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chapter 3

keyboard construction
and power supply

In this chapter the p.c. board
layout for the keyboard resistance
divider is given, along with
constructional details of the
keyboard case and the test
procedure for the keyboard
interface assembly. The description
of the voltage-controlled module
unit is then commenced, starting
with the power supply and details
of the module case.

Wiring to the keyboard contacts is
largely eliminated by mounting the
keyboard divider chain on p.c. boards
directly behind the keyboard contacts,
so that the ‘tails’ of the contacts can be
soldered direct to the p.c. board. The
wiring diagram of the keyboard divider
boards is given in figure 1.

The p.c. board and component layout
are given in figure 2. Each p.c. board
covers one octave of the keyboard, so
three p.c. boards are required. They are
linked by butting together the ends and
wiring across from one board to the
next, terminal A to terminal A’, B to B’
and so on.

At the left-hand end of the keyboard
points A to E are joined to the corre-
sponding points on the interface
p.c. board by short wire links. Since
each keyboard divider p.c.b. has connec-
tions for only twelve sets of key
contacts the extreme right-hand set of
contacts (note 37) must be wired to
the end of the p.c.b. as shown in
figure 3. Note also the wire link
between points B’ and D’.

In order that the p.c. boards may be
mounted directly behind the key
contacts by glueing, the resistors and
connections to the p.c.b.’s are on the
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Figure 1. Circuit diagram of omne keyboard
divider p.c.b.

Figure 2. Printed circuit board and component
layout for the keyboard (EPS 9721-4).

Table 1.
resistors.

Selection table for FET source

copper side of the p.c.b.’s. This can
clearly be seen in photo 1. All the
resistors are, of course, 100 §2 1% metal
oxide types.

Selection of FET source resistors

As mentioned in the last article, the
source resistors for FETs T1, T3 and T4
must be selected before the keyboard
interface p.c.b. can be completed and
tested. This is accomplished using the
test circuit of figure 4a. With the gate
grounded the gate-source voltage Us is
measured and a corresponding source
resistor for each transistor is selected
from table 1.

0.2 22

0.25 18
03...04 15
04...05 12
06...08 10
09...1.1 8.2
12...16 6.8

At the same time the gate leakage of
each transistor should be checked to
ensure that it is within acceptable limits.
This is done by removing the grounding
link across CG (330 p). This capacitor
will now charge through the gate
leakage of the FET, and the source
voltage will rise. The rate of change of
voltage should be slower than one volt
per second. Any FET which cannot
meet this criterion should be rejected.
This test should also be applied to T2,
and when the tests are complete each
FET, together with its selected source
resistor, can be soldered into the cir-
cuit. Due to the possibility of leakage
around the sample and hold area of the
circuit (T1 to T3) great care should be
taken to ensure that the back of the
board is scrupulously clean, with no
blobs of soldering flux or greasy
thumbprints. After testing, the back of
the board may be sprayed with insu-

Parts list to figure 2

Resistors:

R1...R12=100 Q1%
Miscellaneous:

S1...812 = KA keyboard contacts

Note that one board is required for each
octave. For a three-octave synthesiser,
for instance, three boards and 36
resistors are required. For further
details see text, figures 1 and 3 and
photos 1 and 2
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lating varnish.

Although the BF244 or BF245 is speci-
fied for T1 to T4, since practically all
specimens of this device will function in
the circuit, it is possible to use the
cheaper and more popular 2N3819 for
T2. It should be noted that the board is
laid out for the pinning of the BF245.
The pinning of the BF244 and most
2N3819’s is different, as shown in
figure 4b.

Interface receiver

In the early design stages the KOV and
GATE outputs from the interface board
were fed direct into the voltage con-
trolled modules. However, it was soon
discovered that the input currents taken
by these modules caused significant
voltage drops along the connecting cable
between keyboard and module unit,
especially if this was long. In particular,
earth return currents along the common
earth wire shared by the KOV and
GATE outputs caused modulation of
the keyboard voltage by the gate pulse.
This problem was overcome by provid-
ing high impedance buffer stages at the
receiving end of the connecting cable.
The circuit for this ‘interface receiver’ is
shown in figure 5. It consists simply of
a 741 connected as a voltage follower
for the KOV input, and a similar voltage
follower with an input delay circuit for
the GATE input. The output of this
circuit also drives an LED to indicate
when a gate pulse is present.

A printed circuit board and component
layout for the interface receiver are
given in figure 6. The two outputs are
taken from single screw terminal blocks
cut from a ‘chocolate block’ type
of mains connector. This is so that
connections to extra voltage controlled
modules can be added if and when the
system is extended.

Testing of the keyboard interface
assembly

Once the keyboard interface (see
chapter 2, figures 10 and 11) and inter-
face receiver boards are complete they
can be tested, provided a = 15 V supply
is available, otherwise the testing must
wait until the synthesiser power supply
has been built., The final adjustment is
not carried out until the keyboard
assembly is mounted in its case, but
these preliminary tests will show up any
faults in the circuits and save a lot of
frustration at a later stage. The test
procedure is as follows:

1. Current consumption

Connect positive and negative supplies
to the keyboard interface (chapter 2,
figure 10) and measure the current
flow in both the positive and negative
supply leads. This should be between
18 and 25 mA.

2. Keyboard current source

a) Connect a multimeter between
points B (positive) and D (negative) and
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adjustable between 0.8 and 1 mA by
means of Pé6.

b) Check the virtual earth point, pin 2
of IC2. The voltage between this point
and the OV rail should be less than
5mV, with a 1k resistor connected
between points B and D.
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monitor the current. This should be
adjustable between 0.8 and 1| mA by
means of P6.

b) Check the virtual earth point, pin 2
of IC2. The voltage between this point
and the OV rail should be less than
5mV, with a 1 k resistor connected
between points B and D.

3. Gate circuit

Connect point E on the interface board
to point ‘A via a switch and measure the
voitage at point G with respect to 0 V.
It should be —12 to —15V with the
switch open and +12 to +15 V with the
switch closed.

4. Sample and hold

a) Retain the switch from the previous
test. Connect point C to an SPDT
switch so that this point can be
switched between point A and ground.
With point C grounded, the gate switch
closed and P1 set to minimum resistance
the source voltage of T4 must be less

Figure 3. Showing the wiring to the 37th key
contact block.

Figure 4. Test circuit for FET’s and pinouts
of BF244, BF245 and 2N3819.

Figure 5. Circuit of the interface receiver.

Figure 6. Printed circuit board and com-
ponent layout for the interface receiver
(EPS 9721-2).

Figure 7. Mounting plate for the interface
board. :

than 4 V and should not change when
the gate switch is opened.

b) Leave the gate switch open and
ground point C using the SPDT switch.
The source voltage of T4 must not
change. Close the gate switch and the
source voltage should now rise by
between 3.6 and 4.6 V. Open the gate
switch and this new voltage should be
maintained.
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Parts List to figure 6

Resistors:
R29 =100 k
R30,R31 =1k

Presets:
P8 =100 k
P9=1k

Capacitors:
C10=220n
C11,C12=680n

Semiconductors:

1C7,1C8 = uA741C,MC1741 CP1
{mini DIP)

D3 =1N4148

D4 =LEDeg. TIL209

D5 = OA91,0A95,AA119

c) Set Pl to maximum resistance,
changeover switch to ground point C
and close the gate switch. The source
voltage of T4 should now drop to its
original value over two to three seconds.

5. Summing amplifier

a) Offset adjustment. Maintain the same
switch positions as in test 4c. Using S1,
switch P2 out of circuit and turn sliders
of P3 and P5 to ground. Use P4 to set
the KOV output to zero volts.

b) Coarse tuning. Switch P2 into circuit
using S1 and turn P2 fully clockwise
and then anticlockwise, when the KOV
output should be +5V and -5V
respectively.

¢) Fine tuning. Switch P2 out of circuit

and turn PS5 fully clockwise, when the
KOV output should be about 150 mV.
d) FM. Turn PS5 fully anticlockwise.
Link point FM to point A on the board.
Using P3 it should be possible to vary
the KOV output between zero volts and
about 10 V.

