Digital Tachometers: Ferromagnetic
Teeth

e 2 proximity sensors located at 4 pitch v
from each other.

e This is a magnetic induction, pulse Probe 1 (Magnetic Induction)
tachometer of the variable-reluctance = %" Outputs
\ v,
type Probe 2

e The teeth on the wheel are made of a
ferromagnetic material. Ve

e The two magnetic-induction (and
variable-reluctance) proximity probes
are placed radially facing the teeth, at quarter-pitch apart (pitch = tooth-to-tooth
spacing).

e When the toothed wheel rotates, the two probes generate output signals that are
90° out of phase (i.e., quadrature signals).

e One signal leads the other in one direction of rotation and lags the other in the
opposite direction. /n this manner, a directional reading (i.e., velocity rather
than speed) is obtained.

e The speed is computed either by counting the pulses over a sampling period or
by timing the pulse width, as in the case of an incremental encoder.

e Advantages: Simplicity, robustness, and low-cost.

e Disadvantages: Poor resolution, mechanical loading.

Alternative types of digital tachometers use eddy current proximity probes or
capacitive proximity probes discussed in chapter-5.

¢ In the case of an eddy current tachometer, the teeth of the pulsing wheel are
made of (or plated with) electricity- conducting material.

e The probe consists of an active coil connected to an ac bridge circuit excited by
a radio-frequency (i.e., in the range 1-100 MHz) signal.

e The resulting magnetic field at radio frequency is modulated by the tooth-
passing action. The bridge output may be demodulated and shaped to generate
the pulse signal.

¢ In the case of a capacitive tachometer, the toothed wheel forms one plate of the
capacitor; the other plate is the probe and is kept stationary.

¢ As the wheel turns, the gap width of the capacitor fluctuates. If the capacitor is
excited by an ac voltage of high frequency (typically 1 MHz), a nearly pulse-
modulated signal at that carrier frequency is obtained.

e This can be detected through a bridge circuit as before but using a capacitance
bridge rather than an inductance bridge.

e Demodulated pulse signal generated in this manner is used in the angular
velocity computation.
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Moiré¢ Fringe Displacement Sensors:

Suppose that a piece of transparent fabric is placed on
another similar fabric. If one piece is moved or deformed
with respect to the other, we will notice various designs of
light and dark patterns (lines) in motion. Dark lines of this
type are called moire fringes.

The rotation of the index plate with respect to the reference
plate can be measured by sensing the orientation of the
fringe lines with respect to the fixed (master or reference)
gratings.
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Optical Sensors, Lasers, and Cameras:

There are many sensors that use light or laser as the basis of measurement. Also,
camera images are widely used for sensing purposes.

Laser:

Light amplification by Stimulated emission of radiation:

Produces electromagnetic radiation in the ultraviolet, visible, or infrared
bands of the spectrum.

Can provide a single-frequency (monochromatic) light source.
Electromagnetic radiation in a laser is coherent in the sense that all waves
generated have constant phase angles.

Uses oscillations of atoms or molecules of various elements.

Useful in fiber optics, but it can also be used directly in sensing and gauging
applications.

Helium-neon (HeNe) laser and the semiconductor laser are commonly used
in optical sensor applications.

Fiber-optic sensors:

The characteristic component in a fiber-optic sensor is a bundle of glass
fibers (typically a few hundred) that can carry light.

Each optical fiber may have a diameter on the order of a few um to about
0.01 mm.

There are two basic types of fiber-optic sensors:

0 In one type—the indirect or the extrinsic type—the optical fiber acts
only as the medium in which the sensor light is transmitted. In this
type, the sensing element itself does not consist of optical fibers.

0 In the second type—the direct or the intrinsic type—the optical fiber
itself acts as the sensing element. When the conditions of the sensed
medium change, the light-propagation properties of the optical fibers
change as well (e.g., due to micro-bending of a straight fiber as a
result of an applied force), providing a measurement of the change in
conditions.

o Examples of the first (extrinsic) type of sensor include fiber-optic
position sensors, proximity sensors, and tactile sensors. The second
(intrinsic) type of sensor is found, for example, in fiber-optic
gyroscopes, fiber- optic hydrophones, and some types of micro-scale
displacement or force sensors.
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Fiber-Optic Position Sensor: —

Power Al Light Transmitting
A schematic representation of a source source ¥
fiber-optic position sensor (or \ i
proximity sensor or displacement Phogmﬁ:ﬂ? e object
sensor) is shown and the optical e — L
fiber bundle is divided into rwo T processor [T [ Receving. &
groups: transmitting fibers and ‘
receiving fibers.
- Light from the light source is transmitted along the first bundle of fibers to
the target object whose position is being measured.
- Light reflected (or, diffused) onto the receiving fibers by the surface of the
target object is carried to a photodetector.
- The intensity of the /ight received by the photodetector will depend on
position x of the target object.
- Inparticular, if x = 0:
0 The transmitting bundle will be completely blocked off
O And the light intensity at the receiver will be zero.
- As distance x is increased, the N -
intensity o £ the receive d llght I':\Z-2-1"-5'-3'ﬂ'f_':_"-;‘{i‘\f_‘"’_'\‘f_'\'t-t-l‘-'_""_"ﬂ'! Position 1 of reflecting surface
will increase, because more and Rovilicai uh iy v
more light will be reflected T
onto the tip of the receiving at receiver
bundle. This will reach a peak Light/laser _-
at some value of x. e Llﬁ::{?ff“ : T—

- When x is increased beyond
that value:
0 more and more light will be reflected outside the receiving bundle;
0 Hence, the intensity of the received light will drop.

- The proximity—intensity curve for an optical proximity sensor will be
nonlinear and will have the shape shown in diagram.

- Using this (calibration) curve, we can determine the position (x) once the
intensity of the light received at the photosensor is known.

- This type of fiber-optic sensors can be used, with a suitable front-end device
(such as bellows, springs, etc.) to measure pressure, force, etc. as well.
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Laser Interferometer:
. Signal
Useful in the accurate o i

measurement of small

In this fiber-optic position sensor, the same bundle of fibers is used for
sending and receiving a monochromatic beam of light (typically, laser).
Alternatively, monomode fibers, which transmit only monochromatic light
(of a specific wavelength) may be used for this purpose.

In either case, as shown above, a beam splitter (A) is used so that:

o
0

Part of the light is directly reflected back to the bundle tip and
The other part reaches the target object (as in Figure last page) and
reflected back from it (using a reflector mounted on the object) on to
the bundle tip.
In this manner, part of the light returning through the bundle had not
traveled beyond the beam splitter while the other part had traveled
between the beam splitter (A) and the object (through an extra
distance equal to twice the separation between the beam splitter and
the object).
As a result, the two components of light will have a phase difference
¢, which is given by: ¢ = ZTX 2m

" x is the distance of the target object from the beam splitter

= 1 is the wavelength of monochromatic light
The returning light is directed to a light sensor using a beam splitter B.
The sensed signal is processed using principles of interferometry to
determine ¢, and from Equation above, the distance x.
Very fine resolutions better than a fraction of a micrometer (um) can
be obtained using this type of fiber-optic position sensors.
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Advantages:
The advantages of fiber optics include:

e Insensitivity to electrical and magnetic noise (due to optical coupling);
e Safe operation in explosive, High- temperature, corrosive, and hazardous
environments; and high sensitivity.
e Mechanical loading and wear problems do not exist because fiber-optic
position sensors are noncontact devices with no moving parts.
Disadvantages:

The disadvantages of fiber optics include:
e Direct sensitivity to variations in the intensity of the light source and
e Dependence on ambient conditions (temperature, dirt, moisture, smoke,
etc.). Compensation can be made, however, with respect to temperature.

Intrinsic application - Fiber-optic Gyroscope
This is an angular speed sensor that uses fiber
optics. Contrary to its name, however, it is not a
gyroscope in the conventional sense.

Two loops of optical fiber wrapped around a cylinder are
used in this sensor, and they rotate with the cylinder, at the
same angular speed that needs to be sensed.

One loop carries a monochromatic light (or laser) beam in
the clockwise direction, and the other loop carries a beam
from the same light (laser) source in the counterclockwise
direction.

Since the laser beam traveling in the direction of rotation
of the cylinder attains a higher frequency than that of the

Receiver
laser

Optical
fiber

— ‘ﬂ Splitter

other beam. The difference in speed or frequencies (known as the Sagnac effect) of the two laser beams
received at a common location will measure the angular speed of the cylinder.

