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Coil Inductance

Measuring the Nonlinear, Lossy, Frequency-dependent Voice
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. Inductance Measurement
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Motivation

Measuring an accurate inductance model

Mms Rms(V) K (X ) q =V -Su(x)

v (t) !
> ®_/YYY\_ s L

Fr(x, i)

A lu ) BI)-v®)| | Bl (X) BI (x)-i (t) Sq (X) Zioad

* the voice coil is modeled with
* a time-variant DC resistance
* a dynamic nonlinear inductance which depends on frequency and voice coil displacement
* current dependency and magnetic hysteresis is not considered in this presentation

GOALS: < Robust, easy-to-use, and accurate measurement
* Easy Iinterpretation of the results
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Motivation

Why measuring the nonlinear self-inductance?

* decreases the voltage sensitivity and efficiency
* creates nonlinear distortion (HD, IMD) that degrades the audio quality

* DC displacements decrease voice coil stability (reluctance force)

Sound Pressure Level Peak and Bottom Value of Waveform
@1V, Tm X peak + bottom
mmmm Sensitivity Amplitude e 100V w200V s 400V m——1.00V(b) w200V (b)
sound pressure spectrum 400V (0)
L_R=75.99dB A =

6

- Intermodulation 4 X

3 ond 2rd | ond Distort DC

£ Istortion

S 3rd 3rd 3rd e 2

o £

S E 0 T

B

2 55 th th 3 ?

2 " nt" " % 2

<)) - =

céi 50 harmonics % <d|fference tonesll mmmmm d tones? o

@

2 4

: |

45 >

—(n— _ frequency-
f 2 f o, fi-(n=Df, f ﬁfzfﬁfl firn=DF, q 3:: .

“bass tone” “voice tone”
50 100 200 500 1K 2K 5k 10k 20k 100 1000
Frequency / Hz Frequency / Hz
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Inductance Modeling

ldeal Inductance

* Ideal inductance is purely reactive e i e onee ot Lossy Inductance £
* Magnitude increases by 6dB/oct . Ebe
» Constant Phase of 90° O] 100

90

* Can be modeled with a single nonlinear
Inductance parameter L,

80
70

60

—

Bap / aseuyd

50

Impedance Magnitude / Ohm

L . . 6 dB/oct. °
y ZL(](’U) — Le]w 30
o— LYY Y 2
A 10
* Does not consider magnetic losses O
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Inductance Modeling

Losses
Eddy Currents Shorting Material
Current density J(r) in magnetic system without Current density J(r) in the magnetic system with
shorting material: shorting ring:

» Energy is dissipated into heat. This cannot be explained by an ideal inductance!

7\
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* Real inductance depends on frequency

Inductance Modeling

Lossy inductance

Impedance of Lossy Inductance ZI(f)

mmmmm Magnitude msssssm Phase (fitted)

10

* considers magnectic losses (eddy currents, skin
effect, shorting rings)

* Inductance model has to consider resistive
behavior

* maghnitude increases by less than 6dB/oct
* phase <90°

 LR-N model is used

 versatile: can be extended by more LR elements

* high degree of freedom compared to others (such as

Leach, Wright)

—_—

Impedance Magnitude / Ohm

<6 dB/oct.

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

L, L
L. Y'Y YL
o Y'Y Y| - |
(LR-3 model) R R3 .
KLIPPEL
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 Electrical Impedance changes with displacement
* Mechanical Stiffness K (x)

* Force Factor Bl(x)
* Voice coil self-inductance L(x,f)

* Can be modeled by a nonlinear LR-N model

Inductance Modeling

Displacement dependancy

L2(X) |_3(X)
Le(X) Y Y Y Y Y Y
o— LYY Y _{ — o —0
Rz(X) R3(X)