6. Interface receiver

Interconnect the interface and interface
receiver boards (connections GATE,
KOV, +I5V, —15V and ground).
Repeat tests 3 and 5b, but monitor the
KOV and GATE outputs of the inter-
face receiver. With the gate switch
closed the indicator LED should glow.
Finally, with the gate switch closed, use
P9 to set the gate output voltage of the
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interface receiver to +5 V.

Keyboard unit assembly

Once the interface board has been
tested, it and the keyboard can be
joined to make an integrated keyboard
unit. A

This is accomplished by first making
an aluminium mounting plate for the
interface board, as shown in figure 7.
The ‘tongue’ of this plate fits along the
underside of the keyboard chassis (at
the left-hand end) and is secured by
three 4 mm nuts, bolts and lockwashers.
A solder tag beneath one of the nuts
provides an earthing point for the
keyboard. Note that the larger diameter
hole in the tongue is not used yet; it
will be required for mounting the
keyboard in its case.

The next step is to mount the keyboard
divider boards. As illustrated in photo 1,
these boards should be interlinked in
such -a way that the ends of the boards
actually touch at the junction, as other-
wise the spacing of the contacts on the
board with respect to the switch contact
blocks will not be accurate. As
described in chapter 2 (and illustrated in
figure 2b), the contact blocks should be
glued or bolted to a 3 mm thick plastic
spacer (F). The keyboard divider boards
can now also be mounted on this spacer,
using either epoxy adhesive or double-
sided self-adhesive tape (‘Servotape’,
‘Tesatape’ or similar). Note that the
front of the divider boards should touch
the contact blocks, as otherwise the
wires from the blocks may be too short.
The interface board can now be
mounted on top of its mounting plate
using 4 mm nuts, bolts and spacers, and
connections between the keyboard
p.c.b.’s and the interface board are
made by short wire links which pass
through the rectangular slot in the
mounting plate. The earthing point for
the keyboard chassis is connected to
point ‘F’ on the interface board. The
complete assembly can be seen in
photos 2 and 3.
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2) Normal dimensions valid for

Notes: 1) All dimensions in mm

3-octave Keyboard

3) Dimensions shown in brackets
valid for 4-octave Keyboard
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Figure 8. a: Dimensions of the keyboard case.
b: Exploded view of the keyboard case.

Figure 9. Interface board control panel.

Photo 1. Showing the wiring of the key
contacts to the keyboard divider p.c.b.
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Figure 10. Showing the wiring between the
keyboard unit, interface receiver and power
supply.
Figure 11. Circuit of the Formant power
supply.

Photo 2. Detail of the wiring between the
keyboard divider and the interface board.

Although the keyboard unit is now a
single assembly it still requires a case to
house it, and the dimensions of a suit-
able case are given in figure 8a. The
materials should be chosen to suit the
type of use (or abuse) to which the
synthesiser will be. subjected, and the
choice is left to the individual construc-
tor. However, the dimensions given in
figure 8a are based on some assumptions,

and if other materials are used the
dimensions may have to be adjusted
accordingly. The assumptions are that
the baseboard is made of 10 mm ply-
wood; that the top panel is also made of
fairly thick plywood (10...15 mm) so
as to leave room for the potentiometers
above the interface board; that the side
panels are made of plywood no thicker
than 15 mm.

Particular note should be taken of the
two wooden spacers glued to the
bottom. These are required for mount-
ing the finished keyboard assembly in
the case.

Figure 8b is an ‘exploded view’ of the
complete assembly, illustrating several
of the points mentioned above. For
screening purposes the inside of the
case should be completely lined with
thin aluminium or copper sheet or foil,
which must be connected to ground.

A front panel layout for the interface
controlsisgiven in figure 9. This mounts
directly over the interface board and
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is secured to the keyboard case by
four chromium-plated woodscrews.

Potentiometers Pl, P2, P3 and P5
(portamento, FM, coarse and fine
tuning) are mounted on the front panel,
together with S1 and the FM input
socket, which is a 4.5 mm jack. Con-
nections between the front panel and
the interface board should be made
sufficiently long to enable the front
panel to be removed without difficulty.
If desired one edge of the front panel
may be hinged for easy access to the
interface board. The output and supply
connections to the interface board are
made by means of 5-pin DIN connec-
tors, and a hole for the DIN socket
should be cut in the side of the key-
board case adjacent to the interface
board. The DIN-connectors should be
high quality locking types, as the cheap

Phote 3. Showing the mounting of the inter-
face board.

Photo 4. The completed power supply board.

plastic variety will quickly fail after
repeated connecting and disconnecting.
Connections from the interface board
to the DIN socket are shown in
figure 10.

Power Supply

For final adjustment of the keyboard
unit it is necessary to use the syn-
thesiser’s own power supply to ensure
accurate setting of the voltsfoctave
characteristic of the keyboard. For this
reason the power supply circuit is now
described.

Three output voltages are required for
the synthesiser: +15V, —15V and
+5 V. These must all be stable and easily
adjustable, and for this reason all three
supplies are based on the tried and
trusted 723 precision voltage regulator
IC. The circuit of the power supply
unit is given in figure 11.

It will be noted that all three circuits
are positive regulator circuits with an
external power transistor to increase the
output current. The —15 V supply is
obtained simply by linking the positive
output of this circuit to ground. This
does have the slight disadvantage that
separate transformer windings and rec-
tifiers are required for each 15 V supply,
but it does mean that both the positive
and negative supplies are of identical
design,

Each supply is equipped with feldback
current limiting, and can comfortably
supply over 800 mA, which should be
adequate for any possible extension of
the synthesiser. When limiting occurs
(at about 1.2 A) the output voltage will
fall and the current will fold back to
about 500 mA with a short-circuited
output, Current limiting of any of the
outputs is indicated by the extinction of
the LED indicator connected across
that output.

A printed circuit board and component
layout for the power supply unit are
given in figure 12, and it should be
noted that the output connections to
T3 are different from those of T1 and
T2, being arranged B-E-C instead of
C-B-E. Good quality components should
be used in the construction of the

Figure 12. Printed circuit board and com-
ponent layout for ths power supply (EPS
9721-3).
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Parts List to figure 12

Resistors:

R1,R2 = 3k9

R3,R4,R5,R6,R19,R20 = 2027/0.56 W

R7,R8=1k

R9,R10=22k

R11,R12,R13,R14 = 6k8
(2% metal oxide)

R15,R16 = 680 O

R17 = 2k7 (2% metal oxide)

R18 = 8k2 (2% metal oxide}

R21 = 2k2

R22 = 2«7

R23=15k

R24 =150 Q

Presets:
P1,P2,P3 = 2k5 miniature (7 mm)
cermet

Capacitors:

€1,62=2200 /35 V
C3,04,€9,C11,C12=100n
C5,6C13=1n

C7,C8 = 10 4/25 V tantalum
C10 = 2200 u/16 V
C14=10u/16 V

Semiconductors:
D1,02,D3 = 1N4002

D4,05,D6 = LED {e.g. TIL 209)

T1,72,T3 = 2N3055

1€1,1C2,1C3 = 723 (DIL)

B1,B2= 40V 2.2 A bridge rectifier
840/C2200

B3 = 20 V 2.2 A bridge rectifier
B20/C2200

Miscellaneous:

F1,F2,F3 =2 A slow blow fuse

Transformer(s) with 18V, 18 Vand 10 V
secondaries at 1 A

3 Heatsinks approx 100 mm x 50 mm
with 30 mm fins
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power supply and the power transistors
should be mounted on generous heat-
sinks, for example finned heatsinks of
100 mm x 50 mm with 30 mm high fins.
The AC supplies to the stabilisers may
be provided by a single transformer with
multiple  secondary  windings  (if
available) or by a number of smaller
transformers. In either case the trans-
former(s) should be generously rated,
the one amp secondary current specified
being the minimum acceptable.

Power supply connections to the voitage-
controlled modules will be taken from
the power supply by separate wires to
each module. For this reason each
power supply rail is equipped with a
substantial connection ‘busbar’. These
are made from copper strip or pieces of
copper laminate board, and are soldered
to terminal pins pushed through the
p.c. board. This arrangement can
clearly be seen in photo 4.