This may be accomplished through interferometry, because the combined signal is a sine beat. As a result,
light and dark patterns (fringes) will be present in the detected light, and they will measure the frequency

difference and hence the rotating speed of the optical fibers.

Note that in a laser (ring) gyroscope, it is not necessary to have a circular path for the laser. Triangular

and square paths are used as well. In general the beat
frequency A® of the combined light from two laser
beams traveling in opposite directions is given by:

Ao = ﬂ Q
pA

A is the area enclosed by the travel path (zr? for a cylinder of radius r)
pis the length (perimeter) of the traveled path (2xr for a cylinder)

4 is the wavelength of the laser

€ is the angular speed of the object (or, optical fiber)

Laser Doppler Interferometer:

Used for accurate measurement of speed.

Based on two phenomena: Doppler Effect (DE) and light wave interference:

Constructive and Destructive

DE -- Consider a wave source (e.g., a light source or sound source) that is

moving w.r.t. a receiver (observer).

0 If source moves toward the receiver, the Frequency of received wave

appears Tor f, = f + Af

0 Ifthe source moves away from the receiver, the frequency of received wave

Vorfy=f-of

0 Af o« Velocity of the source relative to the receiver. This phenomenon is

known as the Doppler Effect. Af = % v=kv

Reflector
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Light Sensors

Semiconductor-based light sensors as well as light sources
are needed in optoelectronics. A light sensor is also
known as a photodetector or photosensor.

Photoresistor (or photoconductor):

e R (orT o) as the intensity of light falling on it T

e Typically, the resistance of a photoresistor could change from very high
values (megohms) in the dark to reasonably low values (less than 100 Q) in
bright light. As a result, very high sensitivity to light is possible.

o c.g: cadmium sulfide (CdS) or cadmium selenide (CdSe) between two
electrodes. Lead sulfide (PbS) or lead selenide (PbSe) may be used in
infrared photoresistor.

Photodiode:

e pn junction of semiconductor material that produces electron—hole pairs in
response to light. Two types of photodiodes are available.

e A photovoltaic diode generates a sufficient potential at its junction in
response to light (photons) falling on it. Hence an external bias source is not
necessary for a photovoltaic diode.

e A photoconductive diode undergoes a resistance change at its junction in
response to photons.

Phototransistor:

e Semiconductor photosensor with amplification circuitry built into the same
package (chip) is popularly called a phototransistor. Hence a photodiode
with an amplifier circuit in a single unit might be called a phototransistor
and this is an npn transistor.

e i is nearly proportional to the intensity of the light falling, hence, i. can be

used as a measure of the light intensity. Germanium or silicon is the
semiconductor material that is commonly used in phototransistors.

Photo-FET:

e A photo-field effect transistor is similar to a conventional FET. The symbol
shown is for an n-channel photo-FET.

e This consists of an n-type semiconductor element (e.g., silicon doped with
boron), called channel.

e When light is projected at the gate, the drain current iy will increase.

e Hence, drain current (current at the D lead) can be used as a measure of
light intensity.

Photocell:

e  Photocells are similar to photosensors except that a photocell is used as an
electricity source rather than a sensor of radiation.

e  Solar cells, which are more effective in sunlight, are commonly available.

o A ypical photocell is a semiconductor junction element made of a material
such as single-crystal silicon, polycrystalline silicon, and cadmium sulfide.

e Cell arrays are used in moderate-power applications and typical power

output is 10 mW/cm?2 of surface area, with a potential of about 1.0 V.

-~

N
Ok
A

Collector

\\‘! (€)

o

Base

(B) Emitter
(E)

Drain (D)
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Charge-Coupled Device

o A charge—coupled device (CCD) is an CCD Sense Element (Pixel) Structure
integrated circuit element (a monolithic Eiised  BHEEZ
. . . Photons - g OV -
device) of semiconductor material. y -
.- . Silicon
e A silicon wafer (p type or n type) is Dioxide

oxidized to generate a layer of SiO2 on its
surface.

o A matrix of metal electrodes is deposited I
on the oxide layer and is linked to the CCD c"s:gg‘-" i _
output leads. a Barrier Well

e When light falls onto the CCD element p-Type Silicon —
(from an object), a charge packets are MhsHRe Photonsheratel s

generated within the substrate silicon
wafer. Now if an external potential is
applied to a particular electrode of the CCD, a potential well is formed under
the electrode and a charge packet is deposited here. This charge packet can be
moved across the CCD to an output circuit

Image Sensors:

e Imaging device is a sensor, and an image is the sensed data.

e Depending on the imaging device, an image can be of many varieties such as
optical, thermal or infrared, x-ray, ultraviolet, acoustic, ultrasound, and so on.

Image Processing and Computer Vision:

e Animage may be processed (analyzed) to obtain a more refined image from
which useful information such as edges, contours, areas, and other geometrical
information can be determined.

e Computer Vision involves higher level operations than image processing and is
akin to what humans infer based on what they see.

1. Filtering: (to remove noise and enhance the image) including directional filtering (to
enhance edges, for edge detection)

2. Thresholding: (to generate a two-level black-and-white image where the gray levels
above a set threshold are assigned white and those below the threshold are assigned
black)

3. Segmentation: (fo subdivide an enhanced image, identify geometric shapes/objects, and
capture properties such as area and dimensions of the identified geometric entities)

4. Morphological processing: (sequential shrinking, filtering, stretching, etc. to prune out
unwanted image components and extract those that are important)

5. Subtraction: (e.g., subtract the background form the image)

6. Template matching: (fo match a processed image to a template—useful in object
detection)

7. Compression: (to reduce the quantity of data that is needed to represent the useful
information of an image)
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Hall-Effect Sensor: Output
e Consider a semiconductor element subject to a dc )
voltage vy.qr.

Semiconductor
element

e If a magnetic field is applied perpendicular to the
direction of this voltage, a voltage v, will be
generated in the third orthogonal direction within
the semiconductor element. This is known as the
Hall Effect (observed by E.H. Hall in 1879).

Magnetic
field A

Magnetic
source

Hall-Effect Motion Sensors:

e A Hall-effect sensor may be used for motion
sensing in many ways; for example, as an analog
proximity sensor, a limit switch (digital), or a i
shaft encoder. Ul

e Output voltage v, increases as the distance
from the magnetic source to the semiconductor

Supply

+ QOutput
Va

element decreases, the output signal v, can be Fixed == Fe
" . . J'“ﬂgﬂl.‘uc semiconductor
used as a measure of proximity. source clement

e Digitally speaking, certain threshold level of
the output voltage v, can be used to generate a
binary output, which represents the
presence/absence of an object.

e The use of a toothed ferromagnetic wheel (as
for a digital tachometer) to alter the magnetic
flux will result in a shaft encoder.

Toothed wheel

(ferromagnetic)

Ultrasonic Sensors: —— | Transmitter/ [~ —>— — SES
e Ultrasound waves are pressure waves, generator | receiver ——<— i
just like sound waves, but their
frequencies are higher (ultra) than the Si;;al
audible frequencies (range of 20 Hz to processor
20 kHz). !
e Ultrasonic sensors are used in many Distance
applications, including medical o

imaging, ranging systems for cameras
with autofocusing capability, level sensing, and speed sensing.
e Velocity - Using Doppler Effect.
e tis the time of flight of the ultrasound pulse (from generator to receiver)

X = —, e xis the distance between the ultrasound generator/receiver and the target object
e cis the speed of sound in the medium (typically, air)
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Tactile Sensing:

e Tactile sensing is usually interpreted as touch
sensing, but tactile sensing is different from a
simple clamping where very few discrete force
measurements are made.

¢ In tactile sensing, a force distribution is
measured, using a closely spaced array of force
sensors and usually exploiting the skin-like
properties of the sensor array.

e Tactile sensing is particularly important in two
types of operations:

0 Grasping and fine manipulation, and
0 Object identification.

o In grasping and fine manipulation, the object has
to be held in a stable manner without being allowed to slip and without being
damaged.

e Object identification includes recognizing or determining the shape, location,
and orientation of an object as well as detecting or identifying surface
properties (e.g., density, hardness, texture, flexibility), and defects.

