AMD SWITCHES

w
4
Q
=
3
w
Z
io
(1}
I
z
=

FILTERS

SWELL STOP
FILTERS VIBRATO,
TREMOLO,
PERCUSSION
PEDAL STOP REVERB ETEC.

FILTERS

COUPLERS
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Electronic organs produce musical tones by means of electro-mechanical or electronic
oscillators, with the electronic type being used in the majority of existing organs,

HAT IS A MUSICAL INSTRUMENT?

Is an eleetronic organ a musical

instrument? There ave purists whe
insist that there is only one organ which
is a musical instrnment—the air organ.
Certainly, the electronic organ family
which starts with $39 toys and ends at
$50,000 systems has many members
which are not musical instruments.

A musieal instrument must he capable
of producing all of the responses
needed by the musician—Ilegato, staceato,
percussive atfacks, changes in tone,
subtle nuances, In addition, in an or-
gan, the musician demands the eapabil-

In Two Parts—Part |

ity of changing the voice of his instru-
ment, much more than muting a vio-
lin or a trumpet. Complete dizeussions
on the psychology of music are con-
tained in refevences 1, 2, and 3.

Betore proceeding to an understanding
of the mechanisms and technigues used
in the produetion of electronie musical
tones, we need to reeall that musieal
sounds are usually complex waves (was
this not the reason for the advent of
the high-fidelity art?} as opposed to
the sine-wave simplicity of a code oseil-
lator. Incidentally, sine waves ave mono-
tonie, square waves contain odd har-
monies, triangular (or sawtooth) waves

* 10 Sunbeam Ed., Syosset, N.Y. contain  all harmonics, and complex
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Fig. 2. Hartey oscillatar.

waves confain a peeuliar pattern of
harmonics.

Lvery musieal note has a definite
fundamental piteh (frequency) and
“tone quality” or “timbre” which de-
pends upon wave shape. A musical note
not only includes a fundamental fre-
quency (usually less than 6000 ¢ps in
an organ) but also one or more “har-
monies” or “overtones.” These har-
monies are an integral multiple of the
fundamental frequeney. The ear does
not distinguish the harmonies independ-
ently, but instead identifies the note as
i ecomplex tone having the piteh of the
lowest component or fundamental. The
complete frequencies for nine octaves
corresponding to apen air pipes ranging
from 14 foot to 32 feet is given in
Table I.

Musical notes in our western culture
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Fig. 4. Typical solutions to van der Pol’s equation for different e’s.
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Fig. 7. Conn tone generator chassis.

oceur at specific frequencies. The inter-
nationally agreed frequency for the note
A above middle C is 440 eps. The next
A up is 880 eps and the next A down
is 220 ¢ps. All of the intermediate
twelve tones in an octave are approx-

imately 127/ 2 apart in frequency.

The **\/ 2 relationship is a character-
istic of the equally tempered seale used
on all keyboard instrmments. Such a
seale involves & compromise. The mus-
ical fourth and fifth intervals are tuned
to a frequency rvatio slightly different
from 323/ 2. TF 2 musical fifth interval
were tuned fo an exact freguency ratio
such as 1.5 to 1, there would be no beat.
However, the fempered seale ratio is
1.498 to 1. The second harmonic of one
note and the third harmonic of the
other are not exactly alike hut are close
enough to produce an audible heat since
their frequeney ratio is 2.996 to 3.

Figure 1 is a block diagram for an
idealized electronie organ. In practice,
some of the funetions are performed in
blocks different from fhose shown. In
deseribing the designs of various or-
gans, we will frequently be in more
than one block at a time. 'We will dis-
cuss tone generators first and then
proceed with fone modifying devices
later. Recognize, of course, that in many
fine organs no such artificial separations
exist.

Musical instruments are mechanical
oscillators. In contrast, the front end
of an electronic organ is an electronic
oscillator. Basically, there are fwo types
of tone generafors: the first type at-
tempts to reproduee air organ sounds,
and the second type simulates them elee-
tronically. The latter type we can break
into two sub-groups. In the first sub-
group, electronic osecillaiors generate
complex patterns and fone modifying
networks provide frequency modifiea-
tions. In the second sub-group, musiecal
sounds are produced by the electronic
“addition” of appropriate sine waves,
a process known as “synthesis.”

Tone generators can also be classified
in terms of their design. Three such
groups are important:

1. Vacuum tube or transistor oscillators
2. Electro-mechanieal oscillators
3. Neon tube (relaxation) oscillators.
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Electronic Oscillaters

Vaeuum-tube (or transistorized) oseil-
lators form the basis for tone genera-
{ion for the largest number of organs.
A vaenum tube is able to act as an oscilla-
tor because of its ability to amplify.
The power reguired by the input of the
tube is mueh less than the output of the
tube. Thus, an amplificr can supoly its
own input. When this is done under cer-
tuin conditions, oscillations will oeenr.

