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(57) Abstract: A method and apparatus for driving a stepper motor such that when the motor is stepped, the velocity of the motor is
substantially zero upon reaching a new stepped position, thereby eliminating overshoot and ringing, and the wasted energy associated
with these effects. The method comprises cnergizing at least one of the stepper motor windings at a predetermined current level for
a predetermined step time, wherein the current level is determined as a function of the step time and dynamic single-step response
characteristics of the stepper motor and load so that the motor velocity is substantially zero when the adjacent stepped position
is reached. At this point, the stepper motor windings that were energized to make the rotor of the motor move are de-energized,

whereupon the rotor is held in place by the inherent detent torque of the stepper motor. Since the velocity of thc maotor is substantially
zero when the adjacent stepped position is achieved, there is no overshoot, and thus ringing is eliminated.
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FOR DRIVING STEP MOTORS WITHOUT OVERSHOOT

Field of the Invention

The present invention generally relates to stepper motors, and more specifically, to a
method and apparatus for driving a stepper motor that provides improved efficiency and
eliminates overshoot and ringing.

Background of the Invention

Stepper motors are well known in the art and are used in a wide variety of devices,
including printers, disk drives, and other devices requiring precise positioning of an element.
Stepper motors provide many advantages over other types of motors, most notably the ability
to rotate through controlled angles of rotation, called steps, based on command pulses from a
driver circuit. The accuracy of the stepped motion produced by a stepper motor is generally
very good, since there is not a cumulative error from one step to another. The ability to
incrementally rotate a shaft through a defined number of fixed steps enables stepper motors to
be used with open-loop control schemes (i.e., applications in which a position feedback
device such as an optical encoder or resolver is unnecessary), thereby simplifying the motion
control system and reducing costs.

The speed of stepping motors can be readily controlled based on the pulse frequency
employed. enabling stepping motors to achieve very low speed synchronous movement of a
load that is directly coupled to the drive shaft of the motor. Furthermore, stepper motors are
reliable, since they do not include contact brushes that can wear out. Typically, the only parts
in a stepper motor susceptible to wear are the motor bearings.

There are three basic types of stepper motor, including a variable-reluctance (VR), a
permanent magnet (PM), and a hybrid (HB). A VR stepper motor comprises a soft iron
multi-toothed rotor and a wound stator. When the stator windings (also commonly referred
to as the motor “coils”) are energized with a DC current, a magnetic flux is produced at the
poles of the stator. Rotation occurs when the rotor teeth are magnetically attracted to the
energized stator poles. PM stepper motors have permanent magnets added to the motor
structure. The rotor no longer has teeth, as in the VR motor. Instead, the rotor includes
permanent magnets with the alternating north and south poles disposed in a straight line,
parallel to the rotor shaft. These magnetized rotor poles provide an increased magnetic flux
intensity, resulting in improved torque characteristics when compared with VR stepper
motors.

An HB stepper motor is more expensive than a PM stepper motor, but provides better
performance with respect to step resolution, torque and speed. Typical step angles for the HB
stepper motor range from 3.6°to 0.9° (100 — 400 steps per revolution). The HB stepper
motor combines the best features of both the PM and VR type stepper motors: its rotor is
multi-toothed. like the VR motor. and includes an axially magnetized concentric magnet
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around its shaft. The teeth on the rotor provide an even better flux path, which helps guide
the magnetic flux to preferred locations in the air gap between the rotor and the stator teeth.
This configuration further increases the detent, holding, and dynamic torque characteristics of
the HB stepper motor, when compared with both the VR and PM stepper motors.

Stepper motors generally have two phases, but three, four and five-phase motors also
exist. FIGURE ] shows a typical two-phase motor, comprising a stator A and a stator B,
each of which produce a magnetic flux with opposite poles at end faces 300 when a
respective phase A winding 302 and phase B winding 304 are energized with an electric
current. The direction of the magnetic flux is determinable by applying the “right-hand rule.”
In FIGURE 1, a current Is flows through the phase B windings, creating a magnetic flux in
stator B, as indicated by the direction of the arrows. This flux produces a torque applied to
the rotor, causing the rotor to turn so that the magnetic field produced by the poles in the
rotor are aligned with the magnetic field produced by stators A and B. In this case, the rotor
will rotate clockwise so that its south pole aligns with the north pole of statorB at a
position 2, and its north pole aligns with the south pole of stator B at a position6. To
continually rotate the rotor, current is applied to the phase A and phase B windings in a
predetermined sequence, producing a rotating magnetic flux field.

The output torque of the motor drive shaft is proportional to the intensity of the
magnetic flux generated when the winding is energized. The basic relationship determining
the intensity of the magnetic flux is defined by:

H=(Nxi)=+1 ¢))

where N is the number of winding tumns, i is the current, A is the magnetic field intensity, and
! is the magnetic flux path length. This relationship shows that the magnetic flux intensity,
and consequently the torque, is proportional to the number of turns in the winding and the
current, and is inversely proportional to the length of the magnetic flux path. In addition,
stepper motors that include permanent magnets produce a built-in “detent” torque. This
detent torque results from the magnetic flux generated by the permanent magnets, and is what
produces the “cogging” effect that is felt when turning a PM or HB stepper motor that is not
energized.

As shown in FIGURES 2A and 3A, a unipolar motor has one winding with a center
tap per phase (two phase motors), or four windings with one winding per phase, typically
sharing a common tap. (Some unipolar stepper motors are genuine four-phase motors, while
other unipolar stepper motors are erroneously referred to as four-phase motors, even though
they have only two phases.) Unipolar motors typically have either five or six leads. In
comparison, as shown in FIGURES 2B and 3B, a bipolar motor generally comprises two
phases, wherein each phase has a corresponding winding. Bipolar motors typically have four
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leads. Motors that have two separate windings per phase also exist and can be driven in
either bipolar or unipolar mode.

A pole can be defined as a region on a magnetized body where the magnetic flux
density is concentrated. Both the rotor and the stator of a stepper motor have poles.
FIGURES 1, 2A, and 2B show simplified motors for illustrative purposes, while in reality,
several more poles are normally included in both the rotor and stator structure in order to
increase the number of steps per revolution of the motor (i.e., decrease the step angle). A PM
stepper motor contains an equal number of rotor and stator pole pairs. Typically, the PM
stepper motor has 12 pole pairs, and the stator has 12 pole pairs per phase. An HB stepper
motor has a rotor with teeth that is split into two parts, separated by a permanent magnet,
making half of the teeth south poles and half north poles. The number of pole pairs is equal
to the number of teeth on one of the rotor halves. The stator of an HB motor also has teeth
that increase the number of equivalent poles (i.e., smaller pole pitch, since the number of
equivalent poles equals 360/teeth pitch) compared to the main poles, on which the winding
coils are wound. Usually four main poles are used for 3.6° hybrid stepper motors and eight
main poles are used for 1.8° and 0.9° stepper motors.

It is the relationship between the number of rotor poles and the equivalent stator
poles, and the number of phases that determine the full-step angle of a stepper motor:

Step angle = 360 + (Npy x Ph) = 360/N )

where Npy is the number of equivalent poles per phase or the number of rotor poles, P is the
number of phases, and N is the total number of poles for all phases.