Once the power supply unit has been
built the output voltages can be set to
their correct values. The ~15 V supply
should be adjusted to within 1% of its
nominal value using a DVM, since the
accuracy of this supply voltage has a
direct bearing on the voltsfoctave
characteristic of the keyboard. The
+15V and +3 V supplies need only be
set to within 3% of their nominal
values.

Keyboard calibration

Once the synthesiser’'s own power

supply has been tested and adjusted the

offset compensation and volts per octave

Figure 13. A suggested layout for a ‘basic’
synthaesiser.

Figure 14. The dimensions of the Formant
modules are compatible with the Eurocard
rack system.

characteristic of the keyboard can be
adjusted. The keyboard interface, inter-
face receiver and power supply are
connected as shown in figure 10.

Offset compensation

The overall tuning is switched off (Sl
‘off’, i.e. position b). Depress the lowest
key of the keyboard and hold it down
while adjusting P4 so that the KOV
output of the interface receiver is zero.

Voits/octave characteristic
This should be adjusted to an accuracy
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Figure 15. A case containing one 6U and one
3U rack will accommodate six large and six
small Formant modules. It can be useful to
add a 2U or 3U bottom panel {using a larger
case!), behind which amplifiers etc. can be
mounted,

of at least 1% using a DVM. The overall
tuning remains switched off. The KOV
output is measured and P6 is adjusted
so that alternately depressing keys one
octave apart causes the KOV output
to change by exactly one volt. The
Formant keyboard is now compatible
with any synthesiser that uses a stan-
dard 1 V/octave keyboard.

Finally, the offset compensation should
again be checked and readjusted if
necessary.

Gate delay

Accurate adjustment of the gate delay
is not possible until the voltage con-
trolled modules have been constructed,
but an approximate adjustment will
suffice until that time. P7 on the inter-
face board should be set to about one
quarter of its maximum resistance, and
P8 on the receiver board should be set
to minimum.

Modular construction

A modular method of construction was
chosen because it allowed the greatest
flexibility in the final design. Each
voltage-controlled circuit is constructed
on its own p.c. board which plugs into
a socket in the module housing that
supplies power, control voltage and gate
pulses. Interconnections between
modules are made by means of patch
cords.

The advantage of this system is that
the synthesiser can be made as simple or
as complex as is required. Provided
sufficient space is left in the module
housing for additional modules, it is
possible to build a playable instrument
with just a small number of modules,
and to extend it as and when desired.
This also means that every instrument
can be tailored to the individual con-
structor’s taste and is not fixed within

15 N
209 v
3uU
6U
2..3U
6x 71.1-426.6 9722.15
483

rigid limits set by the designer. How-
ever, for those who require a little more
guidance as to the right ‘mix’ of modules
that should be adopted, a suggestion for
a ‘middle-of-the-road’ instrument is
given in figure 13. This utilises three
VCOs, one 12 dB VCF, one 24 dB VCF,
one RFM, one DUAL VCA, two ADSR
envelope shapers, one LFO module, one
NOISE module and one COM. Some
readers may regard the extra (24 dB)
VCF and RFM as slight luxuries, and
indeed for the beginner or someone
with a slightly limited budget, these
modules could be initially omitted.
However they do considerably enhance
the tone-shaping capabilities of the
Formant, and for this reason can

‘justifiably be included in the °‘basic’

Formant system.

The module printed circuit boards and
front panels are compatible with the
Eurocard rack system. Two module
heights are employed in Formant. A
double-height (6U) module is used for
the voltage-controlled modules (VCO’s,
VCA’s and VCF’s) while a single-height
(3U) module is used for the ancillary
circuits (envelope, shapers, noise gener-
ator etc.).

The basic dimensions of the modules
are given in figure 14, The Eurocard
rack system operates on a card spacing
of 5.08 mm (0.2") or multiples thereof.
Each Formant module occupies a panel
width of approx. 71 mm, so the 426.7
of panel width available will accommo-
date six modules. A 6U rack and a 3U
rack stacked together will thus accom-
modate six large and six small modules,
as shown in figure 15, This corresponds
exactly to the no. of modules in the
‘basic’ Formant system.

Of course some readers, especially those
with previous experience of synthesisers,
may already have a firm idea of the
type of instrument they wish to build,
and may like to construct a purpose-

built case of wood or some other
material. This is quite permissible, as
the module housing does not require
screening.

chapter 4

voltage controlled
oscillator

The voltage controlled oscillators
(VCO:s) are the heart of any
synthesiser. The quality of the
VCOs ultimately determines the
performance of the synthesiser.
For this reason the next two
chapters are devoted to their
design and construction.

The two principal requirements of a
synthesiser VCO are stability and good
tracking. Stability means that if the
control voltage applied to the VCO
remains constant, then the frequency of
the VCO should also remain constant
and not drift. Tracking means that the
VCO must follow - the prescribed
logarithmic 1 octave/V characteristic as
closely as possible. In particular, where
several VCOs are used they should all
have similar characteristics.
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1 These parameters are particularly

important in a chording instrument such
as the Formant, where a number of
VCOs are used simultaneously. In a
synthesiser using only one VCO slight
drift or deviation from the 1 octave/V
characteristic might not be noticed,
since the ear is not particularly good at
judging absolute frequency, unless a
person has ‘perfect pitch’. In any
chording instrument however, even
slight mistuning is immediately apparent
due to the formation of beat notes.

For example, if two or more VCOs are
tuned to the same pitch any slight
mistuning is audible as beat notes having
a frequency equal to the difference
between the two VCO frequencies.
3 Slight mistuning between VCOs is
9723.1 frequently employed deliberately. If the
©=@®+® degree of mistuning is slight the beat
frequencies are low and beat notes are
not audible, but a pleasing chorus or

Octave/V o
D / , 2
inear current-
. controlled ::;:)Zr '/’\l .
summing oscillator
amplifier ’\1
exponential 9723.2
converter
3 Figure 1. When two notes of almost the same
fraquency are played together, beat notes are
formed which produce a pleasing ‘chorus’
effect.

Figure 2. Block diagram of the VCO, which
comprises an input summing amplifier,
exponential voltage-current converter, linear
current controlled oscillator and curve shaper
circuits.

Figure 3. The linear CCO is the heart of the
VCO module. C2 chargas linearly to the lower
threshold of IC1 before being discharged by
T1, thus producing a sawtooth output
waveform. The output of the exponential
converter, which determines the charging
current and hence the CCO frequency, is
represented by the current source symbol.

Figure 4. Detail of the sawtooth waveform
and the output of IC4 at the reset point
where T1 is turned on.

Figure 5. The exponential relationship be-
tween base-emitter voltage and collector
current of a bipolar transistor is exploited in
the exponential generator.

15V
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phasing effect is obtained, especially if
several VCOs are used. This imparts a
much more lively character to the sound
which contrasts with the sterile sound
of fixed phase instruments such as
electronic organs based on a -divider
system (see figure 1).

However, if the VCO frequencies drift
apart due to poor stability the beat
notes quickly become obtrusive and
unpleasant, and ultimately a discord is
audible. A similar effect can be noted
when the tracking of the VCOs is poor.
If a chord is set up at a particular pitch
then the musical intervals in the chord
should be maintained when the chord is
transposed to a different pitch. However,
if the tracking of the VCOs is poor this
will not be the case and a discord will
result.

A good test of the VCOs in a synthesiser
is thus to tune them together so that no
beat notes are audible and check that
the tuning is maintained over a period
of time and with changes in such par-
ameters as supply voltage, temperature
etc. The tuning between the VCOs
should also be maintained when the
pitch is transposed.

Any VCO which cannot meet these
criteria is useless for a synthesiser, and
the design of a suitable synthesiser VCO
is necessarily quite complex.

