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Foreword to the Fifth Edition

Two years have passed since the publication
of the expanded fourth  edition of this
handbook, and the number of copies of all
previous editions in the hands of engineers
all over the world is now 80,000.

Electro-Craft continues to grow. We now
operate four ‘'manufacturing plants in
Hopkins and Winnebago, Minnesota, Amery,
Wisconsin, and Santa Barbara, California.
Today we offer the widest range of DC
motors, tachometers, speed and position
control systems, and optical encoders. We
are the only company in the business that
offers in-house capabilities in motors,
electronics and encoders, enabling Electro-
Craft to offer “‘system solutions’” to a wide
variety of customer problems. Our current
annualized rate of revenues is approximately
$30 million.

Since the last edition, we have significantly
expanded our product offerings which is

-vi -

reflected in the appropriate product section
of this book. The Brushless Direct Current
Motors (now marketed under the registered
trademark, BRUDIC®) are now in volume
production.

A major change in this edition is in Chapter 4
which is rewritten and expanded with
emphasis on switching amplifiers. The dis-
cussion focusses on Pulse Width Modulated
(PWM) amplifiers. This chapter now presents
a simplified method of analyzing digital
systems and includes theory and operation
of control amplifiers and specifically
microprocessor based systems. In keeping
with the rapidly expanding uses for digital
control methods from the computer
industry to all types of industrial applica-
tions, this major revision hopefully will be
a benefit to a large number of readers.

ELECTRO-CRAFT CORPORATION
July 1980 O



Foreword to the Fourth Edition

Two and a half years have passed since the
publication of the expanded third edition
of this handbook. Now almost sixty thou-
sand copies are in the hands of engineers
all over the world.

Many changes have taken place at Electro-
Craft also. Since the third edition was
published, the sales of Electro-Craft have
doubled. Renco Corporation, a manufac-
turer of optical encoders in Santa Barbara,
California, was acquired. A fourth manu-
facturing plant was opened in Amery,
Wisconsin. Many new products and success-
ful new applications were completed.

Electro-Craft today offers the widest
variety of DC Motors and Tachometers,

Speed Control Systems, Servo Amplifiers,
Digital Positioning Systems, and Optical
Encoders.

The fourth edition has been expanded to
a total of 550 pages. An entire chapter
has been added describing the technology,
application, and implementation of optical
position encoders which are increasingly
being used as digital position transducers
in instrumentation and control systems.
The product data has been completely
updated and expanded to include our new
range of Digital Positioning Systems
(DPS).

ELECTRO-CRAFT CORPORATION

July 1978 ]

- vii -



Foreword to the Third Edition

Since its first publication back in 1972
Electro-Craft’s engineering handbook, “DC
MOTORS - SPEED CONTROLS - SERVO
SYSTEMS”, has become a standard refer-
ence in the field of motor control. In all
35,000 copies have been sold averaging
about 1,000 per month. Many of these
books are used by professional engineers
to provide day to day assistance in their
system design work, and many are playing
a useful role in colleges and universities
helping to train the engineers of the future.

As a result of the continuous feedback
received from users of this book, we have
prepared a new, third edition, which has
been expanded by about 100 pages to a
total of little over 500. Apart from the
correction of errors this new edition
includes the following changes:

Chapter 5 — The application section has
been expanded to include, more applica-

tions and notes on the application of the

- viii -

new P6000 series servomotor control sys-
tems.

Chapter 6 — An entirely new chapter dis-
cussing the new and exciting developments
made by Electro-Craft in the field of DC
Brushless Motors.

Chapter 7 — Data sheets on Electro-Craft
products have been revised, updated, and
expanded. The new models now available
in the MOTOMATIC range of Speed
Controls, Servomotor Controls, and Digital
Positioning Systems are described in full.

Once again Electro-Craft Corporation cor-
dially invites your comments and criticisms
so that the next edition of this book will
remain one of the foremost reference
works in its field.

ELECTRO-CRAFT CORPORATION
August 1975 o



Foreword to the Second Edition

Since October 1972, when the first edition
of this book was published, we have distri-
buted 15000 copies to interested engineers
and designers. The overwhelming majority
of the comments which we received from
our readers have been favorable and com-
plimentary to our effort for creating this
book. We have also received some construc-
tive criticism and requests for expanding the
treatment and discussion on certain subjects.
In preparing this expanded second edition,
we have taken into account all these requests
which we could accommodate. All the
changes and additions enlarge this book by
about 30 percent from the first edition to
approximately 400 pages.

Listed below are the nature of the various
changes and additions by chapter:

Chapter 1 - Recognizing the need for in-
clusion of the metric system, we revised the
Terminology and Symbols sections and have
added the Systems of Units section.

Chapter 2 - The treatment of Motor Equa-
tions, Transfer Functions, Power Dissipation
and Thermal Characteristics has been re
written and expanded.

Chapter 3 - Minor revisions.

Chapter 4 - Servo Components treatment
has been revised and expanded. The section
on Servo Amplifiers has been rewritten, and

a new section Phase-Locked Servo Systems
has been added.

Chapter 5 - The Applications section has
been expanded, sections of Application Cias-
sification and Specification, and Motor Selec-
tion Criteria have been added.

Chapter 6 - Data sheets on motors and
amplifiers have been revised, updated and
expanded. Electro-Craft’s new line of servo
amplifiers is also presented in this chapter.

Two new Appendices have been added; a
description of the S| System of Units (Metric
System) and a Units’ Conversion Factors
and Tables.

It is the continuing interest of the authors
and editors of this engineering handbook to
make it a most useful, relevant and informa-
tive source of knowledge regarding all aspects
of DC motors, speed controls and servo
systems. To this end we again wish to solicit
the constructive comments of our readers.
These comments, together with the results
of our continually expanding search for
valuable, pertinent technical information,
will be incorporated into future editions of
this book.

ELECTRO-CRAFT CORPORATION

September 1973 o



Foreword to the First Edition

THE ELECTRO-CRAFT STORY

Electro-Craft is a growing, publicly held
corporation started in 1960. For close to
ten of these twelve years, the company has
specialized in the development and manu-
facture of fractional horsepower permanent
magnet. DC motors, generators and control
amplifiers.

In the early years, business centered around
patented, integrally constructed motor-gen-
erators and matching transistorized ‘‘Class
A" control amplifiers, marketed under the
MOTOMATIC® trademark. These smaller
size, transistorized motor speed control sys-
tems found their first applications mostly
in office equipment, medical electronics,
and instrumentation products.

Over the vyears, the product line has ex-
panded into larger sizes, higher performance
servomotors, low ripple tachometer-gener-
ators, and increasingly sophisticated servo
control amplifiers to meet the growing de-
mands of our customers.

During the past decade, Electro-Craft has
sold over half a million precision DC motors
and controls to more than 1000 customers
for approximately 300 different applications.

There are many motor manufacturers who
do not make matching controllers, and vice
versa; Electro-Craft is one of the very few

companies which make both. It is this
special ““system-oriented’’ approach, coupled
with constant technological innovation, that
is perhaps most responsible ‘for the com-
pany’s success in the field.

WHY THIS BOOK

Around the turn of this century, AC motors
won out over DC machines as the generally
accepted sources of electric motive power.
The deciding factor then was the state of
technology and materials, rather than the
inherent characteristics of each device.

Automation and the need for controlled
speed and torque, rather than just raw mo-
tive power, have brought about a resurgent
interest in the use of DC motors. High
energy permanent magnets, epoxy resins,
improved brushes and other new materials
and technologies have also made possible
DC machines which are more reliable, smaller
and less expensive to produce.

The combination of the above factors pro-
duced a great deal of change during the last
decade in the variety and performance of
DC motors. The greatest innovation took
place in the fractional horsepower sizes. The
concurrent rapid advances in semiconductor
technology, especially in low cost, high
power SCR’s and transistors, facilitated the
emergence of a variety of matching control



amplifiers, from economy models to the
very sophisticated ones.

Due to this fast growth of technology,
much of what is available today is not
described in the standard textbooks. The
purpose of this book is to offer a basic
background in DC motors, speed controls
and servo systems, and to describe new
developments in the field. The presentation
is aimed at the designer and user in industry,
with emphasis on many practical problems
from testing to applications engineering.

The selection of the power drive system
for an application is greatly facilitated by
proper communication: a specific under-
standing of the problem between the user
and the manufacturer. Another aim of this
book is to make this task simpler by
attempting to share the accumulated techni-
cal knowledge of our company, which has
specialized in this field for the past decade.

HOW TO USE THE BOOK

This book was prepared as a compendium
of articles on many related subjects. The
editors made no attempt to homogenize
the styles of the different authors. An
effort was made, however, to make the
chapters self-contained and to organize the
subject matter in a meaningful way. The

index and the definitions in Chapter 1
should help the reader to decide how much
background he needs to cover.

Some of the information presented is stan-
dard reference material, and some probably
will not be found elsewhere. Some chapters
are quite theoretical, while others focus on
the more practical ““how to’’ aspects.

This is a handbook which will probably be
consulted as a reference as problems arise,
rather than being read cover to cover as a
student’s textbook.

ABOUT THE AUTHORS

Approximately twenty people contributed
to the preparation of this book. They com-
prise the technical staff of Electro-Craft,
with backgrounds in design engineering,
research and development, testing, teaching,
systems development, sales, application en-
gineering, and - most of all - practical prob-
lem solving. The authors collectively have
over 200 man-years of experience in DC
motor and control technology.

In addition to their regular daily work, the
authors gave their time generously over the
past year to make this book possible.

ELECTRO-CRAFT CORPORATION o

October 1972
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Chapter 1

Terminology, Symbols, Systems of Units

1.1. TERMINOLOGY

Acceleration, Maximum from Stall - the
angular acceleration of an unloaded motor,
initially at rest, when the peak armature
current ka is applied.

Ambient Temperature - the temperature of
the cooling medium immediately surround-
ing the motor or another device.

Analog-to-Digital Converter - a device for
converting a voltage level into a digital
word.

Armature Reaction - the production of a
magnetic field shifted by 90 electrical de-
grees with respect to the direction of stator
magnetic field. This magnetic field is pro-
duced by armature current.

Bandwidth - the frequency range in which
the magnitude of system gain expressed in
dB is within the 3 dB band.

BCD - a decimal notation in which the in-
dividual decimal digits are each represented
by a group of binary bits. Usually associ-
ated with codes of four or more bits used
to define the Arabic numbers O through 9.

BIT - abbreviation of Binary Digit, a unit
of information equal to 1 binary decision
or having only a value O or 1.

Block Diagram - a simplified representation
of a system, with each component repre-
sented by a block, and each block posi-
tioned in the order of signal flow through
the system.

Bode Plot - a plot of the magnitude of sys-
tem gain in dB and the phase of system
gain in degrees versus the sinusoidal input
signal frequency in logarithmic scale.

Boolean Equation - mathematical expres-
sion of logic relationships, employing
Boolean algebra.

Break Frequency - the frequency(-ies) at
which the asymptotes of the gain curve in
the Bode plot intersect.

Buffer - a circuit or component which
isolates one electrical circuit from another.

Byte - a single group of bits processed
together, operated on as a unit.

Characteristic Equation - the characteristic
equation of a servo system is 1+ GH =0

11



where G is the transfer function of the
forward signal path and H is the transfer
function of the feedback signal path.

Circulating Current - the current in armature
conductors which are short-circuited during
commutation.

Coding - the term used for naming quan-
tized parts. In digital systems, all informa-
tion is represented in schemes of binary or
Boolean variables which take on either one
of only two values. In general, we can
say that with ‘n’’ Boolean variables, we can
code 2" quanta.

Cogging - the non-uniform rotation of a
motor armature caused by the tendency of
the armature to prefer certain discrete
angular positions.

Coupling Ratio - a general term to define
the relative motion between motor armature
and the driven load.

Critical Damping - a critically damped sys-
tem’s response to a step disturbance is the
return to its equilibrium state without over-
shooting the equilibrium state in minimum
possible time.

Crossover Frequency - the frequency at
which the magnitude of the product of the
forward path gain and the feedback path
gain is unity.

Damping (in servo theory) - a term to des-
cribe the amplitude decay of an oscillatory
signal.

1-2

Damping Ratio - a measure of system
damping expressed as the ratio between the
actual damping and the critical damping.

Dead Band - a range of input signals for
which there is no system response.

Decibel (dB) -a measure of system gain (A).
Agg =20 log; oA

Dielectric Test - a high voltage test of the
motor insulation ability to withstand an
AC voltage. Test criterion limits the leakage
current to a specified maximum at test
voltage of specified magnitude and fre-
quency, applied between the motor case
and winding.

Digital-to-Analog Converter - A device for
converting a digital word into an analog
voltage.

DI/P - abbreviation for dual-in-line package.

Duty Cycle - the ratio of operating time to
total cycle time.

Operating Time

Duty Cycle= 5 ating Time + OFf Time

Dynamic Braking - a method for braking a
DC servomotor by controlling armature
current during deceleration.

ECL - Emitter-Coupled Logic

Efficiency - the ratio of output power to
input power.




Electrical Time Constant - the electrical
time constant of a DC servomotor is the
ratio of armature inductance to armature
resistance.

Enable - an input which, when true, allows
the circuit to function.

Encoder - a device for translating mechani-
cal motion into a unique electronic signal
or combination of signals.

Fall Time - the time for the amplitude of
system response to decay to 37% of its
steady-state value after the removal of
steady-state forcing signal.

Fan-Out - the number of gates one gate
can drive.

Field Weakening - a method of increasing
the speed of a wound field motor: re-
ducing stator magnetic field intensity by
reducing magnet winding current.

Flutter - flutter is an error of the basic
cycle of encoder per one revolution.

Flux Biasing - a method for controlling the
torque constant of a servomotor by varying
the magnetic field intensity of a separate
wound field assembly.

Form Factor - the form factor of a harmonic
signal is the ratio of its RMS value to its
average value in one half-wave.

Full Load Current - the armature current
of a motor operated at its full load torque
and speed with rated voltage applied.

Full Load Speed - the speed of a motor
operated with rated voltage and full load
torque.

Gain - the ratio of system output signal to
system input signal.

Gain Margin - the magnitude of the system
gain at the frequency for which the phase
angle of the product of the forward path
and feedback path gains is —1800°.

Gate - a logic circuit having 2 or more in-
puts, the output state of which depends
upon the combination of logic signals at
the inputs.

Hunting - the oscillation of system response
about theoretical steady-state value due to
insufficient damping.

Hysteresis - the difference between the
reponse of a system to an increasing and a
decreasing input signal.

IC - abbreviation for integrated circuit.

Incremental Motion System - a control sys-
tem which changes the load position in
discrete steps rapidly and repetitively.

Inertial Match - an inertial match between
motor and load is obtained by selecting the
coupling ratio such that the load moment
of inertia referred to the motor shaft is
equal to the motor moment of inertia.