In general, voltage feedback from
the output is applied to the grid 180
deg. out of phase and of sufficient mag-
nitnde to produee contimious oseillation.

In the Hartley oscillafor (which is the
one most prevalent in electronic ovgan
design, Fig. 2), the coupling is aceom-
plished by applying to the grid a por-
tion of the voltage developed in the
resonant eiveuit. The frequency at which
pscillations ocenr 1s the frequency at
which the voltage from the plate cireuit
15 of exactly the proper phase and mag-
nitude to supply its own input (seec
Fig. 3).

A mathematical analysis (Reference 4)
shows that in order for the voltage on
the grid to have exaetly the reguived
phase, the frequeney of oscillation must
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be higher than the resonant cirenit fre-
guency. It can be demonstrated that the
frequency stability will be highest when
the natural oseillations differ as little
as possible from the theovetical “f of
the tuned eireunit,

Although frequeney stability is di-
rectly proportioned to the @ of the
tank ecirenit, the use of a high @ means
loose coupling. Thus, high stability and
high power output are mutually in-
compatible. In practice, the best orzan
designs ave such that no power is taken
from the oscillators. As a eompromise,
some designs draw minimal power.

The complete mathematical solution
of even the simplest vacuum tube oscilla-
tor is extremely complex. Van der Pol
was able to arvive at useful approxima-
tions by using such assumptions (Ref-
erence 4) as:

a. The grid bias voltage is obtained
through external means;

b. That no grid e¢urrent flows; and

¢. The u of the tube is constant.

Bee¢ Fig. 4 for some graphieal solu-
tions.

It is a necessary condition that «, the
damping factor of the cirenit, he nega-
tive. The waveform is dependent on the
product, €, of ¢ and LC. As mentioned
earlier, sawtooth, square, and sinusoidal
wave forms are useful in electronic or-
gans.

To keep the inductances, eapacitances,
and vesistances (external to the tube)
eonstant in value is a problem in the
design and temperature control of those
parts. On the other hand, regardless
of the design, the effective impedance
of the tube itself changes with use and
with supply voltages.

However, by adjusting the other cir-
cuit parameters, the dependence of the
frequency on the tube impedances can be
minimized. Through the use of the re-
actances in the series grid and plate
eireuits, it is possible to design osecilla-
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Fig. 9. Rear view
of Conn organ
showing location
of 1one generators.

tors which to a first approximation are
independent of tube conditions (see
Fig. 5). In the ideal eases, eompensa-
tion is perfect and the frequeney is in-
dependent of tube conditions. In prae-
tice, however, the compensating re-
actances are not perfeet and they must
be adjusted by trial. This is what is
meant hy tuning. Further information
on the design of stable electronie oseil-
lators is given in References 5, 6 and 7.

A continuwously rumning oscillaior,
though it simplifies the design of the
oscillator, brings on design problems
in the keying eirveuits. Most musical in-
sbruments have an envelope in which
the sound intensity rises rapidly and
then decays gradunally, Usually, con-
tinuously running organ oscillators have
associated with them deecay and de-
elicking civenits Lor each key,

AARANAE DITVET

A gated oscillator is one in which
plate voltage is applied through the
switch closure and the amplitude of
oseillation builds up as shown in Fig. 4.
In the past, designers tackled de-clicking
as an easier solution to the problem of
keying 300 volts B+ in the plate eir-
cuit of the oseillator. Allen Organ and
others are now using transistors and
arve effectively keying the oscillator with
15 volts. The switeh design for these low
currents is one fthat takes the designer
mto the arvea of dry cireuit contacis
Many of the switehes used in current
organ manufacture are electro-mechan-
ical achievements.

Before inspecting the structure of
oseillators used in present organ de-
gigns, it should be mentioned that for
reasons  of economy organ  designers
will often compromise so that each
oscillator may supply more than one
tone. This eomplicates or may even void
the possibility of playing the associated
notes simultaneously. This is particularly
true as a compromise in the design of
pedal generators and leads to the one-
note-at-a-time pedal playing.

Polyphoniec music is pleasing beeause
of minute changes in piteh and timbre.
A chorus of human voiees all singing
the same note sounds vicher than one
voiee. A piano has three strings for
most of the notes not only for acoustical
power but also to provide a very slow
beat frequeney. This beating eomes about
because of the not-quite-exaet funing of
the three strings (or two) associated
with the note. Aiv organ builders created
a similar effect by paralleling sets of
pipes.
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There are two groups of organs which
use vacuum tube (or transistor) osecilla-
tors as the tone source in the organ.
In the first type, one oseillator is used
for all C’s, another for the C#’s, and
50 on. Thus, twelve oscillators are re-
quired. The other C's, C#’s, ete, are ob-
tained by frequency-division techniques
which will be deseribed later, Baldwin,
Schoher, Kinsmen, and others use fre-
guency division. In the second group,
each tone in the entire instrument has
its own separate oseillator. Conn, Allen,
Artisan, and others use this design.