Block diagram

The VCO circuit used in the Formant
follows the form proposed first by
Robert Moog (figure 2). The VCO
input stage consists of a summing
amplifier into which a number of
control voltages may be fed. A poten-
tiometer on its output sets the
octaves/volt characteristic of the VCO.
The resulting control voltage is fed to an
exponential voltage-current converter,
the output current of which doubles for
every 1V rise in input voltage. The
output of this converter controls a
linear current-controlled oscillator,
which produces a sawtooth waveform.
Finally, a curve shaper connected to
the sawtooth output delivers four
further waveforms: spaced sawtooth,
squarewave, triangle and sinewave.

Oscillator section

The CCO is the heart of the VCO circuit,
as explained above.

The CCO section is shown in figure 3.
The output of the exponential voltage-
current converter that feeds this section
is represented by the current source
symbol at the bottom left of the
diagram. This current is of course varied
by the control voltage applied to the
exponential converter.

FETs T2 and T3 are connected as
source followers; their high input
resistance ensures that no significant
current is robbed from the current

| source, even at low currents, as this

would spoil the sawtooth linearity and
could affect the current-frequency
linearity of the CCO. IC1 is a Schmitt
trigger that senses when the sawtooth
voltage has reached a predetermined
level.
The circuit functions as follows: assume
that initially C2 is discharged. The
voltage at the gate of T2 will then be
nearly +5 V, and since T2 operates as
source-follower the voltage at the input
of IC1 will be above the positive trigger
threshold of this Schmitt trigger, so its
output is low and T1 is turned off. As
C2 charges from the current source the
gate voltage of T2 will fall as the voltage
across the capacitor increases. Since C2
is being charged from a constant current
source, the voltage across it will increase
linearly with time, in accordance with
the equation
It

Ug, o
When the voltage at the input of IC1 has
fallen below its negative switching
threshold the output of IC1 will go high,
which will turn on T1 and discharge C2
until the input voltage of IC1 has risen
above its positive threshold, when T1
will turn off and the whole cycle will
repeat. A detail of the IC1 output and
input waveforms during the discharge of
C2 is shown in figure 4.
FET T3 is simply an output buffer stage.
As mentioned earlier, the use of two
buffer stages in cascade ensures that any
load on the output cannot affect the

linearity or frequency stability of the
CCO.

The setting of P9 affects the high-
frequency linearity of the CCO and is
used to set the VCO tracking at high
frequencies.

Since N-channel FETs are used for the
source-follower buffers, the source
voltage is always slightly positive with
respect to the gate voltage, so that even
when the gate of T2 is at zero volts
there is always a slight positive voltage
on the source. If the source of T2 were
connected direct to the input of IC1 it
would be possible that the source
voltage of T2 (minimum, depending on
FET tolerances, typically 1 V) might
never fall below the negative threshold
of IC1 (typically 0.85V). For this
reason T2 is connected to the input of
IC1 via a potential divider comprising
R18 and P10, the latter being adjusted
to ensure that the oscillator starts
reliably.

The exponential converter

The exponential voltage-current
converter doubles the output current
fed to the CCO, and hence the CCO
frequency, for every 1V increase in
control voltage.

In common with most such circuits, the
exponential converter makes use of the
(exponential) collector current versus
base-emitter voltage characteristic of a
bipolar transistor. Every transistor
exhibits this exponential relationship,
but not all transistors are suitable for
use in exponentiator circuits. The
reason is that collector leakage current
can cause a deviation from the charac-
teristic at low collector currents, and
transistor base resistance can cause a
deviation at high collector currents.
Special transistors for such applications
are available, but even these have their
limitations due to temperature depen-
dence of the collector current. At
around room temperature, collector
current doubles for a Vpe increase of
around 17 mV. However, a tempera-
ture increase of around 10°C will also
double the collector current, so it is
apparent that, unless some form of
temperature compensation is employed,
even small temperature changes will
cause noticeable variations in the pitch
of the VCO.

There are two methods of reducing the
influence of changes in (ambient)
temperature, both of which are used in
the Formant VCO. The first of these is
to use a matched pair of transistors in
the exponential converter, one of which
is used for temperature compensation.
The second method is to keep the chip
temperature of the transistors constant.
By employing both methods absolute
accuracy and stability of the exponen-
tial converter are achieved. Temperature
stabilisation of the chip may sound like
a complicated business, but fortunately
a purpose-built IC is available, the
MA726. It consists of two matched NPN
transistors and also contains a tempera-
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ture control circuit that maintains a
constant chip temperature.

The circuit of the exponential converter
is given in figure 6. IC4 is not strictly
part of the converter but is part of the
summing amplifier section. At the
operating temperature of the 726 a Vpe
increase of between 19 and 23 mV is

required for each doubling of collector
current, so the 1 V/octave output of the
keyboard must be attenuated.

1C4 is connected as an inverting amplifier
with a gain of —0.0237. Since the KOV
input is always positive the output of
IC4 will always be negative, and will
give an output of —23.7 mV per volt

7

Figure 6. Circuit of the exponentis! voitage-
current converter, which is both temperature
stabilised and compensated. IC4 and T1 are
respectively parts of the input adder circuit
and the CCO.

Figure 7. Complete circuit of the input adder.
This will sum input control voltages from the
keyboard or ECV socket, DC offset voltages
for chording, and AC input signals for fre-
quency modulation of the VCO.

Figures 8 and 9. The musical quality of a
waveform depends on the harmonic content.
The harmonic structure of two weli-known
waveforms is shown: sawtooth (figure 8) and
squarewave (figure 9). In order to obtain the
widest range of sounds from the Formant
VCO, curve shaper circuits are provided that
produce four waveforms in addition to the
basic sawtooth.

Figure 10. Block diagram of the curve shaper.
An output adder allows the various waveforms
to be fed to the output either individually or
in combination.

input. P7 allows the input voltage-to the
exponential converter to be varied
between —18.7 and —23.7 mV per volt
input, in order to compensate for
tolerances in IC3.

The exponential converter proper
comprises IC2 and [C3. The non-
inverting input of IC2 is grounded
through R14, so the inverting input
should also be at (virtual) earth poten-
tial. For this to be the case, a constant
current of 15 A must flow through
R11, i.e. the collector current of T,

. must be constant at 15 uA. The voltage-

to-current conversion can now be
explained as follows.

If the input voltage KOV is increased by
1 V then the base voltage of T will fall
by around 20 mV (depending on the
setting of P7). Since the collector
current of T, cannot decrease the
output voltage of IC2 must fall in order
to reduce the emitter voltage of Ty by
20 mV, maintaining the same base-
emitter voltage and thus the same
collector current. As the base of Tp is
grounded this means that the base-
emitter voltage of Ty will fall by 20mV,
and the collector current of Tp will
double. The collector of Ty, is connected
to P9 in the CCO circuit, as shown in
the top right hand corner of figure 6.

Summing amplifier

The summing amplifier, part of which
was shown in figure 6, is given in its
complete form in figure 7. Point KOV
is permanently connected to the
1 V/octave output of the keyboard
interface receiver, but the input of the
summing amplifier can be switched
between this point and an external




FORMANT — 033

control voltage socket (ECV). Poten-
tiometers P1 and P2 give coarse and fine
adjustment of a DC offset voltage to
transpose the VCO pitch for setting up
chords etc. Preset P8 is also provided as
an offset control that compensates for
the input offset voltage of IC4, and sets
the lowest frequency of the VCO
(around 15 Hz).

A frequency modulation (FM) input is
provided, which can be fed with external
(AC) signals to give vibrato effects etc.
The modulation depth can be adjusted
by P3, the maximum sensitivity being
about 2 octaves/V with P3 turned fully
clockwise.

As previously mentioned, the summing
amplifier actually has a gain much less
than one, so that the output voltage of
IC4 is reduced to —23.7 mV per volt
input.

Curve shapers

Having ensured that the ‘business end’
of the VCO design is satisfactory, the
design of the curve shaper section
— which influences the musical charac-
teristics of the VCO — may now be
considered. The main processing of the
synthesiser waveforms is done by means
of voltage-controlled filters (VCFs)
which remove certain frequencies from
a harmonically rich waveform.

