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(54) Title: DIGITAL FREQUENCY GENERATOR

(57) Abstract

In a method of generating a clock signal having a desired
frequency, a pulse is generated each time a stored accumulator value
(tank) is found to be greater than or equal to a stored (trigger)
value. In a first loop (10), the stored accumulator value (tank) is
iteratively incremented by a first iterative value (r) until the stored
accurnulator value is greater than or equal to the stored trigger value
and subsequently in a second loop (11) the stored accumulator value
(tank) is decremented by a second iterative value until the stored
accumulator value is less than the stored trigger value. During each
iteration of the first loop (10), a current frequency of the clock signal
is compared to a desired frequency value and if the two values are
different, the first iterative value (r) is corrected at a predetermined rate
(accRate) over one of more subsequent iterations until the frequency
of the generator clock signal corresponds to the detected value of the
desired frequency. In a preferred example, the number of iterations
needed to change the first iterative value (1) is determined by a
stored accumulator value which is added to an accelerator-accumulator
(AccTank) for each iteration that the first iterative value and the
desired frequency are not exactly equal.
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DIGITAL FREQUENCY GENERATOR

Technical Field

The present invention relates to a method and
apparatus for generating a clock signal. In this
application, the term "clock signal" is defined as a series
of periodic signals which may be used to clock any
particular electronic circuit or device at a fixed or
variable frequency. In particular, the clock signal may be
used in the generation of any waveform, potentially
replacing RC and RL circuits, bistables, sweeping frequency
generators, error correcting amplifiers and phase locked

loops.

Background t

The generation of a known frequency is common in many
commercial applications, including radio equipment, mobile
‘phones, two way radios, television and radio frequency
tuners. The need for digital control in such tuners has
brought about dedicated phase locked 1loop integrated
circuits which are expensive. These circuits have
limitations as they have a pre-determined discrete number
of frequencies and pre-determined range of frequencies
which they can generate. Such an arrangement is commonly
seen when tuning a digital car radio where the FM freguency
changes in steps of typically 0.1 MHz over a 20 MHz range.

Frequency control is also used in motor controllers,
particularly in stepper and DC motor applications where a
clock signal controls the speed of the motor. Varying the
frequency of the clock signal controls the speed of the
rotor. There are many established methods of translating
the frequency of a clock signal to drive many different
types of electrical motors and many commercially available
integrated circuits which perform such translation.
conventional stepper controllers can typically only produce
around 250 different predetermined stepping rates so that
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when the stepping rate needs to be changed it can only be
done in a stepwise fashion. Accordingly, it is impossible
to obtain a smooth change from one stepping rate to
another, which is highly desirable in some applications.

Disclosure of Invention

According to a first aspect of the present invention,
a method of generating a clock signal having a desired
frequency comprises the step of generating a pulse each
time a stored accumulator value is found to be greater than
or equal to a stored trigger value, wherein in a first
loop the stored accumulator value is iteratively
incremented by a first iterative value until the stored
accumulator value is greater than or equal to the stored
trigger value and subsequently in a second loop the stored
accumulator value is decremented by a second iterative
value until the stored accumulator value is less than the
stored trigger value and, wherein

during each iteration of the first loop, a current
frequency of the clock signal is compared to a desired
frequency value and if the two values are different, the
first iterative value is corrected at a predetermined rate
over one or more subsequent iterations until the frequency
of the generated clock signal corresponds to the detected
value of the desired frequency.

Preferably, under conditions where the generated clock
signal frequency equals the desired frequency, the first
iterative value is set by the value of a detected input
corresponding to the desired frequency of the clock signal.
An iterative increment equal to the detected value of the
desired frequency in Hertz is added to the stored
accumulator value during each iteration of the first
iterative loop. When the desired frequency of the clock
signal changes, the first iterative value is corrected at
a predetermined rate over one or more subsequent iterations
until the frequency of the generated clock signal, and
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consequently the first iterative value, corresponds to the
detected value of the desired frequency. Accordingly, the
frequency of the clock signal is capable of accelerating
between two frequencies at a predetermined rate without
missing any intermediate frequencies. In the context of a
stepper motor, this means that the stepping rate can be
accelerated in a manner which approximates very closely to

a continuous function.