Inhibit - an input which, when true, pre-
vents the circuit from functioning.

1-3



Inverter - a logic gate in which the output
signal is the logic inversion of the input
signal.

Lag Network - an electrical network which
increases the delay between system input
signal and system output signal.

Lead Network - an electrical network
which decreases the delay between system
input. signal and system output signal.

Lead Screw - a device for translating rotary
motion into linear motion, consisting of an
externally threaded screw and an internally
threaded carriage (nut).

Lead Screw, Ball - a lead screw which has
its threads formed as a ball bearing race;
the carriage contains a circulating supply of
balls for increased efficiency.

Least Significant Bit - the bit in a number
that is the least important or having the
least weight.

LED - Light Emitting Diode.

Linearity - for a speed control system it is
the maximum deviation between actual and
set speed expressed as a percentage of set
speed.

Loop Gain - the product of the forward
path and feedback path gains.

Mechanical Time Constant - the time for an
unloaded motor to reach 63.2% of its final
velocity after the application of a DC
armature voltage.

14

Moiré Fringe - the third optical pattern
created by two like images being nearly
superimposed on one another. The third or
fringe pattern is often used in high resolu-
tion optical encoders to serve as the mask
or window to electrically displace the
sensor signals.

Monolithic - existing as one large undif-
ferentiated whole. In electronics, this refers
to a circuit built on one semiconductor
chip.

Monostrophic Code - a binary code in
which only one bit changes between any
two adjacent code positions.

Most Significant Bit - the bit in a number
that is the most important or that has the
most weight.

MOS and CMOS - Metal Oxide Semicon-
ductor and Complementary MOS.

Motor Constant - the ratio of the motor
torque to motor input power.

Negative Logic - a form of electronic
logic circuits in which the more positive
voltage level represents logic O and the
more negative voltage level represents
logic 1.

No Load Speed - motor speed with no
external load.

Parallel Data - all the bits are available
simultaneously.



Phase and Phase Angle - the separation in
electrical degrees between any specified
transitions of any two channels of an
encoder.

Phase-Locked Servo System - a hybrid
control system in which the output of an
optical tachometer is compared to a
reference square wave signal to generate a
system error signal proportional to both
shaft velocity and position errors.

Phase Margin - the phase angle of the loop
gain minus 180° at the crossover frequency.

Pole - a term of root locus plotting for the
frequency(-ies) at which system gain goes
to infinity.

Polystrophic Code - a binary code in which
two or more bits are changed simultaneously
when going from one adjacent code position
to another.

Positive Logic - a form of electronic logic
circuit in which the more positive voltage
level represents logic 1 and more negative
voltage level represents logic O.

Propagation Delay - the time required for
a circuit output to go to the state de-
manded by the inputs. Alternatively, the
time required for a signal to travel from
one point in a circuit (or signal channel)
to another point.

Pull-Down Resistor - a resistor connected
between the negative supply voltage or
ground of an analog or logic circuit and the
circuit input or output terminal.

Pull-Up Resistor - a resistor connected
between the positive supply voltage of an
analog or logic circuit and the circuit input
or output terminal.

Quantization - The process of breaking up a
continuous variable into discrete quanta or
parts.

Quantizing Error - the inherent fixed error
associated with digitizing an analog variable
in that a continuous form of data is being
replaced by noncontinuous increments.

Resolution - the number of unique electri-
cally identified positions occuring in 360°
of input shaft rotation for rotary encoders,
or per unit of linear displacement, i.e.,
positions per inch, millimeter, for linear
encoders.

Ringing - a dampened oscillation in a sys-
tem as a result of a sudden change in state.

Rise Time - the time required for a signal to
rise from 10% of its final value to 90%
of its final value.

Slew Speed (Encoders) - the maximum
velocity at which an encoder will be re-
quired to perform.

Speed Regulation - for a speed control sys-
tem, speed regulation is the variation in
actual speed expressed as a percentage of
set speed.

Speed Regulation Constant - the slope of
the motor speed-torque characteristic.
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Symmetry - the relative duty cycles of the
“1"" and "0” states of a square wave.
Equal duty cycles would be said to have
“560/50"" symmetry.

System Order - the degree of the system
characteristic equation.

System Stiffness - a measure of system
accuracy when subjected to disturbance
signals.

System Type - is given by the number of
poles located at the origin of the loop gain
characteristic in the complex plane.

Torque Ripple - the cyclical variation of
generated torque at a frequency given by
the product of motor angular velocity and
number of commutator segments.

Transfer Function - the ratio of the Laplace
transforms of system output signal and sys-
tem input signal.

TTL - Transistor-Transistor Logic or T2L.

“U” Scan - a parallel reading method for
preventing ambiguity in the readout of
polystrophic codes at the code position
transition.

“V” Scan - a serial reading method for
preventing ambiguity in the readout of
polystrophic codes at the code position
transitions.

Zero - a term of root locus plotting for the
frequency(-ies) at which system gain goes
to zero.



1.2. SYMBOLS FOR QUANTITIES AND THEIR UNITS

quantity unit symbol
symbol definition ] British
a linear acceleration a = % m/s2 in/s2
A gain — -
Ags gain expressed in dB — —
AC alternating current
B magnetic flux density T line/in2
C capacitance F F
cw clockwise rotation
ccw counterclockwise rotation
TD
D viscous damping factor D = ™ Nm/rad s~ oz-in/rad s~
dB decibel - -
DC direct current
e (2.71828) base of natural logarithms - -
E internal voltage (emf) Vv \Y
Eg internally generated voltage (counter emf) Y, Y
Eg =Kg 'n
f frequency Hz Hz, c/s, cps
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quantity unit svmbL

symbol definition Sl British
f(t) real function of time
f(s) Laplace transform of f(t)
F force N oz, Ib
F¢ friction force N oz, Ib
g (9.80665 m/s2 or 386.09 in/s?) standard m/s2 in/s2

gravitational acceleration
G,,(s) | motor transfer function
H magnetic field intensity (magnetizing force) A/m A-turn/in
i(t) current (instantaneous value) A A
| current A A
Ia armature current A A
Iad maximum armature pulse current to avoid A A
demagnetization

Lo armature current at no load A A
lpk peak current A A
j ( v/-1) imaginary operator — _
J moment of inertia kg m? 0z-in-s2
J capstan moment of inertia kg m? 0z-in-s2
Ju load moment of inertia kg m2 o0z-in-s2
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quantity

unit symbol

symbol definition S British
Jn armature (rotating part of motor) moment kg m2 0z-in-s2
of inertia
Kp damping constant (not equal to D) Nm/krpm oz-in/krpm
- 1
D~ R,
Ke voltage constant V/krpm, V/krpm,
V/rad s—1 V/rads—1
Km motor constant Nm/W oz-in/W
K¢ torque constant Nm/A oz-in/A
| length m in
L inductance H H
L, armature inductance H H
m mass kg 02-82/ in
n rotational speed, shaft speed r/min, rpm, krpm
rpm, krpm
n, shaft speed at no load r/min, rpm, krpm
rpm, krpm
A
nO - KE
N a) gear ratio (coupling ratio) - -
b) number of coil turns - -
P a) number of poles - -
b) pole of transfer function g1 s~
P a) power w w
b) lead screw pitch mm turns/in
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guantity unit symbo! -
symbol definition Si British
P; input power w w
PL power loss PL = Pi - Po W w
Py output power w W, hp
P111 thermal flux W w
PM permanent magnet
T 2
PR power rate PR = :s kg m2s—4 oz-in/s?
a
r radius m in
R a) resistance Q Q
b) motor terminal resistance R =R, + R, Q Q
R, armature winding resistance Q Q
Ry brush resistance Q Q
. R = R i
R speed regulation constant m= K—ET{} krpm/Nm krpm/oz-in
Ren thermal resistance oc/w oc/w
s Laplace operator s =0 + jw s~ 1 s 1
Si international system of units (metric system)
t time s s
t; time interval S s
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quantity unit symbol
symbol definition Sl British

tf fall time s s
t, rise time S s
t settling time s s
tg (1.697 ) theoretical reversing time - time s s

interval from full speed in one direction to

63.2% of full speed in reverse direction, when

motor supply voltage is stepwise reversed
T torque Nm oz-in, Ib-in
T, accelerating torque Nm 0z-in
Tp damping torque Tp =D - w Nm oz-in
T; internal friction torque Nm oz-in
Tg internally generated torque

T9=T0 +T+Tp Nm oz-in
Tgs internally generated torque at stall Nm 0z-in

Tgs = Tos + Tf

T load torque Nm oz-in
TR rated load torque Nm oz-in
Ta motor opposing torque.

T,=Tt Tp Nm oz-in
T, motor output torque

To=Ty-T¢-Tp =T +T, Nm 0z-in




quantity unit symbol
symbol definition Sl British

T motor output torque at stall

Tos= ng— T Nm 0z-in
T ok peak torque Tpk = KTIpk Nm oz-in

. . dx .
v linear velocity v = 4+ m/s in/s
v(t) voltage (instantaneous value) \Y Y
\Y a) voltage \ Y,

b) motor terminal voltage \% \%
V.4 maximum terminal voltage a motor can with-

stand at stall to avoid demagnetization Y \Y,

Vad = Iad R
vV, voltage drop across brushes \% \Y;
Vpk peak voltage \% \%
V, ripple voltage \' \
Vg supply voltage \Y Vv
w weight kg oz, lb
(mass)

w energy (work) J Ib-ft
X linear displacement m in
X,Y,Z rectangular coordinates m in
X reactance Q Q
z zero of transfer function s—1 s—1
4 impedance Q Q
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quantity unit symbol
symbol definition Sl British
. _dw 2 2
a angular acceleration a = TS rad/s rad/s
an maximum theoretical acceleration from stall rad/s2 rad/s?
L. Kyl ok— T
m Ja
€ permittivity (dielectrical constant) F/m
€ =€, €, in Sl system
€ (8.85416 x 1012 F/m) permittivity of vacuum | F/m
€, relative permittivity - -
¢ damping ratio - -
n efficiency —, % —, %
0 angular displacement rad,®, r rad, ©, r
e) temperature Oc, K Oc, °F
0, armature temperature ©, =@, + 0, oc oc
On ambient temperature oc °c, °F
0, case temperature oc oc
0, motor housing temperature oc oc
e, temperature rise | OC oc
n permeability H/m line/A-tu rn~inw
M=, Mg in Sl system
Mo (1.25664 x 10°® H/m) permeability of vacuum H/m
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unit symbol

quantity :
symbol definition SI British
My relative permeability — —
P density of material kg/m3 oz(mass)/in3
o real part of s 51 s—1
T time constant s S
Te electrical time constant s s
Tm mechanical time constant s s
Tth thermal time constant s s
© phase angle rad, © rad, ©
¢ magnetic flux Wb line
Y temperature coefficient of resistance 1/°C 1/°C
¥, = 0.00415 (aluminum)
Y, = 0.00393 (copper)
w a) angular velocity w = % rad/s rad/s
b) angular frequency s—1 s~ 1
c) imaginary part of s s—1 s—1
o angular degree - -
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1.3. SYSTEMS OF UNITS

The U.S.A. has been a member nation of
the Metric Convention since 1875, but
until recently, except for sporadic use of
metric units in science and part of industry,
the United States was the only industrial-
ized nation which has not established a
national policy committing itself to the use
of metric system.

Since 1972, however, the situation has
dramatically changed. The Senate Com-
merce Committee passed legislation which
will convert the United States to the use
of international system (SI) of metric
measurement. The bill does not establish
a mandatory date for the change, but does
set the conversion to the metric system
within ten years as a national goal.

Finally, the Metric Conversion Act became
a Public Law 94-168 on December 23, 1975.

The editors felt the necessity to update the
handbook also in this respect. Therefore,
the Appendix A.1. introduces a compre-
hensive description of Sl system and
explaines its basic philosophy.

Further, all equations in the book are pre-
sented in Sl units and, where necessary, in
British units at the same time. Finally, the
reader can find exact conversion factors
between Sl and British units in Appendix
A.2.

The British system of units is used in this
book in its technical form, briefly explained
in Appendix A.2. Therefore, the units 0z
and /b throughout the book are units of
force unless otherwise specified.

To help the reader keep both Sl and British
units in order, all important equations in
the book are provided with a listing of
units to be used. The following example:

P=Tw [W;Nm, rad/s]

shows that this equation is correct only if
the torque is expressed in newtonmetres,
angular velocity in radians per second, and
power in watts. If other units are used, a
conversion factor must be introduced.






Chapter 2
DC Motors and Generators

2.1. BASIC THEORY
HISTORICAL BACKGROUND

The direct current (DC) motor is one of the
first machines devised to convert electrical
power into mechanical power. Its origin
can be traced to disc-type machines con-
ceived and tested by Michael Faraday, the
experimenter who formulated the funda-
mental concepts of electromagnetism.

Faraday’s primitive design was quickly im-
proved upon; and many DC machines were
built in the 1880’s when DC was the princi-
pal form of electric power generation. With
the advent of 60 Hz AC as the electric
power standard in the United States and
50 Hz in Europe, and invention of the in-
duction motor with its lower manufacturing
costs, the DC machine became less impor-
tant. In recent years, the use of DC ma-
chines has become almost exclusively asso-
ciated with applications where the unique
characteristics of the DC motor (e.g., high
starting torque for traction motor applica-
tion) justify its cost, or where portable
equipment must be run from a DC (or
battery) power supply.

The ease with which the DC motor lends
itself to speed control has long been recog-
nized. Compatibility with the new thyristor
(SCR) and transistor amplifiers, plus better
performance due to the availability of new

improved materials in magnets, brushes and
epoxies, has also revitalized interest in DC
machines. The need for new high-perfor-
mance motors with highly sophisticated
capabilities has produced a superabundance
of new shapes and sizes quite unlike DC
machines of 10 years ago.

CONCEPT OF TORQUE AND POWER

An understanding of electro-mechanical
energy conversion, as exemplified by a
motor, is based upon acquaintance with
several fundamental concepts from the field
of mechanics.

The first concept is that of torque. If a
force is applied to a lever which is free to
pivot about a fixed point, the lever, unless
restrained, will rotate. The motive action
for this rotation, termed torque, is defined
as the product of force and the perpen-
dicular distance from the pivot to the force
vector. This concept is illustrated in Fig.
2.1.1.

Referring to Fig. 2.1.1, it can be seen that
by applying this definition we can write an
equation for torque (T) so that:

T=F-r [Nm; N, m] (2.1.1)
or [oz-in;oz,in]
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force(F)

pivot point

l |

Fig. 2.1.1 Applying a force F to a lever with
radius r will produce a torque equal to Fr at the
pivot point.