The spectra of two well-known har-
monically rich waveforms are shown in
figures 8 and 9 — the sawtooth, which
contains all the odd and even harmonics
of the fundamental, and the squarewave,
which contains only the odd harmonics.
However, this approach does have its
limitations if only one waveform is
provided at the VCO output. Using as
an example the two waveforms just
mentioned; no amount of filtering will
generate the even harmonics necessary
to turn a squarewave into a sawtooth,
and it would be very difficult to filter
out all the even harmonics from a
sawtooth to make a squarewave. It is
thus obviously useful to have several
different waveforms available at the
VCO output.

A block diagram of the curve shaper is
shown in figure 10. The sawtooth output
of the VCO is fed to curve shaper
circuits, which produce respectively
spaced sawtooth, triangle, sine and
square waveforms. The pulse width of
the squarewave may be modulated by
an external control signal, as will be
explained in the description of this part
of the circuit.

The five waveforms may be selected by
means of switches to be fed, either
singly or in combination, into a summing
amplifier.

Musical properties of the
waveforms

Each of the waveforms available at the
VCO output has its own musical
character, which is useful for particular
applications. An unfiltered squarewave
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is not particularly useful, since the odd
harmonics cause the sound to be
extremely harsh. However, filtered
squarewaves are useful for the imitation
of flute tones, and certain woodwinds
such as clarinet.

The sawtooth waveform, which is rich
in all harmonics is suitable for the
imitation of brass, woodwind and many
string instruments, and has an extremely
bright and lively character.

The amplitudes of the sawtooth
harmonics fall off at 6 dB per octave,
i.e. the amplitude of the nth harmonic
is 1/n times the amplitude of the

fundamental. Where this fall is too
abrupt the spaced sawtooth waveform
can be used. This has an even brighter
character than the sawtooth and is
extremely useful for imitating very
brilliant instruments such as the violin
family and some of the higher pitched
brass instruments such as cornet and
trumpet.

The triangle and sine waveforms are
musically very similar. The triangle is
completely lacking in even harmonics,
and the odd harmonics are of low
amplitude. The sound of the triangle is
flutelike, very smooth and mellow.

Figure 11. Circuit of the spaced sawtooth
converter. This clips the sawtooth waveform,
passing only the peaks.

Figure 12. The triangle converter operates by
feeding the positive and negative half-wave
rectified sawtooth to the inputs of a differen-
tial amplifier. The resultant difference output
is a triangle waveform.

Figure 13. The sine converter operates simply
by ‘rounding off’ the peaks and troughs of the
triangle to give an approximation to a
sinewave.

Figure 14. The PWM squarewave generator is
simply a voltage comparator whose output
switches at a certain point on the sawtooth
waveform. The trigger level can be varied,
either by PS5 or by an external input, thus
pulse width modulating the squarewave as
shown in figure 14b.

Figure 15. The output adder, which can be
used to combine the various output waveforms
as desired.

A pure sine waveform is, of course,
completely lacking in any harmonic
content and sounds even smoother and
more bland than the triangle — so far as
to be completely without character.

A low harmonic distortion of the sine
waveform is not particularly important
for musical applications, provided the
harmonic content is sufficiently low
that the sinewave sound contrasts with
that of the triangle. The sinewave is
thus derived from the triangle by an
extremely simple diode shaper circuit.
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Spaced sawtooth converter

Figure 11a shows the circuit of the
spaced sawtooth converter section. The
sawtooth output of the VCO is fed into
ICS via R22. ICS5 functions as an
inverting half-wave rectifier, with a
variable offset provided by P11. Depen-
ding on the setting of P11, the negative
voltage at its slider causes a positive
offset at the output of IC5 of between
zero and about +14 V.,

While the output of ICS is positive D7 is
reverse biased and the op-amp amplifies
and inverts the positive going input
sawtooth with a gain of about S5.5.
However, this applies only so long as the
output of IC5 remains positive. As the
sawtooth voltage increases, a point on
the waveform will be reached where the
output of ICS falls below zero. D7 will
become forward biased and will clamp
the output of ICS to about —0.6 V.

The point on the sawtooth waveform at
which clamping occurs depends on the
setting of P11. With P11 adjusted to
give an offset of zero the sawtooth will
be clipped at a very low level. On the
other hand, with P11 set to give a large
offset voltage the sawtooth amplitude
may never be high enough to cause the
output of IC5 to swing negative, and the
sawtooth will appear at the output of
IC5 unclipped.

IC7 amplifies and inverts the output
from ICS with a gain of about —4, and
P11 is adjusted so that the amplitude is
the same as that of the sawtooth
waveform, nominally 1.5 V p-p.

Triangle converter

Half-wave rectification is again employed
in the triangle converter, figure 12. The
input sawtooth (1) is positive and
negative half-wave rectified by D3 and
D4, and the positive and negative half
cycles are fed to the bases of T4 and T5
respectively (2) and (3). Since T4 and
TS5 form a differential amplifier the
collector waveform of T5 is (2) - (3),
which is a triangular waveform (4). IC8
is connected as a voltage follower to
buffer the output.

It may seem a little strange to use a
discrete amplifier in this circuit when
extensive use is made of IC op-amps

9723 14a

»

9723 14b

elsewhere. The reason is that they have
a limited slew rate, and this can result in
a notch at the apex of the triangular
waveform where the crossover from
positive half-cycle to negative haif-cycle
occurs. This introduces harmonics that
detract from the mellow sound of the
triangular waveform. The discrete
amplifier has a larger slew rate and is
largely free from this defect. C13 also
helps to filter out the spike, but it does
cause a slight falloff of the triangle
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amplitude at high frequencies. The value
of 1 n for C13 is by no means manda-
tory, and other values may be substituted
to suit personal taste.

Sine converter

As mentioned previously, the sine
converter does not produce an extremely
pure sinewave, but the circuit (figure 13)
is simple and the output waveform is
musically adequate. The triangle output
from IC8 is fed to the non-inverting
input of IC11 via P13 and R38. The
positive and negative excursions of the
triangle at the op-amp input are limited
logarithmically by a matched pair of
diodes D5 and D6, and the resulting
approximation to asinewave is amplified
by IC11.

P13, R38 and R39 form an attenuator.
The setting of P13 determines the
triangle amplitude that would appear
across R39 were D5 and D6 omitted,
and hence the point on the triangle
waveform at which limiting occurs. For
example, with P13 set to maximum the
voltage appearing across R39 will be
very small, and D5 and D6 may conduct
only on the peaks and troughs of the
triangle, so the output will be too
‘peaky’. On the other hand, with P13
set to minimum the signal will be
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clipped very early in the waveform.
Somewhere between these extremes is a
setting of P13 that will give the best
approximation to a sinewave. This
setting can be found either by ear, or
visually using an oscilloscope, or using a
distortion meter to adjust for minimum
distortion.

Pulse width modulator

This section of the curve shaper gener-
ates a squarewave whose duty-cycle can
be preset to any desired value from 0 to
100%, or which can be modulated by an
external signal. T6, T7 and T8
(figure 14) form a high speed voltage
comparator whose output will go high
when the sawtooth input voltage exceeds
the base voltage of T7, and which will
go low on the trailing edge of the
sawtooth.

The base voltage of T7 is set by the
output voltage of summing amplifier
IC6, which can be fed both with a DC
voltage via P5 and with a signal from the
PWM input. As the output voltage of
IC6 becomes more positive the
comparator will trigger later and later
along the sawtooth ramp, so the output
pulse will be narrower. This is illustrated
in figure 14b, which shows the response
to a low-frequency triangular PWM
input signal. .

P14 and P15 set the range of P5, so that
this control can be used to preset the
duty-cycle over the range 0 to 100%.
The amplitude of the PWM input, and
hence the modulation -depth, is
controlled by P4. IC9, which is connec-
ted as a voltage follower, lights LED D8
whenever the comparator output is high.
This indicates that the VCO is func-
tioning, and the LED brightness also
gives an indication of the duty-cycle of
the squarewave output.

Output adder

The output adder circuit (figure 15)
requires little explanation. When any
switch is in the ‘b’ position then that
input is open-circuit and the corre-
sponding input resistor of the op-amp,
IC10, is grounded. When a switch is in
the ‘a’ position then the corresponding
waveform is fed to the summing
amplifier. Two or more waveforms may
be summed by closing several switches
simultaneously, which greatly extends
the range of output waveforms available.
The adder stage has two outputs:
external output signal (EOS), which is
routed to the socket on the VCO front
panel, and internal output signal (I0S),
which is internally wired to the voltage-
controlled filter (VCF).