Preferably, the second iterative value is set by the
stored trigger value, whereby the stored trigger value is
at least that in Hertz of a pre-determined interrupt
frequency at which the first and second iterative loops are
driven. More preferably, both the stored trigger value and
interrupt frequency are a value 2", where n is a positive
integer. This simplifies the comparison between the stored
trigger value and the stored accumulator value as the
binary value of the stored trigger value is represented by
a single bit in a register being set and exceeding the
trigger value is also represented by a single bit being
set. In this case, an iterative decrement equal to the
stored trigger value 1is subtracted from the stored
accumulator value for each iteration of the second
iterative loop or if the stored trigger value is 2", then
a single bit is cleared in a register. As an alternative,
execution of the second loop can be reduced to a single
iteration by precalculating the number of pulses that need
to be produced. For instance, if the desired frequency is
much larger than the stored trigger value then a pre-
calculation can be carried out automatically to determine
how many pulses need to be produced for each iteration of
the first loop.

Preferably, the number of iterations needed to change
the first iterative value is determined by a stored
accelerator value which is added to an accelerator-

accumulator for each iteration that the first iterative
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value and the desired frequency are not exactly equal. 1In
such an iteration, each time the accelerator-accumulator is
greater than or equal to the stored trigger value, the
first iterative value is incremented (or decremented for
deceleration) by one and the accelerator-accumulator is
reduced by the value of the stored trigger value. Such an
arrangement enables the acceleration rate to be controlled

accurately in real units (Hertz).

Preferably, the stored trigger value and stored
accelerator value are variable. 1In particular, the stored
trigger value may be arranged to be sufficiently large in
comparison to an expected desired frequency so that
frequencies may be generated which settle very quickly
typically within 10ms. The stored accelerator value may be
selected to control the rate at which the first iterative
value is corrected when the desired frequency is changed.

Accof&ing to a second aspect of the present invention,
an apparatus for generating a clock signal comprises:

means for detecting an input corresponding to the
value of a desired frequency;

means for generating a pulse each time a stored
accumulator value is found to be greater than or equal to
a stored trigger value;

means for controlling a first loop in which the stored
accumulator value is incremented by a first iterative value
corresponding to the value of the desired frequency until
the stored accumulator value is detected to be greater than
or equal to the stored trigger value;

means for controlling a second loop in which the
stored accumulator value is decremented by a second
iterative value until the stored accumulator value is
detected to be less than the stored trigger value; and,

means for storing an accelerator value and means for
storing an accelerator accumulator value which are used to
control a rate of change of the first iterative value when
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the means for detecting the input value of the desired
frequency detects that the value of the desired frequency

has changed.

Preferably, the apparatus further comprises a memory
for storing the value of the desired frequency, the current
frequency, the trigger value, the accumulator value, and
the accelerator value. Preferably, the apparatus also
comprises means for generating an interrupt signal which
controls the speed at which the first and second loops are
executed and processing means for carrying out the
functions of comparing the value of the stored accumulator
value with the stored trigger value, incrementing or
decrementing the stored accumulator value and changing the
first iterative value at a predetermined rate when the
desired frequency changes.

Preferably, the apparatus is implemented on an
integrated circuit which comprises a pre-programmed

microprocessor.

In one preferred implementation, the clock signal
generated by the method and apparatus of the first and
second aspects, respectively, of the present invention is
used to control a stepper motor to provide continuous
acceleration between two stepping rates according to a
predetermined velocity profile.

In its simplest form, the present invention can be
used to generate a repeated series of pulses at any
particular fixed or continuously varying frequency. When
coupled with a look-up table or any algorithm which
generates a waveform, the method of the invention may be
used to generate any desired waveform at any desired
frequency. Uses of the present invention include motion
control, phase locked loop replacement, harmonic tuning of
radio frequencies, frequency generators and any other
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device which depends upon a fixed or varying frequency.
The invention is particularly well suited to governing
motor speeds and in particular for controlling stepper
motors, including full step, half step and micro-steppers.
Similarly, the speed of a DC motor can be regulated with
this method by providing the controlling frequency which
governs the rotational speed of the armature. As the
present invention accurately produces any fixed or changing
frequency, it can be used to accelerate and decelerate
motors linearly and can be used to perform a series of such
motions.