There are four drive modes that are typically used to move and position stepper
motors, including the wave drive (one phase on), full-step drive (two phases on), half-step
drive (one and two phases on), and microstepping (continuously varying phase currents).
The following discussion of these various drive modes references FIGURES 2A and 2B, and
FIGURES 3A and 3B.

FIGURE 3A shows a typical six-wire unipolar drive circuit. In order to drive a
unipolar stepper motor, it is necessary to energizé the windings of the motor in a
predetermined sequence. This object can be accomplished through the use of four
switches 50, 52, 54, and 56 (e.g.,' field effect transistor switches), each of which is connected
to ground at one terminal, and to a respective winding at the other terminal. A positive
supply voltage is provided at common or center taps 58 and 60. Current can be caused to
flow through windings corresponding to motor phases A, A, B and B by respectively
closing switches 50, 52, 54, and 56, each of which provides a path to ground through its
corresponding winding. When current flows through the windings, a magnetic field is
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generated based on the right-hand rule, which causes the rotor to rotate so that it is aligned
with the magnetic field generated by stators A and B.

A somewhat more complicated scheme is used for driving a bipolar motor. As shown
in FIGURE 3B, a typical bipolar drive circuit comprises a pair of H-bridge circuits, one for
each winding. Each of the H-bridge circuits comprises four switches 62, 64, 66, and 68. The
branches at the top of the bridges are connected to a positive supply voltage, while the
branches at the bottom of the bridges are connected to ground. By selectively closing the H-
bridge switches, current can be caused to flow through wmdmgs 70 and 72 in a desired
direction, thereby producing motor phases A, A, B and B. For example, to produce a
current flow in winding 70 from right to left (i.e., motor phase A), switches 64 and 66 are
closed, while switches 62 and 68 are left open.

In a wave drive for a stepper motor, only one winding is energized at any given time.
The windings on the stators are energized according to the sequence A —-» B — A
- B, causing the rotor to step through positions 8 — 2 — 4 — 6. For unipolar and bipolar
wound motors with the same winding parameters, this excitation mode will result in the same
mechanical position. The disadvantage of this drive mode is that in a unipolar wound motor,
only 25% of the total motor winding is used at any given time, and in a bipolar motor, only
50% of the total motor winding is used. Thus, the maximum potential torque output of the
motor is not realized.

In a full-step drive, two phases are energized at any given time. The windings on the
stators are energized according to the sequence AB — AB—>AB > AE, causing the
rotor to step through positions 1 — 3 — 5 — 7. When using the full-step mode, the angular
movement will be the same as was discussed above for a wave drive mode, but the
mechanical position is offset by one-half step. The torque output of a unipolar wound motor
when using full-stepping is less than a bipolar motor (for motors with the same winding
parameters), since the unipolar motor uses only 50% of the available winding, while the
bipolar motor uses the entire winding. However, the unipolar motor requires only half as
much energy as the bipolar motor.

The half-step drive mode combines both wave and full-step (one and two phases on)
drive modes. As shown below in TABLE 1, the number of phases that are energized
alternates between one and two phases during every other step. The wmdmgs on the stators
are energized according to the sequence AB - B — AB5>A—>AB—> B 5>ABoA,
causing the rotor to step through positions 1 -2 —3 -4 — 5 — 6 - 7 = 8. The resulting
angular movements are half of those discussed above for wave and full-step drive modes.
Half-stepping can reduce a phenomena referred to as resonance, which sometimes occurs
when using the wave or full-step drive modes.

TABLE 1
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N —

-5-
Normal Full
Wave Drive Step Drive Half-step Drive
Phase (1 2 3 4 |1 2 3 4 |1 2 3 4 5 6 7 8
A
B
A
B

In a microstepping drive, the currents in the windings are continuously varied to
divide one full step into many smaller discrete steps. Microstepping generally produces
smoother movements of the drive shaft, with less torque ripple and resonance. Unfortunately,
microstepping also requires control circuitry that is much more sophisticated (and costly)
than the control circuits that are commonly used for the full and half-step drive modes.

The torque vs. angle characteristics of a stepper motor are dependent on the
relationship between the displacement of the rotor and the torque, which is applied to the
rotor shaft when the stepper motor is energized at its rated voltage. An ideal stepper motor
has a sinusoidal torque vs. angular displacement characteristic as shown in FIGURE 4A.

Positions A and C in FIGURE 4A represent stable equilibrium points when no
external force or load is applied to the rotor shaft. When an external force T, is applied to the
motor shaft, it produces an angular displacement. 0,4, which is referred to as a lead or lag
angle depending on whether the motor is actively accelerating or decelerating. When the
rotor stops with an applied load, it will come to rest at the position defined by this
displacement angle. The motor develops a magnetic torque, 74, in opposition to the applied
external force in order to balance the load. As the load is increased, the displacement angle
also increases until it reaches the maximum holding torque, 77, of the motor. Once Ty is
exceeded, the motor enters an unstable region. In this region, a torque in the opposite
direction is created, and the rotor jumps over the unstable point to the next stable point. This
instability can cause the motor rotor to oscillate when it moves between adjacent steps.

The displacement angle is determined by the following relationship:

0 = (p+2n)esin™ (Tr=Ty), or T) = T), sin(2n6/p) 3)

where, 0 is the displacement angle, p is the rotor tooth pitch, T} is the load torque, and 7} is
the motor’s rated holding torque.

FIGURE 4B illustrates the relationship between torque vs. rotor angle when the
holding torque of a motor 1s varied. It is clear that a system with a high torque/load ratio will
be stable. Unfortunately, considerations such as motor weight and volume, available drive
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current, motor cost, etc., usually dictate that the torque/load ratio for a stepper motor system
intended for a given application remain relatively low.

The performance of a stepper motor system (drive and motor) is also highly
dependent on the mechanical parameters of the load being moved by the motor. The load is
typically a combination of frictional and inertial loads. A frictional load generally comprises
two components, a static frictional load component and a dynamic frictional load component.
The static frictional load is a resistance to motion that exists when the motor is not moving.
The dynamic frictional load is generally proportional to the velocity of the motor. A
minimum torque level is required throughout a step to overcome the frictional load.
Increasing a frictional load decreases the top speed, reduces the acceleration, and increases
the positional error of the motor.

Inertia is a resistance to a change in rotational velocity. A high inertia load requires a
high inertial starting torque, and also requires a high braking torque. Increasing the inertial
load increase speed stability, increases the amount of time it takes to reach a desired speed,
and decreases the maximum self-start pulse rate, as discussed below.

Rotor oscillations in a given stepper motor will depend on the particular friction and
inertial loads that are present. Because of this relationship, unwanted rotor oscillations can be
reduced by mechanical damping; however, it is often simpler to reduce these oscillations by
applying electrical damping, such as by using half-step or microstepping drive modes.

A generalized torque vs. speed curve for a typical stepper motor is shown in
FIGURE 5. The torque vs. speed characteristic for a given stepper motor system will depend
on the characteristics of the motor, the excitation mode, and type of drive or drive method.
Several standard aspects of the speed-torque curve are referenced in the Figure. The holding
torque is the maximum torque produced by the stepper motor when it is at rest. The area
defined between the axes and the pull-in torque curve is referred to as the start/stop region.
This curve defines the maximum frequency (i.e., steps per second) at which a motor can start
(or stop) instantaneously, without loss of synchronism. The maximum start rate is the
maximum no-load frequency. The area between the puli-in torque curve and the pull-out
curve is referred to as the slew region. This region defines the maximum frequency at which
the motor can operate without losing synchronism once it is moving. The maximum slew
rate is the maximum operating no-load frequency.