If several forces of different magnitudes are
applied at different points along the lever, a
resultant torque can be calculated. A
counterclockwise torque direction will be
adopted as the positive one, clockwise will
be negative, and resultant torque will then
be the sum of all the torques applied to the
lever with the appropriate plus or minus
signs assigned to each of the F; - r; products.
Then if we look at Fig. 2.1.2, the resultant
torque can be written as:

T=2 (Fr) (2.1.2)

This definition of torque, while elementary,
nevertheless correctly describes the turning
moment which can be observed at the out-
put shaft of an electric motor at stall. The
measurable shaft output torque is the re-
sultant one that occurs after the various
negative torques (bearing and brush friction
torque, gear friction torque, etc.) are sub-
tracted from the developed electromagnetic
torque.

2-2

Fig. 2.1.2. The resultant torque of several applied
forces at various radii is the sum of all torques
applied with appropriate plus and minus signs.

Having established the concept of torque
it is then necessary to develop an under-
standing of power which is defined as the
rate at which work is done or energy is
expended.

Work (or energy) can be also defined in
terms of torque acting through a given dis-
placement. |f a torque T acts through an
angle 6, as shown in Fig. 2.1.3, the work
performed will be:

W=T-0 [J; Nm, rad] (2.1.4)
or [oz-in;0z-in, rad]

If the above work W is performed in the
time interval t, we can describe the power
expended as:

W T 9 (wNmrads] (2,15

P=—
t t



Fig. 2.1.3. Work, defined as a torque acting
through a given angular displacement.

LAW OF ELECTROMAGNETIC INDUCTION

If a current-carrying conductor is placed in
a magnetic field, a force will act upon it.
The magnitude of this force is a function
of the magnetic flux density, B, the current,
I, and the orientation of the field and current
vectors. Referring to Fig. 2.1.4, the force
acting upon the conductor can be written
as:

——Magnetic field

/—-Conducmr
s /\

Fig. 2.1.4. A current-carrying conductor in a mag-
netic field experiences a force acting upon it.

F=BLI [N; T, m, Al (2.1.6)
where L is the length of the conductor.

The direction in which force on a conduc-
tor will act is a function of the direction
of current and magnetic field vectors.

Vector notation is a convenient means of
including the directional information in an
expression for force. If the conductor is
considered to be of unit length, electro
magnetic force can be written as the cross
product of two vectors:

F=1xB (2.1.7)
or

[F| = |1] [B| sin 0 (2.1.8)

Since two vectors, B and |, will determine
aplane, their vector product will be a vector,
perpendicular to the plane, and will be pro-
portional to the sine of the angle between
them. This is shown in Fig. 2.1.5. The
analogy of the “‘screw’’ can also be used to
determine the direction. The force vector
will point in the direction that a right hand
screw advances when its head is rotated from
the current vector, |, towards the magnetic
flux density vector, B.

The exact opposite effect on the foregoing
discussion is also observed: if a conductor
was moved through a magnetic field, an
electric voltage appeared (or was generated)
across the conductor.



1
Fig. 2.1.5. The direction of the force on a current
carrying conductor is perpendicular to the plane
determined by the current and field vectors.

The magnitude of this generated voltage,
E, was found to depend upon magnetic
flux density, B, length of conductor;L,
and speed of the conductor, v, as it moved
through the field. An expression for the
generated voltage is:

E =BLv [V;T,m,m/s] (2.1.9)

It occured to Faraday that the best way to
obtain a useful function from the electro-
magnetic effect was to make the conductors
a part of a rotational body by fixing them
to a shaft which could turn continuously
through a magnetic field. The problem of
introducing current (motor action) or pick-
ing off a voltage (generator action) was
solved by the use of sliding contacts called
brushes. The type of machine built by
Faraday (Fig. 2.1.6) would today be called
a homo-polar (single pole) machine, and
with other design improvements is used to
provide large currents at low voltages.

24
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Conductive disc

49 contacts

Fig. 2.1.6. An example of the type of machine
built by Faraday in the 1880’s would be this single
pole, or homo-polar machine as it would be called
today.

A rudimentary DC motor can be seen to be
comprised of three main parts: current-
carrying conductors called an armature; a
circuit for magnetic field to provide the
means for energy conversion, which can be
provided either by permanent magnets or
by electromagnets (for the ‘“wound-field”
motors); some type of sliding contact
arrangement for introducing current to
moving conductors (usually carbon brushes
and commutator).

MAGNETIC CIRCUIT PRINCIPLES

Since electric motor design is based upon
the placement of conductors in magnetic
field, a discussion of magnetic circuit prin-
ciples will help understand motor action.



Magnetomotive Force (mmf)

If a conductor were wound into a coil with
many turns, the magnetic contribution of
each individual turn would add to the mag-
netic field intensity which exists in the
space enclosed by the coil. In this way,
extremely strong magnetic fields can be
developed. The force which acts to push
the magnetic flux through a space is called
variously magnetomotance, magnetomotive
force, or simply mmf. The unit of mmfis
A-turn and its dimension is [A]. Thus,
coils with 10 turns and 2 A, or 5 turns and
4 A will each develop a magnetomotance of
20 A-turn.

Magnetic Flux (®)

The term magnetic flux is used to describe
“how much magnetism’’ there isin the space
around a coil or permanent magnet, or in
the air gap of a motor. The unit of mag-
netic flux is the /ine (or 1 kilo-line = 103
lines) in the British system or the weber
in the S| system. One weber is equal to
108 lines.

Magnetic Flux Density (B)

Magnetic flux density is a measure of con-
centration of magnetic flux in an area. Itis
defined as the ratio of total flux to the
given area and is specified in terms of /ines
per square inch in the British system. The
S| unit for magnetic flux density is the
tesla and is equal to one weber per square
meter.

Permeability (u)

Permeability is the degree to which a me-
dium will support a magnetic field, also
stated as the ease with which flux will
penetrate a medium. The unit of perme-
ability is /ine per A-turn/in in the British
system. In the Sl system the permeabiltiy
is given as the product

M= g Ky

where u, is the permeability of vacuum
[H/m] and u, is the relative permeability.
The relative permeability is used to describe
the ability of different materials to support
magnetic fields. Vacuum or air has a
relative permeability of one, while ferro-
magnetic materials such as cold-rolled steel
will have a relative permeability of several
hundred. This means that for a given value
of mmf, a magnetic circuit which contains
iron may have several hundred times the
flux of one constructed with non-ferrous
materials. This is the reason most motors
are built with steel materials.

Magnetic Field Intensity (H)

‘ Viagnetic field intensity has the properties

of a gradient and gives an indication of how
ammf is used up around a magnetic circuit.
The unit of magnetic field intensity is
A-turn/in in the British system and A/m in
the Sl system.

This discussion of electromagnetism is por-
trayed in Fig. 2.1.7a and 2.1.7b. In Fig.
2.1.7a a coil of N turns is excited by the
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Fig. 2.1.7a. With air surrounding N turns of wire,
the magnetic flux is (1)1

current I. The resultant flux is ;. If the
same coil is now placed around an iron core
with relative permeability u,, as shown in
Fig. 2.1.7b, the magnetic field conditions
will change greatly, with flux increasing to
@, = uPyq.

WORKING EQUATIONS FOR VOLTAGE
AND TORQUE

Voltage

Using the laws outlined previously useful
expressions can be derived to describe such
machine characteristics as torque and gen-
erated voltage in terms of design parameters
(e.g., number of conductors, magnet size,
etc.). We will first derive an expression for
generated voltage using the equation E = Blv
(the voltage generated in a single conductor)
as a starting point.

Velocity v of an armature conductor can
be rewritten as:
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Fig. 2.1.7b. If N turns of wire are placed around
an iron core with relative permeability M the
magnetic flux is increased‘;.tr - times.

V=rw [m/s; m, rad/s] (2.1.10)

where « is angular velocity, and r is radius
of rotation.

The magnetic flux density B can be re-
written in terms of pole flux and area:

|e~

B == [T Wb, m2] (2.1.11)
L
A = 21;: mZ; m, m, =] (2.1.12)
where

r isthe radius of rotation of the armature
L is the length of the conductor

p is the number of poles.

Then, the generated voltage per conductor
will be:

E = Ppw

[V;Wb, —, rad/s] (2.1.13)
2T



If there are many conductors (z) moving
through the field, their cumulative effect
will be z-times the above voltage.

{((}]

E=22PY v Wb, — rad/s] (2.1.14)
27

or
$pn

E=26: [V:— Wb, — rpm] (2.1.15)

Finally, if we introduce the factor n’, the
number of parallel conductor paths in the
armature, the average generated voltage will
be:

zop n [V; Wb, rpm] (2.1.16)
| 60’

in the Sl system, or

E= _ﬂip__]n [V; lines, rpm]

60-108n’

(2.1.17)

in the British system.

The quantity enclosed in brackets in (2.1.16)
and (2.1.17) will be a design constant and is
commonly called the voltage constant, KE,
of the motor. It is an important motor (or
generator) characteristic since it will deter-
mine the speed of the motor at a given
value of applied voltage. Using the new
motor parameter the voltage equation be-
comes:

[V; V/krpm, krpm]
(2.1.18)

Eg = KEn

Torque

The basic equation for torque is derived
from the equation for force (F =BLI) ina
manner similar to that used in obtaining
the voltage equation. After the appropriate
substitutions are made, we obtain the fol-
lowing expression for torque:

T=|Z22 0 (Nmiwb Al (2.1.19)
27n’

If it is desired to express the torque and
magnetic flux in British units, a conversion
factor must be introduced and (2.1.19) then
becomes:

®
T= [2.254 x 10~7 -Z—;P-] I (2.1.20)

[oz—in; lines, A]

The quantity in brackets in (2.1.19) and
(2.1.20) will also be a constant for a given
motor design and is called the torque con-
stant, Ky, of the motor. Substituting, the
torque equation becomes:

T=K;l [Nm; Nm/A, A] (2.1.21)
or

[oz—in; 0z—in/A, Al

If the torque and voltage equation are each
solved for a common factor, the pole flux,
&, and the results equated, we obtain other
useful relationships:

Ky=Kg  [Nm/A;V/rads] (2.1.22)
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Ky =9.5493 x 1073 K (2.1.23)
[Nm/A; V/krpm]
Ky = 1.3524 K¢ (2.1.24)
[oz—in/A; V/krpm]
COMMUTATION

A practical machine based upon the prin-
ciples discussed earlier, for maximum per-
formance and minimum cost, must get many
conductors into the magnetic field existing
around its armature. This allows the cumu-
lative effect of many conductors to add to
the output torque and/or voltage character-
istic of the machine. A practical machine
will therefore have the entire armature sur-
face covered with conductors. Or, as in
the case with conventionally constructed
motors, the conductors are placed in deep
slots of an iron laminated rotor structure.
In either case, there are many conductors
enveloping the entire periphery of the rotor
structure. This multiplicity of conductors
leads to another constructional feature of
the motor: the commutator.

Recalling the vector diagram of Fig. 2.1.5,
it was seen that in order to have the force
vector F remain constant in magnitude and
direction, it is necessary to have the vectors
B and | remain fixed in space with respect
to each other. This condition is not met
if direction of current through the con-
ductors were to remain as the rotor turns
on its axis of rotation. In Fig. 2.1.8, current
flowing into the paper is indicated by a
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Resultant field of
armature current

Fig. 2.1.8. By means of a commutator switching
current in the rotor, the vector of resultant electro-
magnetic field remains fixed in space.

circled x, while current flow out of the
paper is indicated by a circled dot. The
rotor member shown in Fig. 2.1.8 has six
full pitch coils equally spaced around its
periphery.

As the rotor turns, the resultant electro-
magnetic field will rotate with it unless
some provision is made to switch the direc-
tion of current in individual coils as they
pass a fixed point in space. This switching
is accomplished by means of a commutator.
The most commonly used commutator is a
cylinder, consisting of segments of conduc-
tive material (usually copper) interspersed
with, and insulated from one another, by
an insulating material, as shown in Fig.
2.1.9.



Conductive material

Insulating material

Fig. 2.1.9. The end view of a commutator showing
the interspersing of conductive and insulating
materials.

1—

Fig. 2.1.10. A representation of current flow
through a motor armature.

The machine conductors (which constitute
the armature) are connected in sequence to
segments of the commutator. The con-
nection of the coils to the commutator is
shown symbolically in Fig. 2.1.10.

Current flow is in at brush A and out at
brush B. The small radially oriented arrows
show current direction in the individual
coil sides. If the rotation is clockwise, it
can be seen that 1/6 of a revolution after
the instant shown, the current in coils

3-3' and 6-6" will have changed directions.
As successive commutator segments pass
under the brushes, their current directions
will also change. As a result of this switch-
ing (commutation), current flow. in the
armature occupies a fixed position in space
independent of rotation and a steady uni-
directional torque will result.

Referring again to Fig. 2.1.10, it can be
seen that at an instant of time, each of the
brushes may be contacting two adjacent
commutator segments. At this condition
the coil connected to those two segments
will be “shorted’ through the brush. The
result is a short circuit current through the
coil. In some cases this short circuit current
can produce undesirable vibration.

By action of the commutator, the wound
armature of the DC motor can be regarded,
as shown in Fig. 2.1.11, as a wound core
with an axis of magnetization fixed in space.

The axis of magnetization is determined by
the position of the brushes and for this
reason is also called the brush axis. In order
for a motor to be bidirectional, i.e., have
equal characteristics for both directions of
rotation, the brush axis must be at an angle
of 90 electrical degrees with the main field,
in a position called the neutral position or
neutral axis. Most DC motors are built so
that the structure holding the brushes can
be rotated over a limited range. Then after
the motor is assembled, the brush axis can
be adjusted to the neutral position by actual
observance of machine characteristics. If a
machine is not required to function in a bi-
directional role, it is possible to move the

29



brush axis sightly off the neutral position

Main field

CCW torque

Axis of magnetization
determined by position
of brushes

Fig. 2.1.11. The brush axis, or neutral axis of a
motor is determined by the position of the brushes.
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so that commutation is optimum for one
I I ‘ ’ direction of rotation.
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2.2. MOTOR COMPARISON

There are two large families of DC motors,
the integral horsepower types having power
ratings of one horsepower or more, and the
fractional horsepower motors, with power
ratings of less than one horsepower. For
the purposes of this manual, we will confine
our considerations to the latter classifica-
tion.

Fractional horsepower DC motors can be
subdivided into types based on the type of
motor magnetic field employed (permanent
magnet, or wound in straight series, split
series, shunt, compound), with further de-
lineation based on duty cycle (continuous
or intermittent), cooling method or enclo-
sure (fan-cooled, no cooling, closed frame,
open frame), and by hot-spot temperature
(the hottest part of the motor insulation).

GENERAL DESCRIPTION

The class of fractional horsepower DC mo-
tors which utilize electromagnets to gener-
ate the stator magnetic field are called
wound-field motors. The electromagnets
can be energized individually or in conjunc-
tion with the armature. When the electro-
magnets are energized in conjunction with
the armature, the motors are known as
self-excited motors. Various configurations
of electromagnet windings for the self-
excited motors are possible, such as: series,
shunt, or compound.