The present invention is very efficient i.e. fast and
compact, and can be implemented very cheaply on
commercially available integrated circuits and embedded
controllers.

Description of Drawi

The present invention will now be described in detail
with reference to the accompanying drawings in which:

Figure 1 shows a micro-controller embodying the
present invention;

Figure 2 is a flow diagram illustrating the method of
the present invention;

Figures 3 to 5 show in an expanded form individual
steps in the method of the present invention shown in
Figure 2;

Figure 6 shows a fluid delivery apparatus which
includes a stepper motor used to drive a syringe piston;

Figure 7a shows a graph of the velocity of fluids
discharged from two separate syringes, each syringe driven
by the apparatus shown in Figure 6 and controlled by the
frequency generator of the present invention; and,

Figure 7b shows a graph of syringe piston displacement
for the two separate syringes driven by the apparatus shown
in Figure 6.
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Detailed Description

Figure 1 shows a typical dedicated pre-programmed
microprocessor 1 such as a Motorola 6805 K-series micro-
controller. The microprocessor 1 comprises a number of
registers 2 for storing a number of variables, some of
which are pre-set when the processor is switched on using
the power-on reset 3. The stored variables include a
stored trigger value trigger, a stored accumulator value
tank, an increment value r, an accelerator value accRate,
a desired frequency F,, an accelerator accumulator AccTank
and a detected pulse count.

The processor 1 internally generates an interrupt
signal using an interrupt generator 4 which is driven by an
external oscillator 5, which will be described in detail

below.

A pre-programmed unit 6 controls the two loops,
described in detail below, which are used to operate a
square wave pulse generator 7. In this example, the pulse
generator 7 is used to drive a waveform generator 8.

A user interface 9 1is provided to control the
processor 1 and in particular, change the values of the
stored variables in the register 2. Furthermore, a feed-
back loop may be provided toc monitor the output of the
pulse generator 7.

Figure 2 shows a flow diagram of the process carried
out by the processor 1 when generating a clock signal
having a desired frequency.

When the pre-programmed processor 1 is first switched
on, the programme initialises the variables trigger, tank
AccTank, accRate and r.
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Thereafter, in a first loop 10, each time an interrupt
signal 1is generated by the interrupt generator 4, the
processor 1 checks to see if the user has entered a desired
frequency and if so, stores this value as the desired
frequency. In this example, the processor 1 is pre-
programmed to initialise the variable r, termed the
iterative increment, as zero and so this iterative
increment is increased over a number of iterations in an
acceleration routine which is described in detail below
with respect to Figure 5 of the drawings until the
iterative increment equals the detected desired frequency.
As an alternative, upon initialisation, the processor 1 can
instead wait until a desired frequency is detected and
there after preset the iterative increment r to equal the
desired frequency, so that no initial acceleration of the
iterative increment r is required.

The processor 1 subsequently increases the tank value
by a value equal to iterative increment r. The processor
then compares the tank value and trigger value and if the
tank value is found to be greater than or equal to the
trigger value then in a second loop 11, the processor
decrements the present value of the tank value by the value
of the trigger value and a clock pulse is generated. The
pulse counter is incremented by 1 and the comparison of the
trigger value and tank value is made again. In this
example, if necessary, the second loop 11 is repeated until
the tank value is found to be less than the trigger value.
Once the tank value is found to be less than the trigger
value, the first loop 10 starts again, whereby the tank
value is iteratively incremented over one or more cycles of
the first loop 10 until the conditioned that tank is
greater than or equal to triqger is again satisfied.