Ideally, these tasks would require two types of sensing:

o0 Continuous spatial sensing of time-variable contact force
0 Sensing of surface deformation profiles (time-variable)
e Note that learning also can be an important part of tactile sensing.
e Typical specifications for an industrial tactile sensor are as follows:
e Spatial resolution of about 1 mm (about 100 sensor elements)

Force resolution of about 2 g

Dynamic range of 60 dB

Force capacity (maximum touch force) of about 1 kg

Response time of 5 ms or less (a bandwidth of over 200 Hz)

Low hysteresis (low energy dissipation)

Durability under harsh working conditions

Robustness and insensitivity to change in environmental conditions (temperature,

dust, humidity, vibration, etc.)

e Capability to detect and even predict slip

Dexterity:
Dexterity is an important consideration in sophisticated manipulators and robotic

hands that employ tactile sensing:
Number of degrees of freedom in the device

Motion Dexterity =
Y Motion resolution of the device

Number of degrees of freedom

Force Dexterity =
Y Force resolution

Read Example 6.10 and Strain Gauge example 6.11
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MEMS Sensors:

e Microelectromechanical systems (MEMS) are microminiature devices
consisting of microminiature components such as sensors, actuators, and
signal processing integrated and embedded into a single chip while
exploiting both electrical/electronic and mechanical features of them.

e The device size can be in the sub-millimeter scale (0.01-1.0 mm) and

e The component size can be as small as a micrometer (micron), in the range
0.001-0.1 mm. Since MEMS exploits the integrated-circuit (IC)
technologies in their fabrication, many components can be integrated into a
single device (e.g., a few to a million).

The advantages of MEMS are primarily the advantages of IC devices which
include:

e Microminiature size and weight

e Large surface area to volume ratio (when compared in the same
measurement units)
Large-scale integration (LSI) of components/circuits
High performance
High speed (20 ns switching speeds)
Low power consumption
Easy mass-production
Low cost (in mass production)
In particular, the microminiature size also means negligible mechanical
loading, fast response, and negligible power consumption (and related
electrical loading).

Energy Conversion
Mechanism:
Piezoelectric: Mechanical
strain in a piezoelectric

f | - -Ji

v
v .
(b) i_f' L (c)

O+

material causes a charge
separation across the material producing a voltage. Strain energy produced by the
mechanical work that 1s needed to deform the material, 1s converted into
electrostatic energy. This is a passive device.

Electrostatic: A voltage causes + and — charges to separate into the capacitor
plates. The attraction force between the plates is supported by an external
mechanical force. If plates move apart, mechanical work is done, capacitance is
reduced, and the voltage is increased. Hence, mechanical energy is converted into
electrical energy. This is a passive device.

Electromagnetic: As a coil moves in a magnetic field, a current is induced in the
coil. In this process, mechanical energy is converted into electrical energy. This is
a passive device.
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Magnetic Circuits:

Flux density

// vector N ?
Flux lines B I l'lux lines
\(@-DD >
(a) Permanent magnet (b) Field around a straight wire
carrying current /
g Iron core

(¢) Field for a coil of wire

Figure 15.1 Magnetic fields can be visualized as lines of flux that form closed
paths. Using a compass, we can determine the direction of the flux lines at any
point. Note that the flux density vector B is tangent to the lines of flux.

See - Magnetic Circuits pdf copy on line
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Stepper Motors:

The terms stepper motor, stepping motor, and step motor
are synonymous and are often used interchangeably.

There are three basic types of stepper motors:

1. Variable-reluctance (VR) stepper motors, which have soft-iron
(ferromagnetic) rotors

2. Permanent-magnet (PM) stepper motors, which have
magnetized rotors

3. Hybrid (HB) stepper motors, which have two stacks of rotor
teeth forming the two poles of a permanent magnet located
along the rotor axis

The VR and PM steppers operate in a somewhat similar

manner: Figure 1. Cross-section of a variable-
. . . . eluctance (V ’
o Specifically, the stator magnetic field (polarity) is reluctance (VR) moto

stepped so as to change the minimum reluctance (or
detent) position of the rotor in increments.

e Hence, both types of motors undergo similar
changes in reluctance (magnetic resistance) during
operation.

e A disadvantage of VR steppers is that as the rotor is
not magnetized, the holding torque is practically
zero when the stator windings are not energized
(i.e., power-off conditions). Hence, it is not capable
to hold the mechanical load at a given position
under power-off conditions, unless mechanical
brakes are employed.

e An HB stepper motor possesses characteristics of
both VR steppers and PM steppers.

Figure 2. Principle of @ PM or tin-can
Stepper motor.

0 The rotor of an HB stepper motor consists of
two rotor segments connected by a shaft.

0 Each rotor segment is a toothed wheel and is
called a stack.

0 The two rotor stacks form the two poles of a
permanent magnet located along the rotor axis.

0 Hence, an entire stack of rotor teeth is
magnetized to be a single pole (which is
different from the case of a PM stepper where
the rotor has multiple poles).

Figure 3. Cross-section of a hybrid stepper
motor.
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Permanent-Magnet Stepper Motor

To explain the operation of a PM stepper motor,

consider the simple schematic diagram shown in

figure. Phase _
e The stator has two sets of windings (i.e., two

0 The rotor polarity of an HB stepper can
be provided either by a permanent
magnet, or by an electromagnet using a
coil activated by a unidirectional dc
source and placed on the stator to
generate a magnetic field along the rotor
axis.

0 A photograph of the internal components
of a two-stack stepping motor is given in
figure.

phases) placed at 90°.
This arrangement has four salient poles in
the stator, each pole geometrically separated

by a 90° angle from the adjacent one. The
rotor is a two-pole permanent magnet. Each

phase can take one of the three states 1, 0,
and —1, which are defined as follows:

1. State 1: current in a specified direction
2. State —1:  current in the opposite direction ESS
3. State 0: no current

Note that:

-

As —1 is the complement state of 1, in some
literature the notation 1’ is used to denote the
state —1.

By switching the currents in the two phases in an
appropriate sequence, either a clockwise (CW)
rotation or a counterclockwise (CCW) rotation

can be generated. The CW rotation sequence is o
shown.

¢, denotes the state of the iy, phase. B ' e
The step angle for this motor is 45°. At the end of

each step, the rotor assumes the minimum I

reluctance position that corresponds to the

particular magnetic polarity pattern in the stator. This is a stable equilibrium
configuration and is known as the detent position for that step.

Note: Reluctance measures the magnetic resistance in a flux path.
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e When the stator currents
(phases) are switched for the
next step, the minimum
reluctance position changes
(rotates by the step angle) and
the rotor assumes the
corresponding stable
equilibrium position and the
rotor turns through a single
step (45° in this example).

Observe that in one complete
rotation of the rotor, the state of
each phase sweeps through one
complete cycle of the switching
sequence in figure in the CW
direction.

e For CW rotation of the

CW and CCW Rotation

Step No | @ | é, _— =1
1 1 ccw 1
2 0 1 N
3 1 1 Pole I
4 -1 0 | ?‘ l—
5 -1 - -S =0
6 0 -1 51"’:{
7 cw | -1 =t
8 1 0
5
\Role/
5 N B <) N
B =3 Pold o) [Pole
- = . =1
Pale

For CW rotation

» Step angle: 45°

Step 1

Step 4

For CCW rotation

motor, the state of phase 2 (¢, ) lags the state of phase 1 (¢,) by two steps.
e For CCW rotation, ¢, leads ¢, by two steps.
e Hence, instead of eight pairs of numbers, just eight numbers with a delay
operation would suffice to generate the phase-switching logic.
e This approach is faster and more effective because the switching logic for a

stepper motor.

Increasing Resolution:

e A stepping resolution of 45 degrees is too coarse for most applications. We
can increase the resolution by adding the rotor pole pairs.
0 e.g.: Stepping Resolution of 30 degrees
0 Common types are 30, 15, and 7.5 degrees.
0 For high precision, this solution is not cost effective.
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Variable-Reluctance Stepper Motor Phanei
Now consider the VR stepper motor

shown.
Phase 2

e The rotor is a non-magnetized soft-
iron (ferromagnetic) bar.

o The full-stepping sequence for CW
rotation is shown in figure below.
The step angle is 60°. Only one
phase is energized at a time in order
to execute full stepping.

e With VR steppers, the direction of
the current (the polarity of a stator
pole pair) is not reversed in the full-
stepping sequence; only the states 1
and 0O (i.e., on and off) are used for
each phase.

o In the case of half stepping,
however, two phases have to be
energized simultaneously during
some steps.

e Furthermore, current reversals are
needed in half stepping, thus
requiring more elaborate switching
circuitry.

o The advantage, however, is that the
step angle would be halved to 30°,
thereby providing improved motion
resolution.

e When two phases are activated simultaneously, the minimum reluctance
position is halfway between the corresponding pole pairs (i.e., 30° from the
detent position that is obtained when only one of the two phases is energized),
which enables half stepping.

o [t follows that, depending on the energizing sequence of the phases, either full
stepping or half stepping would be possible.

o Micro-stepping provides much smaller step angles achieved by changing the
phase currents by small increments (rather than just the states on, off, and
reversal) so that the detent (equilibrium) position of the rotor shifts in
correspondingly small angular increments.

