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Learning Loudspeaker Diagnostics with KLIPPEL

Wolfgang Klippel
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Abstract

This workshop teaches engineers and operators to
perform comprehensive measurements

on loudspeakers, to interpret the results and to find
the physical causes. Practical case studies show
typical failure in design and manufacturing. The
workshop gives valuable tips and tricks for using the
KLIPPEL Analyzer system. The participants can bring
their own loudspeaker samples along and can operate
the equipment by themselves to learn by doing.
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Agenda today

1. WREEE L FER? Which measurements are

required ?

2. WHTHRERLE R ? How to interprete the results ?

3. a4 38?7 What is good and what is bad
?

4. SR 28?2 How to improve the speaker ?

5. iRFRAIERARM LI AT 2] ! Let's practice this

on some examples !
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Stimulus > Eﬂ D

Measured
Signal

Generation of Signal Distortion in Loudspeakers

Output
Signal

Noise

Input
Signal
»  HeH :
_Imeqr Excessive
distortion distortion
Regular EECEIS2 7 N
Nonlinearities | Distortion caused
by motor and Parasitic
suspension vibration
> Defects X
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Diagnostics

1. SHIET(FRFESK) Parameter based (model
required)

o EMEALIL R E Linear transfer functions

«  /MES5BHT/S Small signal parameter T/S

«  KIE5 S8 (ER, JEZPER) Large signal parameters
(thermal, nonlinear)

2. PEBEIL T (BUU T 9K 50155 ) Performance-based
(depend on stimulus)

«  EZEAEJE Nonlinear symptoms (THD, IMD, XDC)

. FEREE, K45, HKIh# Coil temperature, compression,
Pmax
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Linear Parameters + Transfer Functions

1. HEEAREFIKME Z(f) Measurement of Electrical Input
Impedance Z(f)
- /M5 524 Small Signal Parameters (Re,Bl,Mms,Le, fs, Kms, Qts
+T/S, Zmin)

2. EEEHKIE Measurement of Acoustical Output
- BhigR Y Sensitivity on-axis,
- RO R 1 A PRI Limits of effective frequency range
60268-5 Sec. 21.2
- P-4 Flatness (maximal deviation from mean value) >
- F I B sound power response P,(f) > IEC 60268-5 Sec. 22.1
- $& 17 1 K %k Directivity index Dy(f) > IEC 60268-5 Sec. 22.1
- ‘P¥%0% Mean Efficiency - IEC 60268-5 Sec. 22.4 Sec

3. RERFIME, JL{THIR Measurement of Cone Vibration,
Geometry
- R T (RS g, BhR, FR 1 4E) Prediction of acoustical output

(SPL on-axis, power, directivity)

- [ S+ B3 Al %5 & consideration of enclosure+room (= BEA)
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Criteria in the small signal domain

o A sE (K TAE T M) Bandwidth (lower and
upper limits)

o BBURME (BK) Sensitivity (efficiency)

o RGN [ FIEE (L) Flatness of SPL
response (on-axis)

 fRIAME (Bh#% L) Directivity (power
response)
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Problems in the motor

Mms F1 Kms #5E fs > 7 5%
Mms and Kms determines fs = bandwidth

Re, BI*2, Rms #5E Qts = i
Re, BI*2, Rms determines Qts = flatness

« Bl, Re, Mms > 75 ZE(NI|44)iz shsi = BL 1 U

Bl, Re, Mms - sensitivity in piston mode

o L I Mcoil © 7% bandwidth
L and Mcoil = bandwidth

o IESIR T > R ()
Creep factor - stability (dc displacement)
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Diagnosis in the Small-Signal Domain
| |
F GINE
RRAE =
—>» Motor [innercone | Vibration | Cone's | Radiation (e—cnndfield
u edge surface
v F(r)

2 it ULe P
Electrical Mechanical Acoustical
Measurement Measurement Measurement
T/S 244 PRI IR S) S LATTEAR Jakea T
T/S Parameters Cone Vibration+Geometry Acoustical output
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Describing the linear behavior by Transfer functions

ik Impulse response

Messured Wirdowed

Magnitude of transfer function H(f)
H(f)= Signal at IN1/ Stimulus

Fundamenal THON 20 Harmonic 31 Harmonic: an sin

4L o n an a 1om 11 12

-100

tortion

102 108
Frequency [Hz]
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Checking Cone Vibration

o AT R ks diE T ? Do we have enough
vibrational amplitude ?

o FESRIEAIIE— N B SE L A7 On which
cone part first break-up modes occur ?

o AR B A IAE ZE (WIR)iZ 8102 Does the
break-up modes gradually replace the piston mode ?

o AT R A RE S S T 1H? Do we have

membran or bending modes ?

! L KLIPPEL— 22 > 4 12, 11 www.klippel.de M

Ao RS )
Checking radiation problems

o JRATTHHA RN IR RN T e 2 Do we have a
strong cancellation effect?

o RN RAR KA 2 AN Does the
cancellation affect out-off axis points ?

o PRBEME— AN S B H? - Which cone part
radiates sound ?

o FESTHBUEARIEEZE/N?  Does the size of
radiating area decreases gradually ?
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What causes significant peaks ?

_
S
1=
| w»
<)
£

nd Pressure Level

-+ |-

WLy B TRBGRE I R
Usuall & (%5 LK) First Usually
ually ring anti-resonance bad
ok (bending mode)
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What is a Membrane mode ?

* AW B ) F,
longitudinal stiffness

generates the restoring

force F,

« & il 4 71/ bending forces

are small

> B RSN TR
KPR A membrane
mode occupies a large area
of the cone
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What supports membrane modes ?

o PR B LT IEAR flat cone
geometry

* {4 1 K low longitudinal
stiffness honeycomb
« 535 M high bending

stiffness

757 kevlar
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What causes significant dips ?