As a suggestion for those experimenters
who wish further to increase the flexi-
bility of the VCO system, switches S2
to S6 may be replaced by potentiometers
to form a mixer circuit in which the
amplitude of each input waveform fed
to the summing amplifier is infinitely
variable.

Congclusion

The discussion of the VCO module has
now reached the stage where the
description of all the circuit sections is
complete, and the musical value of the
various output waveforms has been
given some consideration, The following
chapter will deal with the constructional
aspects of the VCO, including selection
of components, assembly of the module
p.c. board, testing and adjustment.
When this stage is reached the
synthesiser will at last start to become a

playable instrument insofar as the VCO

will produce an output signal of the
correct pitch when a key is depressed,
although the full musical potential
cannot be realised until the rest of the
synthesiser is complete.
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chapter 5

construction of
the VCO

Having dealt with the theoretical
circuits used in the VCO, this
chapter goes on to discuss the
selection of components and
describes the practical
construction, testing and
adjustment of the VCO module.

Care must be taken in the choice of
components for, and in the construction
of, the VCO, if reliable performance is
to be obtained. The same general com-
ments apply that were made earlier with
regard to component quality. In
addition, the following points should be
noted:
1. Capacitor C2 should be a low leakage
type — preferably MKM or equival-
- ent.
2. Transistor T1 to T3 should be tested,

as will be explained later.
3. Diodes D3 and D4 should be a

matched pair.
It is important that the reset transistor
T1 in the CCO section should be selec-
ted for low leakage current, as excessive
leakage current means current lost from
C2 and non-linearity of the CCO at low
frequencies.
The test setup for T1 isshown in figure 1.
The PNP transistor T8 can be used as
the second transistor in the circuit, or
any similar transistor can be used. The
meter can be a multimeter set to the
1 mA range. The base of T8 is initially
left open-circuit to check that it is not
leaky. The meter should read zero. The
base of T8 is then connected to the 0 V
rail via a 100 k resistor to check that it
has adequate current gain. The meter
should read at least 1 mA (i.e. full-scale).
The base of T8 is then connected to the
collector of T1. Any leakage current
through T1 will be amplified by the
current gain of T8 to give a deflection
on the meter. Only if the meter reads
zero is the leakage current of T1 suf-
ficiently low.
Finally, the current gain of T1 can be
checked by connecting its base to +5 V
through a 2k2 resistor, when the meter
should again show full-scale deflection.

FETs T2 and T3 can be tested using the
circuit given in chapter 3 for testing the
FETs in the keyboard interface, Unlike
the keyboard interface circuit, FETs
which show a Ug in the test circuit of
less than 0.5 V are not suitable for the
VCO. However, FETs that have been
rejected for the keyboard interface
because their Ug value was too high, can
be used in the VCO if the value of Ug
lies between 1.6 V and 2 V. For FETs
with Ug values between 0.5 and 1.5V
the source resistors R17 and R20 should
be selected from table 1 in part 3. For
FETs having a Ug value between 1.6 V
and 2 V, R17 and R20 should be 4k7.
Diodes D3 and D4 should be purchased
as a matched pair or, if several diodes of
the correct type are to hand, a reason-
ably matched pair may be selected by
measuring the forward voltage drop
versus forward current characteristics of
the diodes and selecting the pair that are
most similar.

Construction

Once these critical components have
been selected, construction of the VCO
may commence. On the printed circuit
board the VCO is split into two func-
tional  sections: the exponential
converter and CCO, the complete circuit
of which is given in figure 2a, and the
curve shaper section, the complete
circuit of which is given in figure 2b.
These two circuits are the combination
of all the partial circuits discussed in the
previous chapter.

Printed circuit board and component
layouts for the VCO are given in
figure 4. The oscillator section occupies
the top third of the board, whilst the
remainder of the board contains the
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Figure 1. Simple test circuit for selecting
transistor T1 of the VCO.

Figures 2a and 2b. These two circuits consti-
tute the complete VCO, and combine into
two functional groups the partial circuits
discussed the previous chapter.

curve shaper circuits. To avoid interac-
tion between the two sections of the
circuit they each have separate supply
and ground connections. The only link
between them is at the source of T3,
which is the CCO output (point A in
figures 2a and 2b). Assembly of the
board poses no particular problems, the
only point to note being that at this
stage C13, R26, R27, R42, R43, R54,
and the link joining pin 4 of IC3 to the
gate of T2, are omitted for test purposes.

Test and adjustment

The first test is to check that the CCO
is functioning, and for this purpose a
1 M resistor is connected between the
gate of T2 and —15 V to act as a current
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source for the CCO. The CCO output
can be monitored with an oscilloscope
at point A.

Should the oscillator fail to start then
P10 can be adjusted until it does. It will
probably be found that the oscillator
stops as the slider of P10 approaches its
two extreme positions, and P10 should
be set midway between the positions at
which oscillation ceases. At this stage,

the frequency of the oscillator should:

be around 1 kHz, and the waveform will
not be a perfect sawtooth, but will
exhibit an exponential curvature due to
the 1 M resistor being used in place of a
constant current source.

Once the CCO has been checked, the
1 M resistor can be removed and the
CCO connected to the exponential

converter by soldering in the link
between pin4 of IC3 and the gate of
T2.

With the sliders of P2, P3 and P8 turned
to zero volts and the KOV input
grounded, it should now be possible to
vary the VCO frequency by adjusting P1.
If the exponential converter is operating
correctly, the waveform at point A
should be a perfect sawtooth. It may be
found that at low frequencies the VCO
will not oscillate reliably, in which case
the adjustment of P10 will require
further attention.

Once the VCO functions reliably over
the entire audible range, P1 should be
turned completely anticlockwise and
the offset potentiometer P8 adjusted
until the lower frequency limit (with no

control voltage other than from P8) is
around 15 Hz. This adjustment does not
need to be extremely accurate. If
desired, the frequency range of the
VCOs can be extended beyond the
existing 10 kHz, There are two possi-
bilities: either R12 can be reduced to
47k, or else C2 can be reduced to 2n7
(or even 2n2).

Curve shaper section

Adjustment of the curve shaper begins
with the spaced sawtooth converter
section. P11 adjusts the clamp level of
this circuit and hence the ‘spikeness’ of
the waveform, which affects the tonal
quality. The adjustment is a matter of
taste, but as a guideline the peak-to-
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peak amplitude of the waveform,
viewed at point S3a, should be about
3V.

Next, the triangle converter (T4, T5)
can be adjusted. The symmetry of the
triangle waveform is determined by the
matching of diodes D3 and D4. P12 can
compensate for slight mismatches in
these diodes, but if the degree of
mismatch is large the only answer is a
better matched pair of diodes. The
output waveform should be monitored
at point S5a with P12 in its mid-
position, and P12 should then be turned
one way or the other to obtain a sym-
metrical triangular waveform. If notches
are apparent at the peaks of the triangle
waveform (especially noticeable at high
frequencies) then capacitor C13 should
be added. The value of 1 n is given as a
guideline, but C13 should preferably
be chosen experimentally to give the
best compromise between elimination
of the notches and attenuation of the
signal at high frequencies.

Once the triangle waveform is satisfac-
tory the sine converter may be adjusted.
Ideally, diodes D5 and D6 should also
be a matched pair in order to ensure
symmetry of the sine  waveform,
However, a random pair of 1N4148s or
IN914s will usually prove to be a
sufficiently close match in practice.
The purity of the sinewave is adjusted
visually by monitoring the waveform at
point S6a and varying the resistance of
P13 for best results. The sine converter
output can be compared with the sine
output of a signal generator, if available,
or with a sine curve plotted on graph
paper. The purists may like to adjust for
minimum distortion using a distortion
meter, though the simpler adjustment
procedure is adequate from a musical
point of view.