Soft-iron
rotor
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Polarity Reversal:

The polarity of a stator pole can be reversed in « Lower torque than

/o
(=]

two ways: unifilar motor for the =
e There is only one set of windings for a same torque rating at v
group of stator poles. This is the case of low step rates

Mator torque (N.m)
| w
[=]

unifilar windings. Polarity of the poles is * More efficient current

reversed by reversing the direction of switching than unifilar
motor at high frequency

current in the winding. L1 L
Lo 50 100 250 200 250 300 350 400
e There are two sets of windings for a group Sposd (stops/s

of stator poles. This is the case of bifilar

n
(=]

o

-]

windings (i.e., double-file or two-coil
windings).

o Only one set of windings is energized at a time, producing one polarity for this group of
poles. The other set of windings produces the opposite polarity.

e Note: One winding with a center tap may be used in place of two windings. The other
two terminals of the coil are given opposite (i.e., positive and negative) voltages.

Stepper Motor Classification:
e Most classifications of stepper motors are based on the nature of the motor rotor.
¢ One such classification considers the magnetic character of the rotor. Specifically, as
discussed before:
0 VR stepper motor has a soft-iron rotor, whereas
0 PM stepper motor has a magnetized rotor.

® Another practical classification that is based on the number of stacks of teeth (or rotor
segments) present on the rotor shaft. In particular, an HB stepper motor has two stacks of
teeth.

e Further sub-classifications are possible, depending on the tooth pitch (angle
between adjacent teeth) of the stator and the tooth pitch of the rotor.

o In a single-stack stepper motor:
0 The rotor tooth pitch and the stator tooth pitch generally have to be unequal
So that not all teeth in the stator are ever aligned with the rotor teeth at any instant.
It is the misaligned teeth that exert the magnetic pull, generating the driving torque.
In each motion increment, the rotor turns to the minimum reluctance (stable equilibrium)
position corresponding to that particular polarity distribution of the stator.

¢ In multiple-stack stepper motors:

0 Operation is possible even when the rotor tooth pitch is equal to the stator tooth pitch,
provided that at least one stack of rotor teeth is rotationally shifted (misaligned) from the
other stacks by a fraction of the rotor tooth pitch.

O In this design, it is this inter-stack
misalignment that generates the drive Stepper motors (electromagnetic)
torque for each motion step. It is obvious | i )
that unequal-pitch multiple-stack steppers Variable-reluctance (VR) ~ Permanent-magnet (PM) _ Hybrid _

. g eqe . (soft-iron rotor) (magnetized rotor) (magnetized single-pole stack

are also a practical possibility. In this | | |
design, each rotor stack operates as a | | Two-stack
separate single-stack stepper motor. The ettt e ey
stepper motor classifications described (unequal-pitch) |' ]
thus far are summarized in Figure 8.8. Equal-pitch  Unequal-pitch

O OO
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Advantages of Toothed .
Construction: windings

Stator
pole

The toothed construction of the
stator and the rotor of a stepper
motor has many advantages.

Rotor

Stator

1. It improves the motion
resolution (step angle), which @
now depends on the tooth
pitch. Very small step angles can be achieved as a result.

2. It enhances the concentration of the magnetic field, which generates the motor
torque. This means improved torque characteristics.

3. The torque and motion characteristics become smoother (smaller ripples and
less jitter) as a result of the distributed tooth construction.

(b)

In the case shown in figure above, the stator teeth are equally spaced but the pitch
(angular spacing) is not identical to the pitch of the rotor teeth.

In the toothed-stator construction, ns represents the number of teeth rather than the
number of poles in the stator. The number of rotor teeth has to be increased in
proportion.

Governing Equations:
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Micro-Stepping:

e Microstepping is achieved by Equilibrium (detent) position
properly changing the phase currents ey
in small steps, instead of switching
them on and off (as in the case of full
stepping and half stepping).

e The principle behind this can be
understood by considering two
identical stator poles (wound with
identical windings), as shown in
diagram.

Equilibrium (detent) position
after the microstep

e When the currents through the
windings are identical (in magnitude
and direction) the resultant magnetic
field will lie symmetrically between the two poles.

o If the current in one pole is decreased while the other current is kept
unchanged, the resultant magnetic field will move closer to the pole with the
larger current.

e As the detent position (equilibrium position) depends on the position of the
resultant magnetic field, it follows that very small step angles can be achieved
simply by controlling (varying the relative magnitudes and directions of) the
phase currents.

o Step angles of 1/125 of a full step or smaller may be obtained through
microstepping.

o For example, 10,000 steps/revolution may be achieved.

e Note: The step size in a sequence of microsteps is not identical. This is because
stepping is done through microsteps of the phase current, which (and the
magnetic field generated by it) has (have) a nonlinear relation with the physical
step angle.
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Multiple-Stack Stepper Motors

Both equal pitch and unequal pitch

constructions are possible.
Smaller step angles are possible with A — —
unequal construction. —— — |
For the equal pitch case, each stator ——— ;

_L Phase 1 “I—L Phase 2 fz_; Phase 3 rI’

* K

segment has several poles and all poles of | lee le o o
of each stator segment are wound to the - _ |
same phase. Stack 1 2.01'01: 2 1::3: 3
Misalignment can be achieved by two

methods:

1. The teeth in the stator segments are aligned but the teeth in the rotor
segments are misaligned consecutively by 1/3 pitch angle.

2. The teeth in the rotor segments are aligned but the teeth in the stator
segments are misaligned consecutively by 1/3 pitch angle.

Both full stepping and half stepping can be achieved.
For full stepping the step angle is 0s/3 = 0r/3.
Stepping sequence 1-2-3-1 would turn the rotor in one direction and
1-3-2-1 would turn in the other.
For half stepping they are 1-12-2-23-3-31-1 and 1-13-3-32-2-21-1
The full stepping angle if there are s-stacks:
o0 _0._0
g § &
Very fine angular resolutions can be achieved with unequal multi-stack stepper
motors. Switching logic of these stepper motors is more complex.
Since the step angle of a non-toothed single stack stepper motor is (6r—0s)
AG= 0. -0

s

For a tooth-pole multi-stack motor:

506 -4) A():i

mps ps

AG
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Equal Pitch and Unequal Pitch:

Equal-Pitch Multiple-Stack Stepper:

For each rotor stack, there is a toothed stator segment around it, whose pitch

angle 1s 1dentical to that of the rotor (6s = 0r).

A stator segment may appear to be similar to that of an equal-pitch single-

stack stepper, but this is not the case.

Each stator segment is wound to a single phase, thus the entire segment can

be energized (polarized) or de-energized (depolarized) simultaneously. It

follows that, in the equal pitch case,

Meaning p = s ; where p is the # of phases and s is the # of rotor stacks.

The misalignment that is necessary to produce the motor torque may be

introduced in one of two ways:

1. The teeth in the stator segments are perfectly aligned, but the teeth in the
rotor stacks are misaligned consecutively by 1/s x pitch angle.

2. The teeth in the rotor stacks are perfectly aligned, but the teeth in the
stator segments are misaligned consecutively by 1/s x pitch angle.

Now consider the three-stack case.
e Suppose that phase 1 is energized
0 Then the reeth in the rotor stack 1 will align perfectly with the stator
teeth in phase 1 (segment 1).
O But the teeth in the rotor stack 2 will be shifted from the stator teeth in
phase 2 (segment 2) by a one-third-pitch angle in one direction, and
0 The teeth in rotor stack 3 will be shifted from the stator teeth in phase
3 (segment 3) by a two-thirds pitch angle in the same direction (or a
one-third-pitch angle in the opposite direction).
o [t follows that if phase I 1s now de-energized and phase 2 is energized:
O The rotor will turn through one-third pitch in one direction.
o If, instead, phase 3 is turned on after phase 1, the rotor will turn
through one-third pitch in the opposite direction.
0 Clearly, the step angle (for full stepping) is a one-third-pitch angle for
the three-stack, three-phase construction.
0 The switching sequence 1-2-3-1 will turn the rotor in one direction,
0 And the switching sequence 1-3-2-1 will turn the rotor in the opposite
direction.

