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Precision Measurement of Loudspeaker Parameters

DAVID CLARK

DLC Design
Novi, Michigan, USA

ABSTRACT

A body of techniques for the accurate and repeatable measurement of loudspeaker drive-
unit electro-mechanica! parameters is presented. Pneumatic pressure is used to move the
diaphragm in order for position dependent parameters to be measured over the full excursion
range.

0 INTRODUCTION

Computer models of loudspeaker systems are widely used to predict performance in order
to reduce expensive cut and try iterations. These models require a set of parameters describing
the drive-unit, the enclosure and the passive electrical components. Parameters of moving-coil
drive-units are conventionally derived from impedance measurements using small amplitude test
signals with and without an added mass or test volume. [1-5] It has been found that the different
techniques used to measure parameters can give unacceptably high variance in parameter values.
In other words, two measurement methods may end up predicting two substantially different
enclosure designs as being the optimum for the same drive-unit.

Performance prediction accuracy also suffers from measuring only at rest-position, This
amounts to an assumption that the drive-unit is a linear device. Measurements show that normal
operation of a loudspeaker commonly results in cone excursion to positions where parameters
change by 2 to 1 or more. Several more recent investigations have dealt with this problem.
[6-113

This paper describes a practical measurement system which deals with the amplitude and
position dependencies of real drive-units. This system differs from previous approaches by
combining the following techniques: 1, The diaphragm is moved through its practical range of
excursion by pneumatic pressure. 2, Position-dependent characteristics such as force factor and
suspension stiffness are isolated and measured over the excursion range. 3, Basic electro-
mechanical parameters of the drive-unit as a driven mass-spring-damper system are measured as
directly as possible. 4, Suspension characteristics are measured under conditions which simulate
normal operation, thereby capturing the influence of creep, aerodynamic drag and other second-
order characteristics which are not measured separately at present.



The data obtained from the measurement system is a set of electro-mechanical (E-M)
parameters, two of which are presently shown as a function of excursion (x). At any given
diaphragm position, the data may be mapped to conventional Thiele-Small parameters for analysis
and system synthesis using the T-S model. Full use of the position dependent data, however,
requires a non-linear model based on E-M parameters. This model promises prediction of
distortion and frequency response change as the excursion limit is approached.

1 USE AND MEASUREMENT CONDITIONS

Drive-units are most commonly approximated by a linear model such as the Thiele-Small
model. [2-5] Parameters are usually derived from measurements made at the lowest practical
amplitude which is consistent with using a linear model. A problem can arise from
straightforward application of this principle, however. Suspension material properties such as
"stiction" may require motion approximating that which is found in service in order to exhibit
their "effective" value. This is akin to the requirement of dither in a digitization process, In
practice, accuracy may be improved by adding an "exercise" signal to the low-amplitude probe
signal or, in some cases, by increasing the prob e signal to provide its own exercise.

Consider the 165 mm moving-coil woofer with free-air resonance frequency plotted as a
function of sine-wave measurement amplitude in Fig. 1. Resonance is shown to vary from 42 Hz
to 73 Hz when measured over a range of test amplitudes. If the resonance shift is due solely to a
change in compliance (a reasonable assumption given that the only other potential variable is the
moving mass) the resulting effect on the Theile-Small parameters is shown in the table
accompanying Fig. 1. The low-resonance parameters (high test amplitude) suggest using this
driver in a 20 liter vented-box while the high-resonance parameters (low test amplitude) suggest a
large sealed box!

It is tempting to dismiss further investigation by stating that such a non-linear drive-unit is
unworthy of our consideration, Unfortunately, all drive-units measured to date, by the author,
show some degree of this variation. Also, when the role of compliance non-linearity is more fully
understood, it is found that it often plays a minor role in system performance. In other words,
compliance variation may hopelessly distort the model without distorting the sound.

Measurements of another drive-unit show the error in assuming that the drive-unit is linear
with regard to displacement. Figure 2 shows a time record of the excursion of a sealed-box
woofer playing music program material. Power input was within the manufacturer's
recommendation and excessive distortion was not heard. Peaks of_+ 5 mm are seen, which can be
considered to be quite ordinary. Figures 3 and 4 plot the measured motor force factor (BI) and
the suspension spring constant (Kms) as a function of excursion for the unenclosed driver. A 2 to
1 variation in force factor and a 4 to I variation in suspension compliance are observed over the _+
5 mm excursion range. The meaning of this is that under operational conditions, a high-quality
drive-unit may undergo dramatic variations in key parameters on a continuous basis. Clearly,
parameters evaluated at only rest-positlon values do not adequately describe the drive-unit in
normal operation.



