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Abstract
The Hammond Organ with its electro-magnetic generator is still a standard instrument in the western music
world. The organ still fulfils musicians’ demand for a distinctive sonic identity with intuitive control of some
arbitrary parameters. Bequeathed a heritage of some hundreds of thousands of tonewheel organs to the world,
most of them still in service since the original manufacturer went out of business. The worldwide organ scene
remains a vibrant community. A description of the tone production mechanism is presented based on measure-
ments of a pre-war Model A. The survey includes high-speed camera measurement and tracking of the generator
as well as oscilloscope recordings of single pickups. Some properties emerge due to the interaction of the me-
chanical motion of interaction with the magnetic B-H-field. A FEM model of the geometry shows accordance
with the proposed effects. A FDM-model is written and a more complex physical model having a special regard
on the geometry and electronic parts of the sound production mechanism.
Keywords: Sound, Music, Acoustics

1 INTRODUCTION
Following the publication of the Wurlitzer and the Rhodes E-Pianos at ISMA 2014, we have a closer look at the
unique Hammond Organ with electro-magnetic sound production. It is one of the remaining standard musical
instruments in the western world of Jazz-, Rock-, Funk-, Soul-, Gospel-, Reggae-Music and related genres. This
can be attributed to its specific mechanical-electromagnetic tone production, key mechanism, wiring, lead dress
and amplification/speaker-system. The Hammond Organ still fulfils the musicians’ demand for assertiveness
and a distinctive sonic identity in some ways, never reached by any other electronic-, sampler-keyboard. Even
newer physical-, or PCM-based models struggle with an adequate reproduction. Every decade since the original
manufacturer went out of business in 1986, experienced a revival of the original instrument, bequeathed a
heritage of some hundreds of thousands of tonewheel organs to the world, most of them are still in service at
home, in studios and on stage. Original spare parts and professional service are still available.
In this survey, a description of the outstanding tone production mechanism is presented based on measurements
taken on a Hammond Model A built in 1938. The measurements include high-speed camera measurement and
tracking of the tonewheel generator. In the case of the Hammond Organ, characteristic sound properties emerge
due to the interaction of the mechanical motion of up to 91 small ferromagnetic, toothed wheels interacting
with the magnetic H-field of their respective pick-up. Non-linear crosstalk effects like leakage between wheels,
changing the complexion of harmonics are descried. The measurements are compared to a FEM model of the
respective geometry showing accordance with the proposed effects. A simplified FDM-model is written along
with a physical model having a special regard to the geometry and electronic parts of the sound production
mechanism.

2 STATE OF RESEARCH
Besides a deeply involved community organised in organ clubs, blogs and forums around the world, few scien-
tific research is done since pre-war era.
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Figure 1. Probe position and some data of a pair of tonewheel 9 of G#0 and 57 of G#4 with pickup and filter
attached.

A waveguide filter model of the Hammond organ vibrato/chorus has been build by Werner, Dunkel and Germain.
The LC ladder-filter is modeled by using the Wave Digital Filter formalism to introduce their approach to
resolving multiple nonadaptable linear elements at the root of a WDF tree. [21]
Werner and Abel describe audio effects emulating the response characteristics of the organ to process audio sig-
nals. [22] Savage refined the effects processor. He focused on emulating induced crosstalk between tonewheels.
Filtering adds a frequency-dependent tremolo effect to the sound. [19].
Moro, McPherson and Sandler studied the key mechanism. A ninefold lamellar switch toggles the dialed har-
monics by pressing a key. The inconsistancy of the switch-mechanism is ultimately responsible for generating
the transient by adding a "chiff"-noise to the sound. This can be influenced by key velocity to a certain ex-
tend. [17]
A complete model of the tone-production is proposed by Pekonen, Pihlajamäki and Välimäki. An additive
computational sythesis of the simplified tone-generator is discussed. A model of the obligatory rotating Leslie-
speaker by time-varying specrtal delay filters is also shown. [18]