Z(f,xDC) Impedance

s xXDC =0 mm *xDC=-3mm mwEmEmEmE *xXDC=+3mm

BI(X), KmS(X) KLIPPEL

25

N
o

Nonlinear
Inductance

Magnitude / Ohm
|_\
o1

[N
o

"

20 50 100 200 500 1k 2k 5k 10k
Frequency / Hz
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Measuring the nonlinear dynamic inductance

Point-by-point dynamic measurement

* Small AC signal excites the driver in the audio band

measured

» DC voltage shifts the voice coil to different positions ‘ Generator

Z(f,xDC) Impedance
s XDC=0mm 0 *xDC=-3mm s * xDC = +3mm transducer sensor

30 EI:I/P/I;EI.
B—two
25

signal

i (1)

error signal

i'(1)
g 20 _3 mm f
é 15 dC | U, Linear estimated I:)Optimrftll
E signa ——p arameter
§ 0 mm Gengerator sling?wue’:l Model signal Fitting
5 +3 mm / @
il Small signal
0 parameters
20 50 100 200 F 500 N 1k 2K 5k 10k at working point ;
* Small signal parameters are identified based on the impedances Selecﬁon;fworkmg
Z(f)=U(f)/1(f) at different positions X : il
B Standard IEC 62458
. 2
mln{‘ ‘Zmeas (ch, f) o Zmodel (ch, f; p) ‘ | } (Measurement of Large Signal Parameters) Large signal
p parameters
« parameters p comprise a set of LR-3 parameters ~
KLIPPEL
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Point-by-Point Measurement
Video

® Z(fx=0) Impedance
— Magrilude (Measured) s Magnitude (Fitted)
[ J — Magnitude (large signal at x=0}

e KLIPPEL

impedances + :

20
1
£
D1
s
3
B4
E
£12
Z{f X=0) Impedance 2
LINEAR MODE E o
s Magnilude (Measured) s Magnilude [Filted)
16
A 8
KLIPPEL
15 -
[}
14
A
13 E 10 Fail 80 00 200 500 1
Frequency { Hz
12
1
E
S
o
2
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= Z(f,X=0) Impedance
a LINEAR MODE
— Magriuce (Measured) s Magrituede (Fitted)
7 20 o
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=10
Z(7 X=0) Impedance
| LINEAR MODE a
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13 g
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Point-by-point Measurement

Disadvantages
Temperature(t), Re(t) DiSp /a Cem ent
During the measurement S
* the voice coil temperature S ‘
increases i
o 6,15 @ﬁc=ov UDC=6V uDC=OV Creep
* the mechanical creep changes s /
the stiffness - L
Z(f,X=0) Impedance "
» distorted impedance measurement ’ .
2 Zmeas(uDC_6V’ f)
» inaccurate impedance fitting
> pre-measurement required (~10 seconds)
° 20 50 100 200 500 1K 2k 5k PamN

Frequency [z KLIPPEL
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Measuring the nonlinear dynamic inductance

Full Dynamic Measurement

* Transducer is excited by a multi-tone signal of large amplitude

measured

* Only a single measurement is required

—
* Electrical current and voltage is measured _ control  power transducer ~ SPReg T
I(f) Current Spectrum ‘ SaC | ‘ amplifier ( ) © error signal
memmm FUNdamental s Distortion + Noise Igna u\tf
\ Cenerator ' ~ e

A i(f) fundamental
il

r i'(1)

Nonlinear estimated
—>
Input MO el signal

signal
Large signal
parameters

Optimal
Parameter
Fitting

|

-

|

M |

| H '| "| }'n' "‘ \ H

/(f) ndnllnéar éiﬂt rt

|| |‘|

Selection of
WWU\IIWIIMIMM..... . < /
2K 5k 10k

working range

Frequency / Hz

 Main information is found in the electrical current
* Nonlinear optimization problem:

Standard IEC 62458

(Measurement of Large Signal Parameters)

mpln{‘ limeas — Imodel (P)I| 2}

* p comprises the nonlinear LR-3 model parameters
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Full Dynamic Measurement

