LMt {(-4008)

HOW TO MEASURE

100
v e l\: 80
Irregular Distortion? 2
. .o . . . . 40
The thresholds for significant impulsive distortion E
are relevant if at the same frequencies: =
« ICID is larger than 12 dB? B °
* |s ID above -40 dB (1%)? 20 50 100 200 500 1k 5k 10k 20k
Ffequency / Hz
Instantaneous Crest of Impulsive Distortion (ICID)
Signal at IN1

e Distortion s s—— sh

rest Factor

Discussed in
KLIPPEL LIVE #10

20 50 100 200 500 1k 2k 5k 10k 20k
Frequency / Hz

2026
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Test Methods

~
KLIPPEL
~—

Higher-order Spectrogram Impulsive Distortion

Harmonics

Stimulus Sinusoidal (chirp) Any stimulus Sinusoidal (chirp)
Su mma rv Distortit.)n Spectral analysis Time-frequency High-pass filtering,
Separation Analysis (residuum)
Characteristics Total RMS value Spectral power density ~ Time domain analysis
Fine-Structure Limited information Reveals envelope Full temporal
resolution
Sensitivity! Low Medium High

Consequences for Testing:

Narrow band excitation (single tone or chirp at maximum amplitude)

The fundamental and the low order harmonics have to be removed in
analysis

Time domain analysis provides maximum sensitivity and diagnostics
value

Near field measurement gives maximum signal-to-noise ratio

Special methods and particular distortion metrics defined in

IEC 60268-21

6. Irregular nonlinear distortion

~
KLIPPEL
N\ %

1. Introduction

2. How to measure irregular distortion?

eDefect Analysis

4. Experiments

2026

11



Rl te 72 4T
Fine Structure
Analysis

=R R IRk

ELICHD(f,x) B9
i s 12 B

£

Instantaneous crest
factor of impulsive
distortion ICHD(f,x)

1) Mapping the residuum (instantaneous crest
factor ICID) versus transducer state

Modeled and me:

~\
KLIPPEL
N

2) Human ear listening to the
upsampled residuum (slowdown factor

Voice coil displacement 10)
Sound pressure (acceleration)

Instantaneous cres

st harmonic distortion (ICHD)

vl

e

-

o] (o | < i

displacement

ICHD

Displacement X [mm]

~
KLIPPEL
—

good 1298 bad

Instantaneous crest harmonic diétortion (ICHD)

KLIPREL

20 50 100 200 500 1k 2k
Frequency [Hz]

Frequency of sine sweep

( 4)/5 N
. <
time L

2026
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52 tufl A~ 753 Bl R B (1st 2T 451))

Diagnostics on Irregular Defect (1st example)

Instantaneous crest harmonic distortion (ICHD) Instantaneous crest harmonic distortion (ICHD)

13 E 13 E
nWE " E
T = 7 tad
3 { , | |y ey & i P ——
5 B
B i B
EY | 50 8
-9 ;n -9 3
EER | 13 e
ar @° 7 W
-21 21
-25 -25
-29 -29
20 50 100 200 500 1k 2k 20 50 100 200 500 AL 2k
Frequency [Hz] Frequency [HZ]
Instantaneous crest harmonic distortion (ICHD) Instantaneous crest harmonic distortion (ICHD)

061

B,
DA L 04

13 E 02 ;. ‘I 13 E 024 ¢ "

1 { ) it

g'g ol 2 MR ;'g ’w L

% § 021 ‘. % § 02 ’ {

i e 414—' -‘3 = E 04+ 1|

52 I 4 Ffyr= 2t 4,.;:‘ Y

= 20 100 200 800 1k 2k =, : 20 5 100 200 800 1k 2
&% Conditions: Frcaency Ri Fresuency 1
ERHEIRIERIEEIRIEENIER0.5mm RYEESRE ; K E
Positive peak displacement at 0.5 mm below f; CIRE 20 . JEAR
< KIR I E 0.9V Root Cause: Bottoming -
above a terminal voltage of 0.9 V @LPPEL

52 lufi A~ 75 Bl R B (2nd 2R 451)

Diagnostics on Irregular Defect (2nd example)

Instantaneous crest harmonic distortion (ICHD) Instantaneous crest harmonic distortion (ICHD})
20
R |
el ||| 13 F
T R
10 % ood Wi 301
o | il
RN LR s
A0E .l S E
2 3
-25 -25
a2 20 50 100 200 500 1k 2k ) 20 80 100 200 500 1k 2k
Frequency [Hz} Frequency [Hz)
Instantaneous crest harmonic distortion (ICHD) Instantaneous crest harmonic distortion (ICHD})
4 ul 1[
T = _ |MEN l |
B _t [ }
1;.5 1;.52 '\" h
4 b 3% o]l I; | | - ——
M b Y | 1l
ek 3 < 2 MRS ‘
RERE EERE 04
o ° e )|
7 -25
% e 2 20 50 100 200 800 Tk 2
Frequency [Hz] Frequency [Hz]
Conditions:
ive turning point of voice coil excursi RARE : SEER
. Negatlve turning point of voice coil excursion above fs A= z X X
» maximal acceleration - Tilting of voice coil former Root Cause: Voice coil Rubbing

7\
« independent of displacement KLIPPEL

2026
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Time-Frequency
AnaIVSiS (TFA): Loose joint hitting the membrane

* Analyze spectral and temporal characteristics of

defects causing irregular distortion
» Detect acoustical and mechanical resonators

* Visualize signal distortion

Frequency

2026

% & an ik b A PR B
Modeling of Loudspeaker Defects

Voice coil
former

AF

backplate

hitting backplate Buzzing Coil rubbing Air leakage Loose particles
FEEL Y- 4 AREE BRI ZRTH

e AN IBTERTER R
o] FEEOAS
EJ-E}E.EI‘J Deterministic Modulation of a AETTERIAD
reproducible random process Not predictable Pl
I&I/PPEL