What are the relative advantages?
Tuning is less time consuming when
only twelve oscillators are involved.
This means, however, that all C’s, C#’s,
and zo on are always locked in phase.
Some organists feel that such a scheme
robs these instruments of a richness in
tone, Others feel that in chord playing,
the in-phase relationship for the doubled
note is ocutweighed by all of the other
random phased notes in the chord. When
twelve oscillators only ave required, high-
quality components ean be used fo create
extremely stable oseillators. Alan Dong-
las in his article (Reference 8) dis-
cusses the relative merits of frequency
division wvs. individual oseillators. In
the final analysis, as always, the sounds
of the organ should be basis of judge-
ment rather than the cireunitry.

Figure 6 is a complete schematic of
one of the twelve Schober Conecert Or-
gan fone generators. ¥,, is the master
oscillator, a modified grounded-plate
Hartley, which operates at the frequency
of the highest note. The oscillator is
tuned by adjusting the slug in L,. The
design utilizes the techniques for stabil-
ity discussed earlier. The oscillator out-
put is used only to drive the locked fre-
quency dividing blocking oscillators, con-
sisting of the seven remaining triode
sections.

Assume for a moment that neither
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R, nor O, is connected to the plate of
V.5 The pulse transformer, T, has a
low inductance value and is so connected
that a positive pulse at the plate will
put a negative pulse on the grid. When
the cireunit is first turned on, a small
random signal will appear on the grid.
1f this signal bappens to be positive, this
will result in a muech larger negative
signal on the plate because of the high
tube amplification. Thiz canses the grid
to draw a large sharp pulse of current.
The current passes through the resis-
tance of R; and R,, in series, thus
creating a large voltage drop across the
resistance with the negative voltage at
the grid. The negative voltage charges
up the two capacitors €, and ¢; in
geries, and the tube iz ent off.

Tais fast negative capacitor charge
corresponds in fime to the “fiyback” or
vertical portion of a sawtooth wave. The
capacitors can discharge only through
the resistors. Time for discharge is rela-
tively slow and corresponds to the di-
agonal part of the sawtooth wave. As
socn as the capacitors have discharged
sufficiently to take the grid veltage above
the cufoff point, the cycle begins again.

To avoid loading the master oscillator,
the first blocking oscillator is synchro-
nized to and thus controlled by the mas-
ter oscillator. This is done by feeding
d.e. to the master oscillator plate through
the plate winding of T,, and setting the
R (R; and R,;) and € (€, in series with
;) of ¥V, for a free-running frequency
somewhat below the final frequency de-
sired, When a negative oscillator pulse
passes through the winding, it adds to the
negative pulse beginning to build up be-
cause of the block-oscillator action and
firezs the blocking oscillator. Sinee the
blocking oscillator fires once per master
oscillator eyele, the frequency ountpuis of
the two are identieal.

The next blocking oscillator V., op-
erates in the same way as the first with

two exeeptions. First, its R and € are
chosen for a free-running freguency
slightly less than half of the first stage.
Second, synchronizing pulses are fed to
its plate from V,p through €, This
stage, therefore, produces a frequency
exactly half that of ¥, or one octave
helow it. All of the remaining blocking
oscillators divide in the same way. The
variable factor is the amplitude of the
syne for which the trimmers O, G5, Che,
s, €5 and Gy, ave used.

The 18,000-ohm resistors, K, through
I, place a constant load across the
output so that the changes belween no
load and the load imposed when a tone
is keyed will be a minimum. The resistors
also serve to keep the capacitors dis-
charged so that they will not eaunse clicks
or pops when the tones are keyed.

Conn's engineering approach (and
also that of the Allen and Arfisan in-
struments) is to provide separate keyed
oscillators for each note in the seale, all
running  without any synchronization.
This corresponds to the choral effect of
the air organ. Conn employs a Hartley
type oscillator which provides both pulse
and flute (sine) tones.

Figure 7 shows the construction of
a Conn tone-oscillater family and the
sehematic corresponding to this strue-
ture is shown in Fig. 8. Note that two
wave shapes are derived from each os-
cillator, depending on the method of pull-
ing them from the ecircuits. Figure 9
shows the ozcillator chassis installed in
the organ, A complete deseription of the
Conn family of organs is given in Avbio,
September and October, 1956, {Refer-
ence 9).

Figure 10 shows eight sets of two-
channel fone-generator assemblies as-
sembled in the Artisan, which, similar to
the Conn tone generator, takes two wave
shapes from the oseillators rather than
one sawiooth or square wave. Tuning is
accomplished by changing the air gap
and consequently the inductance, of the
coil. Figure 11 is the schematic and
Fig. 12 shows the wing nut arrangement
for changing the air gap. Windings in
the coil are arranged to obtain two dif-
ferent hasic wave forms from each os-
cillator; a *“fute” (sne) wave, and a
“string™ (pulse} wave.

To he continued

Fig. 12. Coil assembly showing tuning
mechanism for Artisan organ.
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