Turning to each box of the flow diagram in Figure 2 in
more detail, the "initialise variables" box 12 is shown in
more detail in Figure 3. In this example, upon
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initialisation, the processor 1 sets the accelerator value

2 . . .
, the iterative increment value r to

accRate to be 1 Hz s
be 100 Hz, the tank value and AccTank value to zero and the

value trigger to the frequency of the interrupt signal.

The operation of the "wait for an interrupt" box 13 is
illustrated in the flow diagram of Figure 4. The entire
system is operated at the speed of the interrupt signal
which is driven by the external oscillator 5. The system
is maintained between interrupts and it is during this
period that the user can input signals via the user
interface 9 to change variables. The frequency of the
interrupt signal can be preset to any value including that
of the oscillator 5 enabling frequency synthesis equal to
that of the oscillator 5 as every iteration can be executed
simultaneously, or effectively so, through the use of
pipelines or equivalent standard techniques.

Figure 5 shows the operation of the "accelerate (r)"
box 14. When processor 1 detects that the stored value of
the desired frequency is different to the current iterative
increment value of r of the first loop 10, the accelerator
value accRate is added to an accelerator-accumulator
AccTank. AccTank is subsequently compared to the trigger
value and if it is greater than or equal to the trigger,
AccTanpk is decremented by the value of trigger and r is
incremented (or decremented for deceleration) by one.
During subsequent cycles of the first loop these steps are
repeated until r equals the desired frequency. In this
manner, the process can accelerate from one frequency to
another at a precisely controlled rate set by the
accelerator value accRate.

In essence, the present invention depends upon an
input frequency, used typically as an interrupt, and three
variables, namely, trigger, r and tank. The variable
trigger is set to the interrupt frequency in Hertz and is
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usually never changed, the value r is set to the desired
frequency in Hertz which can be altered at any time and
tank is an accumulator value. Each time there is an
interrupt the increment value r is adjusted if the desired
frequency is not yet achieved, tank is incremented by the
value of r and tank is compared to trigger. If tank is
greater than or equal to trigger a pulse is generated and
additional action may be taken such as taking a step on the
stepper motor, altering the waveform of a Pulse width
modulator or altering some other value or physical setting.
Furthermore, internal registers 2 can be used to maintain
cycle counts, step counts, current frequency, actual
frequency, and flags indicating if the frequency is
changing and other such information.

Each time tank is found to be greater than or equal to
trigger, tank is assigned the value of tank-trigger, which
is always positive or zero and a pulse is produced.
Likewise, as the value of tank is never cleared, only
decreased by trigger, tapk always maintains a remainder and
will minimise the actual error of frequency generated to
less than one period of the interrupt frequency.

The error of the frequency generated is non-
accumulating. If the desired frequency is less than or
equal to the interrupt frequency then the error is never
more than 1 interrupt clock period. If the desired
frequency is greater than the interrupt clock frequency,
the process is said to be saturated and bunches pulses
before the next interrupt so as to maintain the correct
number of pulses each interrupt. While the average
frequency will be maintained, there may be systems where
such a technique is unacceptable. Other techniques, such
as producing two or more equally spaced pulses each time a
system generates a pulse, hardware frequency doublers, or
hardware generated delays, may be used in conjunction with
this method. For example, the second loop can be reduced
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to a single iterative step for cases where the desired
frequency exceeds the trigger value by precalculating the
number of pulses required following each iteration of the
first loop. However, for most systems these techniques are
not needed as in practice it is easy to choose interrupt
clock frequencies which are higher than the maximum

frequency desired.

In applications where the interrupts may themselves be
interrupted or entirely missed, the process will maintain
a correct frequency provided that the accumulator value is
incremented by the iterative increment for each interrupt
that is missed or abbreviated. When the system has time to
completely service the interrupt, pulse bunching corrects
any temporary gquiescent errors. The number of missed
interrupts can be recorded separately, can be calculated
from a comparison with a real time clock or the entire
process can be dependent upon comparison with a real time
clock instead of an interrupt.