Variation of force factor over the excursion range is considered here to be the non-
linearity of primary importance. It is well known that a moving-coil direct radiator loudspeaker
may have a wide range of fiat response. That is, for a constant voltage input the acoustic output
is proportional and independent of frequency. Assuming that the radiating surface is small with
respect to the wavelength, constant acceleration of the radiator over the range frequencies is
required. Assuming that air load variations and suspension stiffness are insignificant compared to
the moving mass load, the driving force must be constant with frequency by Newton's claim that
acceleration is equal to force divided by mass. The force produced by a moving-coil motor is
equal to Bl*i. That is, force is the product of magnetic field strength (B), length of wire in the
field (1),and the current flowing in the wire (i). In the range of flat response, voice-coil
impedance is nearly constant or resistive. Current, then, is nearly proportional to voltage. This
satisfies the condition for fiat response', a mass accelerated by a frequency-independent force.
Within this important range of flat response, the only factor which is clearly position dependent is
BI, the interaction of the coil and the magnetic field.

At and below a direct radiator's primary resonance frequency, suspension stiffness
becomes equal to and surpasses the mass reaction to the driving force. While this is below the
"flat" frequency range, it is important to downward response extension and the transition from fiat
to roll-off Thus, suspension stiffness variations with position become important below the "fiat"
range. Diaphragm excursion is highest in this range making the importance of suspension linearity
second only to force factor linearity.

However, in the Thiele-Small model suspension linearity becomes critically important
because four of the five T-S parameters contain suspension stiffness as a factor in their definition.
If the suspension non-linearity results in a poor estimate of its average or effective value, the
entire model will be in error. The electro-mechanical model, on the other hand, isolates
suspension compliance maintaining accuracy of the other parameters. The E-M model may also
be extended to handle non-linearity data.

Other physical and electrical characteristics ora drive-unit which are position dependent
are mechanical damping, inductance and semi-inductance. [12] For many practical designs, these
are less influential than force factor and suspension stiffness variations. Still others include creep
and thixotropy. [13] Aerodynamic and fluid damping losses may be velocity dependent as well as
position dependent. These factors are certain to be increasingly incorporated into future models
as their measurement becomes practical.



2 PARAMETER CONVERSION

While Thiele and Small used many measured properties of drive-units in their analysis and
synthesis of systems, only a small number of combined properties constitute the T-S parameters in
general use. These are:

fs Free air resonance frequency of the drive-unit (Hz)
Vas Equivalent acoustic volume of the suspension (m3)
QEs Electrical Q of the drive-unit (no units)

QMS Mechanical Q of the drive-unit (no units) [
RE Resistance of the voice-coil (ohms)

If we add one additional simple measurement, that of diaphragm area (SD), these T-S
parameters may be mapped to a set of electro-mechanical parameters and vice-versa. It is
necessary for the two Q values to remain separated and not combined into a total Q (Qt).

The minimum set of electro-mechanical parameters is:

Mm Moving mass of the diaphragm (kg)
CMs Suspension mechanical compliance (m/N)
R_ts Mechanical resistance (Ns/m)
BI Motor force factor (N/A)
RE Resistance of the voice-coil (ohms)
St> Diaphragm area (m2)

The mapping procedure is straightforward as long as mass is expressed in kilo-grams (kg),
force is expressed in Newtons (N) and dimensions in meters (tn), square meters (In2) etc. First,
note that REand St>are exactly the same for each set. Next, the air mass load (MM0 for both
sides of an unbaffied drive-unit (free-air) is calculated [1 p. 230]. This is added to MMt>in T-S
parameter calculations. Also, it is useful to calculate the angular free-air resonance frequency
(cos). The constants for velocity of sound (c) and density of air (Po) are also needed.