14
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Air Leakage generates a modulated signal

i

... Envelope

air noise

[ W V\/ \'V time

Random noise

° @%%Eﬁ EEI'—E'HEE"__] Envelope is deterministic
@,,%&EE%,E_ *ﬂ [=)iei 11%1‘@—%‘:5{ Envelope corresponds with air pressure and coil displacement
;TEEQEBJE%E’JFEnﬂ{nsﬁ Turbulences generate a random noise signal
eﬁiﬁ,ﬂ,ﬁﬁéiﬁﬁﬂﬂgﬁ*ﬂﬁsﬁ A air leakage generate a modulated noise signal

~\
KLIPPEL
N

Egﬁ n:HEﬂ] %Eﬁ/ I] i*ﬁ

Combining Objective and Subjective Assesment

HEES 4% Noise
Stethoscope Detection

Loudspeaker

E*ﬁ Objectives:
T i . 1“’,:,?,5,,. “H ﬂF%iﬁg&EE’]Tg@%Aurahzanon

% = 8 . ae. a?a} QuTiouT2  Mct et Uieamcz of Irregular Distortion
o o seeiweed] lo[1 8 o o [ol
. E[ILE; ;%%Ear Protection

e {g%ﬁﬁwﬁgnal Transformation

TT 1T

¢

®
[=]
T 11

! ° {9{ Bﬁ %ﬁ Defect Localization
- 2l Diagnostics
o s

Power amplifier Auralization

~
KLIPPEL
s

2026
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i 3k, B E LI

Localization of Air Leaks

' @8 Lab Pro 202.52 - QC
Proiedt Lk Ve Creaton bitas Wi Hep
2 ; Ca = 1=

MODulation = it e
Uit o olllaton S
i egend I Ol Siat
Tovalldd JFIGBR Crtical limit I L Conal 1.5 Fiaeh,
‘Name  Value Floor Crit.limit Range max Unit Intensity Uf
MODabs [40.8 | 20.2 | 40.0 156.0 @8 |5 50l
m ?ﬁm%ﬁ{ﬁ?@“ MODral 2.1 2.0 8.0 16.0 o8 el _'_J A'_J
Ehow ambient noize detals (Leak Stathoscoge - ) U
Manual inspection with ONE o —_— TRl 1—5.?...“ —
: we .
microphone - F)
Voltege () 35
Routing
Amvert s c.. Me2
r
Good Bad I

=
) Measuwrement
couson
CeTesminay:
Parem
A net Shave
Lecg mssure...
Display made : cieglar mode o Hrr Tacer
ot

LUK i

“dmanic: o 6et SgATKka: of 10wae ITp
s ohu e ol Imasiren o atsy

~
KLIPPEL
—

~
KLIPPEL
N\ %

1. Introduction

6. Irregular nonlinear distortion 2. How to measure irregular distortion?
(TRF, STEP, TFA, QC) 3. Defect Analysis

.Experiments

16
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KEY TAKEAWAYS

» Testing for irregular nonlinear distortion is important to identify
defects, design problems, and working range limitations

* For identifying irregular nonlinear distortion, the time (ICID) and
frequency (IDR) signal needs to be analyzed

» Following IEC 60268-21 this is an essential part for rating max SPL

17
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LAR D gpp EL soma ::aatia

AR AP IXIWG RN

Sound Quality

of the electroacoustic Signal Chain from Source to Ear

8 - Max SPL by IEC 60268-21

~
KLIPPEL
N~

Max SPL
(Broadband stimulus)

MOTIVATION

How to define maximum voltage for

Impulsive Distortion

(Chirp stimulus) Limit

Lc=3dB

specific loudspeaker?

Limits
Lipr =-30dB
Leip= 12dB

Amplitude Compression
(Broadband stimulus)

_ﬂ]_ Limit

Lryvp=-30dB

Multi-Tone Distortion
(Broadband stimulus)




2026
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PROPERTIES OF THE AUDIO DEVICE

limitations, DSP (DRC, limiter, Heating and Regular nonlinearities
defects protection system) cooling (transducer design)

Impulsive Multi-tone
distortion distortion
(sinusoidal (Broadband
stimulus) Stimulus)
TRF-Pro MTON

h Performance
limits

~
KLIPPEL
—

How can | define Umax following IEC 60268-21?

Rate limits for compression and MD:
* Compression shall be below 5 dB
¢ Multitone distortion shall be below -25 dB

Rate limits for Rub&Buzz:
* Impulsive distortion ratio shall be below -40dB
¢ |CID shall be below 14 dB

Note: All limits are suggestions. They can be modified but must be
stated.




Define limit Umax with MTON

Rate limits for:

* Compression

e Multitone distortion

as a curve

* Compression collects transfer
functions normalized to reference

* Compression limit can be defined as

Sound Pressure Level / dB (re 20 uPa)

e
LRaVA i

\

20 50 100

\

VA
VAVAN
\ “QA// / NN

~\
KLIPPEL
N

Multi-Tone Response
ref: IN(f)

mm— Fund 10V s MD 10V e Noise Floor

A /\\/Km\/ N

500 1k 2% 5k 10k 20k
Frequency / Hz

Compression limit

Compression of Transfer Function H(f)

INGT)/ Stimulus(f)

e U= 0.1V (10f) e o w M3X COMPEIMit e U= 0,11V s U=0.13V

— U =014V — U=016V s U=0.18V s U=02V e U=022V
st U= 025V s U= 0.28V s U= 0.32V e U=0.35V e U=0.4V
s U= 044V s U= 0.5V st U=0.56V e U =063V s U =07V

measurement * g
10
g . N Y S VN "W WU B L
E
a constant value for the full band or °e
-10
" 200 500 1k 2k 5k 10k 20k
Frequency / Hz.
-> Compression shall be below 5 dB
7\
KLIPPEL
A g
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Multitone distortion limit

¢ Multitone distortion is calculated as

energy measured in frequency bins
which are not excited by multi-tone © - —
stimulus
g v
* Two different metrics are available: ”l ” m_ MHL
— Relative multi-tone distortion ! ! e distmfion

Sparse multi-tone complex

— Total multi-tone distortion ratio

-> Relative multi-tone distortion shall be below 25 dB

~\
KLIPPEL
N

~
KLIPPEL
—

Modeled and measured response
Solatint

Define limit Umax with TRF-
STEP

Rate limits for:

* Instantaneous crest of impulsive
distortion (ICID)
* Impulsive distortion ratio




ICID limit

* ICID is calculated as ratio between o etanianeous SO G ron (C12)
instantaneous impulsive distortion » R ————
(ID) and mean impulsive distortion Yo
(MID) ( ‘

%“’ N [

* Typically, a crest factor higher than ot m W]W
12-14 dB indicates impulsive .
distortion

-> |CID shall be below 14 dB

~\
KLIPPEL
N

Impulsive distortion ratio limit

Fundamental + Harmonic distortion components
Signal at IN1 [6 V]

* Impulsive distortion ratio (IDR) is O B __N\;W’ =
. . . ,//—V\“f/
calculated from distortion signal and ozl WMf\
RMS value of microphone signal &

* Typically, an IDR higher than -40 dB
indicates impulsive distortion

Signal at IN1 / dB (re 20 jPa)
g 3 3
g 38 3

Frequency [Hz]

-> |DR shall be below -40 dB

~
KLIPPEL
s
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Experiments
Performance
Limits
Iil_.I/PgE\L

MOTIVATION

How to test maximum SPL for
estimated maximum voltage?

2026
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PROPERTIES OF THE AUDIO DEVICE

Endurance Fatigue, limitations, DSP (DRC, limiter, Heating and Regular nonlinearities
(climate, load) aging defects protection system) cooling (transducer design)

Impulsive Multi-tone
distortion distortion
(sinusoidal (Broadband
stimulus) Stimulus)
TRF-Pro MTON

L Eerformance
limits

100h
Power test
broadband
stimulus at U,

Test voltage U,
(Broadband Stimulus)

Maximum test voltage U,,., MAX. SPL
(Broadband Stimulus) (Broadband Stimulus)

Klippel Endurance Test (KET)

@an
-1 Temperature Controlled Cycle
Qu 212403

KET Test in dB-Lab
* KETSEQ - global settings
* KETPH -> individual settings
* KET ExC —> control external periphery

dB-Lab - Framework software
KET-Dashboard
Dante® Network

Beasfaaspsasssanzsaasaaaress

KET ©

L Dpante®
—— | ST .
<_> — o= KLIPPEL

A g




Fully Scalable Solution

With Remote Monitoring (Control)

... Expandable to up to 16 Amplifiers

Master
(Web) \m%
/ \ et/i”""n
'

Room 4

100h Long Term Test

* |EC 60268-21

Temperature Change / K

N\
KLIPPEL
S
7\
KLIPPEL
A
ATv(t) Temperature, P(t) Power
ATV (SMOOthed) s P

120 wa ©

100 5

80

60

40

w
M [ Jamod

20

0

-20

0:00:00 13:53:20 27:46:40 41:40:00 55:33:20 69:26:40 83:20:00 97:13:20 111:06:40  125:00:00
Time

100 hours stress 24h Rest
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ATv(t) Temperature, P(t) Power
ATV (SMOOthed) e P

SRR TEAE

Accelerated life test | g

* |EC 60268-21

g LTELEN |

oo UL L

0:00:00 0:08:20 0:16:40 0:25:00 0:33:20 0:41:40 0:50:00 0:58:20 1:06:40 1:15.00 1:23:20  1:31:40
Time

30 minutes stress 1h Rest
60s on, 120s off

7\
KLIPPEL
A g
ATv(t) Temperature, P(t) Power
s ATy (smoothed) —mmmmmmm * Env. Temperature s P
100 | = 50
80 WMW 45
| b ot \ 40
Envi | $w / ' 55
nvironmental stress test [
§ 40 NW ‘mewwwwmwwmmw ) Lg\z
« IEC 60268-21 £ ¥
g 415
0 1,0
-20 +0,5
0:00:00 1:23:20 2:46:40 4:10:00 5:33:20 6:56:40 o
Time
1.5h 2h 2h 3h
Normal Heat Frost Normal
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ATv(t) Temperature, P(t) Power

s ATV (sMOOthEd) = o ATv (smoothed) (HIRes)  mummmm P o P (HiRes)

Destructive Test

Temperature Change / K
M/ 1omog

0

I
0:00:00 0:16:40 0:33:20 0:50:00 1:06:40 1:23:20 1:40:00 1:56:40 2:13:20 2:30:00
Time

10
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Sound Quality

of the Electroacoustic Signal Chain from Source to Ear

Part 9: Quality Assurance

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
5 _XSecond Day

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

3. How to define maximum SPL?
4. Quality Control, full system assessment

5. Adaptive Nonlinear Control of speakers

2026
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KLIPPEL
~—

Particularities of
Quality Control

(QC)

EOLTEST we
o PASS

~
KLIPPEL
N\ %

.Translating target performance to QC
2. High-Speed Testing
3. Noise Immunity

4. Experiments
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Interfacing Testing in R&D and QC

Example: Transducer

R&D Lab End-of-Line (Quality Control)
¢ Measurement under (simulated) « Reproducible
star:ndard condi'tion orfifefir'{ed lab conditions + Fast, automatic mounting
* Define and verify specification  Sensitive, robust (suppresses production
3 noise)
Anechoic room
Golden Unit . E
7\
KLIPPEL
A
7\
KLIPPEL
A
Transfer Settings from Final Ensure similar conditions in QC as in

final application

Application to QC

1. Use similar or higher displacement
(Conditions for regular distortion,
use stimulus shaping)

2. Use similar test volume
(Conditions for potential defects)

3. Use tighter limits than in final application
(Find defects as early as possible)




R&D Applications: MTON

Variable test and cooling intervals
Stepping excitation

Speaker protection:

oCompression

o Multi-tone distortion

oVoice coil temperature

Noise floor measurements

Required for rating max SPL (IEC) and
benchmarking

QC Applications: MTD

* Single test for max SPL
capabilities
* Short cycle time + many DUTs
* Automated
Clear verdicts (Pass/Fail)
Reduced data (no spectra)
Simple
Traceable