The class of fractional horsepower DC mo-
tors which utilize permanent magnets differs

from wound-field types in that no external
power is required in the stator structure.
These various motors are described and
compared below.

Wound-Field Motors

Straight-series motors provide very large
torque at start-up due to their use of coils
in series with the armature to produce the
stator magnetic flux. Because the field
winding carries the full armature current,
it consists of a few turns of heavy gage wire.
As motor speed increases, current reduces
and so does the stator magnetic flux. This
in turn causes another increase in the motor
speed. Under no-load conditions this type
of motor could theoretically run away be-
cause of the steep speed curve, but internal
friction and losses in the windings provide
sufficient load to hold motor speed within
safe operating limits.

The straight-series motor is usually em-
ployed where large starting torques are
required. A typical straight-series motor is
shown in Fig. 2.2.1, along with its speed-
torque curve.

Split-series motors are quite similar to
straight-series motors, except that they have
two field coils, oppositely connected. This
feature accommodates applications where
rapid polarity switching is desired for rapid
changes of direction. A representative
application for motors of this type is their
use in aircraft actuators. A typical split-
series motor is shown in Fig. 2.2.2.

Shunt motors have armature and field coils
connected in parallel. Line current in the
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Field winding

Speed

Current

Current, Speed —»

Torque ——»»
Fig. 2.2.1. Straight-series motor.

armature is a function of the load configura-
tion. The shunt motor has in the past
been popular for both fixed speed and

CCW Field winding
—_—

CW Field winding

Speed

Current,Speed —>»

Current

Torque —»
Fig. 2.2.2. Split-series motor.
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%Fneld winding

Speed

Torque ——»

Current, Speed—»>

Fig. 2.2.3. Typical shunt motor.

variable speed applications. The torqgue-
speed characteristics are non-linear at higher
current levels, as shown in Fig. 2.2.3.

Compound motors have both series and
shunt field windings. When the series
winding aids the shunt winding, the motor
istermed a ““cumulative compound’’ motor,
and when the series winding opposes the
shunt winding, the motor is termed a
"differential compound’’ motor. In general,
small compound motors have a strong shunt

field and a weak series field to help start
the motor.

The compound motor exhibits high starting
torque and relatively flat speed-torque char-
acteristic at rated load. In reversing appli-
cations, the polarity of both fields, or of



the armature, must be switched. Because
rather complex circuits are required for
control, most compound motors built are
large bidirectional types. A typical com-
pound motor is shown in Fig. 2.2.4.

Series field winding

Shunt field
winding

Speed

Current

Current,Speed —»

Torque —»»

Fig. 2.2.4. Typical compound motor.

Permanent Magnet Motors

Since the stator magnetic field of Permanent
Magnet (PM) motors is generated by per-
manent magnets, no power is used in the
field structure. The stator magnetic flux
remains essentially constant at all levels of
armature current and, therefore, the speed-
torque curve of the PM motor is linear over
an extended range (see Fig. 2.2.5). With

T Speed

©

[}

[0

Q

n

. Current
|

L

3

O

Torque———»

Fig. 2.2.5. Typical permanent magnet motor.

modern ceramic magnets, the stalled torque
will tend to be higher and the speed-torque
curve will tend to be more linear than for a
comparable wound-field motor.

A comparison of a permanent magnet motor
and a shunt motor is shown in Fig. 2.2.6.
Note the non-linear characteristic of the
wound-field motor at higher torque levels.

The reason for the non-linear torque-speed
curve in the case of the shunt motor is that
the armature reaction flux (which always is!
orthogonal to the main stator flux in any
DC motor) tends to follow the low-reluc-
tance path through the pole shoe, and at
higher current levels causes a net effect of
an angular shift in pole location and a lower
effective flux level. This is illustrated in
Fig. 2.2.7.
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PM MOTOR
2 High coercive
;);’ strength of magnet
resists armature
reaction effects
Torque

SHUNT MOTOR

Stator magnetic flux
weakens due to
armature reaction

Torque

Speed

Fig. 2.2.6. Stalled torque tends to be higher, and
speed-torque curves more linear for the permanent
magnet motors, compared to a shunt motor.

In the case of the ceramic permanent mag-
net (Fig. 2.2.8.), the armature reaction flux
stays orthogonal to the permanent magnet
flux, since the permeability of ceramic

Gpposing

— Shunt field
winding flux

Aiding flux
Armature reaction
flux tends to follow

low reluctance path
through pole shoe

Fig. 2.2.7. Demagnetization effect in wound-field
motors is caused by a component of the armature
reaction field.
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Permanent magnet
Stator flux

Armature
“\ reaction
W\ flux

permanent magnet motor, it is virtually insensitive
to demagnetization effects.

magnet material is very low (almost equal
to that of air). In addition, the high
coercive force of the magnet material resists
any change in flux whenever the armature
reaction field enters. The result is a linear
torque-speed characteristic.

The PM motor offers several advantages in
addition to those discussed above. Perhaps
the most obvious advantage is that electrical
power need not be supplied to generate the
stator magnetic flux. Since the conversion
of electrical power to mechanical power
takes place in the armature winding, the
power supplied to the field winding results
mostly in an RIZloss (heat loss) in the
winding itself. The PM motor thus simplifies
power supply requirements, while at the
same time it requires less cooling.

Another benefit of the PM motor is a re-
duced frame size for a given output power.
This characteristic is also portrayed in Figs.
2.2.7 and 2.2.8. Because of the high
coercive strength of permanent magnets,



their radial dimension is typically one-
fourth that of the wound-field motor for a
given air gap.
The significant advantages of PM motors
over wound-field types are summarized as
follows:

1. Linear torque-speed characteristic.

2. High stall (accelerating) torque.

3. No need for electric power to generate
the magnetic flux.

4. A smaller frame and lighter motor for
a given output power. o
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2.3. MOTOR EQUATIONS AND
TRANSFER FUNCTION

This section presents the equations of a DC
motor and the derivation of its transfer
function. It is assumed that the reader is
familiar with the Laplace transformation
and with the concept of the transfer func-
tion. Readers who wish to review this
material are directed to the first section of
Chapter 4. For simplicity in notations, the
Laplace transform of a time variable is
denoted by the same letter, followed by the
.argument s. For example, the Laplace
transform of x(t) is x(s).

The description of motor equations starts
with the relationships between electrical
variables. These are known as the electrical
equations.

2.3.1. ELECTRICAL EQUATIONS

The first characteristic to be considered is
the motor impedance. The best way to
determine this is by direct measurements.
Locking the motor shaft at fixed position,
and applying sinusoidal voltage at varying
frequencies, one can measure the resulting
current and evaluate the impedance as the
ratio of the voltage to the current.

When this is done, it appears that the motor
impedance at stall is equal to a resistance,
R, in series with a parallel combination of
an inductance, La, and another resistance,
RL. When the motor rotates, the armature
coils move in the stator magnetic field. The
induced emf appears across the armature
terminals as internally generated voltage
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(counter emf), Eg. Therefore, the equivalent
electric circuit of the motor is the imped-
ance at stall, connected in series to a voltage
source, Eg. This equivalent circuit is shown
in Fig. 2.3.1. The physical explanation for

- R 000000

e

Fig. 2.3.1. Motor equivalent circuit.

this model is that R, represents the losses
in the magnetic circuit. This model was
found to be accurate for the motor. How-
ever, the resistance RL is usually larger
than R (typically, about 5-10 times), and
hence, the effect of R on the motor
operation is insignificant. Therefore, it is
possible to ignore this resistance in most
practical applications, and approximate the
motor equivalent circuit by R, L, and Eg.
This assumption will be made throughout
the book. However, in moving coil motors,
the resistance R affects the measurement
of the inductance L,, and must be con-
sidered. Let the motor voltage and current
be V and I, respectively. The relation
between these variables is given by

dl

a
V=L, Et_+R|a+E9 (2.3.1)

where Eg, the internally generated voltage,
is proportional to the motor velocity, w.

E, = Kgw (2.3.2)

The above equations can be combined into



di

a
V=L, =% +RI, +Kgo (2.3.3)

Equation (2.3.3) is known as the electrical
equation of the motor.

2.3.2. DYNAMIC EQUATIONS

Since the magnetic field in the motor is
constant, the current produces a propor-
tional torque

I (2.3.4)

Let us denote the moment of inertia of the
motor by Jm, and let Tf represent the con-
stant friction torque in the motor. Also,
denote all the viscous friction torques and
other torques which are proportional to
the velocity by Dw. Then, the opposing
torque in the motor, Tm, is given by

T,=T¢ *Dw (2.3.5)
Now assume that the motor is coupled to a
load. Denote the load moment of inertia
by J, and the load opposing torque by
TL' The relation between the torques and
velocity is the following:

dw
T,=W +JL)-a- +Dw+ T+ T,
(2.3.6)

Equation (2.3.6) is the dynamic equation
of the motor, and along with (2.3.3) and
(2.3.4), it describes the relations between
the electrical and mechanical variables. Note
that equation (2.3.6) is based on a tacit

assumption that motor velocity is the same
as that of the load. While this assumption
holds in most cases, for high-performance
servo systems one has to investigate the
case where the deflections of the motor
shaft and other elastic parts lead to torsional
resonance. The following discussion of the
transfer function is based on the equal
velocity assumption, and section 2.3.4. de-
scribes the torsional resonance.

2.3.3. MOTOR TRANSFER FUNCTION

Equation (2.3.3), (2.3.4), and (2.3.6) pro-
vide a model for the motor which describes
the relation between its variables. However,
when the motor is used as a component in
a system, it is desired to describe it by the
appropriate transfer function between the
motor voltage and its velocity. For this
purpose we can assume that T, = 0 and
T, = 0, since neither affects the transfer
function. If we now apply the Laplace
transformation to the motor equations, we
get:

V(s) = (sL, + R) I (s) + Kgwols) (2.3.7)
Ty(s) = Kyl (s) (2.3.8)
Tyls) = (U, +J) swls) + Dwls) (2.3.9)

Let us define the total moment of inertia,
J, by
J=J, tJ. (2.3.10)

Now combine (2.3.8) with (2.3.9) to obtain
an expression for the current:
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I,(s) = 1 (sJ + D) wls) (2.3.11)

Ky

Next, combine (2.3.11) with (2.3.7) to
form

Vis) = ~K-1T— (sL,+R) (sJ + D) ols) +

+ Kgwl(s) (2.3.12)

and the corresponding transfer function is

wls)

G, (s) = Vis)
Ky

(sL, + R) (sJ + D) + KgKy

(2.3.13)

The transfer function has two poles, which,
in all practical cases, are negative and real.
Therefore, it may be written as

1/Kg

Cm ) = G 1) (s, + 1)

_ % 1
JL, (s—py) (5—py)

(2.3.14)

74 and 7, are the time constants, whereas
p; and p, are the poles of the transfer
function. The poles are the roots of the
characteristic equation

s?L J+s(L,D+RJ)+RD+K Ky =0
(2.3.15)
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The time constants are related to the poles
by

1 1
= — — To=—=— (2.3.16
" Pq 2 Py )

Clearly, the time constants 7, and 7, are
functions of all the motor parameters.

In the case where some of the parameters
are negligible, the transfer function may be
simplified considerably. For example, the
following discussion considers a common
case where the damping factor, D, is negli-
gible and the inductance, L, is small.

Low Inductance and No Damping
If we assume that the motor damping factor

iszero, D = 0, the transfer function (2.3.13)
becomes

Ky

G, (s = L8
™V 2 g+sRI+ KKy
(2.3.17)

The poles in this case are the roots of
2 : =

These are

~RJ t{ (RIZ—-4 L IKgKy
P1,2 2L

(2.3.19)



In all practical motors the inductance, La,
is small so that

2,2
R2J2 — 4L,J KgK; >0 (2.3.20)

and therefore the two poles are negative
real. They are defined as

—RJ +\/(RJ)2 —4L, KKy
P17 2L,

(2.3.21)

and

—RJ — \/ (RNZ—4L, JK K
2L,4

Py =
(2.3.22)

When the inductance La is much smaller
R2y
KEKT

approximation

than the term one can use the

X
Vi-x =1 -5 (2.3.23)

which is valid for small values of x.

The approximation (2.3.23) gives

2
V(RJ?Z — 4L IK Ky

f J1 AL, KKy
R2J

2L, KoK
RJ (1 —a—E—I) (2.3.24)
R2J

Now, when (2.3.24) is substituted in (2.3.
21) and (2.3.22), it is found that

2L K.K
ET
—RJ+RJ (1 ———"‘——)
R2J
p 1
1 2L,J
—K-K
S | (2.3.25)
RJ
and
2L KK
a ‘ET
—RJ— 1—

o R RJ( RZJ )~—2RJ
2 2L,J 2L,J
- =R (2.3.26)

La

In view of (2.3.25) and (2.3.26), the trans-
fer function can be written as

Ky/L,J
G _(s)= (2.3.27)
T ) )
s+ s+ —
RJ L,
or
1/Kg
G (s) = (2.3.28)
m (s7, + N(sT, +1)
where
Tm = ok [Metric Units] (2.3.29)
ET
104 B [English Units]
T, = nglish Units
m  KgKy
is the mechanical time constant, and
La
T = R (2.3.30)

is the electrical time constant.
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Note, however, that the poles of the trans-
fer function will be negative reciprocals of
T, and 7, only if the two time constants
are sufficiently different, or if

7, > 10, (2.3.31)

However, if the two time constants are
close (as for the Electro-Craft ET-4000
motor), the poles will be functions of the
motor parameters, and equation (2.3.18)
is to be used to determine them.

Furthermore, if the motor inductance is
large enough so that

4L,J KKy > R2)2 (2.3.32)

the two poles of the transfer function be-
come complex. However, this is not the
case for the majority of DC motors.

2.34. TORSIONAL RESONANCE

In the previous discussion of the motor
equation it was assumed that the velocity
of all the parts in the motor-load system is
identical; i.e., the motor and load may be
approximated by a single body. This as-
sumption is not accurate for high-perfor-
mance servo systems, since the mechanical
parts of the system are elastic, and they
deflect under torque. Consequently, the
instantaneous velocities of various parts are
different, and at some frequencies will be
in opposite directions. This condition allows
the system to store a large amount of
mechanical energy, which results in notice-
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able angular vibrations. This phenomenon
is called torsional resonance.

Since many motors are coupled to both an
inertial load and a tachometer, it is reason-
able to approximate this mechanical system
by three solid bodies, coupled by inertia-
less shafts. The approximate system is
shown in Fig. 2.3.2. Let us denote the

Load Motor Tachometer
KDy Jm  \K2.02 Jo
L)
©m CF

Fig. 2.3.2. Three-body model for load-motor-
tachometer system.

moments of inertia and angular positions
of the load, motor, and tachometer by
J1, dy s Jdg, and 64, 0 02, respectively.
Also, denote the stiffness and damping
factors of the equivalent shafts by K, D4
and K,, D,. Note that this model is an
overall approximation and, hence, K; and
D, may be influenced by characteristics of
the motor armature, shaft, coupling, or the
load.