3 HISTORY OF ELECTRONIC INSTRUMENTS WITH ROTATING DISCS
The most simplest way to produce a low frequency signal is to chop direct current. According to a principle
proposed by Karl Ochs, the Rangertone Organ has been introduced by Richard H. Ranger in 1931. 24 rotating
electrical choppers with different numbers of teeth matching semitones of two octaves were mounted on a
common drive shaft. With additional assemblies running at rotating velocities in a ratio of 1:4:16, enough
sounds are provided to build an instrument of six octaves ambit. [16]
The first attempts using profiled iron discs in front of magnet coils for musical purposes were done due to
the lack of electron tubes in the late 19th century. A common device was the magneto or ring generator
to find in hand-cranked telephones generating a ringing voltage to call the operator. By use of this method,
the Dynamophone or Telharmonium has been build by Thaddeus Cahill. In 1906 he played concerts over the
telephone network by reason of the lack of loudspeakers. In consideration of the required power, the instruments
weight became tremendous around 200t. It consists of 12 multi-tone-generators providing siunsoidal voltage
swings. Using an organ-like register table, different harmonics can be mixed by adding the 2nd, 3rd, 4th,
5th, 6th, 8th, 10th, 12th and, or 16th harmonics with the fundamental. Intensities were controlled by damping
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resistors for each harmonic. [10] [2]
Charles–Emile Hugoniot experimented with Gramme machines, using rotating toroidal inductors and multiple,
adjustable pick-ups per unit. [13] [10]
The tone-generator of the Magneton by Wilhem Lenk and Rudolf Stelzhammer makes use of discs with different
profiles to provide a greater range of sound colours. The Instrument has two manuals and one pedal-manual.
The compass is five octaves. By using a frequency controlled motor regulator the instrument is able to be
transposed. [8]
A synthesis of sounds of 100 harmonics is proposed by Harvey Fletcher. The fundamental can be chosen
between 50Hz and 100Hz. The highest harmonic varies therefore between 5kHz and 15kHz. [12]
Electrostatic field charged pick-up rotors are developed by Leslie E.A. Bourn, for the Compton Electrone and
Melotrone-Organs. Earlier experiments are done by Wien, Pose und Klein. [10] [6]
A by far larger prevalence is reached by photo-optical methods with rotating discs. The Superpiano and Welte
Lichtton-Orgel are the predecessors of a wide range of phonetic instruments and theatre organs. [8] [7]

4 THE HAMMOND ORGAN
Laurens Hammond modernised, miniaturised and stabilised Cahills mechanism in his Organ and made it ready
to start mass production in 1935 with big success. [1] The organ uses one profiled disc per note. They are cut
to produce a sine wave-form. A lot of different sounds are possible by mixing the fundamental with overtones.
The overall tuning is the equal temperament. With higher order harmonics, the overtones differ more and more
from the harmonic series. The equal temperament increasingly deviates. For this reason just 8 harmonics are
realised, omitting the 7’. Therefore the number of tone-wheels can be reduced. The ambit of 7 octaves is
produced by 91 tone-wheels with a diameter of ca. 4cm each. [10]
By pressing a key the respective inductive pick-up, lengthways pointing to the edge of the tone-wheels, a
switch of nine lamellar contacts is closed nearly simultaneously forming the transient[17]. Two fundamentals
and seven harmonics can be mixed by nine drawbars for each manual and three for the bass-manual. A LC-filter
is attached in parallel to most pick-ups. Depending on the model, the upper most octave omits these, resulting
in a rich, typical squealing sound typical for the instrument. Moreover later models use harmonic foldback:
the notes of the highest octave or fifth of the 3’-register and higher harmonics and the 16’ sub-fundamental,
depending on the model, are taken from the lower octave. [11] [20]

5 STRUCTURE OF HAMMOND ORGAN’S TONE PRODUCTION
As indicated earlier, the tone production of the Hammond organ consists of differently shaped rotating disks
influencing the H-field over a magnetic pickup. By their rotation frequency and their specific shape they are
able to produce differently pitched tones. According to the user’s manual, the wheels have different numbers
of teeth, ranging from 2 to 192. By rotating in front of a magnetic pickup they are changing their distance
to the magnetic pickup and thereby influencing and changing the magnetic flux amplified by the following
preamplifier. In addition to this, every tonewheel has a differently shaped pickup that influences the magnetic
field in front of the pickup thereby shaping the strength of the disks influence.
In an idealised version of the instrument the shapes and the positions of the disks are approximately analytical
and can be approximated using simple sinusoidal formalism. But as our measurements have shown, the position
of the tonewheels in front of the magnetic pickup can vary considerably during several cycles and the distance
of the disks perimeter can vary within one period.
Comparable to the pickups of the fender Rhodes, the magnetic pickups are pointy shaped thus influencing the
strength of the magnetic field in front of the pickups and thereby minimizing the cross-talk between adjacent
rotating disks.
A number of different pickup shapes as well as disk shapes are illustrated in Figure 2 and Figure 1.
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Table 1. Number of teeth on number of discs for the measured Hammond organ.