Multi-Tone
o
kel
2
s
<
Frequency

~
KLIPPEL
N

Verifying Quality in Production

Test Enclosure

Using Maximum Input Voltage U,

* Apply the same stimuli

* Sinusoidal Sweep (Sound Pressure Task -
SPL)

* Multi-tone Signal (Multi-tone Distortion
Task - MTD)

* Defined shaping
* Set excitation voltage U,,

* Test SPL,,,, key performance indicators (relative
metrics)
* Max. Impulsive Distortion Ratio (IDR)

* Relative Multi-tone Distortion (RMD,
TMDR)

~
KLIPPEL
~—
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Golden Units -
’ &PPEL
L
Advantages - Problems
Physical sample of (pilot) production e Wet DUTs at EOL
Represents the target specification (closest * Systematic deviation from dried units due

match to mean of a pool) to condition and break-in effects
e Define asymmetric limits (biased)

* May be considered by limit calculation
parameters (asymmetric limits)

Reference object used for
* Transferring limits from R&D and QC
» Compensation of environmental changes

« Communication and synchronization with * Ageing (glue, suspension parts ...
customer/supplier * Needs to be replaced regularly

* Need for check, if production is
statistically consistent ( statistics)

Further “reference” units recommended
* double check setup
* Estimate process variation
» “golden” defect samples - negative check

 Consistency of Golden Units

* Is frequency response a sufficient
criterion?

e How to cope with different Golden Units?

~
KLIPPEL
—

Using identical test box for R&D Benefits

and QC * Similar test condition for complete supply
chain (transducer)

 Easy to build

e Use correction curves for simulated free field /
far field (obtained from baffle measurement or
holographic methods)

Drawback

* Not standardized yet (AES standard work in
progress)

¢ No defined load conditions
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HiF: BRERRE --ERAER: R L2

Target: Reduce Rate of Rejection -- Solution: On-line Diagnostics

BFERED
Adjust
Process
g YRR
Systematic Physical Cause /
Glue problem %&ﬂ%im
RO A \ Repair
Bad spider unit
ARERT gfﬁgl .
Defecti Voice coil offset
eUer::iJEcIVe B FRRGER )
Accidential Loose particle .
EFrAlEEETT
Recycle
unit
7\
KLIPPEL
A

B U B2

Automatic Learning from Manufacturing

7

( : PFTTR )
( ) Off-Line Statistics| | off.Line Diagnostics

[ Knowiedge |
| bee |

—+ Clustering

PASSIFAIL Tagging of the
Detection Defect
Prototype &
Selecti
l_on| Human
\ / Prototypes inspection
1st step: BEWERIE Automatic clustering of the raw data
2nd step: BEFEE ( BAEPRERR ) Prototype selection (best representative of the cluster)
3rdstep:  FAARRINE B IR EGRAIAE Human inspection and tagging of the defect
4th step: IR P2 TR Updating the knowledge base for on-line diagnostics

~
KLIPPEL
s
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7\
KLIPPEL
A
Raw Measurement Data (300 DUTs) Results of the Clustering
— Froquency Response o) — 2 T e
‘ = uree | — :: S‘T;z?sg)imz(m} = S:lower fs (SD) = 6:notconnected (SD).
d wh : D I
. of 5 PR [1T] Surround
Clustering e ausinisnt
s F A HR=1] f
LN | I
§ 70 i /[ i \ AN : Coil rubbing
AL RS
=~ “= || Not Connected
[ 11 5
1 o 13 ! ey !
Rub+Buzz —— 1:GOOD (SD) —zwusms?»j —— 3:notcomected (SD)
s :;ng;.g:znx?asmlml —— Slover s (D) —— G (sD)
H}m - rubipin
g I M g = S
= W n i Mg sPL
2 W \| =
e H 3 T Surround
H I H —%L\ S Resonance
é “ = == [
- | N il R Not Connected
- EEEE R EER ] i 1111
MR [ T[T :
r Frequency [Hz]
Frequercy [Hz]

~
KLIPPEL
N\ %

.’/ ”..‘.
9. Quality Control (Q,..C')"

1. Translating target performance to QC
.High-Speed Testing
3. Noise Immunity

4. Experiments




SPL fund, Harmonics,
Impedance, Rub & Buzz

B E&Stimulus B 2 &Sensitive | EZ5Advantages fRES

for Disadvantages
EE PR | BERR K AR =
Continuous sine JEEE E%”EJE ReZ ==k |5 %a)
sweep BRE

Fast, best for Rub &
buzz

no intermodulation

ZEHE BREAKEME (KR AEER,BE | HEBEAH
Multi-tone complex | $.SPL fund, REKEHRE &
Distortion, Impedance Fast, best for impedance, Insensitive for rub
best for regular distortion | & buzz
B4 EE N =Ee k. HINEEAIEE HEDE AU,
Music, Speech, o any audlo signal Eig
noise SPL fund, Distortion applicable Insensitive for rub &
buzz, slow

HiZ: SRt ReRIE- R R ASEREREEM

Target:High Speed Performance Solution: Using OptimalStimulus

~\
KLIPPEL
N

F FA A B RV B B 58 R IR 5 3

TEERMEEAR S N EER)

Various Stimuli for Harmonics with different Time Frequency Mapping

A
|
log(fmax) @’:
o E Log. Sweep /
| @gStep Sine
. I_'_ )
log(fmin)
>
0.0 t/total 0.5 09 1.0

~
KLIPPEL
s
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KLIP;?I.
& =
= 2R im BER Ay : A
o e TR R
Log. Sweep with o AmvmyR R

Speed Profile

00z

om

000 ﬂuf ‘ll l'
yil |
iy . C ]
¥ | T [ []

7\
KLIPPEL
N
Requirements: Requirements:
'Eu =R IS Fundamental: 20Hz - 20kHz Fundamental: 20Hz - 20kHz
RIal 15 ’J' L T Harmonics:  20Hz - 20kHz Harmonics: 50Hz - 20kHz
n‘E H__l' Eﬂ Rub&Buzz: 20Hz - 5kHz Rub&Buzz: 20Hz - 5kHz
Duration of Test
Signals - Step Sine
4)\5 6 peri?)ds, 1/10
oct.)
@:E Lin. Sweep
m20 Hz - 20 kHz
Q:E Log. Sweep
LI I rd
0,1 1 10 Time /s 100