In general, for a stepper motor with s stacks of teeth on the rotor shaft, the full-

stepping step angle is given by: Af = g = g ; where 0 = 67 = 0s = tooth pitch

angle.
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Note that the step angle can be decreased by
increasing the number of stacks of rotor teeth.
Increased number of stacks also means more
phase windings with associated increase in the
magnetic field and the motor torque.

However, the length of the motor shaft increases
with the number of stacks, and can result in
flexural (shaft bending) vibration problems :
(particularly whirling of the shaft), air gap contact | |

problems, large bearing loads, wear and tear, and Wm
increased noise. e

As in the case of a single-stack stepper, half

stepping can be accomplished by energizing two @:ﬂ
phases at a time.

Hence, in the three-stack stepper, for one o
direction, the half-stepping sequence is 1-12-2-23-3-31-1;
In the opposite direction, it is 1-13-3-32-2-21-1.

Unequal-Pitch Multiple-Stack Stepper

Very fine angular resolutions (step angles) can be achieved by this design
without compromising the length of the motor.

In an unequal-pitch stepper motor, each stator segment has more than one
phase (p number of phases).

Rather than a simple cascading, however, the phases of different stacks are
not wound together and can be switched on and off independently. In this
manner yet finer step angles are realized, together with an added benefit of
increased torque provided by the multistack design.

For a single-stack non-toothed-pole stepper, we have seen that the step angle
is equal to 67 — Os.

In a multistack stepper, this misalignment is further subdivided into S equal
steps using the interstack misalignment.

Hence, the overall step angle for an unequal-pitch, multiple-stack stepper
motor with nontoothed poles is given by:

AG = for 6, > 0O

For a toothed-pole multiple-stack stepper motor, we have:
UX (97" - Qs)
A = ———= for 6, > 6;
mps

0 m is the number of stator poles per phase.
O p is the number of phases in each stator segment and
O s is the number of rotor stacks and s is the number of rotor stacks.

97’_95
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Controller and Driver: Driver

Power Power /

Controller ; .. 2
/ PieTon *’“*F{jj T‘ |
Computer/ r Translator Amglifier E:: Stepper i Tolaad
Indexer J_I |_L > : ; Motor
Paluc Todn \5;’;;;;‘;;3
Time Constant and Torque Degradation:
* As the torque generated by a stepper motor is Self inductance is defined as the
proportional to the phase current. induction of a voltage in a current-
e It is desirable for a phase winding to reach its carrying wire when the current in the
. . . wire itself is changing. In the case of
maximum current level as quickly as possible when self-inductance, the magnetic field
it is switched on. created by a changing current in the
e Unfortunately, as a result of sel/f~induction, the circuit itself induces a voltage in the
current in the energized phase does not build up zzmﬁ]ggg:g: Therefore, the voltage is
instantaneously when switched on.

e As the stepping rate increases, the time period that is available for each step
decreases.
e Consequently, a phase may be turned

Stepping pulses Stepping pulses
off before reaching its desired current
level in order to turn on the next
phase, thereby degrading the ‘ '

generated torque as shown in figure. Phase current |- — — — ——Ratedcurrent  Phase current |- — — - — = = = Rated current

e One way to increase the current level :
reached by a phase winding would be :
to simply increase the supply voltage
as the stepping rate increases.

e Another approach would be to use a chopper circuit (a switching circuit) to
switch on and off at high frequency, a supply voltage that is several times
higher than the rated voltage of a phase winding.

o Specifically, a sensing element (typically, a resistor) in the drive circuit detects
the current level and when the desired level is reached, the voltage supply is
turned off.

e When the current level goes below the rated level, the supply is turned on

again. The required switching rate (chopping rate) is governed by the electrical

: : ) . L
time constant of the motor. The electrical Time constant is given by: 7, = -

(a) Step period (b} Step period

Low stepping Rate Fast stepping rate

L- Inductance of the energized phase winding
R - Resistance of the energized circuit, including winding resistance
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The current increase (build-up) equation is given by: i = %exp (1 — Ti) ; Te = %

e The larger the electrical time constant the slower the current buildup.

e The driving torque of the motor decreases due to the lower phase current.

e Also, because of self-induction, the current does not die out instantaneously
when the phase is switched off.

o The torque characteristics of a stepper motor can be improved (particularly at
high stepping rates) and the harmful effects of induced voltages can be reduced
by decreasing the electrical time constant.

e A convenient way to accomplish this

Phase winding ~ Power supply

is by increasing the resistance R. (24 V do)
Switching Switching R s
command circuit 4{ | ‘

e Note that we want this increase in R (
. . AR

to be effective only during the

transient periods (at the instants of Auxiliary current path

switch-on and switch-off).

e During the steady period, we like to
have a smaller R, which will give a larger current (and magnetic field),
producing a higher torque, and furthermore lower power dissipation (and
associated mechanical and thermal problems) and reduction of efficiency.

e This can be accomplished by using a diode and a resistor AR, connected in
parallel with the phase winding, as shown in figure above.

e In this case, the current will loop through R and AR, as shown, during the
switch-on and switch-off periods, thereby decreasing the electrical time constant

t0: T = R+AR
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Chapter-9: DC Motors:

A dc motor converts dc electrical energy into i ot e o
rotational mechanical energy. : '
A major part of the torque generated in the rotor
(armature) of the motor is available to drive an
external load.

DC motors are still widely used in numerous
engineering applications including robotic
manipulators, vehicles, transport mechanisms,
disk drives, positioning tables, machine tools,
biomedical devices, and servo-valve actuators.
In view of effective control techniques that have
been developed for ac motors, they are rapidly
becoming popular in applications where dc
motors had dominated. Still, dc motor is the
basis of the performance of an ac motor which is
judged in such applications.

Field B

Principle of Operation:

The principle of operation of a dc motor is feld

Magnetic

B

illustrated in figure shown. ~ ~

e Consider an electric conductor placed in a N
steady magnetic field at right angles to the direction of e I
the field. t

¢ Flux density B is assumed constant. i (current through conductor)

If a dc current is passed through the conductor, the

magnetic flux is formed due to the current loops around the conductor, as
shown in the figure.

Consider a plane through the conductor, parallel to the direction of flux of the
magnet.

On one side of this plane, the current flux and the field flux are additive; on the
opposite side, the two magnetic fluxes oppose each other. As a result, an
imbalance magnetic force F is generated on the conductor, normal to the plane.

This force (Lorentz’s force) is given by the Lorentz’s law: F = B i [
0 B is the flux density of the original field,
O iis the current through the conductor and
0 lis the length of the conductor

The active components of 1, B, and F are mutually perpendicular and form a
right-hand triad, as shown in figure. OR In other words, in the vector
representation of these three quantities, the vector F can be interpreted as the
cross product of the vectors i and B. Specifically, F =i x B.
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e [fthe conductor is free to move, the generated 0— 120 V

force moves it at some velocity V in the Could be greater if overspul

direction of the force.
e As aresult of this motion in the magnetic field
B, a voltage 1s induced in the conductor. 7%is is
known as the back electromotive force or back R

e.m.f., and is given by: v, = Blv Eaek emf
e According to Lenz’s law, the flux due to the

back e.m.f. v;, opposes the flux due to the = I

original current through the conductor, thereby \ 120 V

trying to stop the motion. This is the cause of

electrical damping in motors.

Driving emf

Static Torque Characteristics:

For static torque we assume that the motor speed is
low so that the dynamic effects need not be explicitly
included in the discussion.

e Consider a two-pole permanent magnet stator and
a planar coil that is free to rotate about the motor
axis, as shown in figure-a.

e The coil (rotor, armature) is energized by current

(a)

[, as shown. : ;
e The flux density vector of the stator magnetic N - Sl s
field is B and the unit vector normal to the plane | 5
of the coil is n. i |
|
(b) Commutation plane

e The angle between B and n is 0, which is known
as the torque angle.

e [t should be clear from figure-b that the torque T generated in the rotor is given
by T=F X 2rsin 9.

e Which becomes T = Bi,/ % 2r sin 9, or
o T=Ai,BSind;
0 /1is the axial length of the rotor
0 ris the radius of the rotor
0 A is the face area of the planar rotor
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Continuing from last page:

Suppose that the rotor rotation starts by
coinciding with the commutation plane,
where 6 = 0 or m, and the rotor rotates through
an angle of 2.

The corresponding torque profile is shown in
figure on top.