The final section of the circuit to be
adjusted is the pulse-width modulated
squarewave generator. The aim of this
adjustment is to set trimmers P14 and
P15 so that the adjustment range of
P5 varies the duty-cycle from 1% to
99%. The setting-up procedure is as
follows:

1) Adjust P14 until its wiper voltage is
—5.5V, and adjust P15 to maximum
resistance.

2) Connect the voltmeter to the output
of IC6 and monitor the PWM signal
at point S2a with an oscilloscope.

3) Adjust P5 to give first maximum
(approx. 99%) and then minimum
pulse width (approx. 1%) of the
PWM signal, and note the output
voltage of IC6 for these two con-
ditions thus: — Vpax = voltage for
minimum pulse width, Vimin = voltage
for maximum pulse width.

Figure 3. Suggested front panel layout for the
VvCO.

COARSE
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Parts list for figures 2
and 4.

Resistors:

a. 1% metal oxide

R1 =150k

R6 = 2k37’

R8=750

R9,R10 = 100 k
R11=1M

R13 =200 k

R18 = 1k78!

! These are ‘optimum’
values. However, 2k4 and

1k8 resistors can be-used— —

for RG and R18 respect-
ively, provided they are 1%
maetal oxide types!!

b. 5% carbon film .
R2,R44,R56,R57 = 100 k
R3,R36,R47,R48,
R49,R52 =10k
R4=100%

R5,R24 =47 k

R7.,R60 = 1k5

R12,R58 = 68 k
Rt14=1M

R16 =330

R16,R30 = 4k7
R17,R20= 12 k (nominal) _

R19,
R38,
R21
R22,
R23
R25
R26
R27
R28,
R32,
R33
R37
R41,
R42,

R31,R35,
R40,R51 =1 k
=33k

R39,R55 = 22 k
= 120 k

=12 k

= 120 k {nominat)
= 180 k {nominal)
R29 = 5k6
R34=47Q

- 6k8

L 330 k

46 = 3k9

43 = 150 k (nominal)

=470 Q

R53=180
R54 = 220 k (nominal)
R59 =15k

Presets:

a. Cermet

P7 =200 Q {or 220 Q or
250 Q) multiturn
preset.

Note pinout, end pins

spaced 5.1 mm and 7.6 mm

from centre pin, which is

offset by 2.5 mm.

P8,P11 = 100 k

P9 = 2k2

P10 = 4k7
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b. Carbon
P12=10k
P13,P14,P15= 100 k

Potentiometers:

a. Cermet
P1 =100k lin

b. Carbon

P2,P4 = 100 k lin
P3 =50 k log.

P5 =10 k lin.

P6 = 4k7 (5 k) log.

Capacitors:
Ci=1n

T8

»
c1Q
0

C2 = 3n3 (MKM)
C3,C4,C5,C6,C7,
C8,C12=680n
C9=47u16V
C10/C11 =100 /25 V
C13 =1 n (see text)

Semiconductors:
T1=BC109C
T2,T3=BF 245A, B
T4...T7=BC107C
T8=BC177C

D3,D4 = OA91, OA95,
AA118,AA119, or IN34A

ofFE=}o o6
SEETy
A7

D1,02,D5,
D6,D7 = 1N4148, or
1N914
D8 = LED, TIL209 or
similar

1IC1=7413

1C2,1C4,1C5,1C6,1C7,1C8,

1C9,1C10,1C11 = uA 741C
or MC 1741 CP1
{MINI DIP)

1C3 = uA726C (Fairchild,
TO package)

oH}ocs

Misceltaneous:

31 pin (DIN 41617)
connector

S1...86=SPDT
miniature toggle switch.

4 x 3.5 mm jack sockets

Figure 4, Printed circuit board and com-
ponent Jlayout for the Formant VCO
(EPS 9723-1).
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4) Turn the wiper of P14 to zero volts

and the wiper of P5 to maximum
voltage. Now use P15 to adjust the
output voltage of IC6 so that it is
equal to the difference between the
two previously noted values Vppax
and Vpip ice.

Vo,IC6 = Vmin - Vmax-

The output voltage of IC6 will be
negative since it is connected as an
inverting amplifier.

5) Adjust P14 to give maximum pulse-
width (99% duty-cycle) of the output
signal. When the wiper of P5 is now
turned to zero volts the pulse width
should be minimum (1% duty-cycle).
This completes the adjustment of the
PWM stage.

Oscillograms of all the waveforms are

shown in photos 1 to 7.

Output adder

Once the various sections of the curve
shaper have been adjusted the input
resistors of the output adder may be
selected (R26, R27, R42, R43 and
R54). A 250 k potentiometer is connec-
ted in place of each resistor in turn, and
the peak-to-peak amplitude of the
relevant waveform is adjusted to about
2.5 V at output EOS. The resistance of
the pot is then measured and it is
replaced by a fixed resistor of the
nearest preferred value from the E24
range.

. Front panel

A front panel layout for the VCO is
given in figure 3. The three inputs, FM,
ECV and PWM are at the top of the
panel, with the switch (S1) to select
between ECV and KOV mounted below.

Potentiometer P3, which controls the

FM modulation depth, is mounted
below the FM input socket, while P4
and PS5, which control the pulse width
modulation depth and duty-cycle re-
spectively, are mounted below the PWM
input socket. The coarse and fine tuning
controls (P1 and P2) are also grouped
together, on the left of the panel, while
the output level control (P6) is grouped
with the waveform selection switches
(S2 to S6) and the output socket.

Module construction

It is essential that the VCO module
should be screened to avoid any inter-
ference pickup. To provide this
screening, and to make the module
mechanically rigid, the p.c. board is
mounted on a carrier made from 16 or
18 SWG aluminium. The dimensions of
the carrier are those of a large Eurocard
(165 mm x 210 mm) so that the module
will fit a Euro-standard card frame. A
right-angle bend at the front edge of the
carrier allows it to be secured to the
front panel by means of the poten-
tiometer mounting bushes. The p.c.
board is mounted on the carrier using
M3 screws and spacers. Photo 8 shows
the completed module.

ECV = External Control Voltage,
i.e. front-panel input to
VvCO.

= Keyboard Qutput Voltage,
i.e. permanently wired
input to VCO from inter-
face receiver.

FM = Frequency Modulation
input

= Pulse Width Modulation
input

= External Output Signal
from VCO (front panel
output}

= Internat Output Signal
from VCO, will be perma-
nently wired to one VCF
input.

KOov

PWM

EOS

VCO/I0s

Photos 1 to 7. These oscillograms give an
indication of the waveforms that should be
available at the curve shaper outputs:

1. Sawtooth 2. Spaced sawtooth 3. Triangle
4. Sinewave 5. Squarewave, minimum duty-
cycle 6. Squarewave, 50% duty-cycle
7. Squarewave, maximum duty-cycle.

Photo 8. The complseted VCO module.
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Octaves/Volt adjustment

The most critical adjustment made to
the entire synthesiser is the setting up
of the octaves/volt characteristic of the
VCOs, as this adjustment determines the
accuracy of the synthesiser tuning.
There are two methods of adjusting the
VCO. The simpler method requires the
use of a frequency counter and digital
voltmeter, while the second method
requires an audio signal generator with a
calibrated frequency scale.

Before commencing the adjustment
procedure power should be applied to
the VCO for several minutes to allow
the temperature (especially of IC3) to
stabilise.

To adjust the VCO wusing frequency
counter and DVM, all inputs and
controls of the VCO input adder are set
to zero volts and P9 is set in its centre
position, The connection between the
wiper of P1 and R1 must be unsoldered,
and the free end of R1 connected to
ground, whilst the wiper of P1 is con-
nected to the KOV input with S1 in
position ‘a’. The frequency counter is

connected to the VCO output and the
DVM to the wiper of P1. With P1 turned
fully anticlockwise the frequency coun-
ter will read around 15 Hz, which was
set previously by means of P8.P1 is now
turned slowly clockwise until the DVM
reads 1V, when the VCO frequency
should be twice what it was with P1 set
to zero, e.g. if the zero frequency was
exactly 15 Hz the frequency should
now be exactly 30Hz. Of course,
initially this will not be the case, and
some adjustment of P7 will be required.
Pl is then turned until its wiper voltage
is exactly 2 V, when the VCO frequency
should be four times the zero voltage
frequency, e.g. 60 Hz. This procedure is
repeated at 1V steps over the entire
range of Pl,checking that the correct
frequency is obtained at each step. Thus
if 0V=15Hz, then 1V=30Hz,
2V=60Hz, 3V=120Hz etc. P7 is
adjusted to obtain the best accuracy
possible over the widest frequency range.
At high frequencies (greater than 3 kHz)
P9 can be used to correct any deviations
from the 1 octave/volt characteristic.