The pull-in characteristics also vary with the load. The larger the load inertia, the
smaller the pull-in area. It can be observed from the shape of the curve that the step rate
affects the torque output capability of a stepper motor. The decrease in torque output as the
speed increases is caused by the fact that at high speeds, the inductance of the motor begins to
dominate the impedance of the phase windings, which decreases the current in the phase
windings, thereby decreasing the magnetic flux (and torque) produced by the motor.
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A typical rotor angle vs. time response to a single-step command input is shown in
FIGURE 6. When a single step pulse is applied to a stepper motor, the rotor starts to
rotate to the next stepped position, through the angle 6 for one step. The value ¢ is the
time it takes for the motor shaft to rotate through this angle. This step time is highly
dependent on the ratios of torque to inertia (load), as well as the type of driver used.

Since the torque is a function of the displacement, it follows that the acceleration
will also be a function of displacement. Therefore, when moving in large step
increments, a'high torque is developed, and consequently, a high accelefation results. The
acceleration (and related rotational inertia) causes the motor to rotate past or overshoot
the desired step angle, resulting in a decaying oscillation (commonly referred to as
ringing), as shown in the Figure. The settling time, T, is the time required for these
oscillations to cease.

This oscillation or ringing often creates problems in stepper motor applications.
The overshoot and decaying oscillation results in wasted energy, and is especially
noticeable when stepping the motor at low speeds. In addition, the ringing often produces
an audible noise, which may be objectionable in certain environments. Furthermore, the
ringing is often coupled into the load, which may result in undesired load vibrations.

An example of a device in which stepper motor overshoot and ringing is
undesirable is shown schematically in FIGURE 7. The device is a cassette infusion
pump, which is used for infusing medicinal fluid into a patient’s body at very precise flow
rates, and further details of the device are disclosed in a co-pending, commonly assigned
application, Serial No. 09/464812, filed 17 December 1999, entitled “Compensation for
Pressure Differences across Valves in Cassette Type IV Pump, corresponding to
Australian published application No. 21084/01 which claims priority from this application
the disclosure and drawings of which are hereby specifically incorporated herein by
reference. (Note that the cassette infusion pump described in this co-pending application
is a multi-channel pump, but a similar single channel pump is shown in FIGURE 7 for
illustrative purposes). A source 12 of medicinal fluid is coupled in fluid communication
with a proximal end 16 of a cassette 15. The flow of medicinal fluid into the cassette is
selectively controlled by a supply valve 20. After entering a passage in the cassette, the
medicinal fluid flows through an air sensor 22 and into a mixing chamber 26. A proximal
(or inlet) pressure sensor 24 is disposed adjacent to mixing chamber 26. The medicinal
fluid exits the mixing chamber through an inlet valve 28, when the inlet valve is in its

open position, and flows into a pumping chamber 30.

[R:\LIBXX]03271.doc:aak




Ta

One side of chamber 30 is covered with an elastomeric membrane 29. Medicinal
fluid is forced from pumping chamber 30 (when inlet valve 28 is closed and an outlet
valve 32 is opened), as a plunger 42 acts on the elastomeric membrane, forcing the
elastomeric membrane into the chamber to displace the fluid contained therein. This
plunger action is facilitated by positioning a linear drive mechanism, e.g., a lead screw or
ball screw (not shown) with a 3.6° stepper motor 19. In one embodiment of the cassette
pump, the plunger position is variable from - 489 steps to + 220 steps, where a home

position is

{R:\LIBXX]03271.doc:aak
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nominally defined to be at 0 steps. A nominal stroke distance for plunger 42 to deliver 333 pl
of fluid is + 169 steps.

When outlet valve 32 is in its open position, the medicinal fluid forced from the
chamber flows past a distal pressure sensor 34, through a distal air sensor 36, and exits the
cassette through a tube set, through which it is conveyed to a patient 40. The infusion pump
also includes a control unit 17 for the stepper motor. Control unit 17 preferably includes a
microprocessor, a memory, and a motor driver (not separately shown in this Figure), which
enable execution of a control algorithm for controlling the operation of the infusion pump to
deliver the medicinal fluid as desired. The microprocessor controls the stepper motor to
control the plunger position, and the plunger forces fluid from chamber 30.

In FIGURE 7, plunger 42 is shown in a home position (at the 0 stepped position).
This position corresponds to the initiation of a pump cycle. Note that plunger 42 is in contact
with the elastic membrane of pumping chamber 30, causing a slight deflection of the
membrane. At the beginning of a pump cycle, outlet valve 32 is closed, inlet valve 28 is
open, supply valve 20 is in the open position, and pumping chamber 30 is filled with the
appropriate amount of medicinal fluid.

The user of a stepper motor enables the infusion pump to provide a wide range of
delivery rates, making the device especially well suited for use in administering fluid to
pediatric patients at extremely low medicinal fluid delivery rates. For example, this infusion
pump can supply a controlled rate of medicinal fluid at rates as low as 100 pl/hr. This rate is
achieved by stepping the stepper motor once approximately every 70 seconds, so that each
step delivers 2 pl of medicinal fluid to the patient.

The overall size of the foregoing infusion pump is quite small, and the pump can be
operated with power provided by a storage battery. Therefore, it is very important that the
drive system be as efficient as possible. Furthermore, since the device is used in close
proximity to patients, it is important that the drive system be very quiet. Accordingly, it is
desired to provide a stepper motor drive scheme suitable for use with an infusion pump and
other devices that is both highly efficient and produces minimal ringing when the stepping
motor is operating at very slow speeds.

Summary of the Invention

In accord with the present invention, a method is provided for driving a stepper motor
that achieves efficiency and substantially eliminates overshoot and its associated ringing
effect. The method controls the current levels used in driving a stepper motor’s windings
such that when the motor is stepped, the velocity of the motor is substantially zero upon
reaching a desired new stepped position, thereby eliminating overshoot and ringing and the
wasted energy associated with these effects.

According to a first aspect of the invention, the stepper motor comprises a plurality of
windings and poles that are configured to enable the stepper motor’s rotor to rotate through a
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plurality of stepped positions when the windings are energized by a corresponding drive
sequence. The method includes the step of energizing selected windings for a predetermined
step time and at predetermined current levels to generate a magnetic field vector, which is not
aligned with any of the motor’s stepped positions. The current levels are determined as a
function of the step time and dynamic single-step response characteristics of the stepper
motor and load such that the motor velocity is substantially zero when the adjacent stepped
position is reached. At this point, the stepper motor windings that were energized to make
the rotor move are de-energized, and the rotor is held in place by the stepper motor’s built-in
detent torque. Since the velocity of the motor is substantially zero when the adjacent stepped
position is reached, there is no overshoot, and ringing is thus eliminated. The step time is
preferably derived from empirical testing of the motor when coupled to a load. The stepper
motor preferably comprises a four-phase unipolar winding configuration in which a selected
pair of windings are energized when stepping the motor.