In order to derive the dynamic equations
for this system, let T, and T, be the
torques delivered from the motor to J, and
Jy, respectively. The dynamic equations of
the three bodies are:

Ty=dplp +D0, + T +T, (23.33)

T, =46 (2.3.34)

Ty= Jzéz (2.3.35)



The deflections of the shafts are described
by the following equations:

T, =K, (6,—0,)+D, (6, —0,)(2.3.36)
T, =K, (6,,—0,)+ D, (6, —0,)(2:337)

It may be useful to consider the electrical
analog of this mechanical system. The
analogy between the variables is the fol-
lowing:

A torque Tg is equivalent to a propor-
tional current.

A velocity 0 is equivalent to a propor-
tional voltage.

A moment of inertia J is equivalent to a
proportional capacitance.

A damping factor D is equivalent to re-

Then the electrical circuit analogous to the
three-body mechanical system of Fig. 2.3.2
is shown in Fig. 2.3.3. The analogy may be
helpful in understanding the model. How-
ever, it is not necessary for the derivation of
the equations.

If we substitute (2.3.34) and (2.3.35) for
the torques T, and T,, the dynamic equa-
tions become

Ty = Oy + DO+ 3q65 + 350
(2.3.38)

0, +D6,+K,0,=Dq6_+K 6 _
| (2.3.39)
Jy0,4D,0,+K,0,=Dy0, +K,0,

(2.3.40)
Now consider the electrical equations,

sistance of 1/D. dl, .
V=L, =+ Rl +Kgb,  (2341)
A stiffness factor K is equivalent to in-
ductance of 1/K. Tg = Kql, (2.3.42)
K| Ty 2 Ko
DI 02
TQC*D ::J| D § =L:'Jm ::Jz
® ® —

Fig. 2.3.3. Electrical analogy of three-body mechanical system.
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The above equations describe the behavior
of the system. In order to simplify the
analysis, substitute (2.3.42) in (2.3.38) and
apply the Laplace transformation to all
the equations.

(sL,+R) I,(s) + Kgso,_(s) = V(s)

—Kq 1,(s) +(s2J,, +sD)6, (s) +

+52J104(s) +52J,0,(s) =0
(sD4+K4)6,,(s) —

— (s2J4+sD4+K4)0,(s) = 0
(sD,+K,)6  (s) —

— (s2J,+sD,+K,)0,(s) = 0

(2.3.43)

The system equations (2.3.43) may be
written in matrix form for simplification.
(See Below)

The matrix equation (2.3.44) is a complete
model and includes (2.3.13) as a special
case. Note also that if the mechanical sys-
tem is simple and can be approximated by
two bodies Jm and J1, we can obtain the

corresponding model by crossing the fourth
row and column in the matrix of (2.3.44).

Equation (2.3.44) enables us to derive the
transfer function between the input voltage,
V, and the velocities of the three bodies.
The transfer function of the motor velocity
is given by (2.3.45), whereas (2.3.46) is the
transfer function for either the tachometer
or the load velocity (when subscripts 1 and
2 are interchanged).

s6_(s)
G,,(s) = V"(‘s)

1

= Z [KT(52J1 +SD1 +K1 ) .
(s2d,+sD,+K, )] (2.3.45)
s0., (s)
2

G,(s) = —V(s)

1
= X [KT(32J1 +sD,+K, )(sD2+K2):|
(2.3.46)

where A is the determinant of the matrix in
(2.3.44), divided by s.

-sLa+ R : sKg : 0

Ky : ssz+sD : szJ.l

0 | sDy+Kq | —(32J1+sD1+K1)
_0 : sD,+K, : 0

2-22

0 1,(s) | [VIs)
52J2 6,(s) |0

= (2.3.44)
0 6,(s)| (O
—(s2J,+sD,+K,) | | 6,(s)| |0



A= (sL,+R) [(st+D)(szJ1+sD1 +K,)(s2J,+sD,+K ) +
+sd, (szJ1 +sD,+K; ) (sD,+K,) +
+sd, (sD1+K1)(s2J2 +sD2+K2):| +

+ Kg Ky (s2d;+sD +K, ) (20, 45D, +K,)

(2.3.47)
Using the notations,
R;(s) =s2J, +sD, + K, i=1,2
(2.3.48)
Q;(s) = sD; + K, - i=1,2

The transfer functions may be written as

-1 [KT Ry (s) Rz(s)] (2.3.49)
G,(s) = 'sf/f—s()s)
-2 [KT Ry (s) Qz(s)] (2.3.50)
where

A= (sL+R) [(st+D)R1 Ry*sd, R Q, +5U; Qg Rz] +

+ KgKy RyRy (2.3.51)
Note that the two transfer functions, (2.3.
49) and (2.3.50),have the same poles, but
the zeros may be different. Let us consider
the zeros and the poles of the tachometer
velocity transfer function.

The zeros are the roots of the equation
(s2J; +sD; + Ky)(sD, + K,) =0
(2.3.52)

This equation has one real root and two
complex ones.

K2
2, = —"D—- (2.3.53)
2
and
—D, * j\4K,J; — D?
1 11 1
Zon = (2.3.54)

The poles of the transfer function are the
roots of the characteristic equation,

A=0 (2.3.55)

Since Aisa polynomial of sixth order, there
will be six roots. It would be impossible
to determine the roots exactly, but we can
find reasonable approximations.
Note that at low frequencies we may per-
form the following approximations:

Rils) = K,

Qi(s,) = Ki (2.3.56)
sL, + R =R

Under these conditions equation (2.3.55)
becomes

SR KqKy (0, + dq +d,) +
+RD Ky K, + KgKy K, K, =0 (2.3.57)
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Define J, the total moment of inertia, as
J=J, T4+, (2.3.58)
Then (2.3.57) becomes
(sRJ+ RD + KgK¢) KK, =0 (2.3.59)
and the low frequency pole is

KgKy +RD
Pp= — '—T (2.3.60)
If the motor damping factor, D, is small
and can be ignored, the pole p; becomes

which corresponds to the mechanical time
constant of the motor.

In order to determine the other poles of
the motor transfer function, we assume
that the other poles correspond to fre-
quencies much higher than Pq- This assump-
tion is realistic, especially for moving coil
motors, where the other poles are about
50 times larger than P Thus, assume that
for these poles,

s> - Ipq | = feat® (2.3.62)
I RJ,
It follows that
s| RJ,, > KgKy (2.3.63)

and if we multiply both sides by
R.l(s) Rz(s), it becomes
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SR J,, Ryls) Ryls)| >
> [Kg Ky Ry (s) Ry(s) (2.3.64)

Note, however, that the two terms in
(2.3.64) are parts of A, as given by equation
(2.3.51). This suggests that the term on the
right-hand side is small and, hence, it may
be ignored.

Similarly, we may conclude from (2.3.62)
that

5| > 2 (2.3.65)
RJm
and therefore
IJm s|>D (2.3.66)

Thus, we may approximate the term (st +
D) by sJ,, -

In view of the above simplifications, equa-
tion (2.3.55) becomes

A= s(sLa+R) X

x[Jm RqRy +J, RyQ, + 4, 0132] -0

(2.3.67)
The root at zero represents the low fre-

quency pole, p;. The second pole is the
root of

(sL,+R) = 0 (2.3.68)

or
R
Pp= (2.3.69)



which corresponds to the electrical time
constant of the motor. The remaining four
poles are the roots of the equation

J RyR, +dy RyQ, +J; QR, =0

(2.3.70)
In order to approximate them, assume that
the tachometer moment of inertia, Jz, is
much smaller than that of the motor or the
load. This assumption is reasonable in
most cases. Consequently, we choose to
ignore the term J, R;Q, in equation (2.3.
70). The remaining terms in the equation
are

Ry +4,07) R, =0 (2.3.71)

or, explicitly,
2
[Jm (s2dy+sDy+K,) +

+J, (sD1+K1):“:sZJ2+sD2+K2] =0

Note that one pair of poles is the solution
of

2 =
s2J, + D, + K, = 0 (2.3.72)

and it is determined mostly by the tachom-
eter parameters. Therefore, this pair is
called the tachometer resonance poles:

", 2

P34” 2J,

(2.3.73)

The frequency of the tachometer poles is

K
wr =‘} J—f [rad/s]  (2.3.74)

Similarly, the other pair of poles is the
solution of

s2J Jq+s(d +7)Dg + (4 +J1)K, =0

(2.3.75)

or, if we define the equivalent moment of
inertia, Je, as

J J

m©1

Je = o+,

(2.3.76)

equation (2.3.75) becomes

2 =

The poles are

~D, * j\4K J, — D
P56~ X (2.3.78)

e

and the frequency of the poles is approxi-
mately

K
W = J_1 [rad/s] (2.3.79)

e

Clearly, these poles are formed by the inter-
action between the motor and the load,
and they are called the load resonance poles.
In summary, the transfer function between
the motor voltage and the tachometer ve-
locity has three zeros and six poles.
s0,(s)
G,(s) = -"\%

K; D, (s—z1)(s—zz)(s—23)

" Jdal, (=P (s—po) (s—p3) (s—py) (s—pg) (s—pg)

(2.3.80)
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The first zero, z4, is negative real and the
other two are complex. They are given by
equations (2.3.53) and (2.3.54). On the
other hand, the pole p, is at low frequency
and is caused by the mechanical load. The
second pole, p,, corresponds to the electri-
cal time constant of the motor. The re-
maining poles are two complex pairs, where
the first one is determined mostly by the
tachometer and the other pair is caused by
the motor and the load.

Note that the zero z; and the pole p, are
negative real, and correspond to high fre-
quencies; therefore, their contribution to
the motor transfer function is insignificant
and they may be ignored. Thus, the trans-
fer function may be reduced to the form

592(5)
V(s)
KK, (s—z,)(s—25)
"~ R J, (5=pg)(s—pg) (s—p,) (s—pg) (s—pg)

Gyls) =

(2.3.81)

The transfer function was examined for
several motors, under various load con-
ditions, and was found to be in excellent
agreement with the theoretical analysis
given above. For example, when the Electro-
Craft M-1030 motor with the M-110 ta-
chometer was loaded by an inertial load,
J, = 0.0006 0z-in-s2 (approximately 42.4
gcm2), the following poles and zeros were
measured:

P; = — 20 Hz
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Psg = — 177 + | 4000 Hz
2,3 =+ 2900 Hz

The pole-zero distribution of the transfer
function is shown in Fig. 2.3.4, and the
motor-tachometer frequency response is
shown in Fig. 2.3.5.

Im
X A
X s~-plane
X -—pole 0
0--2zero
X > Re
(0]
X
X

Fig. 2.3.4. Poles and zeros of motor-tachometer
transfer function.

The analysis of the resonance phenomenon
was based on the assumption model of the
three bodies with inertialess shafts, where
the stiffness and damping were constant
for each shaft. However, as the motor
temperature rises due to power dissipation,
the mechanical properties of the armature
and coupling change and, consequently, the
locations of the poles and zeros change



47 kHz T R

(Arm-~tach _ g
resonance) V= ——+ KE(,O (2.3.84)
3.8 kHz K
(Arm-load resonance) T
23 I Equation (2.3.84) shows the relation be-
'_'I% tween the velocity and the generated torque
-20 { at steady state conditions. Fig. 2.3.6 shows
-25 . . . .
-30 | that the equation forms a straight line in
5 \ the speed-torque plane.
:g? l Sp?:d
-55 r
-60
| 10 100 1000 10,000 [Hz}

——» frequency WL

Fig. 2.3.5. Frequency response of motor-tachome-
ter with inertial load.

along with it. In general, the damping and
the shaft compliance tend to increase with
rising temperature, resulting in increase in
the real part of polesand zeros, and decrease
in their imaginary part.

- Torque
Tgs T

Fig. 2.3.6. DC motor speed-torque curve.

If the torque is zero, the no-load velocity

2.3.5. SPEED-TORQUE CURVE wpLs is given by

When a constant voltage, V, is applied to Vv
the motor terminals, the motor shaft will WnL T e (2.3.85)
accelerate according to (2.3.3.) and 2.3.6.)

and attain a final steady state velocity. On the other hand, the generated torque

at stall, Tgs, equals
Under steady state conditions the current
is constant and the motor equations be- VK+
come Tys = - (2.3.86)
V= Rla * KEw (2.3.82) Accordingly, the relation between the speed
and the torque can be expressed by the
Tg = KT |a (2383) equation
When the two equations are combined they w=wy, —R, T (2.3.87)
become 9
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where

R

R = ——oH

(2.3.88)

Rm , the slope constant of the speed-torque
curve, is called the speed regulation con-
stant. For a given motor, we can plot a
family of speed-torque lines that correspond
to various terminal voltages. For example,
if the motor parameters are:

Ky =135 oz-in/A

Kg =10 V/krpm

R =1Q
and the applied voltages are 10, 20, and 30
V, the no-load velocity will be 1000, 2000,
and 3000 rpm, respectively. The complete
family of speed-torque lines is shown in
Fig. 2.3.7.
This family of speed-torque characteristics

used to be important to users of DC motors
in the past, so that they could graphically
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Fig. 2.3.7. Speed-torque curves for terminal volt-
ages of 10, 20, and 30 V.

trace motor speed regulation in response to
load and voltage changes. However, since
the permanent magnet DC motors have
linear characteristics, the designer can cal-
culate all needed information from the
knowledge of the motor most basic param-
eters, namely the Ky, R, J and Ry,,. The
value of R can be calculated from R and
KT, and static and dynamic characteristics
can be derived, as we have just seen in this
chapter. O



2.4. POWER DISSIPATION IN DC
MOTORS

2.4.1.0RIGINS OF POWER DISSIPATION

The DC motor is used to produce mechani-
cal power from electric power, and as such
it may be viewed as an energy converter.
It converts electric power into mechanical
power during acceleration and steady run,
and back to electric form during decelera-
tion. However, the motor is not an ideal
converter, due to the armature resistance
and other losses. Therefore, it has heat
~losses as by-products of the energy conver-
sion. The power flow through the motor
and the distribution of losses are illustrated
in Fig. 2.4.1. The figure shows that the
motor losses can be grouped into two
divisions. The /oad sensitive losses are
dependent upon the generated torque, and
the speed sensitive losses are determined
by rotational speed. Since those losses are
important in establishing the limits of mo-

tor application, let us consider them in
detail.

Winding Losses |§ R

These losses are caused by the resistance
of the motor and equal IgR. Clearly, they
depend on the generated torque, as the
armature current, Ia, is proportional to it.
Brush Contact Losses

As the carbon brush slides over the con-
ductive surface of the commutator, a film
is formed which is necessary in providing
lubrication for proper brush function. It
has some of the properties of a dielectric
material. Thus, it is ‘not uncommon for
this apparent contact resistance to be of
sizable value with respect to the actual
winding resistance. Current flow through
the brush and the film creates heat with
resulting loss of power.