Video

1IN

\j‘

5,
M

Voltage &

Measurement’

Result: Linear and Nonlinear

Parameters

& \ISEAT\W100S\REF\FLSI NONLINEAR: BIfx) Fore... [ = |[ & |[ 58]

& \ISEAT\W100S\REF\FLSI NONLINEAR: Km(x) Stif... [ = |[= |[ 52 |

Bl(x) Force Factor
Bl{-x)

e Bl ()

N
35 KLIPPEL
-

3,0

2.5

2,0

1.5

Farce Factor / (N/A)

1,0

0,5

-5 0 5
Displacement / mm

Km(x) Mechanical Stiffness
Kms(-x)

TS ()
— it~

i

11 KLiPP
-

1,0
0.9
0,8
07
06

05

Stiffiness / (N/mm]

04
03
02

0,1

tn

0 5
Displacement / mm

& \ISEAT\W100S\REF\FLSI NONLINEAR: Linear Par... [ = | & J[&=]

& \ISEAT\W100S\REF\FLSI NONLINEAR: L(x) Induc... [ = |[ B |52 ]

A
Parameters at x=0
R: EX:3 3.67 3.67 C
fs 53.2 53.2 70.9 b
G 0.46 0.44 0.61
Qes 0.53 0.51 0.70
Qs 3.24 3.24 516
Bl 3.68 3.68 3.65 i
(BD*/R. 3.55 3.69 3.63 P
Muns 5.67 5.67 5.67 c
Kms 0.63 0.63 1.13 P
Crz 1,58 1.58 0.85 r
Rms 0.59 0.59 048 k
Le 0.10 0.10 0.08 r
L2 0.22 0.22 0.21 r
R 0.62 0.62 1.19 Y]
Iz ina> naz ni14d r
L 4 >

L(x,f,i=0) Inductance
— (20 HZ) L{x, 41 Hz)
e | (%83 Hz) Lix, 168 Hz)
. | (%, 345 HZ) e (%, 701 HZ)

L(x.1426 Hz) L(x.2901 Hz)
L(%.5900 HZ) s L(3,12000 Hz)

o,
1,2 KLIPPEL
-
1,0
0.8
0.6

0.4 \

Inductance f mH

Displacemeant / mm
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Measurement methods

Overview

* Full dynamic measurement
* Fast
* Easy-to-use
* Robust
* Stimulus represents typical audio signals
* Highest accuracy
* Less heating

* Disadvantages
* more complex fitting algorithm

7\
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Interpretation

LR-3 model

Le(X)
* Advantages | ||

* Small number of parameters
* Can be applied in simulation software
* Can be used in real time algorithms

R2(X) R3(X)

0.40 s | —— R2(x)
...... HE{K} *
R;(x)
* Difficult interpretation 030 - 4-
* In which frequency range is a parameter active? £ o5 £
2 2 3-
* Which nonlinear parameter is important? 2 090 5
g s
* What is the physical cause of a parameter‘s characteristic? £ .. G g - .
0.10 RZ(X) ™~
1 o
0.05
D.ﬂﬂ ! ! ! ! ! n | ! ! ! !
=50 -=-2.5 0.0 2.5 5.0 =5.0 -=-2.5 0.0 2.0 5.0
displacement / mm displacement / mm
7\
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Effective inductance parameters

Definitions
Les(X,T) RL,eff(X,f)
o Y Y Y\ o
Z1,(x,jw) = jw Legr(x, jw)+ Ry, efr(X, jw)
3z (x, 1)} B
Leff(x; f) — 1 RL,eff(x; f) — 9:{{ZL(:"C) f)}

0}

. . 3 kHz
* L. reactive part (conservative)

* R, .4 resistive part (dissipative = losses)

 Derived from the LR-N model STV A ST i S il S
Displacement / mm /\

KLIPPEL
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Effective inductance parameters

No shorting ring

Les(X,T) Ry eri(X,T)
. YY) .