According to another aspect of the invention, the current level for driving the pair of
windings is determined by stepping the stepper motor through a single step by energizing a
single winding at a current level suitable for moi'ing the load. This procedure will produce a
damped oscillation corresponding to the single-stepped position vs. time response of the
motor. The step time is then determined by noting at the time at which the first peak in the
damped oscillation occurs. The stepper motor is then stepped through a single step using a
full-step drive mode by energizing an appropriate pair of windings at the same current level
that was used when driving the single winding. This technique produces another damped
oscillation having an overshoot past the commanded position to which the motor is being
stepped. An angle corresponding to the direction of the unaligned magnetic field vector can
then be determined as a function of the peak amplitude of the overshoot, and modified current
levels usable to drive the pair of windings are derived, based on the sine and cosine of the
magnetic field vector angle.

According to another aspect of the invention, a programmed logic device is provided
for controlling the drive currents and the step time. The logic device, which is preferably a
microprocessor or microcontroller, sends command signals to a digital-to-analog (DAC)
converter, which produces a current output that is input to a motor drive circuit, preferably
comprising a chopper drive, to produce the desired current levels in the windings.

A further aspect of the invention is directed to a stepper motor positioning device that
generally implements the steps of the method described above. The positioning device
comprises a stepper motor, driver circuit, and a control device that is programmed to
implement functions that are generally consistent with the steps of the method. The
positioning device can be used in conjunction with various positioning means, such as lead
screws, ball screws, gear reducers, belt drives, rack and pinion drives, etc. In a preferred
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implementation, the positioning device is used in conjunction with a cassette-style
medical infusion pump.

According to one embodiment of this invention there is provided a method for
driving a stepper motor having a detent torque and defining a plurality of stepped
positions, the stepper motor being operatively coupled to a load and comprising a rotor
and a plurality of windings, said plurality of windings being selectively energized to
rotate the rotor in a stepped motion from a current stepped position to an adjacent stepped
position, the method comprising the steps of: '

a) energizing selected windings among said plurality of windings for a
predetermined step time and at predetermined current levels so as to produce a magnetic
field vector that is not aligned with a stepped position, said predetermined step time and
predetermined current levels having been determined to enable the rotor to achieve the
adjacent stepped position without substantial overshoot and with substantially a zero
velocity when the step time has expired; and

b) de-energizing the windings that were energized in step (a) after the step time,
the rotor being held in the adjacent stepped position by the stepper motor detent torque.

According to another embodiment of this invention there is provided a positioning
device comprising:

a)  a stepper motor having a rotor and a plurality of windings, said plurality of
windings being selectively energized to rotate the rotor in a stepped motion from a current
stepped position to an adjacent stepped position, said stepper motor further having a
characteristic detent torque that tends to maintain the rotor in a stepped position;

b)  adriver circuit coupled to the windings, said driver circuit producing current
to drive selected windings among the plurality of windings in the stepper motor based on
control signals that are input to the driver circuit; and

c) a driver control device, which produces the control signals that cause the
driver circuit to step the stepper motor through a single step by:

i)  energizing selected windings among said plurality of windings for a
predetermined step time at current levels selected to produce a magnetic field vector that
is not aligned with a stepped position such that the rotor completes the single step by
rotating to the adjacent stepped position without an overshoot, and with substantially a
zero velocity when the predetermined step time has expired; and

(ii) de-energizing the windings that were energized in step (i) after the
predetermined step time has expired, the rotor being then held in the adjacent stepped

position by the stepper motor detent torque.

[RALIBXX]04433.doc:aak
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According to a further embodiment of this invention there is provided a method for
driving a stepper motor having a detent torque and defining a plurality of stepped
positions, the stepper motor being operatively coupled to a load and comprising a
magnetized rotor and a plurality of windings, said plurality of windings being selectively
energized to rotate the rotor from a current stepped position to an adjacent stepped
position, rotation of the rotor between the current stepped position and the adjacent
stepped position corresponding to a fundamental electrical step angle, the method
comprising the steps of:

a) determining an attenuated electrical step-command angle corresponding to a

magnetic field vector that produces a torque on the magnetized rotor such that the

" magnetized rotor is caused to rotate with a damped oscillation having a first angular peak

equal to the fundamental electrical step angle, said first peak being reached after an
elapsed time;

b) energizing a pair of selected windings among said plurality of windings at
different predetermined current levels based on the attenuated electrical step-command
angle determined in step (a) for a step time equal to the elapsed time, thereby causing the
magnetic rotor to rotate from the current stepped position to the adjacent stepped position
such that the rotor has substantially a zero velocity upon reaching the adjacent stepped
position; and ‘

c) de-energizing the windings that were selectively energized in step (b) after the
step time, whereby the magnetic rotor is held in the adjacent stepped position by the
stepper motor detent torque.

Brief Description of the Drawing Figures

The foregoing aspects and many of the attendant advantages of this invention will
become more readily appreciated as the same becomes better understood by reference to
the following detailed description, when taken in conjunction with the accompanying
drawings, wherein:

FIGURE 1 is a simplified schematic diagram of magnetic circuits that are employed
in a bipolar stepper motor;

FIGURES 2A and 2B are simplified schematic diagrams illustrating primary
components of unipolar and bipolar stepper motors, respectively;

FIGURES 3A and 3B are schematic representations of the drive circuitry used in

unipolar and bipolar stepper motors, respectively;

[R:\LIBXX]04433.doc:aak
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FIGURE 4A is a graph showing a torque vs. position curve for an ideal stepper
motor;

FIGURE 4B is a graph illustrating the relationship between displacement angle,
load, and holding torque for a stepper motor;

FIGURE 5§ is a graph illustrating various operating regions associated with stepper
motors;

FIGURE 6 is a graph of rotor angle vs. time, illustrating a typical underdamped
oscillation that results when moving a stepper motor rotor through a single step;

FIGURE 7 is a schematic block diagram of a cassette-type infusion pump that
includes a stepper motor, showing an exemplary application of the present invention;

FIGURE 8 is a vector diagram illustrating the torque applied to a stepper motor’s
rotor when different phases of the stepper motor are energized;

FIGURE 9 is a vector diagram showing the effect of a magnetic force created when
a rotor of a stepper motor is rotated away from an equilibrium position;

FIGURE 10 is a vector diagram showing an underdamped oscillation corresponding
to a normalized single-step amplitude vs. time response of a stepper motor;

FIGURE 11 is a vector diagram illustrating the effect of changing the magnetic
force produced by the current in the windings of a stepper motor;

FIGURE 12 is a flowchart illustrating the logic used in the present invention to
determine a modified drive current that should be applied to the stepper motor to
minimize overshoot;

FIGURE 13 is graph of normalized single-step phase amplitude vs. time response
showing the effect of changing the strength of the magnetic force vector;

FIGURE 14 is a schematic block diagram of an exemplary control/drive circuit for

driving a unipolar stepper motor;

[R:\LIBXX]04433.doc:aak
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FIGURE 15 is a graph of normalized single-step amplitude vs. time response that
illustrates the improved step response produced by the drive method of the present invention;

FIGURE 16A represents an oscilloscope trace of rotor position vs. time for a stepper
motor using a conventional half-step drive sequence; and

FIGURE 16B represents an oscilloscope trace of rotor position vs. time for a stepper
motor using the drive method of the present invention.