Input Power Output
S i _—
power conversion power
Motor
losses l
Load {Torque) sensitive l Speed Sensitive
" : Short
W|n2dmg Eddyi .| Hysteresis” ;N!n?.uge, circuit B":Sht
IgR currents’ riction currents contac

*Iron losses

Fig. 2.4.1. Power losses in a permanent magnet motor.

2-29



The problem of brush and contact losses
is complex, owing to three factors: (1) the
carbon has a negative temperature coeffi-
cient of resistivity which causes the resis-
tance of the brush itself to decrease with
temperature; (2) the contact film between
brush and commutator breaks down as
current density increases, thereby also de-
creasing the apparent resistance of the brush-
commutator interface; and (3) at increasing
rotational speeds a cushion of air is swept
along by the commutator, producing an
aerodynamic lift under the brush. This
brush lift effect tends to increase the ap-
parent contact resistance. To summarize
the characteristics of the losses it can be
said that:

(1) They are unpredictable, depending
upon factors of current density,
rotational speed, and even atmo-
spheric conditions (humidity pro-
motes the film - forming process).

(2) Increasing load (current) tends to
decrease the percentage of machine
loss at the brush-commutator inter-
face.

(3) Increasing speed tends to increase
the proportional loss at brush-com-
mutator interface.

Eddy Current Losses

Eddy currents are phenomena associated
with a change of magnetic field in a medium
that can also support a flow of electric cur-
rent. In the case of the PM motor, the
medium that experiences the change of
magnetic field and allows current to flow
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is the iron of the armature. Fig. 2.4.2.
shows how all parts of the armature iron
undergo a change of magnetization as it
rotates in the magnetic field.

The circulating currents (eddy currents)
which are produced in the iron are propor-
tional to speed, and can have significant
heating effect on the motor, particularly
when the motor operates at high speed.
Eddy currents, along with hysteresis losses,
usually determine the maximum speed that
may be obtained from aniron core armature.

With armature furned
172 revolution flux flows
out at tooth#1

Fig. 2.4.2. All parts of the armature undergo a
change of magnetization as it rotates in the mag-
netic field, thus causing the magnetic domain
boundaries to shift.

Eddy current effect is not present in all PM
motors. There is a type of low inertia mo-
tor, designed for maximum acceleration
capability, which does not have moving
iron in its magnetic field. These ‘non-
ferrous armature’” motors have neither iron
eddy currents nor hysteresis effects, and
consequently require lower power inputs
to obtain high rotational speeds. Typical
of this type are Electro-Craft's Mcm®+
Moving Coil Motors.

*MCM is a registered trade mark for Electro-Craft
Moving Coil Motors.
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Fig. 2.4.3. Short circuit current in a commutated coil.

Eddy current effects can be minimized in
iron core armatures by using laminated
sheet steel for the core. The use of thinner
laminations results in reduced eddy currents.
Silicon steel with high electrical resistance
will further reduce eddy current heating.

Hysteresis Effect

Fig. 2.4.2. shows how the iron core of the
armature experiences changing magnetiza-
tion as it rotates in the stator field. Asthe
armature rotates, magnetic domain bound-
aries shift. The resistance to this magnetic
domain shifting also causes heat generation
that increases with motor speed. Hysteresis
loss is a characteristic of the type of steel
used. |t is usually combined with eddy
current effect and called “‘iron loss.”

Windage and Friction

This category of motor heat generation
includes all those factors which produce a

mechanical drag on the machine, such as
bearing friction, friction of the brushes on
the commutator, and air resistance. The
last item is usually insignificant in smaller
sized servomotors. The magnitude of wind-
age and the friction losses will depend upon
the mechanical features of design; i.e., co-
efficient of friction between brush and com-
mutator and size of bearing and lubricant.

Short Circuit Currents

This term does not imply a fault in a ma-
chine, but rather describes a normal current
which exists briefly in the armature ccil
that is commutated.

As shown in Fig. 2.4.3, at the instant the
brush is riding on two commutator seg-
ments, it actually provides a short circuit
connection between the ends of the coil
that is connected to those two segments.
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It can be seen that the start of coil #1 is
connected to segment #1, while the end of
coil #1 is connected to segment #2. It can
easily be surmised that any voltage which
exists across the coil terminations will cause
a current to flow through the coil. This
current can not be measured directly, but in
cases where it becomes excessive, it will
cause arcing at the trailing edge of the
motor brush.

The effect of short circuit current is to
contribute a component of loss which in-
creases with motor speed. It appears as a
viscous drag on the armature. It will also
impose a maximum speed limitation on
motors which are not otherwise limited by
their iron losses.

Short circuit current effects can be mini-
mized by proper motor design so that the
brushes only commutate coils which are in
regions of low magnetic flux. This tends to
minimize the voltage that will exist across
the ends of the coil.

24.2. POWER DISSIPATION

The speed sensitive losses, when combined
together, act as a velocity dependent op-
posing torque, T,,, which contains a con-
stant term, Tf, and a velocity dependent
term, Dew.

T, =T;+Dw (2.4.1)

Theterms T¢ and D may be interpreted as
constant friction and viscous damping, but
they represent all the velocity sensitive
losses.
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Now suppose that the motor is coupled to
a load with a moment of inertia, J; , and a
load torque, TL. The electric and dynamic
equations will be (2.3.3) and (2.3.6). Since
we are interested in power dissipation, the
inductance, L,, has very small effect and
may be ignored. The simplified equations
for the motor would be:

V=Rl + Kgw (2.4.2)
1 dw
I, = K_T l:(Jm+JL) dt +T,+T
(2.4.3)

The input power to the motor, P, is given
by

o
1]
<
|

=1 (RI,+Kg w)

= 2R + Kgol, (2.4.4)

In view of (2.4.3), P, becomes

Kew
_12pa—E dw
P, =I12R+ K [Tm+TL+(Jm+J,_)Clt ]
(2.4.5)
or
Kew Kew
2R 4 E™ _E- +
P.=12R+ a Tm+KT T,
Keg U, +9.) o %:_J_
Ky
(2.4.6)



Note that the last term of (2.4.6) is equal
to

Kglm *31) ., 4o
Ky dt
2K, dt

This quantity will have zero average value
when the velocity is constant or periodic,
or over any time interval where the final
velocity is equal to the initial velocity.
Consequently, the contribution of this term
to the power dissipation is zero and it can
be ignored. Of the remaining terms we
can identify the last one as the output
power which is delivered to the load,

KewT
E L
P, = —-—-—KT (2.4.8)

Note that the ratio of the voltage and tor-
que constants, KE/KT, forms the conversion
factor in (2.4.8), whose value depends on
the units used in the equation. If all the
quantities are expressed in basic or main
Sl units, i.e., [PO] =W, [w] =rad - s,
[T.] = Nm, [Kg] = V/rad-s™1, [K;] =
Nm/A, then KE/KT = 1 and (2.4.8) be-
comes

P, = wT (2.4.8a)

o

The same applies for other quantities in this
section.

The remaining two terms are the losses in
the motor.

KewT
P =I2R+ — (2.4.9)
a Ky

Note that the first term, IaZR, is the winding
resistive loss and the second term corre-
sponds to the velocity sensitive losses.
Moreover, by substituting equation (2.4.1)
into (2.4.9), the losses become

KewT, KcoDw?
_2p4_EXf  E
P'— IaR KT K

T
(2.4.10)

Equation (2.4.10) describes the instanta-
neous power dissipation in general, and it
can be used to determine the losses under
specific velocity profiles. In the following
discussion the power dissipation is evaluated
for two common types of angular motion:
constant speed and incremental motion.

2.4.3. DISSIPATION AT CONSTANT
VELOCITY

When the motor runs at a constant velocity,
Wy, the power dissipation may be found
directly from (2.4.10). This is given by

2
L KeTop  KgDw?
P = I2R+ + —
a K¢ T

(2.4.11)

Thisis illustrated by the following example.
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Example
Given are the following motor and load
parameters:

R =1Q

6 0z-in/A =4.24 - 102 Nm/A

A
-
I

Kg = 4.45 V/krpm
=4.24-10"2 V/rad - s~

J = 0.5- 1073 oz-in-s2
=3.563 - 1076 kg m2

T, = 6ozin=4.24-10"2 Nm

0zin _ ) 82510~ —
rad/s rad _s-1

D = 0.04

21073 oz-in-s2

=1.412- 105 kg m?

[
-
1]

T, = 120zin=8.474-10"2 Nm
The motor will run at constant velocity
w,, = 300 rad/s (2860 rpm). The power

dissipation is found as follows.

The armature current is found from (2.4.3)
and (2.4.1)

(Te+Dw,+T, )

m_
|
7

[6+0.04-300+12] =5 A

o]

The power dissipation can be found from
(2.4.11). It can be calculated by using
either the Sl or the British system of units.
In this example we will use the S| system.
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Note that in this system Ky and Kg are
numerically equal, when expressed in basic
and main S| units.

4.24-102.300-4.24-1072 +

P =52-1+
4.24 - 102

. 4.24-10~2.2.825-10~4-3002
4.24 - 10~2

PL=25+1272+25.42=63.14 W

2.4.4.DISSIPATION DURING INCREMENTAL
MOTION

Equation (2.4.10) for power dissipation
can be applied to the case of incremental
motion where the motor steps periodically
following a trapezoidal velocity profile, as
shown in Fig. 2.4.4.

r Velocity

111 | ——

i

! |

| |

I |

i |

I 1

| !

1 i .
(. N . Time
2 ’ 3

- t >

1 ' t

Fig. 2.4.4. Motor velocity profile.

The motor accelerates over t; to the ve-
locity w,, and runs at that speed for t,-
Later, it decelerates to zero velocity over
t3. The stepping is periodic with a repeti-
tion rate of f steps per second. Equation
(2.4.10) describes the instantaneous power
dissipation in the motor. However, it is
of greater importance to determine the
average power loss in the motor over one



cycle by averaging the power. The analysis
was found long and laborious, and we pre-
sent here the final results for this case.

The average power dissipation, 5, was
found to have five terms.

P=P +P,+P;+P, +P; (2.4.12a)
where
2 2 )
B fRJIw, 1 1
Py — -+ (24120)
K2 1 4
fR
Py= — (Tg+ T +Dw,)?t,
KT
(2.4.12c)
_R TA4T. )2+ (T.+
Py = — |(THTU"+ (TT )Dw,, +
KT
T2 2 |, +t 2.4.12d
+3Dwm](1 3) (2.4. )
fKe Tiw
E 'f
P, = T m(t1+2t2+t3) (2.4.12e)
fKE Do.)ﬁ1

(2.4.12f)

Clearly, the various terms can be interpreted
physically. P, describes the power dissipa-
tion due to the acceleration and decelera-
tion of the motor and load. P, and P3
describe the winding losses due to the

opposing torques during the various inter-
vals of motion. Finally, P4 and P5 repre-
sent the rotational losses due to the constant
opposing torque, T¢, and the damping, D,
respectively.

The following example illustrates the use of
the equations (2.4.12). Special care should
be taken to use the right units.

Example

Consider a loaded motor with the following
parameters:

Ky= 25 0z-in/A =0.176 Nm/A

Kg = 18.4 V/krpm = 0.176 V/rad -s "
R = 128

T, = 60zin=4.24-10"2 Nm

D = 4ozin/krpm=27-10"%
Nm/rad - s~ 1

TL = b0 oz-in=0.353 Nm

J = 0.02o0zin-s? = 1412 g cm?
= 1.412-10~% kg m?

The motion requirements are given by

t, = 50 ms=0.05s
t, = 200ms=0.2s
t; = 40 ms =0.04 s

w,..= 3000 rpm = 314 rad/s
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and the repetition rate is

f = 2steps/s

We may use any system of units to evaluate
the power. In this example, we use both
systems to illustrate their use. To evaluate
P1, we use the Sl system, whereas the
British system is used for the other terms.

2
_2:1.2(1.412-107%)%.3142

P,
0.1762
1 1
X [ — —_ ) =
(0.05+ 0.04> 6.82 W
p,=212 (64+50+4-3)2-02=355W
252

Py = 212 [562+56-4-3+l 42-32} x
252 3
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x (0.05+0.04) = 1.33 W

2-18.4-6-3
P, =———" (0.05+0.4+0.04) =649 W

4 2.25

2-18.4-4-32

= 2184257 (0.05+0.6+0.04
P 55— (005 )
=12.19 W

and the total average power dissipation is

P=30.38 W

In the following section we will discuss the
ability of a motor to handle armature
power dissipation. o



2.5. THERMAL CHARACTERISTICS
OF DC MOTORS

As the motor is operated, power losses are
dissipated in the armature, resulting in
temperature rise. The increase of tempera-
ture is important since it may limit the
motor performance and, therefore, it de-
serves a careful study.

In this section we consider the temperature
rise in the armature resulting from the
power losses. We start with the simple case
of continuous operation and determine the
boundaries for working conditions. Later,
we study the case of intermittent operation
and develop a thermal model for the motor
in order to analyze the temperature re-
sponse.

2.5.1. CONTINUOUS OPERATION

When the motor runs at a constant or near
constant velocity and the operation time is
long (30 min or more), the motor tempera-
ture reaches a steady-state level, depending
on the power dissipation.

In order to limit the temperature rise, we
have to limit the losses, PL, in the motor.
Since the losses depend on the velocity w,,,
and the load torque T [see (2.4.10)], we
can limit the values of the speed and the
torque so that the resulting temperature is
acceptable.

This can be done by constructing a bound-
ary in the speed-torque plane which defines
the safe operation area. The boundary
curve is called Safe Operation Area bound-

ary for Continuous operation (SOAC). An
example for such SOAC curve is shown in
Fig. 2.56.1. The area to the left of the curve
is safe for operation, whereas points to the
right of the SOAC will result in excessive
losses and heating.

6 T

\
\
] \\\ Vs GKE

H

|« SOAC

n

MOTOR SPEED [krpm]
w

— ‘
\jl\ Veak,

|
|

10 20 30 40 50 60
TORQUE [o0z-in]

Fig. 2.5.1. Speed-torque diagram and the Safe
Operation Area boundary for Continuous operation
(SOAC).

The speed-torque diagram may include ad-
ditional information on the voltage required
to drive the motor under those conditions,
oronrating points. This, however, does not
affect the SOAC.

When a motor is forced-air cooled, the
thermal resistance decreases with the cool-
ing, allowing a larger amount of power
losses to be dissipated. This can be des-
cribed by two SOAC curves for the un-
cooled and the cooled motors. An example
is shown in Fig. 2.5.2.
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Area of safe continuous operation
without air cooling.

Area of safe continuous operation
with adequate air cooling.