JEE 1R ZEARub & Buzzif| =

Ultra-fast testing of Rub & Buzz

~
-

Frequency Response

LIPPEL

o]
S

o
o

8 5

® o
S

ponse Min

—

Sound Pressure_[dB]
3

<
S

J\n
Res}
r‘\i THD Ma:
\/\M
¥

3

10
Frequency [Hz]

10

LAY

NN

TR
c
o
*

o]

P

10
Frequency [Hz)

10

~\
KLIPPEL
N

N
~

I~

| = B35 A BY

B 488
o

- i s ]

Influence of measurement time

109
Frequency [Hz]

100
Frequency [Hz]

Fundamental SPL THD
2s 0.5 1s 2 105 2s 0.5 1s 2
125 N PPl E P HPPeL
E ’/ N 100 4 \
120 £ E
E 95 £
o - A ok \
- I : NEE
E = % \
ot W . T
E 75 £
.11 THD
ot e L
= LI i
102 108 104 ” 102 100 100
Frequency [Hz] Frequency [Hz]
2nd order harmonic R&B
100 25 055 Ts 2e _ 1 o5 0zs 2
E ,—'-\ [T TTTI T T T TTTkerer 50 E I [T T T 1T dieeer
. nd ] g I T T T
B \ ] 2"d-order harmonics ~y —
o b T " 1 f o |1 rub & buzz ]
85 ; 65
.- \| L7 \ .
iy iy Sl
s * | 55 = 1
= | E
70 £ | s0-£
65 i/ } u wo \\
ERE i o [T
102 104 102 104

~
KLIPPEL
s
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130

120

110

30dB

100

90

[F] L B[R T fRd - JEF 5 OB &< 0.55

]
THD up THD down
KLIPPEL

Cumulative spectral decay
()= Signal at N1 1 Stimulus

e

Upward Sweep

I

dB - [V V]

EBWME

Problems of ringing:

« BRERHBFERRFRE
>50 ms
High Q resonances need
decay time of >50ms

- BRSO WIRE AR
Fundamental interpreted as
Harmonics

<.

102 100 104
2 seconds total sweep time>

> ERE IR IERFERE RERAYAZ Use UPWARDS SWEEP for extremely fast testing

~
KLIPPEL
—

/

9. Quality Control (Q,..Cf)/

~
KLIPPEL
N\ %

1. Translating target performance to QC

2. High-Speed Testing

.Noise Immunity

4. Experiments

2026
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Noise Immunity

i ﬁ i -
Fam |
=

|F§§$ﬁi§§ l—

HEF ENREBHMIMBAERESNSE _BAXCERER - WIREMAT
Bl EEReaisszells  BEEERAERFULES  RERHE
MR EER - EESEE—WISEHFIRBERNTE BRSNS
EfRREHNRE Q.LP?’?L

AERNEBNETmE-SEERMNRE

Sound Quality in the Car Interior: Noise immunity at a car assembling line

ambient noise source

Froameoy ped

Ry 8 147 O (@ Megwer ment 46 20110805 (30.18)

~
test microphone inside the car &I/PPEL

2026
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Simulation of Door Buzzing

- d8-Lab Pro 202,87 - QC 2.8
Fropct Bt View Operston Exvas Window Hep

B AN N
. = \Vf'ellab\le detéction’

:jthe defect

tambourine

Sound Pressure [4B]
8

o Pass:1  Faili8  Test: AS 2011-08-11
0 chacs
0 crats Humber of Runs: 1
o Hame Value Hin Limit Max Limit
0 chety Average Level 0.9 83.0 99.0
Dowts Delay 4.990 :

Summary Distance 1711
e el panel how signal ( sound pressurs
0 serrge s
D stsbiog
0 ot ton -
e Humber of Runs: 1
10 Catbeamen wavetorrn | IH@ME Value. Limit Max Limit
O cabcancnspactm | average Level 1.4 83.4 99.4
0 Frogenmerioks | palny 5031 - 5 @

~
KLIPPEL
—

~
KLIPPEL
N\ %

/
9. Quality Control ((_)/,..G)/

1. Translating target performance to QC
2. High-Speed Testing

3. Noise Immunity

.Experiments

2026
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Summary Quality Control

A EaRERAER

An instrument is superior to the human ear

RESIFEREMA, EMEEAVAIE
fast>ultra-fast testing, more comprehensive measurements
AERE->0 % JERITAISE
no fatigue-> reliable, reproducible results over time

TE 8 1th ¥4 > 48 2 PRI 5 14
quantitative assessment - absolute limits
BlE->RRRMARE
robust - ambient noise immunity

B> 19, BRI

sensitive - averaging, meta-hearing

ABAIGVER &S
An human tester is superior to the instrument
because he has learning capabilities

- BBEEN->2UBED TR E

>diagnostics, problem analysis, process control

~\
KLIPPEL
N
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Sound Quality of Audio Systems

Part 10: FF4R 14 BB B 1Z ]

Adaptive Nonlinear Control
Part 10: Adaptive Nonlinear Control

Klippel-GmbH

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

w1 W

. Nonlinear modeling & measurement

8 — XSecond Day

1. Nonli distortion Symp , relationship to Large Signal Parameters

N

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

. Quality Control, full system assessment

v oW

. Adaptive Nonlinear Control of speakers
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The Weakest Part of the Audio Reproduction Chain

KCS

Sound
Engineering

amplifier

K %528 28 because the loudspeaker
> EEEARERARMERIAFR R R

causes significant linear and nonlinear distortion

> HREEER, fiR RS SUMBIRERETRES

varying loudspeaker properties due to production variances, climate, fatigue, ageing
> [REES@S
limits the acoustical output

> (R ME

has low efficiency and produces heat

> BERER, RIMEEK

contributes to weight, size and cost

~
KLIPPEL
s

MBS B 5

How to improve the Loudspeaker? (1/2)

B89 Targets:

> REmR > Lower cost

> BIWEBRBLEZHNER > More sound pressure output from smaller speakers
> RHNEE (EBBXH) > Sufficient sound quality (no audible distortion)

> OfFMEANER (BBARKE) > Reliable and robust product (no failures in the field)

Range of Operation

Amplitude Protection
—_—— - (against overload)
ST LTI T T T TP R » Stabilization
Large signal (voice coil position)
performance | e » Linearization

. (cancellation of distortion)
Exploiting
of the useable
working range

Small signal
performance

(ffat response)

N\
KLIPPEL
s
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How to improve the Loudspeaker? (2/2)

B fY Targets:
> BHREEEZEMSRNESERFHEE > Coping with varying loudspeaker properties caused by production variance
> EHBRE2CHREY (Z11) FINEEE (R1E) > Coping with changing properties over time (aging) and external influences (climate)
> EEREMBPRANEERENHZEEEMEE > Generating constant desired target performance over product life
. Fatigue
Climate / aging
1 Production variances
Nonlinear D <
P Controller
audio \ Load changes
input
I Acoustical
environment

Feedback of

loudspeaker

information

KLIPPEL Controlled
An adaptive, nonlinear control system is required ! — Sound (KCS)
7N\
KLIPPEL
N/

Adaptive Nonlinear Control

amplifier
w(t) — Equalization Protection I;inea.r!'zatjon ult) transducer
tabilization | [ 5(¢)
e.g. KLIPPEL s
Controlled Sound  stimulus P
(Kcs) 0 Enclosure
i
DSP Parameter current
Identification sensor
1 =

Transducer
Diagnostics

*  Accurate modeling of the loudspeaker over the full working range

»  Adaptive identification of the transducer parameters P by current monitoring

e Mirror Filter cancels DC displacement, harmonics and other nonlinear speaker distortion
* Active stabilization of the voice coil rest position

* Reliable protection against thermal and mechanical overload

» Automatic equalization to a target alignment (virtual shift of f, Qy, ...)

L . N
*  On-line diagnostic of the system KLIPPEL
g

2026
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Nonlinear Distortion Reduction

PN

Symmetry
1
Mirror FiIter<——:——>Transducer ST
-Lineir 4 o X
m : . -s'm"' N
A 1 | [
Input D4l D) Linear | . Sound |
Signal i ol % System [ p(r;) Field |
up ! up T l\ r’
1 Linear \ A /
5 1 \ N
Synthesized : Transducer
Distortion | | | Distortion
1
EEHBREDEBOIFRIERE Total oo Dlaton

Perfect cancellation of the nonlinear distortion components that are included
in the modeling
588 (FERLE ) B4E : Residuum (remaining distortion) comprise:

Without Control

THD [Percent]
3858838

BT FHRENRE > Noise, non-deterministic distortion (rub&/buzz) ol centre)

YIS BIAN B R SRR 2 BOR UL > Mismatch between control parameters o PP o -
and i transducer p. 4 i Frequency [He]

HE AR BN RE > Distortion from neglected other nonlinearities Residuum

~
KLIPPEL
s

R BRI EK

Distortion Reduction

pdist(t) t

Original distortion
Residual distortion

>

synthesized distortion

* Equal amplitude
* Inverted Signal

N\
KLIPPEL
s
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Cancellation of Harmonic Distortion

« optimized driver with and without KCS

» 2. and 3"-order harmonic distortion measured with a sine chirp

2nd Harmonic 3rd Harmonic
e lincar s nonlinear —— linear mm nonlinear

. P o
8% =

KLPPEL

Without KCS

.
.
! Without KCS »
® : ® 20
s
. ®
s
, * With KCS
, s 4%
° 101 101 2 ° 410 610" 8 2'10

T q0e 01 102
Frequency [Hz] Frequency [He]

E KCS reduces harmonic distortion significantly

~
KLIPPEL
s

HRIEARMERE

Cancellation of Nonlinear Distortion

80 Sound pressure spectrum p(f) of reproduced mutti-tone signal

70
dB
60

Fundamental

50 Distortion without

KCs
L RNV e

40

Distortion with
KCS

50 100 200 500 1K 2%
Frequency [Hz]

E KCS reduces all nonlinear distortion components (harmonics, IMD) in
the audio band significantly

N\
KLIPPEL
s
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KCS Mirror Filter

Mirror Filter &‘N Transducer A R Lew.xi) FBl
Q . E B . Rl ! 2
o : - e | P
St et @_?w i “T mw‘ Bt ‘v Mus § Cus05) Shisoe Pl
PR =t 1
Synthesized | | Transducer ' T "
Distortion | | Distortion

{224 Benefits: Z3K Requirements:
> R SENREEREAYERS > BEBRENYIEEE

Parameters and state signal have a physical meaning Physical modeling of the speaker distortion
> EERMAIERERE L > TESRBBRETHREZNSH

Linear and nonlinear distortions are reduced Requires optimum control parameters for each speaker unit
> OB EBERRFGMESESR > BERERFLURHIFRETFHRE

Can be tailored to the dominant nonlinearities Requires protection system to limit the nonlinear working range
> ERVHEZRTIE (RAM - MIPS)

Minimum processing effort (RAM, MIPS)
> BEEE (<ffRAK) - BoLURINRETE

Low latency (< 1 sample), but time delay can be added
> JAKETETE Always stable

7N\
KLIPPEL
N

1l 2 BUEE 2

Control Parameter Adjustment

EHi#fETL  ADAPTIVE APPROACH:

- BEBBERSE (EER BH) 020
Compensates for variations of the loudspeaker parameters (production, time)

- TREGBESEGT (F%)

Active on-line reproducing an audio signal (music)

- RERIEHISNRERE

Guarantees optimal performance of the controller

- BMEERE
Simplifies the handling

- EREREBEZRR
Leads to a self-learning system

N\
KLIPPEL
s

2026



Which State Variables Should be Measured

L(x)

ReM)  Le)

Cus) Mys  Rus  Fnlxi)