Description of the Preferred Embodiment :

The present invention is directed to a pseudo half-step motor drive scheme for a
stepper motor that results in greater efficiency and the elimination of overshoot and ringing at
low speeds. The invention is described below with reference to its use with the cassette
infusion pump discussed above. However, it should be noted that the pseudo half-step motor
drive scheme is not limited to the specific application described herein, but instead. may be
applied to a variety of applications that employ stepper motors.

The amount of current flowing through an electromagnet determines its magnetic
field strength. Therefore, the amount of current flowing through the windings of each stator
(in addition to the relative orientation of the stator faces to the rotor magnets) determines the
torque that the stator exerts on the rotor. The stepper motor control system used in the
present invention enables the magnitude of current flowing through each of the windings to
be controlled separately, thereby providing more precise control of the rotor as it moves
between stepped positions.

As shown in FIGURE 8, the forces due to the magnetic fields of the two windings are
modeled as vectors divided into horizontal and vertical components. The vectors are added
to determine a resultant magnetic vector. As discussed above. the rotor arm will attempt to
line itself up with the resultant magnetic vector. In the present invention, a two-channel
8-bit DAC converter is used with a peak-limited, constant off-time chopper drive to
selectively set the currents in the windings of the stepper motor, and thus, control the
magnitude and direction of the resultant magnetic vector.

If Step N+1 causes a rotor displacement of 6.° from vector Step N, if vector N has a

magnitude o, and if vector N+l has a magnitude B, then the resultant magnitude is
yo' +B?, and the resultant direction is 0, /90°earctan(o/B)° from Step N+1.
FIGURE 9 and the following equations illustrate what happens when a magnetic

vector with magnitude Fy, is offset from a stable equilibrium mechanical position by 8, due to
an applied torque, T).

T; = - ReF,esin(0) 4)

As O gets larger, there is a larger torque urging the rotor back to the equilibrium point. If0 is
small, sin(6) = 6; then at cquilibrium:
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T)=—RefF,e0=T, 5)
If R =1, and the moment of inertia, J, is determined in terms of R, then:
Tn=—-Fne0 (6)
The torque required to accelerate an inertial load due to the motor and lead screw is:
5 Tn=Jea )

If the torque generated by viscous friction is defined to be clockwise, the differential equation
of motion for this system is,

s48 +c—d%+ﬁ,9 =0 (8)

T=J%"
- dt d

wherein C is the coefficient of viscous damping determined by the lubrication on the lead
10 screw, and the force of the plunger on the lead screw.

Dividing through by J yields:

dz? LD Fig_y ©)
&t Jd J

This equation indicates that if the motor is underdamped, it will step to its target position and
oscillate or “ring.”

15 Equation 9 can also be represented as follows:
9 20,2 100 (10)
where:
0, = % (undamped natural frequency (rad/sec)) (1)
y =Cw, = < (coefficient of exponential decay) (12)

2J
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and o, = ,/ J-y? =m"\/l -&? (damped natural frequency (rad/sec)) (13)

This differential equation can be solved to determine a time-based angular displacement for a
step response, as follows:

()= mX’ +e (}(, cos(\/l_?om,,l)+ X, sin(\/l -¢? om,,l)) (14)

5 Assume the initial conditions for 8(0) = 0, and %.i—(O) =0, in order to obtain two independent

equations for X; and X>:

X X
X,=00)-S5=-= (15)
ﬁ)’l n
which yields the steady state position.
Differentiating 6(2), and letting ¢ = 0, yields:
ae
—(0)+Cw, X,
10 X3= dt — % —_ X (16)

V-6,  1-67 1-C%}

Thus, the motor position equation as a function of time is:

9(1)=;)X—1{l—e'°”"{cos(\/l—qz-m,,t)+ 5 sin(,/l—(;zom"t)}}. a7

n 1-¢?

Several of the foregoing equations can be substituted into this equation to yield simplified
equations for determining the rotor position, the rotor steady-state position, amplitude, and
15 phase shifts, as follows:

0(t)=06g { 1- \ﬁ% cos(w ¢ —¢ )} (rotor position) (18)

05 =—5 (rotor steady state position) (19)

2
n
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X=X +X} (amplitude) (20)

b= m-'(%] - m"[ﬁ] (phase shift) @1)

where
X
X =-— (22)
ml’
X, =——FF—— (23)
N1-¢2
If (¢?- 4JF,) <0, the system is underdamped, (i.c., { < 1), if

>0, the system is overdamped, and if
= 0, the system is critically damped (i.e., zero overshoot and ringing).

The pseudo half-step motor drive scheme in accord with the present invention adjusts
the current in the stator windings such that the resulting magnetic vector will be set at a given
magnitude and at a given A8 angle from the rotor to move the motor such that overshoot and
oscillations are eliminated.

The plunger motor system preferably comprises a 3.6° stepper motor, a lubricated
lead screw, a plunger, and a cassette with a diaphragm that is contacted by the plunger, and is
subjected to a range of pressures, as discussed above. The stepper motor rotates, turning the
lead screw in stepped increments, which moves the plunger into and out of the cassette,
deflecting the diaphragm into the pumping chamber of the cassette. Control of the plunger
position is performed through a software program that controls the current flowing through
the stator windings via a current-control circuit, which includes the 8-bit DAC and motor
drive circuitry, fyrther details of which are discussed below. The objective is to reliably
incrementally move the stepper motor rotor, while consuming as little power as possible. A
further objective is the elimination of overshoot and ringing.

Single Step Response

When the magnetic vector (6,) changes by 90°, the stepper motor mechanically rotates
3.6° (generally after a decayed oscillation). In this analysis, it is assumed that the variability
in motor inertia (/) and damping coefficient (c) from mechanism to mechanism and over the
operating lifetime of the device will be negligible. Also, the damping coefficient (c) may
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change with increased pressure on the plunger, but this effect can be characterized and is
assumed to be repeatable.

From Equation (11), the natural frequency of oscillation is ®, = ‘/%; since J is

constant, ®, is determined by the magnitude of the magnetic force vector, F,,. Since F,, can
be controlled by varying the currents in the windings, so can @,.

From Equation (13), the damped angular frequency equation is @, = ,/m,,z —-y*. When
Y << Wy, W= ®,, Which is primarily determined by F,,. In addition, the amplitude of the motor
position (X) is determined and bounded by the exponential factor ¢, which is independent of F,,.
As provided by Equation (20), the amplitude of the motor position is determined by
X=yx?+x2.

The result of a normalized single step response vs. time for a stepper motor coupled to
the leadscrew/plunger mechanism used in the infusion pump is shown in FIGURE 10. The
normalized phase axis corresponds to electrical phase angles that are related to stepped
positions such that 0.0 corresponds to an initial stepped position, 1.0 corresponds to a stepped
position that is one step away from the initial stepped position, and 2.0 corresponds to a
stepped position that is two steps away from the initial stepped position. The envelope of the
oscillation is bounded by the exponential decay factor ™.

From the foregoing equations, it can be recognized that w,, and the peak overshoot
position |8(2;)|max, can be separately set by adjusting F,, and X.