Total Sound Pressure Level

102 10 10¢
Frequency [Hz]

—i= 2,

7 NHE RN Acoustical cancellation effect

SO

~ A P f 25 il e o e
AL JLATER Location of bending modes BT iR BA
Geometry of on the cone membrane modes

The cone
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Making the cone as stiff as possible

Total Sound Pressure Level

LN N

eI O TR
BCIENON e 2k i 7] k2t

r= 160 mm_phi = 220 8%

problem g ig: iy & 5 i s
at6 kHz  fk#liii#E Cone
breaks-up in two
Va areas producing

positive and
negative volume
velocity of equal

magnitude

> WA,
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Cancellation effect
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TIP: Reduction of effective cone area

o IYFUA T4 Breakup starts outside

o HMIRTARAS REAR S B 2 1) s Outer ring
area does not radiate significant sound

o WEBNARSTE R ([FIFH4 1) Inner part

should radiate sound (in-phase component)
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6 kHz

7 kHz
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Performance of Loudspeakers

P
Amplityde
X {20 L IETT R
[mm]
10 ,é
(EL Large Signal domain
’ = AEZ1E nonlinear

1
03 G@? Small signal domain > FEIEZME amost linear

Schwingspulen-

auslenkung
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PIRGN:IE SRR SRSy VN

Make your life easier !

o THME T RPN Understand the
physical causes of signal distortion

o ff HWFFAY Use a physical model
o« & K15 525 Measure large signal
parameters
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Basic Transducer Modeling
Z it Multiple Outputs

N
X A i I/ \\
$‘iﬁ”)\ S'ngle |I"|put Radiation 5 Sound_ Roorr_\ 4‘/ o(r,) \\
ropagation Acoustics Il 1 \\
{ \
1 ]
| i
Amplifier Electro- Mechano- sound " i \
o—»| Crossover +—»{ mechani acoustical Radiation b oun don | 1 nt r?""‘ How p(ry) i
Audio EQ u(t) | Transducer |x(t) | Transducer ropagation nterference | |
signal 1 sound !
\ field
- E 7 ; !
1
\ 1
- Sound Room 3 !
it Radiation Propagation Interference 4‘\\ p(rs) /
/7
. N
Interaction
Je T < [
AR FHYE .
(feedback system) No Interaction

A AR G
(feed-forward system)
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Force Factor BI(x)

permanent flux d;

magnet

oree fictor

i

Voice coil i

75 50 25 00 25 50 75
x{mm)

Pole piece

T 775 55 5025 Ji K] variation of Bl(x) caused by
. Eﬁiﬁ Eﬁ(”}E Magnetic field

. E" %E Height and overhang of the coil

° %'fL%{ﬁﬁ Optimal voice coil position
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Compliance C,((x)

KUPPEL
125
Mgt
Cns. L
1,00 T
N
Vioiew Call_ 0 075 [
X 0,50
Pl Pimcn C
025 +
ok P x =Cms(x) F £
() Db b
0,00
100 75 50 25 00 25 50 75 100
<<Cailin X{mm coil out 3>

M 24 A% J5L K] variation of Cms(x)
'fé‘biﬁ%u ?E%Z:Xﬂ‘ﬁf\ asymmetry caused by spider and surround
'f@.ijji, ﬁ%jﬁ*ﬂﬁiﬁ?ﬁk moving capabilities, maximal mechanical load

'Tﬁig'ﬂ_’i‘ﬁ‘fi}#iﬂ Tﬁf/_ﬁ adjustment of spider and surround
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Voice Coil Inductance L(x)

inductance
mH

N

. . .
aaee’ voice coil

75 50 25 00 25 S0 75
i)

iz/l\%%?iﬁﬂ? This parameter shows
o BP0 FR P asymmetry of inductance

’E‘i{%%ﬁ&%% ﬁﬁ’{jﬁ%{jﬁ optimal size and position of short cut ring
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Inductance L(i) versus current

induction
magnet pole plate A
B
de-flux
{ [
I I ac-flux
|
!
| : ®® Voice coil
|
o T S
e
pole piece H H 1 »
Hi He Hs field strength

without shorting rings

HJER AR B S e T Variation of L (i) depends on

287 i shortng = = _ « Mkl (2% ) material (permeability)
- o SRLF LTI AR geometry of iron path
0 « [ %: 9% voice coil height windings

« I current
L KLIPPEL it >) 4775 Be 112 T, 25 www.klippel.de *}J
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Overview on Modules
for Dynamical Pargmeter Measurement

LPM

LSI

SR 2 B0 e L g
Linear parameters INERE i A PWT
Nondestructive, J}J 3t
Full protection ’
Linear, nonlinear and thermal Power test

with any signal (music !!)
No protection
Linear, nonlinear

\

LSI Woofer 05 | 5] Tweeter; %
Fs <600 Hz Fs < 4kHz

LSI Box i 74 S P M
Fs <600 Hz = AR
Driver Suspenion part

+ enclosure
! Large Signal Performance of Tweeter, 26 ——  www.klippel.de *’—J
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Interpretation of the Large Signal
Parameters

1) AR £ Ik The shape of the nonlinear curve

2)  HhE BN [F) 5534 Relationship between curve
and physical cause

3) &k Jfs 5k E %% Relationship between curve
and signal distortion

4) TR R I35 4% What is a good and what is
a bad speaker ?
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Properties of the Nonlinear Curve

1) HEE A A # B R T A2 4k Constant or
varying with displacement or current

2) RIS FRE AN Symmetrical or asymmetrical
shape

3) WRPRME S AT FRIE Soft or hard limiting
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Weak or Strong Nonlinearity ?

Force factor Bl vs. displacement X
C
50 2L

SHLTHE

Parameter almost constant

(ISEREFSE
LOW Signal Distortion
(THD, IMD)

LKLIPPEL—je# 2] 47/ 45 (11217, 29

50 —HL

a5
ESp 4 AN
225

Parameter large variation

HIGH Signal Distortion (THD,

Force factor Bl vs. displacement X
-

D=,

SRR

RS R

IMD)
www klippel.de —gp—

XFRRAE EANKT FRAE

Symmetry or Asymmetry ?

Force factor Bl vs. displacement X
bl

Oispiacamant X fmm

Symmetrical nonlinearity

ALt

« HRGF, HE, Mk, W&
g Ko A % related
with size, weight, price,
efficiency, maximal output

HIFH A Good and bad

! L KLIPPEL 2% 21 47 7% 2 (K112 7, 30

Force factor Bl vs. displacement X

B,

Asymmetrical nonlinearity

SRR

H LT TR IR FR, &
Pl #2552 Caused by
asymmetry in geometry,

voice coil offset, ...