When this system is used with stepper motors, and
particularly with micro-steppers, saturation has no
measurable effect on the motor. This is because pulse
bunching occurs at frequencies which are much higher than
motors can respond to. Typically, a stepper motor rotor
cannot respond to a change in coil voltage in less than 20
milliseconds due to the rotors inertia and the reluctance
of the copper windings. As in practice even on relatively
slow, low cost integrated circuits saturation only occurs
at frequencies above approximately 10KHz, the effect on the
motor is invisible. Moreover, when used with micro-
steppers or look-up tables, instead of bunching pulses
together and rapidly sending a sequential set of values to
a motor coil, only the last value in the set needs to be
sent, as the intermediate values have no effect on the
motor. This skipping technique allows for very high
frequencies to control a micro-stepper, without loss of
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position step count or accuracy. The transition from
normal operation to saturation is automatically performed
by the process whenever the frequency exceeds a system
dependent limit. The transition is smooth as pulse
bunching is used only to maintain the correct average
frequency and the uses' of pulse bunching is always
minimised.

One advantage of the present invention is that the
variables can be altered while the system is running. By
varying the value ¢ either directly or indirectly through
the accelerate loop, the method of the present invention
will accelerate, maintain and decelerate to any frequency
up to the implementation dependent maximum and such
information as position or frequency can be reported in
real time. The rate of acceleration and deceleration can
be controlled by altering the value accRate which in turn
may alter r at each interrupt. Further, different rates
for acceleration and deceleration can be achieved through
the use of separate variables.

Due to the very simple and compact nature of the
process, and its dependence only on a comparison feature
and either addition and subtraction or with a suitable
interrupt frequency, a bitset and bitclear feature, the
present invention can be implemented by the cheapest and
least computationally powerful micro-controllers resulting
in very low cost devices. Low cost embedded controllers
employing this method to control a stepper motor at rates
up to 15,625 steps per second can be achieved without
skipping any frequencies and can be configured to produce
rates up to 31,000 steps per second while skipping every
other frequency. When used with more powerful processors
or programmable logic devices, the maximunm error-free
frequency increases up to a limit of the device’s
oscillator frequency. If such a process is made into
dedicated silicon, a non-skipping, non-saturation frequency



10

15

20

25

30

35

WO 97/24797 PCT/GB96/03240

13

of 15MHz can be achieved and frequencies as high as 300 MHz
are currently possible. The limitation upon frequency is
entirely silicon based as every iteration can be executed
concurrently in a single clock cycle. This frequency
maximum is continually increasing and by using more exotic
materials, such as GaAs, this method could currently
generate frequencies in excess of 1GHz. When this method
is used with a micro-controller all that is typically
needed to control a stepper-motor is a source clock and
power amplifier as the signals needed for full, half or
micro-stepping can be generated internally with existing
micro-controllers.

The process can produce fractional frequencies by
altering the value of ¢trigger or by performing an
equivalent operation. For example, frequencies with a
0.1Hz resolution are produced if trigger is set to ten
times the interrupt frequency instead of the interrupt
frequency and r is set to ten times the desired rate.
Similarly, this routine can be used with floating-point
numbers instead of integers, to produce fractional

frequencies.

This method can also be used as part of a closed loop
system, where a position-encoder mounted on the motor
provides information about the motors position. Such a
system is used to verify that the actual position is in
accordance with the internally calculated position, and
minimizes any difference.

One major distinguishing feature of the present
invention is that in contrast to existing frequency
generators, the clock signal frequencies generated in the
present invention are independent of the input clock
frequency. Further, the method has the capability to
accurately generate every frequency from 0 to a system
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dependent maximum and likewise Ggenerate a linear

acceleration rate from 0 to a system dependent maximum.

Tables 1 to 9 illustrate how the method accurately
produces frequencies with different interrupt frequency
values and settles more quickly at higher interrupt
frequencies. Furthermore, Table 9 shows how the method
accelerates from one frequency to another.

An example of an implementation of the present
invention is shown in Figure 6. A fluid delivery apparatus
15 comprises a stepper motor 16 controlled using the
frequency generator of the present invention (not shown).
The stepper motor 16 rotates a lead-screw 17 via a coupling
18 to drive a member 19 up and down a vertical cylindrical
post 20. One arm 21 of the member 19 is connected to a
piston 22 of a syringe 23 which has an inlet/outlet 24 at
its upper end.