To map to T-S from E-M

Define constants:
c = 345 ngs

Po = 1.18 kg/m3

Preliminary calculations:

Mm = (2.67) P0(SD/Tr)3/2

cos= 1 / [(M_m+ MMI) (CMs)]la



Then:
fs =(Os f2 _t

VAS= Po C2 St)2 CMS

QEs= (COsMm RE) / (BI) 2

QMsTM 1 / (_s CMsRMS)

Rs = RE

SD = SD

To map to E-M from T-S

Define constants:
c = 345 ngs

Po= 1.18 kg/ma

Preliminary calculations:
Mm = (2.67) po(SD/ ;_)3/2

(Os= 1 / [( Mm+ Mm) (CMs)]m

Then:

MMD= (SD 2 Po C2) / ( (Os2 Vas) - MMi

CMs= VAS/ (SD2PoC2)

RMS = (SD 2 P0 C2) / (Qrds VAS COs)

B1= [(SD2Po C2)/ (VAsQss (Os)]la

R_=RE

SD = SD

Since we can map from E-M to T-S, we are free to measure E-M parameters for use in a
T-S model. One reason for doing this is because we may have greater confidence in the accuracy
of the measurement of the E-M parameters. For instance, B1 may be simply and accurately
calculated from the force on the diaphragm produced by a steady current. It may be preferable to
use the T-S model for prediction because it is familiar or because of its general availability.



However, many will prefer to use the E-M parameters directly in an electro-mechanical
model. One advantage is that the non-linearity of a parameter such as suspension compliance can
be easily included enabling distortion prediction. Another advantage is that improvements to a
drive-unit are more easily communicated in the electro-mechanical domain. For instance, a
requirement for higher sensitivity immediately suggests a higher force factor (BI) and a lower
diaphragm mass (M_m). In the Thiele-Small domain, a low QEs may be the dominant factor.
However, QF.scan be lowered by lowering Fs with a more compliant suspension which will have
no effect on passband sensitivity.

3 MEASUREMENT SYSTEM COMPONENTS

The parametermeasurementsystemdescribedhereconsistsof the following components:

Test chamber of 0.21 m3which rotates i80 °

Laser position transducer with voltage output
Chamber pressure transducer with voltage output
Microphone inside test chamber and preamp
Known non-magnetic mass
Pressure source, voltage controlled
Current-source amplifier with remote sense
Application specific electronic functions
Microsoft Windows computer
Data acquisition and control card
Measurement software
Analysis software
Prediction software

The components, except for the computer, are housed in a workstation as shown in Fig. 5.
The system is intentionally partitioned into a general purpose "drive-unit laboratory" suitable for
manual experimentation and ihe software control for performing repeated standard measurements.
Interface is an input/output box with BNC connectors for external instruments and a parallel
connection to the computer's data acquisition board. After a new procedure is developed
manually, the software can be updated for a new standard measurement.

The test chamber is a shallow cylinder which provides a large volume of air with a short
distance to the nearest reflecting surface. This allows a simple air load assumption to be made to
a reasonably high frequency. A sub-chamber of one-half the linear dimension allows the
assumption to extend an octave higher for high-resonance speakers. An assortment of baffle sizes
allows drive-units of up to 457 mm (18 inch) nominal diameter to be mounted.

The test chamber rotates 1800 to allow gravity to act on the moving mass forcing it
towards or away from the magnet and allowing moving mass and force factor to be determined.
It was initially found that the deflection of the structure of the test chamber and mounting board
produced error in this measurement. This was corrected by employing a rigid measuring frame





4 MEASUREMENT SYSTEM FUNCTIONS

Symbols and abbreviations:

g acceleration due to gravity. 9.8 m / s2
p test chamber pressure re. atmospheric. N / m2
x diaphragm displacement from rest position. Away from magnet is positive.

Measurement functions:

current-source Power amplifier with current output independent of load.

p-servo to x Displacement of diaphragm to a specified axial position, x by
regulation of pressure in the test chamber.

p-servo to p Regulation of chamber pressure to a specified value.

mag-servo to x Displacement of diaphragm to a specified axial position, x by
regulation of current in the voice-coil.

rotate Rotation of test chamber to allow gravity to act on diaphragm.

fs oscillation Resonance frequency. The fs oscillation mode differentiates the
output of the position transducer obtaining diaphragm velocity.

This signal is fed via a voltage-controlled amplifier to a current-
source power amplifier connected to the drive-unit voice-coil such
as to produce positive feedback and oscillation at the drive-unit's
resonance frequency. The oscillation amplitude is stabilized by the
voltage-controlled amplifier to a setable constant excursion
amplitude. Resonance frequency is measured with a frequency
counter.

probe tone A Sine wave applied to the voice-coil at moderate amplitude by a
current-source amplifier. Acoustic output is picked up by a

microphone inside the test chamber.

chamber speaker A small, high-resonance sealed-box speaker system located inside
the test chamber. It is used to produce a flat pressure response

inside the chamber to be picked up by the drive-unit under test or
by an external microphone.