T &3R8 usually bad

——— www.klippel.de *’—J
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Distortion of a Asymmetrical Nonlinearity

Force factor Bl vs. displacement X

. ]
. = 100 Distortion Fundamental
g: — 95 % fundamental
: Eundamental
; 90 =
R TR 85 =
Asymmetrical nonlinearity Elond
AN FRAEL: P 80 = 2ndf2nd
75 =
o 70 ; 3rd
2 65 £
- istorti 60
eVG”,ﬁ']%f‘f‘f??“"’“ o5 || [l 3rd 3rd
2nd,4th,6th-order component 50 E
e 5th
45 = | th 4t
40 =il | T SRR OV 1 1 Y T T Y O
0 250 500 750 1000 1250 1500 1750 2000

odd-qr?(\ar\dijst(])rtion Frequency [Hz]

\ 3rd,5th,7tr’1—okrd\er component
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Distortion of a Symmetrical Nonlinearity

Spectrum Pfar

o Distortion Fundamental
100 —
z Efundamental fundamental
90
o 80 L 3nd
Symmetrical nonlinearity r 3rd 3rd
OPRRARZN -
- 5th
m 70
i r
60 : 5th Sth
50
- | 2nd| lth |, )| #tnfzndfangfam [ |
40 Ll |l [ I | |

°dd'ﬂrd?r,‘1§sf?”'°” 0 250 500 750 1000 1250 1500 1750 2000

3rd,5th, 7th-order component Frequency [Hz]
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Spektrum of hard or soft limiting nonlinearity

5.0 E ‘
Eoverhan S >

Bl ; //equal-\engm N

NA E 2 \

20 % "I/I \\ N

IR AR v/ \ Hifl e 2 1
soft limiting nonlinearity o B0l oo hard limiting nonlinearity

75 5.0 0.0 25 5.0 75

Dlsplacemerﬂ mm

AR 75//J % Spectrum of sound pressure signal (two- tone stimulus):

_' - — v -
‘‘‘‘‘‘ -
I
‘ i i
! i i o
g i i il
ol Il R -
i T i
1:%“ it i II||II|IIIIlIIIIlIIIIIIIIIIIIIIIIIIlIII - \H%H\
high 2nd- and 3rd order distortion Large amplitude of all components
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(R IE R PR IR S R A ke )
Total Distortion

generated by hard or soft limiting nonlinearity

5.0 i i
o -overhan 77 T\
BI I /II qual-length : \
20 1747 \‘ N 60 ; X - A
Wil \ R s
/ \\ 50 qual-length £
Py Y« T A W P PR H
-75  -50 25 00 25 5.0 75 | //
eeeeeeeee %40 i // ﬂ IS/L j\lL'_ﬁ]]}JD
30 1 e | Séee but
O 7’
s H . overhand@te increase
SN 20 /
Total harmonic distortion (THD) i N Z |
in percent H fiEfr i ﬁEE
%;%L#{H%,r%ibg :%HH (AN NN

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

slow increase (peak)
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75

50

25

dB

-25

-50

-75
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P g R e 2 PR A e 1 5 | Ak 1R 2R L 90
Distortion Component
generated by hard or soft limiting nonlinearity

LINIIR B2 48 T Bl

soft limiting nonlinearity hard limiting nonlinearity
s \ —— 75 T =
C N 1 C e
= 3rd order/// o £ 4(
£ ,/ - E 3rd-order o
£ L = -
L 25 £ e
C Sth-order £ g
E | dB 2
r £ +* 5th-order
1 7th-order 25 + .
E 50 f /‘(' 7th-order
E Pyl
E -75 7.
05 1 2 3 4 5 0.5 2 3 5

displacement mm displacement mm

——— www.klippel.de *}—J

pole piece

h

i GOOD
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Motor with Equal-length Configuration

force factor b(x)

KLIPPE]

pole plate s /

voice coil

A
Mol |

W ~ AR BT e .

Coil height h,;~ gap height h,

P 05

—

5 50 25 25

00 1
<<collin xmm] coll out >>

1%53% Rtk Properties:
BAD ° N;Wﬁa‘%’x@z Sensitive to offset in rest position
* 1 Fo [N IS /EAEIE Sensitive to instabilities f>f,
o NI IRHIE Y 2% EL4 HY Low order distortion at low amplitudes

o I HEL K M 0637 low inductance and flux modulation

75




< R ) g 0 R
KH AR ENRE
Motor with Overhang Coll
A %9 Coil height h,, >R4 B = gap height hy,,
B coil .
H force factor b(x)
pole plate 520 E U
~ (houl—hl, )
voice coil : g
o/ \
s 9£ T T F\
of = Reou
pole piece IOOOOOOO :
fu
X
ﬁjﬁ GOOD o X 2 Bl I B B ANEBUBK Insensitive to offset in rest position
* X < (hgoirhyqp) IHIGZK ZL Low distortion for x < (h,y-h,,,)
* X > (hgorhygp) IS i 2R ZL High order distortion for x > (h,y-h,,,)
iﬁ BAD ¢ E E@ Fﬁ@? High voice coil inductance
\ o WG AR BUR Sensitive to flux modulation
L KLIPPEL it 2% >) 4775 Be 112 i, 37 www.klippel.de *yj
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The two causes for Bl(x)-Asymmetry

1. H B Voice coil Offset

«  BMARY, i1 Y caused by suspension,
manufacturing

«  FRE#A7 Can be fixed by shifting the coil

2. HnAXTFE Asymmetry of the magnetic field
o HWEBR LT IR caused by gap geometry
o FREEPIAR % Requires optimal motor design

o H[HEBHIH 4> Can be partly compensated by
coil offset
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Assessing the Asymmetry of the BI(x)-curve

i coil out
5.0 ! 75
i
NA 2* Amplifude offset
i mm
3.5 4 25
i
3.0 B rest position
25 : 0.0 :
symmetryregion
fg Eoﬂset 25 | ___ e e Symmetry Point
: i
1.0 i -5.0
05 i
0.0 . e
: cail in
-75 -5.0 25 0.0 25 5.0 75 0 1 2 3 4 5 6 7 8

<< Coil in X mm coil out >>
Amplitude mm

Target it Hi
Keep rest position in symmetry region ! {3 5% ({07 57 6 F 10 [ A !