Number of teeth 2 4 8 16 32 64 128 192
Number of discs 12 12 12 12 12 12 12 7
Notes C0-B0 C1-B1 C2-B2 C3-B3 C4-B4 C5-B5 C6-B6 C7-F#7

Figure 2. Magnetic field for different pickup shapes.

6 METHODS
To characterise the properties of the different components belonging to the Hammond’s tone production, several
measurements are performed using a high-speed camera as well as oscilloscope measurements.

6.1 Camera tracking
To qualitatively assess the motion of the tonewheels, a high-speed camera is used to record a set of two tone
generation disks, one lower and one higher disks of different pairs of tonewheels. To achieve this, a Vision
Research Phantom V711 high-speed camera is used. The motion of the discs are tracked and the resulting
trajectories exported, analysed and evaluated using standard signal processing software. To indicate the period
of one disc revolution it is marked with a black marker at one point on its outer circumference.
An image section of a measurement is depicted in Figure 4a).
The voltage produced by the motion of the rotating disc in front of the magnetic pickup are measured with
two probes at 3 points in front of the filter circuit and behind it. They are measured using a standard high
resolution digital oscilloscope with measurement probes as indicated in Figure 1

6.2 Measurement Results
As is shown in Figure 4a) the tracked motion of the tonewheels are periodic with the basic revolution as well as
others motions overshadowing the fundamental rotation. Due to its imperfect fixation and material defects, the
measured tonewheels wobble along the x as well as the y-axis. This leads to a pronounced amplitude modula-
tion effect in the resulting voltage as is shown in the next section. As is shown in Figure 3 the voltage induced
after the pickup is approximately sine-like and has strong amplitude fluctuation due to the non-linearities in the
motion of the tonewheels.

7 Intermediate Summary
The motion of the tonewheels as well as unspecified effects due magnetisation and self-magnetisation of the
rotating disk, the pickup rod as well as the copper winding around the metallic core of the pickup,
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Figure 3. The upper plot shows the camera tracking of the varying distance between pickup and rotating
tonewheel. The lower timeseries is the voltage recorded at position "Probe 2" as indicated above. The red bar
indicates the amplitude modulation due to nonlinear effects in the motion of the tonewheel.

8 FEM-MODEL OF THE TONEWHEEL
The model is a time-depended 2D simulation of the tone-generator comprising an iron rotor and a magnetic coil
forming the stator. The core of the rotating disc with 16 teeth consists of steel with iron powder coating on the
edge covering the teeth. The generator rotates with a rotational velocity of 1961.25rpm to optain a freuquency
of 523Hz respective the note C. The original wheel runs at 20000rpm to provide a C due to another diameter
as measured. The model is solved in the time domain from t = 0 s to t = 1 s.
The tip of the stator consists of soft iron, which is a non-linear ferromagnetic material which saturates at
high magnetic flux density. This material is preferential to provide suitable speed in change of magnetisation.It
is implemented as an interpolation function of the B-H curve of the material. The center of the stator is a
permanent magnet made of an AlNiCo-alloy, creating a strong magnetic field. The winding is wound around
the magnet behind the tip. The copper coil winding is not part of the geometry. The edge of the rotor is
covered with iron powder coating.The geometry is represented in Figure 4.
The conducting part of the stator, respectively the pick-up is modeled using Maxwell’s formulation of Ampère’s.
Due to simulating the system under no-load condition (without the tuned bandpass filter) the Lorentz term is
omitted in the PDE:

σ
∂A
∂ t

+∇×
(

1
µ

∇×A
)
= 0 (1)

For the non-conducting or insulating parts of the generator the magnetic flux conservation equation for the
scalar magnetic potential is deployed:

−∇(µ∇Vm−Br) = 0 (2)