Pseudo Half-Stepping Motor Drive Method
The objective of the Pseudo Half-Step Motor Drive method is to move the rotor to a

position 6(7;), and have i:9—(!,)= 0 (i.e., achieve a zero velocity) at the moment that the rotor
t

reaches this position. Using the motor phase position equation, the oscillation reaches zero
velocity when (w47 - ¢) = 180°. The time period that the windings are energized, referred to
as the step time ¢,, is software programmable, and F,, and X are set so that the rotor rotates
90° (electrical), and reaches zero velocity at the end of the step time ¢;, which is empirically
determined based on the load and the motor characteristics, as discussed below. Also, the
rotor will be held at this position for some time, to overcome any variations in the transfer
function between the DAC setting and the actual ¥, produced by the winding currents.
FIGURE 11 illustrates the magnetic vector force F, that acts on the rotor when
windings A and B of the stepper motor are driven, such that the resultant force F,, produces a

torque when result in an electrical angle displacement of 8., where 6, o 12—

n

FIGURE 12 shows a logic flowchart for determining the drive parameters (current
and duration) for a given stepper motor and load so that when the motor is stepped, there is
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minimal overshoot and no ringing. The process starts with the motor in an equilibrium
position (i.e., in a detent position). In a block 150, the motor is stepped through a single step
by driving one of the motor windings (either A or B) with a current that is empirically
determined to be sufficient (with an appropriate safety factor) to drive the lead screw/plunger
mechanism through its full range of motion. This action will produce a single-step response,
similar to the underdamped oscillations shown in FIGURE 13. The exact shape of the
resulting damped oscillation will depend on the particular load and motor characteristics.
The magnetic force F,, generated by the stator corresponding to the energized winding will be
proportional to the current level in the winding. The effect of varying F,, (i.e., of varying the
current) while holding X constant is shown in FIGURE 13. As would be expected, a larger
F,, will reduce the elapsed time to reach the next step, but will produce a large amount of
overshoot, while a lower F,, results in an increase in time, with a corresponding decrease in
overshoot.

The elapsed time until the first oscillation peak occurs (i.e., until the first instance in
which a zero-velocity condition exists) is then recorded in a block 152. This time
corresponds to the step time period ¢;. Next, in a block 154, the motor is rotated through a
single step by energizing both windings for the step time using the same current level that
was applied when stepping the motor with the single winding energized (i.e., using a full-step
drive mode for the step time). This action will result in another underdamped oscillation,
similar to that shown in FIGURE 10. An overshoot ratio corresponding to the amplitude of
the overshoot at the first peak relative to the 90° electrical step angle is then determined in a
block 156, by dividing the electrical angle at the overshoot peak by 90°.

Modified drive current levels based on the overshoot ratio are then calculated in a
block 158, as follows. It is desirable for the first overshoot to coincide with the normal full-
step angle of the motor, which can be accomplished by reducing the commanded angle, A8, ,
based on the overshoot ratio:

A8, = 90°/overshoot ratio (24)

The winding currents that will produce this reduced commanded angle can then be
determined by the following equations:

A=F, sin(A0,) (25)

B=F,cos(a0,) (26)

wherein F,, corresponds to the winding current level used above when driving the motor in
the full-step mode to determine the overshoot ratio.

When the windings in the stepper motor are energized at these modified current
levels, a magnetic field vector is developed corresponding to a commanded angle A8, such
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that the magnetic field vector does not align with a stepped position. As a result, the rotor
will rotate past (overshoot) this commanded angle, and the peak of the overshoot will
coincide with a stepped position at the end of the step time. At this point, the currents in the
windings are de-energized, and the rotor is held in the stepped position by the motor’s built-in
detent torque. Since the peak overshoot corresponds to a zero-velocity condition, the new
stepped position is achieved with substantially zero velocity, thereby eliminating overshoot
and ringing.

Example

Suppose that a stepper motor with very little damping is used, and it is determined
that that r,= 3.0 ms when energizing a single winding with a suitable current to move the
plunger. The suitable current can be determined by incrementally increasing the current in
the single winding until the motor moves the load through a desired range of motion. This
movement can be accomplished with the motor control/drive circuit shown in FIGURE 14,
which includes a microprocessor or microcontroller 100, a two-channel DAC 102, a two-
channel chopper drive 104, a unipolar motor drive circuit 106, and a two-channel current
sense circuit 108. The motor control/drive circuit is used to drivé a stepper motor 110. The
microprocessor is programmed to control the current levels in the motor windings, as well as
to supply the motor drive circuit with appropriate control signals (i.e., current commands,
phase sequencing, etc.) for stepping the motor. The microprocessor supplies a digital current-
command control signal 112 for input to the two-channel DAC. The DAC converts the
digital input signal into an analog voltage output signal 114, which is provided as an input to
the chopper drive circuit. Chopper drive circuits are commonly used for driving stepper
motors, and include pulse-width modulated drives, and peak-limited, constant off-time drives.
The chopper drive produces a current output 116 that is proportional to the analog signal
produced by the DAC. Current output 116 is received as an input to a unipolar stepper motor
drive circuit.

In addition to providing the current-command control signal, the microprocessor also
provides a stream of motor control signals 118 to the motor drive circuit, which provides
current to the windings in the stepper motor based on the chopper drive output and the motor
control signals. Desired current levels are maintained in the motor windings through the use
of a two-channel current sense circuit, which provides a closed-loop feedback signal to the
chopper drive so as to enable adjustment of the chopper drive current output.

In this example, it is desired to have the rotor reach 90° (electrical) after both
windings are energized for 3.0 ms. Note that in the foregoing explanation, the use of only a
single channel was discussed. In order to simultaneously drive both windings, the signals on
both channels must be processed. Using the same DAC setting for both channels, both
windings are energized for 3.0 ms, which causes the rotor to rotate back and forth past 90°,
resulting in the underdamped oscillation shown in FIGURE 10. The first zero-velocity
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condition corresponds to a normalized phase value of about 1.68 (i.e., the ratio of the
electrical angle of the peak amplitude to the 90° step angle), indicating that the overshoot is

68% beyond the desired 90° position. Therefore, by setting
A8, = ’l‘—;% =0.595e(n /2)=0.935rads, the rotor should reach the 90° position at the first

peak of the oscillation such that the velocity upon reaching the peak is substantially zero.
This result can be obtained by attenuating the amplitude of the steady-state motor position to
59.5% of its nominal 90° value, which is accomplished by modifying the current levels in
both windings A and B using Equations (25) and (26), with A8, =0.935rads. The windings
A and B are then energized at their calculated current levels for the step time, causing a first
overshoot peak to occur at 90° (electrical), and the switches in both windings are then opened
(see FIGURE 3A), de-energizing the windings. At this point, since the rotor has negligible
velocity, it is easily held in place by the motor’s inherent detent torque.

This method enables the rotor to be stepped with substantially zero overshoot, thereby
improving the efficiency of the positioning mechanism and eliminating ringing. The results
of applying the method are shown in FIGURE 15, wherein the modified current levels in
windings A and B produce a critically-damped step response corresponding to the example
discussed above.

The single-step responses of an actual motor/load when using a conventional half-step
drive mode and the pseudo half-step drive mode of the present invention are respectively
shown in FIGURE 16A and 16B, which the display of electrical rotor angle vs. time
produced by an oscilloscope during experimental testing. The graphs shown in the Figures
corresponds to testing of a 3.6° stepper motor that was used to rotate a lubricated lead screw
employed to actuate a plunger in the infusion pump discussed above. As is clearly shown in
FIGURE 16A, even with the damping provided by the load on the motor, there was still a
substantial amount of overshoot and ringing when the conventional half-stepping drive mode
was used. In contrast, when the pseudo half-step drive method in accord with the present
invention was used, the motor rotor rotated through a single step with substantially no
overshoot or ringing, as shown in FIGURE 16B.