In use, as the syringe piston 22 is returned to its
lower position (not shown) a dilutent is allowed to fill
the syringe 23. Operating the motor 16 in the opposite
direction at a desired stepping rate drives the lead-screw
assembly and returns the syringe piston 22 upwardly,
discharging the fluid through the outlet 24 at a controlled
velocity.

A digital diluter comprises two such fluid delivery
assemblies 15 and the purpose is to mix the contents of the
two syringes at a predetermined rate to achieve a change in
concentration of the mixture i.e. a concentration gradient.
Conventional stepper motor controllers are limited as they
can only generate a predetermined discrete number of
frequencies over a predetermined range. Accordingly, the
velocity of each syringe piston can only be changed in a
rather coarse stepwise fashion which only approximates to
a linear velocity profile. Each time the velocity of the
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syringe piston steps up or down the flow of fluid from the
syringe is disturbed thus reducing the accuracy of any

measurements made with respect to the mixture.

In contrast, the frequency generator of the present
invention is capable of accelerating a stepper motor
between two stepping rates according to a predetermined
velocity profile. Figures 7a and 7b show, respectively,
graphs of velocity against time for fluid discharged from
two syringes and the relative displacement of the pistons
of the two syringes.

In this example, a saline sample is to be mixed with
a sample of pure water. As shown in Figure 7a, the stepper
motor driving the syringe filled with saline solution
accelerates the syringe piston to discharge fluid at a
velocity V,, whilst the stepper motor driving the syringe
filled with pure water accelerates the syringe piston to
discharge fluid at a lower velocity V,.

Once a constant flow rate from each syringe has been
established, at time T, the stepper controller associated
with the saline filled syringe decelerates linearly over a
period T,-T,; to a velocity V, whilst simultaneously, the
stepper controller associated with the water filled syringe
accelerates linearly to velocity V,. During this period,
the combined flow rate of the two syringes remains
constant. Finally, the two syringes are flushed over the
period T;-T,.

As illustrated by this example, the frequency
generator of the present invention can accelerate between
any two frequencies in a 1linear rather than stepwise
fashion at a rate determined by the user. In practice, the
user pre-programs the system to change frequency after a
predetermined period or number of pulses rather than
entering a new desired frequency manually. The rate of
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change of velocity for a given displacement is determined
by the variable accRate (see Figure 5).

Table 10 shows an example of how a pre-programmed
microprocessor can automatically change a clock signal
frequency to achieve the type of velocity profile shown in
Figure 7a. In this example, the frequency remains constant
for the first 3000 clock pulses at 100Hz whereupon the
desired frequency changes to 9 KHz and the rate, r, or
first iterative increment, accelerates from 100 Hz to 9KHz
over a period of around 20 seconds or 42000 pulses.
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CLAIMS
1. A method of generating a clock signal having a
desired frequency comprising the step of generating a
pulse each time a stored accumulator value is found to be
greater than or equal to a stored trigger value, wherein
in a first loop the stored accumulator value is
iteratively incremented by a first iterative value until
the stored accumulator value is greater than or equal to
the stored trigger value and subsequently in a second
loop the stored accumulator value is decremented by a
second iterative value until the stored accumulator value
is less than the stored trigger value, and wherein during
each iteration of the first loop, a current frequency of
the clock signal is compared to a desired frequency value
and if the two values are different, the first iterative
value is corrected at a predetermined rate over one or
more subsequent iterations until the frequency of the
generated clock signal corresponds to the detected value
of the desired frequency.
2. A method according to claim 1, in which under
conditions where the generated clock signal frequency
equals the desired frequency, the first iterative value
is set by the value of a detected input corresponding to
the desired frequency of the clock signal.
3. A method according to claim 1 or 2, in which the
second iterative value is set by the stored trigger
value, whereby the stored trigger value is at least that
in Hertz of a pre-determined interrupt frequency at which
the first and second iterative loops are driven.
4. A method according to any preceding claim, in which
both the stored trigger value and interrupt frequency are
a value 2", where n is a positive integer.
5. A method according to any preceding claim, in which
the number of iterations needed to change the first
iterative value is determined by a stored accelerator
value which is added to an accelerator-accumulator for
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each iteration that the first iterative value and the
desired frequency are not exactly equal.