Rotation is modeled using the ready-made physics interface for rotating machinery in Comsol 5.4. The rotor
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Figure 4. a) A typical setting of a high speed camera recording setup showing the Hammond’s tone generator
from the bottom. The rotating discs as well as the pickups are visible. b) Geometry of the fem arrangement
of pickup and tonewheel. c) Magnetic flux density distribution |B| (Tesla), and the field lines of the B field
(Weber)

and an air-gap are modeled as rotating relative to the coordinate system of the pick-up.
The model solves for magnetic scalar potential Vm in nonconductive regions and for the magnetic vector po-
tential A. The scalar formulation is solved by suitable transformations to the magnetic flux definitions in all
domains depending on rotational velocity features, while the vector formulation is solved by Ampére’s Law fea-
tures. The electric scalar potential V and the magnetic vector potential A are given by the equalities: B = ∇×A
and E = ∇V − ∂A

∂ t .
Rotation is modeled as follows: The center part of the geometry, containing the rotor and part of the air, rotates
relative to the coordinate system of the stator.
The output voltage is calculated as the line integral of the E-field of the winding. It is obtained by taking the
average z-component of the E-field for each winding crosssection, multiplyed by the axis-length of the stator,
and taking the sum over all winding cross sections. Here L is the length of the inductor, Trns the number of
windings an A the surface of the winding crossection.[23]

Vi = Trns∑
L
A

∫
E2dA

The generated voltage in the coil winding is a sinusoidal signal. At a rotation speed of 1961.25rpm the voltage
has an amplitude peak of 40mV. The signal is slighly toothe. It us caused by the non-linearities of the unsteady
magnetisation/demagnetisation-times and change in magnetic flux in the rotor and stator of the generator, as
explained. See Figure2. They can be enforced by more cornered geometries as found in tonewheels of the
lowest registers or magnetic disturbance through neighbouring tonewheels in conjunction with bandpass filters
designed to reduce noise which is an unavoidable part of the sound.

9 SIMPLIFIED PHYSICAL MODEL
Comparable to the model developed in [55], the tone production of the Hammond organ can be approximated by
using a periodic oscillator influencing a magnetic field having a specific distibution depending on the pickup’s
tip geometry. In this way, it is possible to approximate the tone production of the Hammond organ’s tonewheel
to a high degree of accuracy. The model developed here is based on the model from the same publication
which is inspired by a model derived in [53].
The numerical model presented in present section is based on measured properties presented before, see sec-
tion 6, qualitative observations on the FEM model and using measured material properties of the Hammond’s
tonewheel and the pickup.
Using the measurements as a ground-truth for the model leads to several assumptions that simplifies a model of

ISMA 2019

164



Figure 5. Voltage output swing versus change in magnetic flux in the coil

the tone production. Regardless of the introduced simplifications both models are able to capture the vibratory
motion and the acoustic properties of both instruments to a high degree while minimizing computational as well
as modeling complexity.
A model of both pickup systems including all physical parameters would have to take time-varying electro-
magnetic effects into account using Maxwell’s equations for electromagnetism to describe the respective pickup
mechanism in complete form. But, due to the small changes in the magnetic as well as electric fields the
proposed simplifications lead to models that are able to approximate the vibratory as well as the sonic charac-
teristics of the instruments very accurately.

9.1 Tonewheel exciter model
As shown in Figure 1 the tonewheel rotates in front of the electromagnetic pickup. As the FEM simulations,
given in figure 4, show, only a small radial part of the disk is influenced by the magnetic field. Therefore, the
exciter of the Hammond is modeled as an oscillating mass-point in the normal direction of the magnetic field
distribution.
Using Newton’s second law, the temporal evolution of a SHO can be written as a second order ordinary differ-
ential equation

xtt =−κ · x (3)

with κ = k
m the stiffness/springiness of the system, m the mass of the harmonic oscillator, x the deflection and

the subscript by t on the left hand side indicating a second derivative in respect to time.

9.1.1 Finite difference approximation
The exciter model of the tonewheel and the magnetic pickup are discretised applying standard finite difference
approximations using a symplectic Euler scheme for iteration in time. The discretisation method and the scheme
are published in more detail in [48]; [47]. Applying standard FD approximations for the given problem using
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the operator notation given in [55] and iterating the scheme in time by using mentioned method leads to the
equations

δtvsho = −κsho · xsho− γδ txsho−Fint

δtxsho = v (4)

for the SHO.