In the foregoing description of the preferred embodiment of the invention, a unipolar
stepper motor is used. This example is not meant to be limiting, as an appropriate bipolar
motor could also be used with the method of the present invention. Likewise, the use of a
lead-screw mechanism as a load is not intended to be limiting on the scope of the present
invention. Any type of rotary or linear positioning mechanism, including gear reducers, ball-
screw drives, belt drives, rack and pinion drives, etc., could be used in connection with a
stepper motor while practicing the present invention. When using any of these positioning
mechanisms, the modified current levels and step time can be determined by evaluating the
dynamic single step response of the stepper motor when coupled to a specific mechanism and
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driving any load connected to the mechanism. Furthermore, as an alternative to use of a
microprocessor or microcontroller to control the drive circuit, other types of logic devices,
such as programmable logic devices and application specific integrated circuits can be used
for this purpose.

Although the present invention has been described in connection with a preferred
form of practicing it and modifications thereto, those of ordinary skill in the art will
understand that many other modifications can be made thereto within the scope of the claims
that follow. Accordingly, it is not intended that the scope of the invention in any way be
limited by the above description, but instead be determined entirely by reference to the claims
that follow.
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The invention in which an exclusive right is claimed is defined by the following:

1. A method for driving a stepper motor having a detent torque and
defining a plurality of stepped positions, the stepper motor being operatively coupled to
a load and comprising a rotor and a plurality of windings, said plurality of windings
being selectively energized to rotate the rotor in a stepped motion from a current
stepped position to an adjacent stepped position, the method comprising the steps of:

(a) energizing selected windings among said plurality of windings
for a predetermined step time and at predetermined current levels so as to produce a
magnetic field vector that is not aligned with a stepped position, said predetermined
step time and predetermined current levels having been determined to enable the rotor
to achieve the adjacent stepped position without substantial overshoot and with
substantially a zero velocity when the step time has expired; and

(b)  de-energizing the windings that were energized in step (a)
after the step time, the rotor being held in the adjacent stepped position by the
stepper motor detent torque.

2. The method of Claim 1, wherein the stepper motor comprises a
unipolar stepper motor having four phases, each phase corresponding to a
respective winding of the stepper motor.

3. The method of Claim 2, wherein two of the four windings are
concurrently energized in step (a) at different current levels so as to produce the
magnetic field vector.

4, The method of Claim 3, wherein the current levels for driving the
two windings are determined by performing the steps of:

(@) stepping the rotor of the stepper motor to rotate through a
single step by energizing a single winding at a current level that is sufficient to
move the load, thereby producing a single-stepped position versus time response
that comprises a first damped oscillation having a plurality of peaks;

(b)  determining a step time by analyzing the first damped
oscillation to determine a time at which a first peak of the damped oscillation
occurs after the single winding was energized;

(c) stepping the stepper motor through a single step to an adjacent
stepped position using a full-step drive mode by energizing a selected pair of windings
at the current level that was used when energizing the single winding, thereby
producing a single-stepped position vs. time response that comprises a second damped
oscillation having an overshoot past the adjacent stepped position; and
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(d)  determining the predetermined winding current levels used
to energize the two windings as a function of a peak amplitude of the overshoot in
the second damped oscillation and the current level used when energizing the
single winding.

5. The method of Claim 4, wherein a single step defines a 90°
electrical angle, and wherein the step of determining the predetermined winding
current levels comprises the steps of:

(a) determining an electrical angle corresponding to the peak
amplitude of the overshoot in the second damped oscillation;

(b)  determining an overshoot ratio by dividing the electrical
angle by 90°;

(c) determining an electrical angle corresponding the magnetic
field vector by dividing 90° by the overshoot ratio; and

(d) determining respective predetermined current levels for
energizing the two windings by multiplying the current level used in the full-step
driving mode by the sine and cosine of the electrical angle.

6. The method of Claim 1, wherein current levels in the windings and
the step time are controlled by a logic device.

7. The method of Claim 6, wherein the logic device controls the
current levels in the windings by issuing command signals to at least one digital-
to-analog converter, which produces a voltage output that is received as an input
by a motor drive circuit, said motor drive circuit producing the current levels
based on the digital-to-analog converter voltage output.

8. The method of Claim 1, wherein the current level sufficient to
move the load comprises a minimum current level required for the stepper motor
to move the load through a full-range of motion.

9. A positioning device comprising:

(a) a stepper motor having a rotor and a plurality of windings,
said plurality of windings being selectively energized to rotate the rotor in a
stepped motion from a current stepped position to an adjacent stepped position,
said stepper motor further having a characteristic detent torque that tends to
maintain the rotor in a stepped position;

(b)  a driver circuit coupled to the windings, said driver circuit
producing current to drive selected windings among the plurality of windings in
the stepper motor based on control signals that are input to the driver circuit; and
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(c) a driver control device, which produces the control signals

that cause the driver circuit to step the stepper motor through a single step by:

(i) energizing selected windings among said plurality
of windings for a predetermined step time at current levels selected to produce a
magnetic field vector that is not aligned with a stepped position such that the rotor
completes the single step by rotating to the adjacent stepped position without an
overshoot, and with substantially a zero velocity when the predetermined step
time has expired; and

(i)  de-energizing the windings that were energized in
step (i) after the predetermined step time has expired, the rotor being then held in
the adjacent stepped position by the stepper motor detent torque.

10.  The positioning device of Claim 9, wherein the drive control
device comprises a logic device programmed to perform steps (c)(i) and (c)(ii).

11.  The positioning device of Claim 10, wherein the logic device
comprises one of a microprocessor and a microcontroller.

12.  The positioning device of Claim 9, wherein the stepper motor
comprises a unipolar stepper motor having four phases and four windings, each
phase corresponding to an associated different one of the four windings.

13.  The positioning device of Claim 12, wherein two of the four
windings are concurrently energized in step (c)(i) at different current levels so as
to produce the magnetic field vector.

14.  The positioning device of Claim 9, wherein the current levels and
predetermined step time are based on a dynamic behavior of the stepper motor
when moving the load.

15. The positioning device of Claim 9, wherein the drive circuit
comprises a chopper drive.

16. A method for driving a stepper motor having a detent torque and
defining a plurality of stepped positions, the stepper motor being operatively coupled
to a load and comprising a magnetized rotor and a plurality of windings, said plurality
of windings being selectively energized to rotate the rotor from a current stepped
position to an adjacent stepped position, rotation of the rotor between the current
stepped position and the adjacent stepped position corresponding to a fundamental
electrical step angle, the method comprising the steps of:
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@a) determining an attenuated electrical step-command angle
corresponding to a magnetic field vector that produces a torque on the magnetized
rotor such that the magnetized rotor is caused to rotate with a damped oscillation
having a first angular peak equal to the fundamental electrical step angle, said first
peak being reached after an elapsed time; '

(b)  energizing a pair of selected windings among said plurality
of windings at different predetermined current levels based on the attenuated
electrical step-command angle determined in step (a) for a step time equal to the
elapsed time, thereby causing the magnetic rotor to rotate from the current stepped
position to the adjacent stepped position such that the rotor has substantially a
zero velocity upon reaching the adjacent stepped position; and

(c) de-energizing the windings that were selectively energized
in step (b) after the step time, whereby the magnetic rotor is held in the adjacent
stepped position by the stepper motor detent torque.