To adjust the VCO using the beat note

method, the outputs of an audio
oscillator and the VCO must be fed into
the left- and right-channels of a stereo
amplifier, or via an audio mixer into a
mono amplifier, so that the beat notes
can be heard via the loudspeakers. The
VCO is connected to the KOV output
of the previously calibrated keyboard.
The audio oscillator is set to a frequency
between 400 and 500 Hz, and the main
tuning of the keyboard is switched off.
The top note of the keyboard is then
depressed, and the VCO tuning controls
P1 and P2 are adjusted until the audio
oscillator and VCO are in tune with
zero beat.

Next, the key an octave lower is de-
pressed, when a dissonance or very rapid
beat note will be heard. P7 is then
adjusted until zero beat is obtained
between the audio oscillator and the
VCO note one octave lower.

The top key is again depressed, when it
will be found that, due to the adjust-
ment of P7, a beat note is again heard.
Using the VCO tuning controls, readjust
for zero beat, then depress the key an
octave lower, which will now be slightly
out of tune due to adjusting the VCO
tuning controls. P7 must therefore be
readjusted to obtain a zero beat.

This procedure is repeated several times
until the oscillator is perfectly in tune
with both the top note and the note an
octave lower. The tuning is then
checked two octaves and three octaves
below top C, and if necessary P7 is
readjusted to obtain the best tuning
over the entire keyboard range.

The higher ranges of the VCO must now
be adjusted using P9. For this purpose
the audio oscillator is tuned to around
2 kHz, the bottom note of the keyboard
is depressed, and the coarse and fine
tuning controls of the VCO are adjusted
for zero beat. The key an octave higher
is then depressed, and P9 is adjusted for
zero beat using the same technique as
for the previous adjustment procedure
using P7. The tuning is then checked
two octaves and three octaves above
bottom C.

This completes the adjustment of the
VCO.
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At several points in the Formant
music synthesiser circuits
{(described in Elektor, May 1977
....April 1978), FET source
followers are used as high-
impedance output buffers. This
type of stage is not always the
best solution and an alternative is
well worth considering: an
operational amplifier with an FET
input stage. This article will
examine the use of these more up-
to-date components and will give a
description of ways to adapt the
VCO's.

When the Formant circuit was devel-

oped, FET Opamps and especially the

‘high-speed’ versions were practically

non-existent. The only economical

alternative was to use standard Field-
effect transistors in the well-known
source follower circuit (figure 1a).

As those who have heard the Formant

will know, this solution works. How-

ever, there are certain disadvantages.

1. The amplification achieved is not
precisely 1, but slightly less {(approxi-
mately 0.9).

2. Because of tolerances in the FETs,
the source resistor has to be selected
carefully.

3. The gatesource bias voltage (UGS)
causes a certain ‘offset’ in the output

voltage, with respect to the- input
voltage. This must be compensated in
one of the foliowing stages.
4, The dynamic range is relatively small.
5. The gate-source bias voltage is tempe-
rature-dependent and therefore the
output voltage tends to drift.
These disadvantages are not so serious
— they don’t limit the Formant’s
potential as a musical instrument.
Nevertheless, it is better to avoid them
altogether by replacing the FET source
follower circuit (figure 1a) by a voltage
follower circuit, using an FET opamp
(figure 1b}. All source followers in the
Formant (in the Interface, VCO and
VCF circuits) can be eliminated in this
way.

When is it worth it?

One of the FET source follower’s
greatest drawbacks is its temperature

1BV 80030 1

Figure 1a. A source follower with an
N-channel-field effect transistor.

This stage serves as a high-impedance buffer in
the Formant Interface, VCO and VCF circuits.

Figure 1b. Voltage follower using an FET
operational amplifier.

This circuit can replace the FET source
followers in the Formant and provides better
temperature stability.

1c

top view

Figure 1c. Pinning of the LF 356H.

drift. The other disadvantages affect the
construction (making it more compli-
cated and time-consuming) rather than
the quality.

In a VCO, in particular, the temperature
drift should be reduced to a minimum,
because when several VCO's are used
together any mistuning is immediately
audible. As far as the Interface is
concerned, temperature drift may cause
the entire circuit to be out of tune,
which can be heard when it is played
together with other instruments. In
practice, this is rarely a problem and so
there doesn’t seem to be much point in
converting this module to FET opamps.
Only if you're dealing with a keyboard
compass of more than 5 octaves (and
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therefore a greater dynamic range), it
may be advisable to use FET opamps
instead of source followers. Thé low
slew-rate requirements in the Interface
mean that economical FET opamps
{TLO84 and TLO74) can replace source
followers T1, T3 and T4. The fourth
opamp can take over the function of
one of the 741s (IC5 or 1C6, for
instance). All these changes will involve
a lot of ‘flying wires'! Once the circuit
has been modified, the offset adjust-
ment (P4) must be repeated.

In the VCF, the FET'’s have no real
effect on the temperature stability, so
that little would be gained by modifying
it. '

FET opamps in the VCO

VCO’s which are already in use can
easily be converted. However, their
oscillator and curve shaper will have to
be realigned. For this reason, the modi-
fication is only advisable if the fre-
quency stability is still not good enough
— even though it is high compared with
many other synthesisers.

Figure 2a shows the original circuit,
which has two source followers. Of
these, only T2 affects the osciilator’s
frequency stability; the simplest con-
version, therefore, will entail replacing
this FET by a voltage follower using an
LF 356H. The rest of the circuit can
remain unchanged, as shown in
figure 2b, However, the oscillator and
the curve shaper must be re-adjusted,
since this modification will alter both
the amplitude and the DC Jevel of the
sawtooth.

Figure 3a gives the modified com-
ponent layout for the circuit shown in
figure 2b. Connections 1 and 5 of the
metal-case version of the LF 3566 (IC12)
are not used and these wires can be cut
short. Connecfion 6 is soldered to 2.
R17 and T2 are unsoldered from the
VCO bhoard and 1C12 is mounted, "as
shown in figure 3a.

If a new VCO module is to be built
from scratch, more extensive changes
may be considered. Figure 2c shows the
new circuit: FETs T2 and T3, source
resistors R17 and R20, gate resistor
R16, and trimmer P10 have all been
removed. The voltage follower opamp
(1C12) replaces both source followers.
Resistor R18 is changed to 470 . A
metal film resistor is not strictly neces-
sary. |f the ‘ultimate’ in temperature
stability is required, though, a 470 2/2%
metal film resistor should be used.
Figure 3¢ shows the modified com-
ponent i{ayout for new VCO's. 1C12
substitutes T2/R17; a wire link to the
left of it replaces T3/R16.

The FET opamp in the new oscillator
circuit, as shown in figure 2c, not only
improves the frequency stability, but
also reduces the component count in
comparison with the original circuit.
Furthermore, the removai of preset P10
makes the adjustment that much easier.

2a h —0

Ic3 15V

—0

Figure 2a. The oscillator circuit in the VCO contains two FETs used as source followers; only
T2 affects the frequency stability.

9723 2

2b

1C12 = LF 3656H

:0 '

Figure 2b. The easiest modification, in order to improve the temperature stability of an existing
VCO, is to replace T2 by an FET opamp (I1C12).

9723 3

2c

1C12 = LF 356H

-l 9723 1 @

Figure 2c. When building a new VCO modaule, it is worth considering this simplified Pscil-
lator circuit. The FET opamp now replaces both source followers, and preset potentiometer
P10 can be omitted.
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Figure 3b. Component layout for the simplified version of the oscillator circuit given in figure 2c.