Next suppose that the rotor has three planar
coil segments placed at 60° apart, and
denoted by 1, 2, and 3, as in figure #2.

Note that current switching occurs at every
60° rotation, and in a given instant two coil
segments are energized.

Figure shows the torque profile of each coil
segment and the overall torque profile due to
the three-segment rotor in Figure#3.

Note that the torque profile has improved
(i.e., larger torque magnitude and smaller
variation) as a result of the multiple coil
segments, with shorter commutation angles.
The torque profile can be further improved by
incorporating still more coil segments, with
correspondingly shorter commutation angles,
but the design of the split-ring and brush
arrangement becomes more challenging then.

Hence, there is a design limitation to
achieving uniform torque profiles in a dc
motor.

It should be clear from Figure#2 that if the
stator field can be made radial, then B is

Torque T

With commutation

— — Without commutation

0 m\ fon &
. / :
Commutation Commutation /C:)mmulallon
point point point
(a)

Field supply

5
pole

» = Current in

Stator :
e = Current out

(a) plane

Split ring
commutator

\ SN NN OIS N

tt

Commutation point

always perpendicular to n and hence sin o becomes equal to 1. In that case, the

torque profile is uniform, under ideal conditions.
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Brushless DC Motors:

Before we get into Brushless DC Motors, we should look at shortcomings of the

slip-ring and brush mechanisms:

Rapid wear out, mechanical loading,

Heat generation due to sliding friction,

Contact bounce,

Excessive noise, and

Electrical sparks with the associated dangers in hazardous (e.g., chemical)

environments,

Problems of oxidation,

e Problems in applications that require wash down (e.g., in food processing),
and voltage ripples at current switching instants.

e Conventional remedies to these problems—such as the use of improved brush
designs and modified brush positions to reduce sparking—are inadequate in
more demanding and sophisticated applications.

e Cooling of the coils is typically needed in long-period operation of heavy-
duty motors which may be achieved through forced convection of air or
water.

e In addition, the required maintenance (to replace brushes and resurface the
split-ring commutator) can be rather costly and time consuming.

e FElectronic communication, as used in brushless dc motors, is able to
overcome these problems.

Permanent-Magnet Motors:

e Brushless dc motors have permanent-magnet rotors.

¢ Since in them the polarities of the rotor cannot be switched as the rotor crosses
a commutation plane, commutation is accomplished by electronically switching
the current in the stator winding segments.

e Note that this is the reverse of what is done in brushed commutation,
0 where the stator polarities are fixed and
0 The rotor polarities are switched when crossing a commutation plane.

e The stator windings of a brushless dc motor can be considered the armature
windings, whereas for a brushed dc motor, rotor is the armature.

e The torque—speed characteristics of dc motors are different from those of
stepper motors or ac motors.

e Brushless DC motors are commonly used for smooth torque transitions and
speed control whereas, stepper motors are commonly used for stepping
precision motion control.
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DC Motor Equations:

e Consider a dc motor with separate windings in the stator and the rotor.

e FEach coil has a resistance (R) and an inductance (L).

e When a voltage (v) is applied to the coil, a current (i) flows through the circuit,
thereby generating a magnetic field.

e Forces are produced in the rotor windings, and an associated torque (T5,,), which
turns the rotor.

e The rotor speed (w,,) causes the magnetic flux linkage with the rotor coil from
the stator field to change at a corresponding rate, thereby generating a voltage
(back e.m.f.) in the rotor coil.

e Equivalent circuits for the stator and the rotor of a i
conventional dc motor are shown.

e Since the field flux is proportional to the field v, l L
current if, we can express the magnetic torque of

the motor as: Ty, = k ifiq = Kiylg
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Obtaining equations for Field Circuit,
Armature Circuit and Mechanical Dynamic:

F'.G,@ G lrwi-(_ Eqi..l.af(ﬂl.—& .

. ASsuh;frﬂ statw /‘/lr-zvuf\i ]C@Q‘L
lg NoT B7‘#“” Yb'h’/ Stator (Field Circuit)

Rotor (Armature Circuit)

M e ﬁeﬁd .
f Magnet
= S"?:jOR \ L net nk{rj-“i k? Rotor Ta:)grnqz;c Armature
a4 No EDDY Cureerfs in STRTR %oad
; "x;),’ujg.-_/ajc i+ Ly dd;:f Ary
{;ﬁp{_{ ﬁ}/\ o:dljl ' "™ Load Shaft
W@\;’%‘, w73 g fﬁl“}wd Damping = b,

Bquation £ Amature (Rofer) ciruit s

3 ) A“:’A ,U"
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Assumptions:

In obtaining equations for this dynamic model for the system, we have made
several assumptions and approximations. In particular, we have either
approximated or neglected the following factors:

I.

2.

Coulomb friction and associated dead-band effects.

Magnetic hysteresis (particularly in the stator core, but in the armature as
well if not a brushless motor)

. Magnetic saturation (in both stator and the armature)
. Eddy current effects (laminated core reduces this effect)

. Nonlinear constitutive relations for magnetic induction (in which case

inductance L is not constant)

. In split-ring and brush commutation, brush contact electrical resistance and

friction, finite width contact of brushes, and other types of noise and
nonlinearities

. The effect of the rotor magnetic flux (armature flux) on the stator magnetic

flux (field flux)
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Steady-State Characteristics: 2

In selecting a motor for a given application, i
its steady-state characteristics are a major

determining factor. v, L,
Steady-state torque—speed curves are
employed for this purpose.

The rationale is that, if the motor is able to
meet the steady-state operating requirements,
with some design conservatism, it should be ©m
able to tolerate some deviations under "
transient conditions of short duration. (no-load
In the separately excited case shown in top speed) [\
figure, where the armature circuit and field
circuit are excited by separate and
independent voltage sources, it can be shown
that the steady-state torque—speed curve is a
straight line.

Stator (Field Circuit) Rotor (Armature Circuit)

i
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Output Power:

Output 1
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Combined Excitation of Motor Windings:
The shape of the steady-state speed—torque curve will change

4
o]
[

L
if a common voltage supply is used to excite both /e field R jf L
windings and the armature windings. Here, the two windings e b !
have to be connected together. e ] v | DC Supply
L \ L E
There are three common ways the windings of the rotor and .
the stator are connected. l
1. Shunt-wound motor ' i
2. Series-wound motor Shunt Motor
3. Compound-wound motor L, R,
e
e [n a shunt-wound motor, the armature windings and the R, =
field windings are connected in parallel. 1
o [n the series-wound motor, they are connected in series. L » | DC Supply
e [n the compound-wound motor, part of the field windings + '
is connected with the armature windings in series and /e 0
other part is connected in parallel. -
=

¢ Note that in a shunt-wound motor at steady state, the back
e.m.f. v, depends directly on the supply voltage. Hirkey Wit
e Since the back e.m.f. vy, is proportional to the speed, it A
follows that speed controllability is good with the shunt- T—w I =2
wound configuration. R, =
e In a series-wound motor, Ry
O The relation between v, and the supply voltage is 6
coupled through both the armature windings and the
field windings.
0 Hence its speed controllability is relatively poor. -
O But in this case, a relatively large current flows through
both windings at low speeds of the motor (when the Compound Motor
back e.m.f. 1s small), giving a higher starting torque.
0 Also, the operation is approximately at constant power in this case. These
properties are summarized in Table.
0 Since both speed controllability and higher starting torque are desirable
characteristics, compound-wound motors are used to obtain a performance in
between the two extremes.

AMA

“HﬂT‘ AL
—l

~

v | DC Supply

——1 ]: ‘r‘ 1 R .,'|I_’|.,‘\.

TABLE 9.1 Influence of the Winding Configuration on the Steady-State
Characteristics of a DC Motor

DC Motor Type Field Coil Resistance Speed Controllability Starting Torqu
Shunt-wound High Good Average
Series-wound Low Poor High
Compound-wound  Parallel high, series low Average Average
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Speed Regulation:
Variation in the operating speed of a motor due to changes in the external load is
measured by the percentage speed regulation. Specifically,

. Wy (‘)f
Percent Speed Regulation = — * 100%
f

where, w, is the no — load speed ; wy is the full — load speed

e This is a measure of the speed stability of a motor;

- The smaller the percentage speed regulation, the more stable the operating
speed under varying load conditions (particularly in the presence of load
disturbances).

- In the shunt-wound configuration, the back e.m.f., and hence the rotating
speed, depends:

0 Directly on the supply voltage.

0 Consequently, the armature current and the related motor torque have
virtually no effect on the speed.

O The percentage speed regulation is relatively small for shunt-wound
motors, resulting in improved speed stability.