Remedy 15 1F /7 -

If symmetry point is independent of amplitude then offset can be compensated by a
voice coil shift ! 4% 5 ] 1 {07 5 i 16 i !
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U A Pl ) A
Adjusting voice coil position

pole plate magnet le plate

Induction B ‘

Induction B

voice coil voice coil
oce —————> e ———1——>
pole piece R pole piece R
x=0 displacement x=x,  displacement
force factor b(x)
— optimal voice coil shift x_b(x)

x_max = x = x_ma 15

a5 £
E / \ 10
ok R

collout>>

bwm,
b6
N

’ T
3
2,0 a
Rlfy=0) RIf \ s
s =
Bl{x=0) Bt(xTx))
10 §
v 0
os
oo P TS TS Y YR PRV FYTI VTS TS YA PR PO O
P 00 25 50 :

<o ximm T caows 00 05 10 15 20 25 30 35 40 45 50 55 60

seak o)
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Motor with small coil overhang

Force factor Bl (X) Bl Symmetry Range
(00:08:27) -
_— _— —— Symmetry Point
Xprot < X < Xprot Xp-< X < Xp+ BI (-X) 5
KLIPPEL
KLIPPEL
7 4
3
6
2
A
5 51
o - | — ] — | — 1 a4
< -
]
T4
Z F4
@ 5
3 2
= | & B E A7 Shift coil by 0.6 mm
3
2 g
v

00 05 10 15 20 25 30
[ Amplitude [mm]
5 4 3 2 1 0 1 2 3 4
<< Coilin X [mm] coil out >>
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35 40 45

e
= =
Coil with large overhang
Force factor Bl (X)
. Bl Symmetry Range
-Xprot < X < Xprot Symme’ry Point
6 KLIPPEL KLIPPEL
5,0
5 Ly
3 2
8
4
g 00
£
< °© e e =
2 s LT
p— c 25
oM =
3
2 Voo < ok O FRIEEAL Shift coil 1 mm
v
1 00 05 10 15 20 25 30 35 40 45 50 55 60
Amplitude [mm]
0
-5,0 -2,5 0,0 2,5 5,0
<< Cailin X [mm] coil out >>
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Ly & S
Er Rl 2% Bl ) AN XS ARV
Coil offset or Field Asymmetry ?
Force factor Bl (X)
| Bl Symmetry Range
-Xprot < X < Xprot s mm?y poit
17,5 /’\h% ’ KLIPFEL
|
15,0 | g
|
12,5 : A
| s
| =
Z 10,0 ; S
Z ! 3
& 75 | 5
|
50 | ; R
g
Vs
2,5
0,0 0,0 25 50 7’/5\mp|i(ud;([)r‘r(|]m] 125 15,0 175
15 10 5 0 5 10 15
<< Coil in X [mm] coil out >>
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Remedies for Bl(x)

1. i )55 [ 52 A48 Make BI(x)=constant
« )&% by increasing voice coil overhang
. 1)n%i P8 by increasing voice coil underhang

2. WOHEIRE AT FRE Reduce Bl(x) asymmetries
o LPER £ 547 E by placing coil at optimal
rest position
o LEREBE T FIRHRR BIHE 3 by using @ symmetrical
B-field in the gap
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Avoid asymmetries in your Kms(x)
characteristic !!
H LA
Caused by geometry Stiffness of suspension Kms (X)

EnE —
-Xprot < X < Xprot

suN’\ound KLIPPEL
_ PR 30
japhragm
iz 25
frame
T 20
£
Z
A A A o 1,5
1,0
05

o
=)

! L KLIPPEL—ift 2% 2] 47745 s (12 i, 45 www.klippel.de *»J

a , . N
PRI & RGEA LG IRE R
ar A
Your Speaker is not better than your
suspension

v 50 i P R AN G PR 3 B[] Problems caused by
Kms(x) asymmetry:

« iR % Rectification of the displacement

o VARG T Hiifi# de displacement is generated
dynamically

. P8 Offset in voice coil position
tg Sy s 7 T ik £ () 2 BI(x) produces excessive distortion
IR ANFa 2 Motor may become unstable
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Keep the suspension nonlinear !

i FXFRRIPE R 47 4 Benefits of using a
symmetrical Kms(x):

o KIRMEIT K FRIE Soft limiting at high displacement

« R BSR4 Natural protection of the coil

o REIRIHA L AR T More stability of the motor

o WIPEREIE SR TR & 52 Kms(x)-distortion enhances
bass sensation (aggressive bass)
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S M
Remedies for Kms(x)

1. BEAXFIE Remove asymmetry in Kms(x) by
i FHXFRR I JLAT JEIR using symmetrical geometry
1 I 43T #E using a soft surround (spider dominant)
T I8 O S AR RT3 2R compensate

surround by spider asymmetries

2. kX FRFRME Reduce symmetrical limiting by
BN 5 O 3 F IR S BCR: increasing number of rolls
BN 5 O 3 F IR SR/ increasing size of rolls

3. WEAEHIEIRA LRI Avoid loss of stiffness at x=0 by
{8 ARG SAPE 961 RE using material with low visco elasticity

4. FFH/N IS T Use small sealed box > 455 Wil Pk 3= 28

1] dominant air stiffness
www.klippel.de —@p—
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Remedies for Le(i)

1. WSS HHEY) Reduce magnetic ac flux
o i /DB R /N (HEZR) 5 BEl by using a smaller
coil with less windings
M) RE HEFH by increasing the voice coil
resistance
o %A KL using shorting material

2. TEEMIAVIRES M AL Operate iron path at
higher saturation

! L KLIPPEL it 2% >) 4775 B 112 T, 49 ——— www.klippel.de *pJ

FE L SR AR 43 BRI

Separate Stiffness of spider and surround

AL

K_MS(x) L:BR80%HT IR
Cut away 80% o
surround
1,75
1,50 o
AILTI\/ AT\ ]/%ifﬁ
125 Total Suspensiol
=OSior
1,00 —
0,75 — T
0,50 S0 3TN E W(‘ _diaphragm
200/ kT4 -y i
0,25 ZI /0TI Spiaer :
0,00 L With 20% surround |||

20 -15 10 05 00 05 10 15 20 spider
<< coil in x [mm] coil out >> veice coil

former
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BI(i))

! LKLIPPEL e 2] /5 4 (K127, 51

N PR NS PRy R

A long coail is not always good !