9.2 Pickup model
The electromagnetic effects of the organ’s pickup system can be reduced from Maxwell’s equations for transient
electromagnetic effects to a more tractable formulation know as Faraday’s law of induction. As shown above,
the pickup consists of a magnetized steel tip and a coil wrapped permanent magnet; leaving reciprocal magnetic
effects of the induced current in the coil out of our consideration, the voltage induced over the pickup is
equivalent to the change of the magnetic flux in the field produced by the magnet

ε =−∂ΨB

∂ t
(5)

with ε the electromotive force and ΨB the magnetic flux due to the change in the magnetic field given by

ΨB =
∫
~B ·d~S (6)

with B the magnetic field strength integrated over surface S. Using these equalities, the induced voltage di-
rectly depends on the change of magnetic field strength which depends solely on the position of the tonewheel
disturbing the field as shown in Figure 2.
The following derivation of the magnetic field distribution uses the unphysical assumption that there exist mag-
netic monopoles which produce a distributed magnetic field. This assumption proposes an equivalence between
the efficient causes of electric fields and magnetic fields and can be used as a mathematical modeling tool, see:
[53, pp. 174 ff]. As is shown in [40] this approach yields good approximations of notional magnetic induction
fields produced by guitar pickups. Consisting of a plainer geometry, the tip of a guitar pickup bar magnet can
be simplified to a circular, magnetically charged disc with a certain cross-section, which reduces the problem
to a position-dependent integration of the field over the pickup. Due to the specific pickup geometry of the
Hammond organ, a different approach is taken here to calculate the induction field strength above the tip of the
magnet.
As depicted in Figure 6 our derivation makes use of several simplifying assumptions facilitating the computation.
The disc rotates in an approximate periodic motion in one horizontal plane in front of the pickup. A radial
part of the disc oscillates on the trajectory of an ideal circle with the center at its fixation point. Using
definition I and II, the calculation of the magnetic induction field depending on the position of the disc tip can
be formulated as an integral over the lumped mass point as a centralisation of the part of the disc influencing
the magnetic field.
Comparable to an electric point charge we define a magnetic point charge which produces a magnetic field
given by

B = B0
r21

|r21|3
(7)

with r21 the relative positions of the point charge and a test charge in the surrounding field. Because the
magnetic flux changes only due to changes in the z direction we can reduce equation 7 to

Bz = B0
∆z
|r21|3

(8)
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Figure 6. Simplified geometry of the pickup system and the rotating disc. The blue area indicating the influence
of the magnetic field on the disc.

The magnetic field for position (x
′
,z
′
) in front of the of steel tip can thus be written as a three-part integral

Bz(x
′
,z
′
) = |Bdisc| ·

[∫ b

a

σ(z
′ − z(x))x

[(x′ − x)2 +(z′ − z(x))2]3/2 dx

+
∫ c

b

σ(z
′ − zk)x

[(x′ − x)2 +(z′ − zk)2]3/2 dx

+
∫ d

c

σ(z
′ − z(x))x

[(x′ − x)2 +(z′ − z(x))2]3/2 dx
]

(9)

with σ the constant magnetic charge density.
Integrating this formula for all points on a trajectory given by the position of the Hammond’s tonewheel

z
′

= r−
√

r2− (x′)2

x
′

= x̂ · sin(2π fdisct) (10)

with fdisc the fundamental frequency of the disc, leads to a magnetic potential function characterising the mag-
nitude of relative magnetic field change.
An idealised form of the magnetic field in front of the Hammond’s pickup is depicted in Figure 6a and 6b, it
is comparable to the measurements results published in [40].

9.3 Modeling results
Simulation results of a model of one Hammond organ tonewheel-pickup system including measured non-linear
motion of the wheel as well as the distribution of the magnetic field distribution are given on the accompanying
website which can be found under www.digitalguitarworkshop.de/ISMA2019.html.

10 CONCLUSIONS
In this treatise a fundamental consideration of the tone production mechanisms of the Hammond organ was
presented. We showed that the characteristic timbre of the instruments is due to the specific setup and geometry
of the pickup systems. A simplified modeling approach for the instruments was proposed showing good accor-
dance with the measured sounds. The model is able to run in real-time on a not-so-recent personal computer
and can be parametrised for different geometries as well as different pickup designs.
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This work serves as a starting point for further research regarding the electro-mechanical and acoustic properties
of this family of instruments. Learning about the fundamental mechanism of this and similar instruments can
help to elucidate the fact why the sound of this iconic semi-acoustic instruments is still held in such high
regards among listeners and musicians.
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