HWK - Read Example 9.3

Electrical Damping Constant:
Newton’s second law governs the dynamic response of a motor. Looking at
previous equation: Jm as Motor Moment of Inertia is given by

= TN T 4 T T e

CALLN o | I/ ~ A i J
> _},n _]}_L_' s lm - | L__"" }:'m .__f\m fﬂcfl\ﬂﬂ/‘i (_A’.l - -l—-.
RS ) c;quﬂJ*:; Cois jad)

fwea T - |

e b, denotes the mechanical (viscous) damping constant and represents
mechanical dissipation of energy.

e Asis intuitively clear, mechanical damping torque opposes motion - hence
the negative sign in the b,,, w,, term in equation.

e The magnetic torque T, of the motor is also dependent on speed w,y,.

e In particular, the back e.m.f., which is governed by w,,, produces a magnetic
field, which tends to oppose the motion of the motor rotor.

e This acts as a damper, and the corresponding damping constant is given by

- = _— - - e www w

-~

T
S s ’ | m i e . = il
b = ~ %!c Cly: Gl cii{*qua C (;‘n!,}d.»“&l.
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Control of DC Motors:

Both speed and torque of a dc motor may have to be controlled for proper
performance in a given application of a dc motor.

By using proper winding arrangements, a dc motor can be operated over a
wide range of speeds and torques.

Because of this adaptability, dc motors are particularly suitable as variable-
drive actuators.

Since variable-speed control of a dc motor is quite convenient and
straightforward, dc motors have dominated in industrial control applications for
many decades.

Following a specified motion trajectory is called servoing, and servomotors (or
servo actuators) are used for this purpose. The vast majority of servomotors are
dc motors with feedback control of motion.

Servo control is essentially a motion control problem, which involves the
control of position and speed.

There are applications, however, that require torque control, directly or
indirectly, but they usually require more sophisticated sensing and control
techniques.

Armature Control and Field Control

Armature Control

- Control over the voltage of the armature to control speed.
- To keep speed constant, voltage is kept constant.

Field Control

- Control current of the armature and then control back e.m.f. v,
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DC Servomotors: (Optional)

| Torque

What is a Servomotor? ! | sensor [

e Motors with motion feedback control. =~ Reference

input Servo controller

—» (e.g., microcontroller

e Able to follow a specified motion i s
trajectory. %

Tachometer

Transr

mitted

torque T’

(OF"
(speed)

|
Armature current i, |
|
|

DC motor

Requirements in DC servomotor system.: or encoder
e Both angular position and speed

o

"

(position)

&

might be measured (using shaft encoders, Encoder
tachometers, resolvers, rotary-variable

differential transformers (RVDTs),
potentiometers, and compared with the desired position and speed.

e The error signal (= [desired response] — [actual response]) is conditioned and
compensated using analog circuitry or is processed by a digital hardware
processor or microcontroller, and is supplied to drive the servomotor toward the

desired response.
e Need feedback and velocity for accurate position control.

e Velocity feedback alone might be adequate for speed control, but position error

can build up.

o If only position feedback 1s used, a large error in velocity is possible, even

when the position error is small.

0 Under certain conditions (e.g., high gains, large time delays), with position
feedback alone, the control system may become marginally stable or even

unstable.

0 DC servo systems historically employed tachometer feedback (velocity

feedback) in addition to other types of feedback, primarily position
feedback.

¢ In schematic above:
0 The actuator in this case is a dc motor.
O The sensors include a tachometer to measure angular speed,
* A potentiometer to measure angular position, and
" A strain gauge torque sensor, which is optional.

O A single optical encoder for both angular position and speed. This avoids
the need for an analog-to-digital converter (ADC) for digital control. An
ADC is still needed when an analog tachometer and torque sensor are used.

O Driven system process is represented by the load block in the figure.

o Signal-conditioning (filters, amplifiers, etc.) and compensating (lead, lag,

etc.) circuitry are represented by a single block.
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Armature Control dc Motor: tLoad
orque
T,
e Armature voltage v, is the control

Armature

input, while keeping the conditions circuit__ o8 Rotor Qb
in the field circuit constant. K L \ 1 0,
e The field current i; (or, the magnetic (Lys+R,) Upes+ by —
field in the stator) is assumed
constant. Back e f -
(natural feedback) "
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Example 9.5

Determine an expression for the dominant time constant of an armature-controlled dc motor.
What is the speed behavior (response) of the motor to a unit step input in armature voltage, in
the absence of a mechanical load?

<

=

._53{-" 51'4“’#;*3 with As Eqwd\‘n \:;::lr i
As= (Les+ R)(Tnseh)eble =

_____ SRl speed

M.c;‘ed’:nj Eledncsl Time Cpnshu‘t t;o
A S= Qa(J S“"bm) KvnKW‘ J
= K (Ts+1); .

T bewra sverall Amim.d,'b.k; (awt:tbd' u_ -
o BT R et ()

% CEENE ., W,

—

(Rabut K Ko)
9& TL:_O y Mo‘l‘o\z ‘tf’ahSF<r Yekiloan : .

(Chd Coven
k dC C’Clln = K'“ £G{ jw) /
Qa, — K; 0 \ -
5Tn u\e Size Dm Kﬂ \ G/
- L&)Chﬂw u':'m K ,LP [1 \

Wa(t) = k(l-e /ZU)—’-? SPCEA P\estwnse,’t‘b Uni F S'k‘PCL%C

” on- o5t llafivy Jm Ml andicly Vis & Zere iitial Conditions.
b || ko€ 1~

. above .
d‘ﬁ"’cdwﬂ fhen L0 5 AU ()= 7 = S:@
Alfarmut:k 451 nd u’jm —_—_('(i .ﬁ-l) ’U—k Q(Jw) " .I

Dl Gan » 2, ‘0’3 kK Co{y\e’(FALTW7’ w=J1_

Page - 141 [ ENSCMST - Intreduction v Electro-Mechanical Semsors and Actustons: Simon Fraser U ity 2

?U‘ﬂl gxm& L, A7

Page - 141 I ENSC387 - Introduction to Electro-Mechanical Sensors and Actuators: Simon Fraser University — Engineering Science




Field Control Lo
In field-controlled dc motors, torque
the armature voltage is kept 4

1 Electromechanical Output
constant, and the ﬁ?ld Voltage 18 idvoltge,_Field circu ome ok o
used as the control input. It is input vy ) i T, - ; o

- > kﬂ'
assumed that armature current (Lys +Ry) Magnetic U +by,) '

torque

i, (and the rotor magnetic field)
is maintained constant. (Note:
Leakage inductance in the armature circuit, and the associated voltage drop is
negligible as well.) Ka: Electromechanical constant
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Feedback Control of DC Motors

e Open-loop operation of a dc motor, for armature control and for field control,
can lead to excessive error and even instability:

0 Because of the unknown load input, and
O Due to the integration effect when position (not speed) is the desired output
(as in positioning applications).

e Feedback control is necessary under these circumstances:

0 In feedback control, e motor response (position, speed, or both) is
measured using an appropriate sensor and

0 Fed back into the motor controller, which generates the control signal for the
drive hardware of the motor.

e An optical encoder (Ch6) can be used to sense both position and speed and a
tachometer may be used to measure the speed alone (Ch5). The following three
types of feedback control are important:

1. Velocity feedback
2. Position plus velocity feedback
3. Position feedback with a multi-term controller

Velocity Feedback Control

e Motor speed is sensed using a device (tachometer or an optical encoder):
0 Fed back to the controller,
O Which compares it with the desired speed, and
O The error is used to correct the deviation.

e Additional dynamic compensation (e.g., lead compensation or lag
compensation) may be needed to improve the accuracy and the effectiveness of
the controller, and can be provided using either analog circuits or digital
processing.

o The error signal is passed through the compensator in order to improve the
performance of the control system.

Position Plus Velocity Feedback Control:

In position control, the motor angle 8,,, is the output & the characteristic polynomial is s (ts + 1).
e This is a marginally stable system, in view of

Desired Mot

‘P

the pole at the origin (s = 0). Position. drive Speed
. . . d e Controller DC | “m =Um
o [faslight disturbance or model error is i *D* e .

present, it will be integrated out, which can
lead to a diverging error in the motor angle.

e In particular, the load torque T} is an input to
the system, and is unknown and therefore a
possible disturbance.