1. ARG e (et T Wd ) a2k % Larger voice
coil height improves linearity of Bl(x)

2. LM S BCS R R IR N Increases the
magnetic ac field generated by current in coil

3. AN EAEL RN Increases effect of nonlinear
inductance (L(x) versus displacement)

4. FEERERAE Causes flux modulation (L(i) and

www klippel.de —gp—

impedance

tone and voice tone

—
x=0 mm

A2 1 HoL I PR Y,
Effect of nonlinear inductance L(x)

5 IR ZR P 1 B R Le(x) nonlinearity causes
« i N FLBHAL A AE AL variation of electrical input

o I I 5 2 18] 14 H i intermodulation between bass -

Magnitude of electric impedance Z(f)

—
=-4 mm

LLLLL

rrrrrrrrrrrrr

25 =

KUIFPEL|

=4 mm

101
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Frequency [Hz]
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Linearizing Inductance

magnet pole plate

Coil flux @,

Counter flux
(hC

voice coil

pole piece

FLHL45 2% FiL% Electro-mechanical Equivalent Circuit

_ inductance
Le(X) ... o

'fjl:’“ﬁ &ﬁ‘ Optimal Design:
o JLITHEAR Geometry (M EAA Ring or Cap)

B M Material (51551 Aluminum or Copper)

o N5 S A B Size and position

=2 s g ee X
! LKLIPPEL—je# 2] 475 45 (11217, 53
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Remedies for Le(x)

1. WS 2 Reduce magnetic ac flux
o THADSAR /ML R by using a smaller coil
with less windings
M) e HE B by increasing the voice coil
resistance
o B A K using shorting material

2. ffi R E [ E A4 Make Le(x)=constant
o TERAEALE ZIUE R EL By placing shorting
material at optimal position

! L KLIPPEL 2% 21 4775 2 (K112 Wi, 54
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Measurement of thermal Parameters

Increase of voice coil temperature Delta Tv (t) and electrical input power P (t)

| ] — —
Delta Tv P real P Re

225

200
175
150
12 2
532
100

Delta Tv [K]

75
50

25

0
- Ry ,T
3F§_§a P VoV 7500 10000 12500 15000
nonlinear tlsec]

#4E Thermal identification

! L KLIPPEL it 2% >) 4775 B¢ 112 T, 55 ——— www.klippel.de *pJ

Kot s
Check: Thermal Heat Flow

Rtv
L Py Py R Pras
T, Peon Ta T
R.(v) Ry(v)
. —ANN——ANN— p
coil *
© FCv  Ar = Cyq FCm < R
convection Direct heat
AT, cooling transfer ATg AT
Rta(x) = Cla
v v v

Ta
THELPE A Nonlinear Thermal Model
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Evaluation of the Prototype

1. SHFE T (B EIK) Parameter based (model

required)
. 2 PEAL 30 PR AL Linear transfer functions
- /MESSHTIS Small signal parameter T/S

. KESSH (@BER), EZPER)  Large signal parameters
(thermal, nonlinear)

2. MEREEET (MU TIR3NME ) Performance-based
(depend on stimulus)

«  EZMEAEJE Nonlinear symptoms (THD, IMD, XDC)

. Rub & BuzzfiEJk Symptoms of Rub & Buzz

o WREINELE R4E s KTh®% Coil temperature, compression,

Pmax
www klippel.de —gp—
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1. R iR R

Symptom: Harmonic Distortion

A . IR
Single tone Response
(Stimulus)
JRIiE Amplitude JRI@ Amplitude
A A

f ’ f g
1
1 B frequency i frequency

PR S R AR K B Ay i (R2#%) A single tone generates
harmonics and a DC component (in displacement)
! 5KLIPPEL 2% 51 75 83 112 i, 58 www.klippel.de *’—J
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Harmonic distortion Measurement

1E3% 414 Sinusoidal Sweep 350 amplitude Kk phase

Stimulus (t) vs time ¢

[

. i
il E

WAL _ f

Fundamental + Harmonic distortion components
— — — —
Fundamental THD 2nd Harmonic 3rd Harmonic
A /M \/\,\ KLIPPEL
A )i \

RNl \lf P T

=40 o v

7

dB - [V] (rms)
o N
o ©
T TTTT{TTTT [ TTTR TITT{TTTT{TTTT[TTTT{TTTT1]
|
\
5

CVAY VNIV AT AT AT O
Y YW
Wy

k 5k 10k

50 100 200 500 1k

Frequency [Hz]
S~ LKLIPPEL it =) 4775 81112 i, 59 ——— www.klippel.de *}J
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The causes of harmonic distortion

1o ! 1 a KLIRPEL
¥ B3 Fqndament:l P
7 110 % _ ] T r. Y i
£ 1o £ T "-""" M !
S W bE—T L+ Nl e W W
< E = A et
ERE K 5L THD
70
2 L]
60
2 | [[TT]1

50 100 200 500 1k 2k 5k
Frequency [Hz]
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Changing the phase of the stimulus

1E5% 4140 Sinusoidal Sweep

Stimulus (t) vs time

Y& amplitude

AL phase
[

e

£ H5i7%5 Multi-tone stimulus

PRl amplitude

F47 phase

il

<o El

T

f

! LKLIPPEL— 2% 3] #7175 SN2 17, 61
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HZAEE 5 AR R &
Distortion Components
generated by a multi-tone stimulus

s |

]
i I
i I
50

25 -

f8 4L, Fingerprint*
o+ (R A 2
F good for quality control)

@8]