/ T~

Less(x, f) Ry efs(x, f)

Front Plate 130 3 105
125 : h 103
1.20 5 AI r pat 97

1.14 9.2

1.09 4 8.8

Pole 1.04 g4
Piece 0.99 3 80
094 76
088 2 71
083 67
Back Plate 07

: 63

£ £
E 073 = £ 59

= x =
% 0.68§ é 0 55
X g 062 T 8 50
g 3 _
a 057 2 ) a5
052 o
047 -
Front Plate 0.42 34
036 .
0.31 3 95
0.26 51
021 4 .7
Pole 0.16 13

. 0.10 -5
Piece 08
005 04
0.0
Back Plate

KLIPPEL
f f ~
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Effective inductance parameters

Pole
Piece

Front Plate

Magnet

l

Back Plate

* at low frequencies:
* high inductance, low losses

* at high frequencies

* high losses

* inductance decreases but is still
higher than at the air path

* large part of the electric input power
is not stored as magnetic energy but
dissipated into heat

1,2

1,0

3
£ 0,5

No shorting ring
Leff(x»f)

Pole
Piece

Front Plate

Magnet

Back Plate

Air path:

* low inductance

 low losses

e comparable to

an air coil

7\
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Effective inductance parameters
With shorting ring

Lapp(X,f) R app(X,f)

Front Plate
1.60 6
6 1.57
1.54
5 1.47 °
1.41
Pple 4 " 4
Piece 1.28
3 1.22 ’
1.15
5 1.09 2
Back Plate 102
; 0.96 c 1
£ =S
E 0.80 :_;
5 0 - 083 % g 0
g = g
g 0.77 2
g 1 !I..‘L 0.70 a4
b
Front Plate 2 - ’
3 0.45 -3
0.38
4 0.32 4
0.26
Pole 5 0.19 "
Piece o1
A 0.08 6
0.00
Back Plate

KLIPPEL
f f ~
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Effective inductance parameters

Pole
Piece
Shorting ring

Front Plate

Magnet

Back Plate

 at low frequencies

* comparble to transducer without

shorting ring

* at high frequencies

 inductance curve

* |osses are lower than without shorting

ring

tilts

1,6

1.4

1,2

T 1,0
3
c 08
8

o
c
— 0,6

04

0,2

With shorting ring

20 Hz

Leff(x’ f)

Front Plate

Pole Magnet
Piece

Shorting ring

Back Plate

Air path:
* low inductance
* low losses

* comparable to an air coll

7\
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Analysis of Qutput Distortion

SPL Spectrum

mmmmm Fundamental s Total DiStOrtion s s Bl(X)
w w womm KMS(X) mm m W Inductance (X) Reluctance Force

Full dynamic measurement identifies all relevant
linear and nonlinear parameters &

This allows calculating the nonlinear distortion
caused by every element

. ) . . Fundamental
Shows the dominant nonlinear distortion

Enables to focus on the most relevant elements
for improving the loudspeaker

40

Allows to compare prototypes with and without
shorting material

Sound Pressure Level / dB (re 20 uPa)

Simplifies evaluating optimal shorting material o
postitioning _.

100 1000 10000
Frequency / Hz
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Key takeaways

Full dynamic measurement is superior to the point-by-point measurement

* Best accuracy

* Easy to use

* Short measurement time

* Exploits nonlinear distortion (harmonic and intermodulation) for parameter identification

LR-N model is well suited for simulations and active compensation
* Allows direct reluctance force calculation

Effective elements L.4(x,f) and R, 4(x,f)
* simplify interpretation
* can be compared and verified with FEA (COMSOL, FEMM, ...)

Distortion Analysis

* decomposition of the nonlinear distortion components
* high diagnostic value to evaluate and inprove the motor design

7\
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AND FOLLOW US
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