17. The method of Claim 16, wherein the attenuated step-command
angle is determined by:

(a) stepping the stepper motor through a single step by
energizing a single winding at a current level sufficient to move the load, thereby
producing a single-stepped position versus time response that comprises a first
damped oscillation having a plurality of peaks;

(b) stepping the stepper motor through a single step to an
adjacent stepped position using a full-step drive mode by energizing a selected
pair of the windings at the current level used in stepping the stepper motor
through a single step, thereby producing a single-stepped position versus time
response comprising a second damped oscillation having an overshoot past the
adjacent stepped position;

(c) determining an overshoot ratio based on a peak amplitude
of the overshoot and the fundamental step angle; and

() determining the attenuated electrical step-command angle
by dividing the fundamental electrical step angle by the overshoot ratio.

18.  The method of Claim 16, wherein the stepper motor is a four-phase
unipolar stepping motor.

19. The method of Claim 16, wherein the different predetermined
winding currents in the pair of selected windings are determined as a function of
the sine and cosine of the attenuated electrical step-command angle, respectively.
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20. A method for driving a stepper motor having a detent torque and defining a
plurality of stepped positions as defined in claim 1 or 16 and substantially as herein
described with reference to the Figures.
21. A method for driving a stepper motor having a detent torque and defining a
plurality of stepped positions as defined in claim 1 or 16 and substantially as herein
described with reference to the Figures and the Example.

22. A positioning device as defined in claim 9 and substantially as herein

described with reference to the Figures.

Dated 1 September, 2003
Abbott Laboratories

Patent Attorneys for the Applicant/Nominated Person
SPRUSON & FERGUSON

[RALIBXX])04433.doc:aak




WO 01/33710 PCT/US00/28503

1/9
é N
302
B_ | s00 5L 4
g D
1 b
PHASEA P
9 D
o1-p
l
STATORA™ T
k'\\ IaNala p ‘JJ
STATOR B = g, ==SlV
. 'B,
PHASE B ‘\
304
TORQUE'
A
HOLDING TORQUE-

PULL-IN TORQUE

PULL-OUT TORQUE

START-STOP
REGION

>
1
MAX. START RATE RATE
MAX. SLEW RATE

FIG. 5



WO 01/33710 PCT/US00/28503

2/9
y
O_
PHASE A 2
v,
M h lA
PHASEA ¢
STATOR A\
STATORB \ /
o & &
PHASEB v, PHASEB
—
lA NB 1
O"(: ») 7
{ ) s
PHASEA d—F g
M
STATOR AN [
0 nnn
STATOR B \ | 6_, L ) e
B
PHASE B

FIG. 2B



WO 01/33710 PCT/US00/28503

3/9
A,°l A ° B B °
IA(+) IA() iusm IB(-)l
> T \eo
I=
\50 /:]I | /ﬂl
= %= = 54 567 —
\ ~— /




WO 01/33710

PCT/US00/28503

4/9

TORQUE

H-

UNSTABLE
REGION |
"]

T/ |
! I ANGLE®
|
A '\eA ' /.B c
STABLE UNSTABL STABLE
POINT  pOINT POINT
FIG. 44
TORQUE
L
LT A N
Tionn !
l
|
|
bl 0, ANGLE 6
FIG. 4B
ANGLE
) \//\VAP
TIME

FIG. 6




PCT/US00/28503

WO 01/33710

~— 17

~~— 19

5

CONTROL

UNIT

STEPPER
MOTOR

34
)
"ﬂ!zm

i

PATIENT

40

7
77

1]

iz
4

: r ,‘7/ /'/ \/
74

Y
7%
2
‘(/4,

24 28 5 30 32 36

22

N

g1 &1
| o~
e/

MEDICINAL
FLUID

\12

FIG. 7

TIME (MSEC)

[
/4
” N\
& \
£ %
1 |
@
a N
4] .
5 N
5
= P
m.e ]
pr— //
\\
LT
"]
Ay

-

[~

012345678 910111213141516171819202122

COOMNOUTNANTORNRONOWTNAN—O

.....................

NFFrrFrrrrrr OO0 00000000
ISVH d3ZIMYWYON

FIG. 10




WO 01/33710 PCT/US00/28503

6/9
B
STEP N+1 STEP N
¢x\ & /é i
CE
A G_A
B
FIG. 8

¥ R=RADIUS OF ROTOR

sTABLE EQuILIBRIUM A Fi
POINT

Fin

FIG. 9

END OF STEP
POSITION

F

> |
>

kS INITIAL MOTOR
/ POSITION

B

FIG. 11



WO 01/33710

CPU

7/9

PCT/US00/28503

CEQUILIBRIUID

STEP MOTOR BY DRIVING
SINGLE WINDING AT AN 1
APPROPRIATE CURRENT

FIG. 12

RECORD ELAPSED TIME
TO REACH FIRST ZERO-
VELOCITY CONDITION

¥

DRIVE BOTH WINDINGS
TO MOVE ROTOR USING |

PREVIOUS CURRENT |~
LEVEL

A

DETERMINE .
OVERSHOOT RATIO

y

CALCULATE MODIFIED |
DRIVE CURRENTS BASED
ON OVERSHOOT RATIO

— 150

L 152

154

_ 156

158

MPHA, MPHB,
CONTROL SIGNALS

A

\118

CONVERTER

DIGITAL TO
ANALOG

UNIPOLAR

MOTOR
DRIVERS

1

106

N\~ 116

4

(2CH.),

\
.

112

1102

A

CHOPPER

110

STEPPER
MOTORS

DRIVE

Y

k 104

CURRENT
SENSE.
(2CH.)"

L

FIG. 14

108



WO 01/33710 PCT/US00/28503

8/9
2.0
1.9
1. 3 '
18 \51- 11 NORMALIZED 6 = 6(t)/85, |
16 71\
" 15 / <3tm2
175) 14 // ‘ | 9
% 1.3 I Xl/ Pra N
a 1. ] X | / \ T
N 1.0 / J 1/ A
z 07 -4
=z 0.6 ! 1/
ol IR,
04 4
0.3
0.2
0.1
0.0

01234567 8910111213141516171819202122

FIG. 1 3 TIME (MSEC)

NORMAL DAMPED OSCILLATION
e

2.0
1.9
18
17 ‘ i
16 M| NORMALIZED 6 = (o [
15
W14 WA A -
£13 \ .
a12 :
01.1
1.0 A . -
209 1A \ -
308 / . .
Z0.7. ] . )
iy AN <17
05 17 —
oa A ~ MODIFIED 64 = 0.585 X 8¢
. / S s
02 T4~
0.1
0.0 #-

0 0612182430364248546066 727884
TIME (MSEC)

FIG. 15



WO 01/33710 PCT/US00/28503

ROTOR POSITION

LIS SELEE S B BEL SN S S S aa SNFINS SN SN S S SIS S et SEESES SN

T e T T T

ICh | T g WS 00ms “CHT 7172V

FIG. 164 TIME

ROTOR POSITION

FIG. 16B