25

50

2 5§ 10 20 50 100 200 500

Frequency [Hz]

sk 10k 20k

? o {EREP R AL I E distortion at fundamental
frequencies
o BBV =N i
%&%i h_armonlc compon tTc'nter odulation
« %724y & difference-tone cogponen ok s

» &4 B summed tone components|'

LI RIEA AL oA ot 72
MTD don‘t show the generation process in detail
HKLIPPEL 2% 2] 47 /5 2R 12 1, 62
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Multi-tone Distortion Measurement
3 m distance from Loudspeaker in room
gt 1ver v
r LI T T TTT N
5 - Wi K FI ‘%L
50 : L( MTD |
25 T 2 . Distortion
o) o i
Z 5 C H
o5 - y
r % Noise
-50 -
2 5 10 20 50 100 200 500 1k 2k 5k 10k 20k
Frequency [Hz]
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4 2 RO EE R BRI R

Multi-tone Distortion contra THD
0 7:/—\
S0+ \
B ™ 10 % -
20 0
- A"
= '/ \ -\r li‘lﬁﬁ IKzh{% 5 Stimulus:
30 -k SR B THD:
F 14 sweep @
C 15V
o U
- L5 K IIMTD:
&0 Z 4 Multitone @
u 15V
60 -
70 £
80 -
50 100 200 500k sk 10k 20k

Freguency [Hz]
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The causes of multi-tone distortion

E T T T T T T RLIPPEL
o R
100 Fundamental i N
920
o E P~ PR Pa
2. 80
E S \"\.......
70 U iy
oo . Distortion ™
I \ | 1 |
50 100 200 500 1k 2k 5k 10k

< Doppler Effect
< Cone Vibration

! HKLIPPEL 2% > 474 8} (11217, 65 —— www.klippel.de *»J
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Measurement of Intermodulation
IR E) Two-tone Stimulus

$%I% Amplitude 7 % sound pressure spectrum
A

@diﬁerencmnqs f|?£’.‘summe\ﬂ>nes
DC
! T,
&% bass tone AR veace tone i frequency
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How to choose the frequencies

of the two-tone stimulus

’ | sweeping voice tone

f71 f

sweepini bass tone

fy fa

Sweeping two tones
f,/f;=const.

20 Hz
»
>

20 Hz 20 kHz

1

Exploit information for f, = f, 1!l

! LKLIPPEL 22 2] #7483 12 Wi, 67

R EAAR S HE
Intermodulation.distortion are important !
YA A i I T T HuPPEL
/ A M o
: VI UL
20 f / \' .\'—.\'\V - "\ VI 107 1 ke vo:
w0l ] o
. Vﬂ\ |
oL i R4 K 2 THD:
- \ A / sweep @ 15V
-60 ; v 0.1%
70F THD 1
C 40 Hz 600 Hz \ /
w0 |
50 100 200 500 1k 2k 5k 10k 20k

Frequency [Hz]
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BRI
the causes of intermodulation distortion
- K& F140E A bass sweep technique
IMD

%

sound pressure

30|-

current

0.5¢ f 2% f .
L(x)
\ Bl(x)

< % 3232w, Doppler Effect

< “K 74 92)) Cone Vibration >

F LKLIPPEL 22 2] 4% /5 2} 111217, 70

HREPER
the causes of intermodulation distortion
AN A FH$H Rvoice sweep technique

IMD
%
)W
20 |-
3T current
s 20f f,
L(x)
Bl(x)

L(i)

/\ /\/\/\/\

K% #=5) Cone Vibration

% 1% #)2%0% Doppler Effeet »

———— www.klippel.de —{-}—/
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Check: Compression of fundamental

Fundamental component

| X(f1,U1) |
234tz .
25 - IEUNVE
i i S =t et s Maximal
et ARGt displacement
Linear System
715 | s AR 4
= f 5 Nonlinear
€ r > .
Eqol / Compression
o
05 //
0’0\\\\\\\\\\\\\\\\\\\\\\\\
0,0 25 5,0 10,0 12,5 15,0

Pk oy B2 AR MR 541 The fundamental component is affected by nonlinearities

7.5
Voltage U1 [V]

F LKLIPPEL— 2% 3] #75 SIS 1, 71
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Generator

T
A%

LR

1. Experiment
f<fy

b
=

H PN ARBSOR A e 5 A 5

Stroboscopic View on the Vibration Behavior

' DI

stroboscope

Je A

tone at f

PRSI ES

S

2. Experiment
f~fg

F LKLIPPEL 22 2] 47 /5 2} 1121, 72

scale

pointer

i
Resonance
frequency f,

MEHF KT
FCPRATR 551

3. Experiment

f>f
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Nonlinear Effects

in the Vibration

of Loudspeakers

LKLIPPEL e % > 475 12 i, 73

ORISR IVA 2
Check: dc Displacement

Caused by Kms(x) Caused by BI(x)
Xae

\/
o
»
A

f frequency
) frequency Bl-maximum

! 5 KLIPPEL 2% 3] 4% 75 2% (K2 1k, 74 www.klippel.de *}—/




A 2K R Gt AR E P
Check: Motor Stability

- Dc_c mponent - _
— dc x X rms
N1 20 ¢ | KLIPRED
N1 15
/ 1,0 % / n
o5 L X rms amplitude
/ _ 00—
€ E —
\/ E 05 .
X 10 —
,,,,,,,,,,, P s i
2.0 i X dc
. 25+
Y)ﬂﬂ}iﬁllﬁ%}fﬁ% Bl e s L b
i 2,5 5,0 7,5 10,0 12,5 15,0
Test at critical Voo ut%0,
frequency f 1.5 fs >

! LKLIPPEL—ifs# 2] 7 48 (1127, 75
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P A AR E T