—

b(x)i Radiation ’ plt)
1

Acoustical Environment

T
Electrical domain

Mechanical domain

Acoustical domain

Sensor Type

Current & voltage sensor

Optical Laser Sensor

Advantages

Microphone

Robust, reliable,
inexpensive sensor

Absolute measurement of
mechanical quantities

Disadvantages

Sensitive to acoustical
problems

Reflects mechanical and
acoustical system indirectly

Price, Resolution, Sensor
Linearity, Handling

Acoustical disturbances
Time delay

~
KLIPPEL
s

5B T aa IR IS L2

2 ( KCS )

In-Situ Diagnostics with Music (KCS)

Electrical Power and Temperature
L 1 |Yoice Coil 0
| 03

Voice Coil Displacement

R \m... Awnl IMW" A

Xmax
o Xmax
Coil Of*set
[

10

Ambient .
‘Temperature

§
H
g
-
s g
—

|

|

|

| Resonance Frequency and Stiffness \
|

|

|

Stiffness

fwnsux
g
H
¥

without stabilizati : with stabili

a0
e

B4 Benefits:

> EEREEERET Measurement while reproducing arbitrary audio signals
> BIRSESRIZAE - % - RIZEE In-situ monitoring of aging, fatigue, climate influence
> WEEZHER Comprehensive information collected over lifetime

> ?ﬁ‘"“ﬁ?‘f‘a IR AR E D AT Root cause analysis of loudspeaker defects

> HREHEENKE Feedback to the design process

N\
KLIPPEL
s
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FEAR MR A A AR MR B

Nonlinear Model vs Linear Model

and Predicted Di

— Xlaser(t) Xnonlinear(t)

0 *slo% error ‘[‘ +30% error e
(Linear fixed) IX T (Linear adamm)

XiinAdaptive(t)

XiinFixed(t)

35 40 45 50 55 60 65
Time [ms]

o MRS AR R S5

linear predicted displacements exceed the measured displacement significantly

o MR RUAREE BIFAR M B AR AIDCAIAS -

linear model cannot describe nonllnear mechanical compression and DC displacements.

. Ei@FEf rr (OMQts.cp (1) B IR S IRRESHAOERE Y
adaptlve Sefr(t) and (5{ Sers (t) update increases the accuracy of the predicted signal

« FRETEAMBIFE L ER

nonlinear predicted displacement is very close to reality

~
KLIPPEL
s

PRAE 2248

KCS - Protection System - Adaptive Nonlinear Control

EheliEls s e il

Adaptive nonlinear control in KCS compensates:

‘Sahly margin|
- BSRIEME (R, SMR)  Timevariance (aging, climate)
. HEEE Production spread
Kacars() « BERABX, DC Displacement X,
X,.(1) - BERRLUEY, R Offsetin voice coil rest position X, (1)
Controllers with l
only linear
cor?;rol need 4 2Xae - }E,(i):O i i .
much larger [ Small safety margin M required to cope with
safety margins! ¢ Modeling error
X, (1) «  Attenuation control
l Xetear (1)
[ ~ “Safety margin l ----- @%ﬁ Benefits:
BARIRHER
Maximum AC displacement
RAEEHH

Maximum acoustical output

N\
KLIPPEL
s
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Reliable Transducer Protection (KCS)

Input gain
Sound Pressure Level Voice Coil Displacement

400 600 800

0 200
Frequency [Hz]

“Kinax < X(1) < X

2 R4 Benefits:

> OSERERAERE > Reliable mechanical and thermal protection
> BABERER (SZXmaxPRE) > Maximum bass performance (limited by X, ,,)
> HEMEASPLEH > Increased maximum SPL output

> FAREZERE > Exploiting the entire voice coil swing

> BRUVNEH > Minimum artifacts

> BEE > Zero delay possible

~
KLIPPEL
s

KCS Monitor

wansducer,
o KCS )
{(Nuvoton. AB) software
smart enclosurs

j ampifier
ussy
a0y Ny sG10

Audio
= KCS MONITOR

dB-Lab PCSoftware

EE*DDJ@B Objectives and Functionality

Ti2EMEAKCSZ RAYEER (BIZINAU 83G10 / G20/ G6O )

Communication between engineer and KCS (e.g. NAU 83G10 / G20 / G60 )
BRIESGRERHIZE (BIRESH) NBFRE

User interface for modifying setup control parameters (e.g. protection parameters)
BREKCSE(FRIL (ON, OFF, {219,

Selection of KCS operation mode (ON, OFF, Equalization only, ...)

BEKSC, AR, BRETOREER (FIUEEBRErINEE)

Monitoring state variables in KSC, amplifier, transducer (e.g. voltage vs time)
KCSIRERIRHAEESE (BUanmi i)

Long-term history of KCS operation (e.g. endurance testing)

N\
KLIPPEL
s
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Evaluation Board NAU83G60

N
KLIPPEL
s

A

1RE (RS 214

Inspect Protection System - using KCS Monitor

Voice Coil Displacement
02:01:18

I xpeak EEEEEEN xbottom e xQffset

KLIPPEL

X [mm]

7150 7200
Time [s]

(@8]

Thermal protection not active Gy= 0 dB

Protection
oz0118
G ox (mechanical) W G cu (thermal)

G=0dB WAM

G=-5dB

G:=-8dB

KLIPPEL

7080 700 720 740 760 780 7200 7220 J240
Time [s]

Mechanical Protection
system active G,< 0

760 7280
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Desired Linear Transfer Response

% Automatic H(f,r) Predicted Sound Pressure

Equalization 5

i I ﬂ 12
d ’ ®
um. O] pler)
au equalization  protection linearized loudspeaker syst g
mm"mﬂ\ e sysiom¥ "

With Alignment

Without Alignment

@ Extended Bass

Response
target response :
H,(fx)=H,, (HH(,1) -
0 000
» Adaptive, nonlinear control generates a virtual loudspeaker with Magnltud::ufe:;su:acement
linear, time-invariant properties *
» Compensation of production variances, aging, fatigue and climate T: With Alignment
> Automatic transducer-enclosure alignment to desired target response  , ° l Withaut Algnment
Ho(f.r) ;: Increased
» Extended bass response | Ftufsiar