5 METHODS

1.0 Break-in. A break-in process is recommended. Drive-unit storage may cause the
diaphragm suspension to drift away from its normal or in-use position. Break-in, with the drive-
unit axis in the in-use orientation (usually horizontal), restores the normal diaphragm position.
The recommended procedure pneumatically stretches the suspension to one excursion extreme
then the other and continues to alternate decreasing the excursion each time until x is at zero.
This process can be completed in less than one minute.

1.1 Pneumatic.

I Select p-servo to x mode.
2 Set x = 0 mm (p will = 0)
3 Setx = lmm, noteP(+l mm)
4 Increment x until the I mm p change is 4 times p(*,m_)
5 Repeat for- direction
6 Alternate between + and -, decrementing by 1 mm until x = 0
7 Recalibrate x = 0 at new rest position

2.0 Bit0>,Force Factor at rest position. With the drive-unit axis vertical up, a known
mass (M) is carefully added to the diaphragm while increasing current such that the diaphragm is
not deflected. The steady current required to support the mass is recorded, allowing BI to be
calculated from BI = F / I. F TM g*M. g = 9.8 m/s2

2.1 Force balance.
1 Rotate test chamber axis to vertical up
2 Select mag-servo to x mode
3 Set x = 0 mm, note amplifier current, I(0)
4 Slowly add mass allowing servo to maintain x = 0, note I(ma_)
5 Calculate BI = F / (Io,_ - II0>)

3.0 BI(x).Force Factor over Excursion. The preferred method applies a moderate-
amplitude probe tone in the mass-controlled frequency range to the voice-coil from a current
source and observes relative acoustic output over the excursion range. [7] Acoustic output is
closely proportional to BI under these conditions. A current source is used to avoid the influence
of changing voice-coil inductance. The relative BI thus obtained is calibrated at the x = 0 position
by the results of the previous procedure.

This method is relatively free from influence of suspension creep, stiction, thixotrophy
and non-linear stiffness. One must use care at extreme conditions of the suspension, however. If
the resonance is shifted upward in frequency such that it approaches the probe tone frequency
(commonly 350 Hz), an increase in acoustic output no longer indicates higher BI. Also, under
extreme stress conditions, the diaphragm may be deformed and alter the acoustic output
independently of BI. The alternate force balance method suggested may extend the excursion



measurement in these cases although with some loss of accuracy. BI = F / I. F =
m/s2.

possible, the diaphragm should be taken to the extremes of excursion allowed by the
BI measurement. For completeness, this should result in a BI reduction of at least

rest-position value.

Probe Tone.

I Select p-serve to x mode.
2 Set x= 0 mm

3 Set probe tone from current source to produce 100% set level
3 Increment x over excursion range. Note amplitude %
4 For each x, multiply BI(0)by % for Bl(x)

Force Balance.

1 Rotate test chamber axis to vertical up
2 Select p-serve to p mode.
3 Select mag-serve to x mode
4 Set p =0
5 Set x = 0 mm, note amplifier current, I(0)
6 Slowly add mass allowing serve to maintain x = 0, note I{m,_)
7 Calculate BI = F / (I(,,_> - I(0)), F = g*M
8 Increment x to next value chosen

9 Increase p to produce I close to 0 mA. Let system stabilize
10 Repeat steps 5,6 & 7 for this x
11 Repeat steps 8,9 & 10 for entire range ofx

MMD,Moving Mass of Diaphragm. Diaphragm mass is assumed to be constant
analysis. The most accurate way to determine diaphragm mass is to cut it out of the
weigh it. Half of the spider, half of the surround and half of the lead out wires

included. Of course, this method destroys the drive-unit.

preferred non-destructive method for determining Mm is to use the drive-unit's
to balance the force of gravity acting on Mm. The key to accuracy in this

is to avoid displacing the suspension while changing its orientation in the
field. The diaphragm tends to fail to return to its original position when displaced
Accuracy also requires that the measurement of relative position of diaphragm to

basket be of high resolution. With the existing equipment the method is accurate for
with resonance below about 70 Hz.

second method is to measure resonance frequency before and after the addition of a
shift downward in frequency allows Mm to be calculated without knowing the

stiffness, only assuming that it remains constant. With the conventional "added mass"
determining Thiele-Small parameters, the act of adding the mass, even to a horizontal-

displaces the non-linear suspension to a new stiffness value. The new stiffness
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