Unstable Loudspeakers

S Experiment: f >f, AfE

‘ R Unstakle for f > f,
-FAR HA B R e M B 1) R 4¢ Driver ha¥x) ,, ¢ |

s

soft linear suspension wal® T | f’ 5\‘

40

-45 K45k Equal-length configuration =
(W 18 g AR 1 BI(x) nonlinearity) =
-EH US55 Sinusoidal stimulus f> fs

e -
bifurcation caused by motor.MOV

> 4 XN R B AR E IR ZS Bifurcation into two

stable states of vibration
! 5 KLIPPEL 2% 3] 4% 75 2% (K12 1k, 76 www.klippel.de *’—J
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How to cope with nonlinearities

o TREAL IR ARLR TR R > BRI (E B L
Measure nonlinear distortion in the near field > ensure sufficient SNR
o KHREBFHCAT AR > RN KBS
Transform distortion to the loudspeaker input > concept of equivalent
input distortion
o TIRAREMEZ IR S Kms(x), BI(x), L(x) 2 18347 AR
Be aware of interactions between nonlinearities - no compensation
of Kms(x), BI(x), L(x)
o RMABERME > AREM Check for de-displacement - instability
o FHET B TE > WE THD, X, 00 SPLyayw IMD, P, T
Use numerical simulation tool - see impact on THD, X
IMD, Py » T
o AAEUER AR 23 B A Stk > W 2K L WA IR T

Separate regular nonlinearities from irregular defects - measure

Crest Factor of Distortion
www.klippel.de *}J

SPL

max’ max’

! L KLIPPEL—i2%: )47 7 8% 102 Wi, 77

BLgE37 7 A CAFE R

Simulation of Loudspeaker Performance

=X
Parameters

|
|
: !
SIS S [T f2 !
WRFRA S |
Music,test sianals——@—»0 o——o—»  EREIH
- ! Digital | Sound " out
% | ound pressure outpu
! | Model '
| LA 4 :
: 1
|
! 1
! [

N2 ~ Z
u%’ Eﬁiﬁi Ij%’ ﬂfg
Displacement, Current,Power, Temperature
5KLIPPEL 2% 175 83 12 i, 78 www.klippel.de *’—J
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Output of an Low-Quality loudspeaker

110
SPL [ ‘
100 1 .
: P
L Fundamental
N L]
w | i |
L masking \
r threshold
L s Wi = A
; TN
60 - -
I /l Diftio%on 1& iﬁ H:ll H: MEN [i]
50 I No safety headroom
40 L I\IV
5 10 20 50 100 200 500 1k 2k
Ji% Frequency [Hz] . N
LA RIS S
ippel.de
e L7 P A
SIpA L
Output of a High-Quality loudspeaker
110
SPL [ ‘
100 | |
Hp
5 Fundamental
N [
80 : N "\
; A2 fk ALY
r masking 1 \
70 threshold |‘ ‘l
60 [ L] T lﬁ‘iﬁﬁtﬂtlﬁ{'é‘[ﬁl
[ High safety
[ %E‘ headroom
50 ! r  Distortion
ok k,l \ il
5 10 20 50 100 200 500 1k 2k
9 Freauency 14 A R

l.de




—4 AN A [[:I:Il
K47 75 48 22 4
Output of an optimal Loudspeaker
110 T
SPL N
100 Sy
L Fundamental
[
80 N \
: b= |
o ek
resho ” S8
60 I ' SN
i /l 'lm " I‘ o Sufficient safety
50 I || %E headroom
| ‘l ‘ Distortion
wl UJ A
5 10 20 50 100 200 500 1k 2k
P Freavency [z I DL B 2 2

K sel.de M

: T 4M BT R LA 5 )

Listening into a Digital Model

WA IR A5 5
Music,test sianals

¢

N =3:8 T
Sound pressure output

Digital
Model

@ shrifss

S Linear Signal
_____________________ - S~ e
g
’ﬁiﬂ, Egﬁ’ Jng, iﬂﬁ Distortion

Displacement, Current,Power, Temperature

! LKLIPPEL 22 2] 4% 75 2} 111217, 82 ——  www.klippel.de *’J




[ &Rh ok LR WA N

Listening into a Digital Model

Z
Parameters ™

| |  EER
(95 +’< Diaital D——o0—> (9? Sound pressure output
TR R 155 g
Musi . Model
usic,test sianals
A IS
Motor Distortion
BMARFRE

Suspension Distortion

%, iR, ThER, wE *
Displacement, Current,Power, Temperature EE'@%E

Inductance Distortion
S~ LKLIPPEL i 2] 7 804 7, 83 *bJ

www.klippel.de

AL Ry
i HH Y
Measurement of Safety Headroom
ST Sps | Example
fiﬁﬁi‘%%%& Ideal Speaerk 0dB -100 dB (E):E
N 0dB 12 dB e
%Eﬁ//l\ Distortion decreased 0dB -9dB (E):E
0dB -6dB -
0dB -3dB ¢
iﬁﬂ??ﬁfﬂf—'%% Real Speaker 0dB 0dB (E):E
0dB 3B | 4§
J A threshold of audibilty ——o-gB—*> 6 dB E)
| v %Eij{ Distortion increased 0dB 9dB 73 ):5
0dB 12 dB L
i VG ELRH >4 T3 O R AT L B

Safety Headroom = Increase of S5 to make distortion audible
S 5KUPPEL 4475 BRI, 84 M
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Auralization in Loudspeaker Development

W
WF R A s

Development

i
S—W .

=}
— =
E{— ?)é Marketing
% Management

Manufacturing

Musit S okl

i

e i A

v
%TXJI_LIJ "[/SF 'ﬁl\ Objective Evaluation

* %E, ﬁ%j{iﬁﬁﬁ Distortion, Maximal Output

M ?)Eﬁ”ﬁlk, {Eujuﬁlk Displacement, Temperature
o WAL VAL Evaluation of Design Choices
5 H %t 75 17 Indications for Improvements

! L KLIPPEL—f2%: 2] 47/ 2} 111217, 85

v
jEXJI_LI»ﬂZ 'H[\ Subijective Evaluation

* N NEI%: Personal Impression

« %1135 i Sufficient Sound Quality

o 1% HAR 3% R 3E Tuning to the target market
o P Hﬁ(%lﬁﬁ&ﬁizﬁ Hﬁ) Performance/Cost Ratio

www klippel.de —@p—

Qn T

Conclusion

o KPP A R ARZEN

LLoud“speakers are always nonlinear

o JRATAT LA ST AR 2 P A Y

We can model their nonlinearities

o BATTERESTSH

We need large signal parameters

o REJEARIETAR R A

Distortions are only symptoms not the cause

o DR ThRER R 5 HE KA S ok

Improving performance requires large signal analysis

! L KLIPPEL 2% 21 47 7% 2% (K112 i, 86
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Generation of Signal Distortion in Loudspeakers