Area beyond capacity of motor
for continuous operation. Much
higher output torque can be real-
ized on an intermittent bases pro-
vided armature temperature rating
is not exceeded.

SPEED [krpm]

n"

29

100 200 250
TORQUE [o0z-in]

Fig. 2.5.2. The SOAC for a motor with cooling capability.

2.5.2. INTERMITTENT OPERATION

When the motor is operated continuously
for a short time, or when the operation is
periodic, the power losses in the motor vary
with the time and the analysis of the re-
sulting temperature is more complex than
for the continuous case.

In order to determine the temperature rise,
a thermal model is developed for the mo-
tor. The model describes the relation be-
tween the power and the temperature, and
makes a thermal analysis for various power
dissipation functions possible.

© 2.5.3. THERMAL MODEL

The motor consists of two parts, the arma-
ture (rotor) and the housing (stator). It is
assumed here that the temperature over the
two bodies are uniform. In other words,
the armature temperature, relative to am-
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bient, @a, is the same all over the armature.
Similarly, the relative temperature of the
housing, ©,,, is also uniform.

The heat capacity is the ratio between the
heating energy and the temperature rise.
For the given model the heat capacities of
the armature and the housing are denoted
by Ca and Ch' respectively.

The power losses, P, are assumed to be
dissipated in the armature, since this is the
common case. However, the final results
of the following analysis are valid also for
the case where some of the losses are dissi-
pated in the housing.

The third assumption about the motor is
that the heat transfer is proportional to
temperature difference. Therefore, the
power transfer from the armature to the
housing, P, equals



P,=G, (©,-6,) (2.5.1)

where G, is the thermal conductance be-
tween the two parts. Similarly, the heat
transfer from the housing to the ambient,
P, is given by

P, =G, ©, (2.5.2)

with G, being the heat conductance be-
tween the housing and the ambient.

If the motor is cooled by forced air, with
the temperature of the air inflow being
equal to ambient temperature, the heat
transfer by cooling, P, equals

P.=G, 0O (2.5.3)

where Gc is the heat conductance and
depends on the air flow.

2.5.4. THERMAL EQUATIONS

The thermal equations for the motor arma-
ture and housing are:

do

a
a dt

=PL—P P

(2.6.4)
de,
Ch 5t = Pa—Pn
In view of (2.56.1), (2.5.2), and (2.5.3) the
thermal equations become

de

C, gt PL—G,(6,-8,) — G0,
(2.5.5a)

de,,

Cy dt

(2.5.5b)

The heat flow in the motor is illustrated in
Fig. 2.5.3.

The electrical analog of the thermal system
can be constructed by noting the equiva-
lence between temperature and power on
one hand, with voltage and current on the
other hand. The resulting equivalent net-
work is shown in Fig. 2.5.4.

Since we are interested in @a, which is
higher than the housing temperature, it is

desired to develop the transfer function be-
tween PL and @a.

Upon application of the Laplace transfor-
mation to (2.5.5), it becomes

SC, ©,(s) = Py (s) — (G, +G,) ©,(s) +
+G, 0,(s)  (2.5.6a)

sC}, O, (s) = G, ©,(s) — (G, +G,))6}, (s)

(2.5.6b)
Armature Pa=65(94 -y Housing
o Ca O Cpy
Xe™6c% /4Gheh
Ambient
6:0 (C=o

Fig. 2.5.3. Thermal model and heat flow in a DC
motor.
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=60

Fig. 2.5.4. Electrical analog of thermal system.

Equation (2.5.6b) may be used to substitute
for ©, (s).

©y,(s) (sC, +G, + Gh) =G, @a(s) (2.5.7)

Combining (2.5.7) with (2.5.6a) results in

GZ
@a(s) %Ca-*.Ga-l-Gc— :C::Gaa_i'é-h = PL(S)
(2.5.8)

and the transfer function between PL and
@a is
0,s) sCp, + G, + Gy,

PLlsl 26, ¢s [ca (G,+G,) +C;, (Ga+Gc)] +G,G,+G,G, +G,G,
(2.5.9)

Note that (2.5.9) may be written in the
form

e, A (s Tth3 + 1)
(8=
L (srth1 +1) (s rth2+1)
where (2.5.10)
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Ga-I'Gh

= (2.5.11)
GaGc +GaGh + GcGh

A

and
T = Ch
ths Ga + Gh

(2.5.12)

The time constants, Tthq and Tthy, COrTe-
spond to the roots of the thermal character-
istic equation:

$2¢, C, + s[ca(eamh) +c, (Ga+Gc)] +

+G,G, + G,Gy, + G,G,, =0
(2.5.13)

Note that the characteristic roots of (2.5.13)
depend on the air cooling conductance,
Gc. Therefore, the thermal time constants,
Tth, and Tthy: will vary with the introduc-
tion of forced-air cooling.

The transfer function (2.5.10) may be
written as the sum of partial fractions:

R R
@a . thy th,
Po(s) = + 5.
PL (s) S Tthq +1 S Tth, +1 (2.5.14)
where
A 7'th3 - Tth1)
R = (2.5.15a)
thy 7. -7
th, ~ Tth,
and
A! Tthz —Tths)
R = (2.5.15b)
th2 T -7
th2 th1



Now define ©,(s) and @2(5) as

R
th,

'—7-_'—-—1 PL (s)

O,(s) = (2.5.16a)
1 s th, +

R
th,

©,(s) = s_Tﬂ;:+_1 P (s) (2.5.16b)

Then the armature temperature, ©,, equals
0,(s) = 04(s) + ©,(s) (2.5.17)

Equations (2.5.16) and (2.5.17) describe
the transfer function as a parallel combina-
tion of two partial fractions, as shown in
Fig. 2.6.56. This model is easier to analyze
due to its simplicity; it is therefore pre-
ferred over (2.5.9).

> R ) o]

sTth ""'

+
PO—¢ 0q

+

R

> fha 92
ST"'Z+ |

Fig. 2.5.5. Parallel model for thermal system.

2.55. THERMAL ANALYSIS

The temperature rise in a motor due to
power losses may be determined from the
transfer function model of Eq. (2.5.9).
However, this method may be unneces-
sarily complicated in most cases, and an
easier procedure has been developed, based

on the parallel model of (2.5.16) and
(2.56.17), and is presented below.

The basic idea of this approach is that the
temperatures, ©, and @2, should be found
separately. Later, they can be combined to
form ©,. Since the transfer function of
either ©, or @2 is of the form

o) _ _ P
P (s)  s7y +1

(2.5.18)

the method for determining ©®, and ©,
is the same.

The engineer has the freedom to solve
(2.6.18) in any way. However, in the

following discussion, the solution for most
common cases is presented.

Case 1 — Constant Power
When a constant power loss, PL, is dissipa-

ted in the motor from t = 0, the resulting
temperature rise is

t AY
®=R, P, <1—e Tth) (2.5.19)

If the power is applied for a long time,

t> 47, (2.5.20)

the temperature reaches the steady-state
value of

©=Ry,P, (2.5.21)
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Therefore, the steady-state temperature rise
due to constant power dissipation is the
product of the power and the thermal
resistance.

Case 2 — Short Term Power Variations

When the power loss variations are much
faster than the thermal time constant, e.g.,
power variation time is less than Tth/5, the
power variations will be filtered and only
the average power will affect the tempera-
ture. To determine the temperature rise due
to the average power, use the results of
Case 1.

Case 3 — Low Frequency Power Variations

When the power dissipation varies periodi-
cally and the period is neither too short nor
too long with respect to the thermal time
constant, we can not use any of the results
of Case 1 or 2, and the temperature has to
be found from the transfer function. In
the following discussion the case where the
applied power is of square wave form is
analyzed and the temperature rise is deter-
mined.

Pulsed Power Case

IfP_isas shownin Fig. 2.5.6, with an “ON"’
time t; and a period t , the temperature
can be found as follows:

At time t = 0, temperature equals @0; then
power is applied and the resulting tempera-
ture is found:
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LAP

Pp

P>t

[\ 1, 1 1+,

Fig. 2.5.6. An example of “pulsed power”'.

—t. /7
_ 1/7th
Om = Og + (Ryy Pp —Gp){ 1€

(2.6.22)

At time t;, power is removed and tempera-
ture drops according to:

_(tc - t1)
Tth

®p =6,,e (2.5.23)

Fig. 2.5.7. "Pulsed power” is applied for a long
time period so that thermal equilibrium is attained.

Fig. 2.5.7 shows the time display of (2.5.22)
and (2.5.23) as the temperature variation
with respect to time.

Suppose the system is operated long enough
to achieve a steady-state condition as shown
in Fig. 2.56.7. Then for the maximum tem-



perature rise, we can substitute (2.5.23)
into (2.5.22) to obtain

—t,/7
h
=Rth PD(1-—e 1 t)

m 1—e—t° ITen

C] (2.5.24)

In order to illustrate the method of thermal
analysis, consider the following example.
Example

The thermal behavior of a motor is de-
scribed by the following parameters:

Rth1= 1 o°c/w
Rth2= 0.80C/w

T th, = 16s

Tth, = 15 min =900 s

The power loss is of pulse type with

Pp = 150 W
t, = bs
t = 15s

and the operation lasts for two hours. First,

we will calculate ©,, which corresponds to
the larger time constant. Note that the
period t, = 15 s is much shorter than
Ttho = 900 s, and only the average power
will be considered (Case 2).

The average power is

_150-5
av 15

=50 W

and the resulting steady-state temperature
rise is
= = . = o
0, Rth2 P,, =0.8-50=40°C
To determine ©,, note that t, = Tthq’ and
therefore, neither Case 1 or 2 will apply.

The temperature rise is found from (2.5.24),
which becomes

5
1-150-(1—e 15)
= =90°C
2} 5
1—e 15

Then the total temperature rise, @a, equals

©,=0,+0, = 130°C

If the ambient temperature is 25 OC, the
temperature of the armature will be 155 ©C.
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2.6. MOTOR CHARACTERISTICS AND
TEMPERATURE

Motor constants such as Ky, Kg.and R are
parameters used to define motor character-
istics. But it is well to remember that they
are not true constants in the strictest sense,
since these parameters will be temperature
sensitive to some degree. The following
describes the effects of temperature varia-
tions, and presents a method for calculating
the magnitude of parameters’ change.

ARMATURE RESISTANCE

The majority of PM motor armatures are
wound with copper conductors, and some
of the new low inertia types use aluminum
conductors. With either metal, electrical
resistance increases with temperature, each
at a different rate. There are several effects
of an increase in armature resistance as the
motor is heated.

1) Motor IZR losses will increase for a given
value of current. |f a servomotor is being
driven with a constant value of current to
achieve a constant acceleration, the wind-
ing loss will increase in proportion to the
amount of resistance increase.  For this
reason the ‘““hot” resistance of the motor
armature winding should be used when
assessinga motor’s capability for performing
a prescribed duty cycle.

2) Speed regulation constant will increase.
This constant was defined as the slope of
the speed versus torque curve and was
found to be proportional to R. Thus a

244

motor loaded close to rated torque will
slow up somewhat as it warms up due to
the higher value of speed regulation con-
stant.

3) The frequency response characteristic of
the motor will be different from “cold” to
“hot”. This is a consideration in high-per-
formance servo applications, where the mo-
toris required to respond to rapidly varying
input signals, and occurs since the mechani-
cal time constant used in the transfer func-
tion is proportional to R.

The change of R can be calculated if the
anticipated temperature rise can be esti-
mated. The resistance of copper as a func-
tion of temperature is shown in Fig. 2.6.1.

Z. A
-2345 0 O, O, Temperatuel[°C]
(25°C)

Fig. 2.6.1. Resistance versus temperature charac-
teristic for copper conductor.

As can be seen from the curve, the charac-
teristic is linear in the region which is of
most interest, from 25 ©C to 200 ©C. If this
straight portion is extended, as shown by
the broken line, it intersects the tempera-
ture axis at —234.5 ©C. Then by similar
triangles, we can say that



R, 2345+,

R, = m (2.6.1)
or,
234.5+ 09
R, = m R, (2.6.2)
Example

If an armature resistance R = 2.6 Q at a
standard 25 ©C temperature, calculate the
expected resistance when the winding is at
its rated 155 OC operating temperature.

®, = 1565°C

0, = 25°C

R, =25Q
then,

_ (234.5 + 155)

Ry = (2345 + 25)

x25=3.75Q
(2.6.3)
It can be seen that over the operating
temperature range a 50% variation in resis-
tance is observed, a very significant change,

indeed.

An alternate formula for calculating resis-
tance with temperature change is:

Ry=Rq [1+ 1 (0,-0,)]
[Q; Q, 2/°C, °C]  (2.6.4)

where

R2 is resistance at @2

R1 is resistance @1

and
Y, = 0.00393 for copper
Y, =0.00415 for aluminum

TORQUE CONSTANT K AND VOLTAGE CON-
STANT K¢

The effects of temperature variation in K¢
and KE are:

1) An increase in IazR losses. 1f a given tor-
que is required to accelerate a load, as the
motor heats up, K and K¢ decrease and
more current will be required to provide
the same torque.

2) Speed regulation constant will increase.
The decrease in Ky and K¢ would cause an
additional fall off in speed of a motor
carrying rated load torque.

3) Change in frequency response character-
istics. Because of the reduced torque cap-
ability, the frequency response of the mo-
tor is reduced.

Of the two main types of magnets com-
monly used, the temperature coefficient of
magnetic flux density for ceramics is —0.002;
Alnico magnets have coefficients that range
from —0.0001 to —0.0005.
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Using the above temperature coefficients
of magnetic flux density, it is possible to
develop an expression to calculate a derated
torque constant to be used where the motor
magnets will experience a significant tem-
perature rise.

Kip= Ky [1+yg6,,] (2.6.5)

where
Ky p is the derated torque constant
K is the rated torque constant (at 25 °C)

Y g is the temperature coefficient of mag-
netic flux density

®__ is the temperature rise of the mag-

net material.

rm

This equation points out a great advantage
inusing forced-air cooling. Air circulating
through the motor will greatly reduce mag-
net temperature rise, and will minimize
temperature variation.

DERATING MOTOR TORQUE

The above discussion of temperature effects
should make it very obvious that a motor’s
torque capability is degraded as operating
temperature increases. An expression can
be developed to compare the maximum
torque that can be produced by “hot’’ and
“cold’ motors. If a motor at stall is excited
with a current |, to its maximum dissipation
level, the power will be dissipated as IaZ‘R
loss. Then torque developed will be:
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T, = Kyl

] (2.3.4)

As the armature heats up the current must
be reduced to avoid exceeding the rated
armature dissipation. The “hot’’ current is
found to be:

a

Ly = ———— (2.6.6)

V1+Vey Oy

where ©,,, is the winding temperature rise

Torque can be calculated as the product
Kyplan:
KT [1+ wB ®rm] |a

T =
h
T V1V O

The ratio of maximum ‘“hot” torque to
“cold’’ torque will be:

(2.6.7)

T, 1+y,0
L. B _tm (2.6.8)

T9 N1+ Y, Oy

Example

A motor with copper armature winding-and
ceramic magnets has the following ratings:

Ky =80 oz-in/A
R =250

2 —
(12R)__ =105 W

If the motor is used with a controller that
limits current so that the maximum arma-
ture dissipation cannot be exceeded, cal-



culate the torques at 25 ©C and at 155 ©C
operating temperature, and torque derating
factor.