» Decoupled enclosure and transducer design 0 -
Feueny i

» Simplified sound tuning

~
KLIPPEL
s
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Initial Parameter Identification Process

Lab KCS Server

Initial Identification X
FLSI/ KCS-ID *

Initial Parameter
Creation

KCS Evaluation gt Mo I

KCS Monitor operation
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KCS - KCS Initial Parameters

Linear Parameters: Re, Mms, Bl, Kms, Rms, Qts, fs

Nonlinear Parameters:

Force Factor Bl (X) Stifiness of Susy Electri | .1 ctance L(X,1=0)
= -Xprot < X < XPT8t Xbojtom < X < XpeakBl(-X) ” ~Xprot < X < Xpror. annan x xpmkms< -X) ] x Xpeak

KLIPPE ) KLY KLIPPE

o
52 4

R o 000
XPmml ? T TN T 2 3 2 g 2 3

Thermal Parameters: Thermal resistance Rtyv, Thermal capacity Cty, ....

~
KLIPPEL
s

BB eaak st FUFTEL

New Paradigm in Loudspeaker De5|gn

R
Green Speaker Design

(R RAR N BRI NEER AR SR

using nonlinear motor topologies and softer suspensions
FFBEREIRE) (HiR)

exploiting modal vibrations (resonances)

/ N

o More Distortion
More Efficiency
for Qps, BI(x), L(x), Kns(x)

/N !

BAsPLEY  BORT.EE1E BBKCSHRFE R E
Increasing the EReducing size, reduced by KCS
SPL output weight and cost

N\
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Optimum Gap-Coil

Topology

Efficiency versus Linearity

gap depth gap depth

A //%\\\\m // /&\

optimum-length configuration over-hung c0|I
Highest efficiency
(exploiting fringe field)

Optimum
length

(rmcal

\\

under-hung coil

low low
high low
weak weak
strong weak
robust robust
medium high

N
KLIPPEL
s
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Optimal Stiffness Nonlinearity

Guidelines for maximum reliability and efficiency:

K
i L T T T —t
5 B 1 used working range I
N/";m 5 1 (linearized) 1
E 1 | | )
=N 1 — 1
EN\ ! e i/
3 N | ) s
£ \ ) ’
H L Total B
2 TN :
I3 R EAEAN4
’
A Ispnh%—-ﬂ--" [ 24
] 1§
EREERN N Tafu kol el o E = LY RE1 SN NRRR
400 75150 25 oo 25 s0 lzs 100
actively ' displacement x mm ' actively
protected protected
“Amax Xmax

transversal

voice coil rotational
former

Similar stiffness of spider and surround

-> high rotational stiffness

-> defeat rocking modes - coil rubbing
Low increase of transversal stiffness in
working range |X|<Xax
Strong progressive increase of the transversal
stiffness outside working range [X|>Xax
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Summary Adaptive Nonlinear Control

amplifier
KLIPPEL w(t)—-| Equalization H Prohe:tionH ”"Ea_"jza{ivn|_ m,|>
2
Controlled Sound audio
(KCS) stimulus| |—
Enclosure
ift)

current

DS P sensor

Transducer
Diagnostics

« EREIFEEARSRRETHERRE

Accurate modeling of the loudspeaker over the full working range

BAEREZEEARANERESHP

Adaptive identification of the transducer parameters P by current monitoring
SRERUN RS ODBRE RIS - SORAMEMIE R ISR RKE

Mirror Filter cancels DC displacement, harmonics and other nonlinear speaker distortion

T EIBEEE VAT LI E Active stabilization of the voice coil rest position

OSEHRE - B ERBEAMMEMEE - SHEETULE

Reliable protection against thermal and mechanical overload. Zero latency possible

BEI9EE BREE (fs - QTSEMERIS )

Automatic equalization to a target alignment (virtual shift of f;, Qys, ...)

ZHRAE AR 721 On-line diagnostics of the system

~
KLIPPEL
s
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Loudspeaker Control Technologies

#RMEFEH Linear Control

. BEBHMRNRMEERE - ZRYRAE DRI
TAY - MBR 7RIS W ENFRASES
BIEB M Loudspeaker is modeled by a linear
system valid at small amplitudes while neglecting all
loudspeaker nonlinearities that limit maximum

output

- HEROEBIERE (THD - IMD - DCS - B
#8% ) No reduction of nonlinear distortion (THD,
IMD, DC displacement, compression,...)

. INEER RS uﬁﬁlﬂM&ker
diagnostics at small amplitudes

. R ((REEERETHE)
Difficult parame(eradjus(menl (tuning by human
ex enrequired)

. EEFUE
Nom monitoring of voice coil rest position
. BASEUBRLREAHES (REM  BE

S48 ) Significant error in predicting voice coil
displacement (no compression, no dc identification)
. REBRERERANZZHRESHLIEE
Large safety margin required to protect loudspeaker
-> reduced output
. H;ﬁﬁﬁﬁﬁ%iﬁﬁﬂﬁwﬁ =8 R
EERNE - EOMEEL
Requires linear loudspeakers = higher cost, weight,
size, lower efficiency, less output

Elﬁ[@?ﬁﬁc 1442 %] Adaptive Nonlinear

BERHTEREETFRENEMNF RN R REE
Loudspeaker is modeled by a nonlinear systemvalid over the
full working range

EBWESBEROIRIE (R ) WEEMRORYE
RS EIRFF 14 Compensates actively for loudspeaker
nonlinearities (linearization) and generates desired linear
overall transfer behavior

158 2R 2 M BN YIR PREIFNERFA Loudspeaker diagnostics
showing physical limits and defects
BAMEANREEFNESBITHIRE (|
Self-learning control system with simple automatic
adjustment procedure (similar to LSI)
MEEEREERSHPNEHSTESILUE

Simple monitoring of absolute voice coil rest position over
product life

ERHHNRIBNSTIBNS BB

Accurate identification of voice coil displacement at small and
high amplitudes
ORRESBREMBHORNZEHE>RAHL
Minimum safety margin required to protect loudspeaker
reliably - maximum output

AFFEASRREER (BEBBERE)

Allows to use highly efficient transducers

(green speaker design)
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