Stimulus »> Eﬂ D N Mg?g:ar?d

Input
Signal

Output
Signal

»> H(s)-1 £
linear Excessive )
distortion distortion Noise
| Regular AT AL Kk ‘
Nonlinearities | Distortion caused
by motor and Parasitic
suspension vibration

> Defects 4

! L KLIPPEL—f2%: 2] 47/ 2} 111217, 87
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P ER 7 R — A AR 4
Physics of a Irregular Defect
BV T eI

1st Example: voice coil rubbing

Crossseion View 328 Hz

> JRAEEI T AR 530 B 4 Rocking mode may cause voice

coil rubbing
! 5KLIPPEL 2% 5] 75 83 112 i, 88 www.klippel.de *’—J
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Physics of a Irregular Defect
AN AR 8 2nd Example: Glue problem

Externally excited

i 1 Ul l

A AR parasitic

resonator

FABER (i A
k) Loose joint
(ARt

Nonlinearity)

ARBJEL T AR, Most defects behave as a nonlinear
oscillator

o L PRE K TE ) active above a critical amplitude

« ¥ &N new mode of vibration

o UK AN E D K304 5 52 i powered and synchronized by
stimulus

o g T FSE constant output power

! LKLIPPEL 2% 2] #4112 17, 89
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4 R R
Harmonic Distortion
WKEhM5E 5 IE5%494 Stimulus: Sinusoidal sweep

— _—
IHD RMS of IHD
-10 - f KEPPE
|
20 \ A
\v
230 Ty D E
-40 A"\l\.—
5 5 | ; HIMA A o
« i it 1Ho THDN [AMIAY
i o AR
-70 H }” ! }‘ |
-80 H | “ \MH\H \Hd
50 100 200 500

Frequency [Hz]

Hﬁﬁﬁ S K H Instantaneous harmonic distortion
T ELF) - {E Mean value of harmonic distortion
A 15 % 2k B Peak harmonic distortion
! HKLIPPEL—if2*# >4 75 3 1112 i, 90 — www.klippel.de *}J




TR FL U X 1

Crest factor of harmonic distortion (CHD)

IKEN{5 5 IE54494 Stimulus: Sinusoidal sweep

200 i LIPPEL
F |
17,5 E 1 -
150 - ‘”1 ub & buzz, HAth 5 other disturbance
125 g ‘ M H‘
g M [l
o £ [V ‘
RN TIIITTIT AT PRRAFEPI TR N TP EPPETTIFTTTTT o
2 e ER R b=ty " 10 dB
T Rl A e NN o
£ || VAN , Vi ’h”\”‘;v
oo w /%5 L 2L regular distort o‘r l
ol |
50 100 200 500

Frequency [HZz]

WS R LU AR TR 5 AT DUAEZE R B 8 AR A !

CHD can be interpreted on an absolute scale !

! L KLIPPEL 2% =) 4775 B¢ 1112 7, 91 www.klippel.de *}J

a NN N
VR L & 11 & R
Results of the Harmonic Distortion
Measurement

\2”‘*, 34 and higher-order harmonics

\
£/ AN SRR
amplitude information
THD

2nd harmonic 34 harmonic 5 CHD
rest factor
KR R EiE it
asymmetry symmetry magnitude smoothness

£ MEHF1E Characteristics of the nonlinearity

L KLIPPEL 2% 21 47 745 2% (K112 W, 92
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g A 2k B A0 S h
Detail of the distortion time signal
% {5 A:Case A: ,beating wire of a defect driver*

Model error

LIPPEL
0,03

0,02
0,01

OOM

0,00
—-0,01

-0,02

TTTT[ T[T [TTTg [TTTT{TTTT[TTTT[TTT
\
t
|
\

-0.03 Period

Frequency [Hz]
o 45 K BUEAT i g2 Regular distortion have high energy
« 575 A KA Disturbances have low energy
o SRR R — /NS> F 391 3LV Disturbances are concentrated
at a fraction of a period
> WAE 2R L (KIE1Y X T) peaky distortion (high crest factor)

\ > HUAMEES 251 Active compensation is useful
L KLIPPEL it 2% >) 4775 B¢ 112 7, 93 www.klippel.de *yj

K il BRIV R )
Check: crest factor of harmonic distortion

Crest factor of harmonic distortion

good  1oigg bad

Instantaneous crest harmonic distortion (ICHD)

Displacement X [mm]

displacement

Frequency [Hz]

»
»

E5Z 154 Frequency of sine sweep

! 5 KLIPPEL 2% 3] 4% 75 2% (K112 i, 94 www.klippel.de *’—J




4 IR U (80 K 2 h
Instantaneous crest harmonic distortion ICHD(f,x)
FREIA: B k43T Case A: ,beating wire of a defect driver*

Instantaneous crest harmonic distortion (ICHD)

12
U
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S L AE50442% + 10 mm {2 F5 4k
Defect occurs at + 10 mm displacement at 50 Hz
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Instantaneous crest harmonic distortion ICHD(f,x)
FIB: B4 Fp Al E # Case B: ,rubbing voice coil of a defect driver”

Instantaneous crest harmonic distortion (ICHD)

Displacement X [mm]

WU EEBE 44 Conditions initiating rubbing:
o U R e S
Negative turning point of voice coil excursion
< JARE 2 b (FUREET) > w kbR
Above resonance frequency (mass dominant) - Tilting of voice coil former
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Assessing Power Handling

Increase of voice coil temperature Delta Tv (t) and electrical input power P (t)
DUT: 1 (01:35:54)
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[ B¥U%{Y Parameter Variation - PWVT )
Tt 98 A SR AR A 6 2 5 5

Investigate the Influence of Ambience Conditions
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- S. Hutt: Ambient Temperature Influences on OEM Automotive Loudspeakers,
AES preprint 5507
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Check: Voice Coil Temperature
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7,5 KIW

Thermal resistance
is not constant !!
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