6. A method according to claim 5, in which the stored
trigger value and stored accelerator value are variable.
7. A method of controlling a stepper motor using a
clock signal generated in accordance with the method of
any preceding claim to provide continuous acceleration
between two stepping rates according to a predetermined
velocity profile.

8. An apparatus for generating a clock signal
comprising: means for detecting an input corresponding to
the value of a desired frequency; means for generating a
pulse each time a stored accumulator value is found to be
greater than or equal to a stored trigger value; means
for controlling a first loop in which the stored
accumulator value is incremented by a first iterative
value corresponding to the value of the desired frequency
until the stored accumulator value is detected to be
greater than or equal to the stored trigger value; means
for controlling a second loop in which the stored
accumulator value is decremented by a second iterative
value until the stored accumulator value is detected to
be less than the stored trigger value; and, means for
storing an accelerator value and means for storing an
accelerator accumulator value which are used to control a
rate of change of the first iterative value when the
means for detecting the input value of the desired
frequency detects that the value of the desired frequency
has changed.

9. An apparatus according to claim 8, further
comprising a memory for storing the value of the desired
frequency, the current frequency, the trigger value, the
accumulator value, and the accelerator value.

10. An apparatus according to claim 8 or 9, further
comprising means for generating an interrupt signal which
controls the speed at which the first and second loops
are executed and processing means for carrying out the
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functions of comparing the value of the stored
accumulator value with the stored trigger value,
incrementing or decrementing the stored accumulator value
and changing the first iterative value at a predetermined
rate when the desired frequency changes.

11. An apparatus according to any of claims 8 to 10,
implemented on an integrated circuit which comprises a
preprogrammed microprocessor.

12. A drive comprising the combination of a stepper
motor and an apparatus according to any of claims 8 to
11, wherein the stepper motor is driven by the clock
signal generated by the clock generator apparatus.

13. A fluid delivery apparatus comprising a plurality of
delivery syringes, each delivery syringe comprising a
syringe housing defining a tubular passage having a fluid
outlet, and a syringe plunger arranged to slide axially
within the tubular passage and seal one end of the
tubular passage, the fluid delivery apparatus further
comprising syringe plunger drive means arranged to drive
the syringe plunger along at least part of the length of
the tubular passage according to a predetermined velocity
profile for the delivery syringe and discharge fluid
through the fluid outlet, wherein the predetermined
velocity profile of each delivery syringe is such that,
in use, a combined flow rate of fluid discharged
simultaneously from the outlets of the plurality of
delivery syringes is maintained substantially constant
over at least a portion of the range of movement of the
plurality of plungers, and wherein the syringe plunger
drive means comprises a drive according to claim 12.
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TABLE 1

Frequancy 1s an average of the number ol pulses shown on each line

8112
Fig. 8

m=1000 =431 desired velocity=431

time
0.003
0.007
0.012
0.021
0.040
0.077
0.151
0.300
Q0.587
1.191
2.379
4,755
9.506
19.010
38.017
76.031

TABLE 2

Frequency is an average of the number of pulses shown on each line

loops
k]

7

12

21

40

77
151
300
597
1191
2379
4755
9506
19010
38017
76031

n
1293
1017
1172
1051
1240
1187
1081
1300
1307
1321
1348
1405
1086
1310
1327
1361

m=10000 r=431 desired velocity=431

time
0.002
0.007
0.012
0.021
0.039
0.077
0.151
0.299
0.596
1.190
2.378

4.754
TABLE 3

Frequency is an average of the number of pulses shown on each line

locps
24
70
117
209
395
766
1508
2894
5963
11903
23782
47541

n
10344
10170
10427
10079
10245
10146
10378
10414
10053
10193
10042
10171

m=100000 =43t desired velocity=431
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0.03%
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1.190
2.378

loops
233
697
1161
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n
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100407
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100359
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100206
100420

r
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431
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431
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4
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431
4
431
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431

r
431
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431
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TABLE 4