Velocity controller/
compensator

Velocity feedback

LV ™

Position feedback

e In view of the free integrator associated with
the position output, the resulting unstable behavior cannot be corrected using velocity
feedback alone. Position feedback is needed to remedy the problem and therefore both
position and velocity feedback are needed.
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Position Feedback with PID Control

Deitrad Three-term (PID) Motor
i controller s :
position Exror Spee_cl Position

04 , DC |@m =0, )
{ ;\{1;} o) 1| G,

P motor 5

Position feedback

e A popular method of controlling a dc motor is to use just position feedback, and
then compensate for the error using a three-term controller having:
O Proportional,
O Integral, and
0 Derivative (PID) actions.

e A block diagram for this control system is shown in figure above.

e FEach term of the PID controller provides specific benefits and some undesirable
side effects as well.

O In particular, proportional action improves the speed of response and
reduces the steady-state error but it tends to increase the level of overshoot
(i.e., system becomes less stable).

O Derivative action adds damping, just like velocity feedback, thereby making
the system more stable (less overshoot). In doing so, it does not degrade the
speed of response, however, which is a further advantage. But, the derivative
action amplifies high-frequency noise and disturbances.

o Strictly speaking, a pure derivative action is not physically realizable using
analog hardware.

0 The integral action reduces the steady-state error (typically reduces it to
zero), but it tends to degrade the system stability and the speed of response.
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Phase-Locked Control

e The position command is a frequency input,
which is generated according to the desired
(specified) motion (rotation) of the motor,
using a microcontroller. This identifies a B
reference signal in the form of a pulse train. power supply

The rotation of the motor (and hence the

commutating instant) is sensed using Hall-

effect current, which also corresponds to pulse train (actual motor

rotation 6,y,).

® The reference pulse train and the actual rotation pulse train signal
are compared by a phase detector in the control IC package.

Juuruin

Oscillator
frequency

s

o W N =

® The objective is to maintain a fixed phase difference (ideally, a
zero phase difference) between the reference pulse signal and the
actual position pulse signal. Under these conditions, the two
signals are synchronized or phase-locked together.

® Any deviation from the locked conditions generates an error

Motor

l:l 7 rotation
—
Brushless 3}

T — " =,
l:l 9 ————3] motor
] 10
u
nl

Pin designation
1. Phase-lock indicator
. Oscillator input
. Disable
. DC power input
. Ground
. Hall-eftect sensing for coil A
. Hall-eftect sensing for coil B
. Current to stator coil A
. Current to stator coil B

S WO 00~ Oy Ut Wk

—

signal, which brings the motor motion back in phase with the
reference command.

® [n this manner, deviations due to external disturbances, such as load changes on the motor,

are also corrected.

® [n phase-locked control, the phase angle of the output is locked to the phase angle of the
command signal.

® Very accurate position control can be realized by driving the phase difference to zero. In

more sophisticated phase-locked servos, the frequency differences are also detected and
compensated. This is analogous to the classic PPD control.

® Phase-locked servos are velocity control devices as well, because velocity is proportional to

the pulse frequency.
O When the two pulse signals are synchronized, the velocity error also approaches zero,
subject to the available resolution of the control system components.

0 Typically, speed error levels of + 0.002% or less are possible using phase-locked servos.
0 The overall cost of a phase-locked servo system is usually less than that of a conventional
analog servo system, because less-expensive solid-state IC devices replace bulky analog

control circuitry.

Phase Difference Sensing
One method of determining the phase difference of two pulse signals is by detecting the edge

transitions (as in Ch6). An alternative method is to take the product of the two signals and then

low-pass filter
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Motor Driver and Feedback Control:

Feedback signal

The feedback control system of a dc Encoder
motor typically consists of a .
microcontroller, which provides ’D
drive commands (rotation and [
direction) to the driver. E==
The driver is a hardware unit,

typically an IC package, which generates the necessary current to energize the
windings of the motor. The motor torque can be controlled by controlling the
current generated by the driver.

By receiving feedback from a motion sensor (encoder, tachometer, etc.), the
microcontroller can control the angular position and the speed of the motor.

h 4

Driver

i o
Microcontroller Ic

Z Control software
Host computer

Driver Hardware:

Main hardware component of the motor drive system is the driver IC package.
In traditional motion control applications, there are amplifiers called drive
amplifiers or servo amplifiers, which are included in the drive hardware.

The name servo amplifier is used specifically when feedback signals are
received by it for proper servoing (following a motion trajectory).

Two basic types of drive amplifiers are commercially available:

1. Linear amplifier
2. PWM amplifier

A linear amplifier generates a voltage output:

0 Which is proportional to the input provided to it.

O Since the output voltage is proportioned by dissipative means (using resistor
circuitry), this is a wasteful and inefficient approach.

0 Fans and heat sinks have to be provided to remove the generated heat,
particularly in continuous, long-term operation.

Example:

0 To understand the inefficiency associated with a linear amplifier, suppose
that the operating output range of the amplifier is 0-20 V, and that the
amplifier is powered by a 20 V power supply. Under a particular operating
condition, suppose that the motor is applied 10 V and draws a current of 4 A.
The power used by the motor then is 10 x 4 W =40 W.

o Still, the power supply provides 20 V at 5 A, thereby consuming 100 W.
This means, 60 W of power is dissipated, and the efficiency is only 40%.
The efficiency can be made close to 100% using modern PWM amplifiers,
which are non-dissipative devices, and depend on high-speed switching at
constant voltage to control the power supplied to the motor.
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DC

Velocity Torque PWM
motor

Velocity = : el
amplifier amplifier amplifier

Integrated microelectronic design
makes them compact accurate, and ] |
inexpensive. The components of a |-
typical PWM-drive system are shown
in the diagram.
Other signal-conditioning hardware _
(e.g., filters) and auxiliary components Btlble: switching [¢ Commtniza [,
such as isolation hardware, safety clecromes
devices including tripping hardware,
and cooling fan are not shown in the figure, but note the following components,
connected in series:

1. A velocity amplifier (a differential amplifier)

2. A torque amplifier

3. A PWM amplifier

Encoder

Current sensing

Velocity feedback

The reference velocity signal and the feedback signal (from an encoder or a
tachometer) are used by the velocity amplifier.

The resulting difference (error signal) is conditioned and amplified by the
torque amplifier to generate a current corresponding to the required torque
(corresponding to the driving speed).

The motor current is sensed and fed back to this amplifier, to improve the
torque performance of the motor.

The output from the torque amplifier is used as the modulating signal to the
PWM amplifier.

The PWM is accomplished by varying the
duty cycle of the generated pulse signal,
through switching control. T,
Chopper circuits that use discrete thyristor Vref
elements (a solid-state switch that is also

known as silicon-controlled rectifier or

SCR) were commonly used to generate

PWM signals to control dc motors. ' r— —
Since a chopper circuit takes dc power on Of On

and switches it to different levels at some

frequency, it is like converting dc to ac. Hence, it called an inverter circuit.

Voltage 4
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Motor Selection Criteria

« Mechanical data: - Electrical data:
- Rated torque - Electrical time constant
+ Mechanical time constant - Input power
+ No load speed/ Full load speed - Armature resistance and inductance
- Maximum acceleration at peak torque - Field Resistance and inductance
- Rated output power - Compatible drive circuit data (V, I,
- Frictional torques etc.)
- Damping + General Data
- Moment of inertia - Brush life
- Dimensions - Motor life

- Efficiency (input/output power)
- Operating temperature, humidity, etc
- Mounting configuration
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Induction Motors

Because of the rapid improvement, ac motors have managed to replace dc
motors in many industrial applications until the revival of the dc motor,
particularly as a servomotor in control system applications.

AC motors are generally more attractive than conventional dc motors, in view
of their robustness, lower cost, simplicity of construction, and easier
maintenance, especially in heavy duty (high-power) applications (e.g., rolling
mills, presses, vehicle drives, elevators, cranes, material handlers, and
operations in paper, metal, petrochemical, cement, and other industrial plants).

Advantages: Some advantages of ac motors are as follows:

YVV VYV VVV VY

Cost-effectiveness

Convenient power source (standard power grid providing single-phase and
three-phase ac supplies)

No commutator and brush mechanisms needed in many types of ac motors
Low power dissipation, low rotor inertia, and lightweight in some designs
Virtually no electric spark generation or arcing (less hazardous in chemical
environments)

Capability of accurate constant-speed operation without needing servo control
(with synchronous ac motors)

No drift problems in ac amplifiers in drive circuits (unlike linear dc amplifiers)