Frequency 1s an average of the number of pulses shown on each line

m=1000C0 =93 desired velocity=33
time loops n
0.011 1078 100068
0.032 3226 100018
0.054 8377 100061
0.097 9678 100054
0.183 18280 100040
0.355 35484 100012
0.699 69893 100049

TABLE 5

Frequency 1s an average of the number of puises shown on each line

m=10000C =9 desired velociry=923%
time loops n
0.001 107 100473
0.003 320 100480
0.005 533 100487
0.010 359 100501
0.018 1811 100529
0.035 3515 100585
0.063 6923 100697
0.137 13739 100921
0.27¢ 27370 100430
0.546 54833 100387
1.092 109159 100301

TABLE 6

Frequency 1s an average of the number of pulses shown on each line

m=100000 r=9393 desired veloctty=3393
lime locps n
0.000 11 103323
0.000 32 100576
0.001 54 107222
0.001 96 101728
0.002 181 100133
0.004 352 106338
0.007 693 109349
0.014 1374 105982
0.027 2737 108641
0.055 5462 104566
0.108 10913 105809
0.218 21815 108295
0436 43618 103874
0.872 87225 104425
1.744 174439 105527

8/12

Fig. 9
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9090.9
9523.8
9411.8
§356.7
§384.2
9397.9
9391.0
9394.5
§392.8
3392.8
§393.2
9393.0
§393.0

PCT/GB96/03240

ceerror
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%error
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0.00
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‘eerror
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TABLE 7

Frequency is an average of the number of puisas shown oa each line

m=100000 (=93939 desired velocily=93939
ime loops n
0.000 2 187878
0.000 4 175756
0.000 8 1636834
0.000 10 139390
0.000 19 184841
0.000 36 181804
0.001 70 175730
0.001 138 163582
0.003 274 139288
0.005 547 184833
0.011 1092 181388
0.022 2182 174898
0.044 4382 181918
0.087 8722 135958
0.174 17443 177977
0.349 34884 168076
0.698 69766 148274
1.395 139530 108670
2.791 279059 123401

TABLE 8

Frequency 15 an average of the number of pulses shown on each line

m=1000000 r=939393 desired velocity=339393
time locps n
0.000 2 1878786
0.000 é 1757872
0.000 6 16356258
0.000 10 1393930
0.000 19 1848487
0.000 3¢ 1818148
0.000 70 1757510
0.000 138 1636234
0.000 274 1393682
0.001 547 1847971
0.001 1092 1817156
0.002 2182 1755526
0.004 4362 1632266
0.009 8722 1385748
0.017 17443 18320899
0.035 34884 1785412
0.070 69766 1692038
0.140 139530 1505280

Fig. 10
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Seerror
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TABLE

Frequency is an average c! the number of pulsas shown on each line

9

112

Fig. 11

m=1000000 (=9 desired velocity=939323]

time

0.11%

0.198
0.244
0.300
0.361
0.426
0.494
0.562
0.631

0.700
0.769
0.838
0.907
0.977
1.048
1.115
1.185
1.260
1.400
1.679
2.237

loors
111112
198227
244278
299612
361155
426354
493548
561787
630559
699602
768781
838027
907308
976606
1045913
1115223
1184538
1280069
1399597
1678854
2236767

n
1000008
1000023
1000014
1000008
1000025
1000086
1000032
1001033
1000761
1003058
1010049
1004463
1012892
1027344
1133547
1007707
1062254
1266451
1032483
15039486
1507473
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Tabie 10

time
0.010
5.010
10.010
15.010
20.010
25.010
31.903
33.644
34.801
35.732
36.535
37.250
37.501
38.503
39.068
39.623
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loops
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100200
200200
300200
400200
500200
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672874
636013
714649
730692
744995
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22900
21900
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Fig. 12
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