Allowable armature current at moment of
excitation (i.e., at 25 OC) is:

_{T5

la 25

= 6.48 A
““Cold"’ torque at 25 OC is:

Tg =6.48 x 80 = 518 0z-in
With armature at 1565 OC and ambient of
25 OC, we estimate magnet temperature will
be 90 ©C. Then

Oy, =90 —25=650C

®,,, = 155 — 25 = 130 °C

Use (2.6.7) to calculate allowable “‘hot”
torque.

_ 80 (1—0.002 x 65) x 6.48
\/ 1+ 0.00393 x 130

Ton

Tgh = 367 oz-in

The derating factor is found by use of
(2.6.8):

Tgh 1 -0.002 x 65 0708
Ty \1+ 000393 x 130
or, using the calculated Tgh and Tg:
T
gh _ 367 _
T, 518 0.708
o
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2.7. OTHER CHARACTERISTICS

Other mechanical motor characteristic be-
sides those previously discussed (speed and
torque output, power dissipation, and elas-
ticity) are also important. These are:
mounting accuracies; noise problems (such
as mechanically generated audible noise,
noise and dynamic balancing, noise caused
by side loading, bearing and brush noise);
environmental considerations; brush wear;
and motor life. Each of these characteris-
tics will be covered separately in the fol-
lowing discussion.

Further, we will discuss the problems of
demagnetization.

MOUNTING

As an illustration of the construction accu-
racies built into a servomotor, we will look
atan Electro-Craft ET-4000 motor integrally
mounted with a M-110 Tachometer, as
shown in Fig. 2.7.1.

Fig. 2.7.1. Electro-Craft ET-4000 Motor and M-110
Tachometer, integrally mounted.
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The outline drawing (Fig. 2.7.2) shows
that the mounting surface is held perpendi-
cular to the shaft within 0.005 in, which
means that when the shaft is rotated about
the mounting surface it can rise and fall no
more than 0.005 in total when measured
at a radius of 1.75in.

Also note that shaft end play and radial
play are closely controlled. Radial play
is especially significantin applications which
require a stable shaft position when radially
loaded.

Projecting above the level of the mounting
surface is a close-tolerance, circular pilot
boss which, when matched with a pilot
hole in the mating mounting structure,
facilitates interchangeability and minimizes
the need for machine calibration adjust-
ments. The mounting surface in our illustra-
tion is fitted with four tapped holes to ac-
cept screws which clamp it to the mounting
panel.

The mounting panel, in addition to con-
taining the pilot hole and the attachment
screw clearance holes, must have certain
other characteristics.  For example, it
should be stiff enough so that it does not
deflect significantly when radial loading is
applied to the motor shaft. Also, it should
have good thermal conductivity, which is
particularly necessary if peak performance
is being demanded of the motor.

All applications, of course, are not identical;
but all must adequately consider the factors
described above. Foot-mounted motors or
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1. Shaft runout: 0.00I in/in.
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20 1b reversing load.
3.
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1.75 in radius.

Shaft endplay: 0.004 in max. 0.005 in min. when measured with a

Shaft radial play: 0.0015 in max. when measured with a 31b load.
Runout of mtg. surface —B—- within 0.005 T.|.R. measured ot

Fig. 2.7.2. Typcial outline drawing of a motor.

those mounted to a gearhead may utilize
slotted mounting holes and/or flexible cou-
plings, for example, instead of pilot mount-

ing.
NOISE

Mechanically generated audible noise is
usually an unwelcome output from any
machine, and DC servomotors are no ex-
ception. Unfortunately, however, accept-
able noise limits are difficult to define and
even more difficult to verify, since quanti-
tative noise measurements are costly. Con-
sequently, in the interest of economics,
noise is seldom specified as a measurable
parameter. In those applications which
require it, noise is controlled qualitatively

by means of some readily measured output,
such as a vibration level, which can be at-
tributed to rotor imbalance, excessive side
loading, excessive bearing noise, and impro-
per bedding of brushes to the commutator.

NOISE AND DYNAMIC BALANCING

Critical speed of a motor is the speed at
which vibrational resonance occurs. This
critical speed should be as far above the
maximum operating speed of the motor as
practical to avoid undue amplification of
the vibration amplitude. For this reason,
and since servomotors are intended for
rotational services, the rotors should be
dynamically balanced; i.e., balanced under
running speeds.
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The higher the operating speed, the more
critical dynamic balancing becomes. For
very high speed operation, the rotor should
be balanced at the operating speed rather
than at the normally used standard bal-
ancing speed. The amount of rotor im-
balance which can be tolerated depends on
the particular motor and applications. In
general, however, it can be said that for
satisfactorily, smooth and quiet operation,
rotor vibration must not result in motor
accelerations greater than a fraction of stan-
dard gravitational acceleration, g.

NOISE CAUSED BY SIDE LOADING

Excessive side loading of the output shaft
can result in shaft bowing and internal
misalignments, thus causing noisy operation
due to overloading of the bearings. To
avoid this, a particular motor design must
be matched to the application.

BEARING NOISE

Excessive bearing noise can be caused by a
mismatched ball complement, dented races,
ring distortion, misalignment, insufficient
lubrication, or overloading. Bearings which
exhibit rough, noisy operation should be
replaced. Sleeve bearings, while they are
usually quieter than ball bearings, are not as
suitable as ball bearings for many applica-
tions. They require more length than ball
bearings and use a lower viscosity lubricant,
which is more likely to migrate to unwanted
locations in the motor. Moreover, they are
not as well suited for carrying axial loads.
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BRUSH NOISE

Smooth operation of the brushes on the
commutator enhance the quietness of the
motor. This is often one of the most
difficult factors to control, since it is de-
pendent on the initial surface finish, cylin-
dricity, concentricity, subsequent wear and
filming of the commutator, bedding of the
brushes to the commutator, and fitting of
the brushes to their holders. Material
content of the brushes will also contribute
to the noise factor. Brushes having high
metal content (which is introduced to re-
duce resistance) are far noisier than non-
metallic brushes. Therefore, it may be
necessary to sacrifice low brush resistance
in order to achieve quieter motor operation.

ENVIRONMENTAL CONSIDERATIONS

Motors which operate in environments
which are more severe than a standard
room temperature environment usually re-
quire special design attention. For example,
at high altitudes, motors must be provided
with specially treated brushes; in elevated
temperatures, motors must be either derated
or provided with cooling;and when exposed
to chemical liquids or fumes, dust or dirt,
motors require additional sealing. All of
these affect the useful life of the servomotor.

BRUSH WEAR

The key to proper brush operation is the
commutator surface film formation. The
film prevents undue wear, and yet permits
alow resistance current path between brush



and the commutator. A variety of condi-
tions affect the film maintenance, but two
basic factors are dominant: brush pressure
and the current density of the brush.

The inter-relationship of brush pressure and
brush wear is shown in Fig. 2.7.3, where
the optimum wear region is shown as an
operational area between the electrical wear
region (insufficient pressure to insure pro-
per conductance) and the mechanical wear
region (high pressure which destroys the
film). Thus, the brush spring must be de-
signed so that the brush pressure will stay
in the optimum wear region during its wear
life.

Region of electrical wear

Region of mechanical wear,

N

| |
| |
| |
| |

Brush wear

—Qptimal

/] operating

pressure

Brush pressure

Fig. 2.7.3. Generalized picture of brush wear at
a constant speed under varying brush pressure.

The brush must be designed with sufficient
cross-sectional area with respect to its con-
ductance value to insure cool operation
under worst-case current conditions.

Brush life, then, depends on load condi-
tions, commutator surface velocity, oper-
ating temperature, humidity level, vibration,

reversing cycles, choice of brush and spring
material, commutator design, commutator
finish and runout, to mention the most
important factors.

Today’s DC permanent magnet motor has
brush designs which exceed 5000 hours
life in normal uses. Electro-Craft Corpora-
tion has Moving Coil Motors which have
qualified for use in incremental motion sys-
tems, measuring the life span in hundreds
of millions of start-stop cycles of pulse
currents of 20-30 A. Brush selections in
Electro-Craft motors have been made after
many vyears of life testing under various
conditions.

MOTOR LIFE

In a typical application, the service-free
life of a motor may exceed 10 000 operating
hours. The useful life of a DC servomotor
is dependent on the severity of its applica-
tion. Operating a motor continuously at
rated output will result in shorter life in
terms of operating hours when compared
with operation at a lower average power
level. Life is limited by brushes, bearings,
and winding insulation.

Brush life is influenced by the brush mate-
rial, geometry, brush spring pressure, com-
mutator, motor duty cycle, and operating
environment.  Brush life is reduced by
electrical erosion, which will cause rapid
wear of the brushes and commutator, and
also by excessive spring pressure, rough
commutators, reduced atmospherical pres-
sure, or by the presence of abrasive particles.
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Bearing life is dependent on loading, speed,
and lubrication. Most servomotors have
their bearings loaded to only a small portion
of their rated capacity, but are operating at
a relatively high speed. Lubrication must
then be considered.

Ball bearings utilize a grease to inhibit cor-
rosion, transfer heat, and to prevent the
entry of contaminating particles. For each
bearing application there is an optimum fill
of grease. Deviating from the optimum by
using either too much or too little grease,
or perhaps a grease of different composition,
can shorten the life of the bearing.

Sleeve bearings are usually made from a
porous material (typically sintered bronze)
which contains oil to lubricate the bearings.
Sometimes additional oil is stored in a
reservoir. ‘

The insulation of the motor winding can
break down with time due to the influence
of high temperature, rotational stresses, oil
migration, or contamination with chemical
fluids or fumes, thus limiting motor life.

DEMAGNETIZATION OF PM MOTORS

It was shown that energy conversion is
accomplished in a PM motor by means of
the magnetic field provided by the perma-
nent ‘magnets. These magnets, which pro-
vide the field, must be activated or mag-
netized by placing them into a strong
external field. This initial magnetization of
the motor is usually accomplished by mag-
netizing equipment at a stage in the produc-
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tion process prior to the assembly of the
motor. Even as the magnets must be mag-
netized to make them functional, so they
can be demagnetized to lose their torque-
developing capability. Such a demagnetizing
effect occurs whenever a current flows in
the motor armature. The armature in effect
becomes an electromagnet which tends to
oppose the main stator magnetic flux.

In most cases this armature demagnetiza-
tion, which is called armature reaction, has
only a reversible effect; i.e., when the cur-
rent goes to zero the magnets return to full
strength. This is the effect that causes an
apparent loss in the torque constant, KT, of
the motor under heavy load conditions.
However, there is a definite value of current
which will cause a permanent demagnetiza-
tion of the motor. When this occurs the
magnetic field intensity, developed by the
armature reaction, is great enough to over-
come the magnetic domains of the magnet
structure.

Fig. 2.7.4. shows how armature reaction and
main field relate to each other. It can be
seen that if the armature reaction is repre-
sented by a resultant vector, A, lying along
the neutral axis there will be successively
weaker components acting radially outward
as the angle 6 increases. As those compo-
nent vectors at angles 6 > 6, reach the
intrinsic coercive strength of the magnet
material, they will cause the portion of
magnet opposite them to be permanently
demagnetized.



Motor housing

Magnet segment

Motor armature

Fig. 2.74. The armature demagnetization, or
armature reaction effect causes an apparent loss
in KT

It can be seen that demagnetization is not
an “‘all or nothing”’ proposition. Rather,
the amount of demagnetization is a function
of the magnitude of armature current. For
purpose of a standard definition, it is com-
mon to speak of demagnetizing current as
the current that will cause a permanent
decrease of 5% of the torque constant,
Ky. Of course greater values of current
will cause a greater decrease of Ki. The
partially demagnetized motor will always
be stabilized at the reduced value of Ky.
That means that having been partially de-
magnetized, it can withstand subsequent
applications of demagnetizing current with-
out additional degradation of K;. If a
motor is demagnetized, it must be dis-
assembled and remagnetized.

A major reason for the popularity of PM
motors in recent years is the high intrinsic
coercivity of the new ceramic magnets.

Armature reaction vectors

This characteristic permits relatively thin
magnet segments (for economical motor
design) to be used without experiencing
bothersome demagnetizing problems.

It is common practice in motor design to
provide the magnets strong enough to with-
stand armature reaction developed by up to
seven or eight times the rated current. Thus
if the rated current for a motor is B A, itis
usually safe to assume that current pulses
up to 35 A can be applied safely. If some
applications create currents in excess of the
demagnetizing level, it is necessary for the
controller to incorporate some type of cur-
rent limiter.

Example 1: A motor has the following
ratings:

rated current 1, =16 A

armature resistance (at 259C) R = 0.25%2
What is the maximum voltage that can be
applied suddenly with the motor at stand-
still without running the risk of demag-
netization?
Using the 7:1 criterion to determine the
demagnetizing current for the subject mo-

tor we obtain:

Ig=7x16=112A

At standstill the armature current is limited
only by the armature resistance; so then,

V =112x 025 =28V
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We can assume that applying 28 V is likely
to cause some demagnetization. Then a
safe voltage would be 10% less; or, a safe
voltage is:

V=28x09=252V

Motor demagnetization commonly occurs
when the motors are used in an application
requiring a “‘plug reversal”. A plug reversal
means a sudden switching of the polarity
of the applied voltage to achieve a rapid
reversal of motor rotation, or perhaps a
quick stop. When a motor is plug-reversed,
it sees not only the voltage applied to its
terminals, but also the armature génerated
voltage as voltage sources.

This conditionisshownin Fig. 2.7.5. It can
readily be seen that when this type of
application is encountered a proper investi-
gation of the motor demagnetization char-
acteristics must be made.

+ R
—»120 |,

(a) (b)

Fig. 2.7.5. In (a) the motor is running in a forward
manner. In (b) the motor is plug-reversed. The
generated voltage, Eg, is that voltage at the instant
of reversal.

Example 2: The same motor used above in
example 1 is to be used in an application
where it runs under a no-load condition at
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1200 rpm and then must be stopped as
quickly as possible. If the voltage constant
of the motor Kg = 18 V/krpm, what is the
maximum plugging voltage that can be used
to help stop the motor?

At 1200 rpm, the generated armature volt-
age will be:

Eg=18x1.2=21.6V

From example 1, demagnetizing current is
112 A. Then the plugging voltage can be
calculated by the current formula shown
in Fig. 2.7.5.

V=Rl +E,
= 0.25(-112) +21.6
V=-64V

Again, since the demagnetizing current was
calculated from an assumed 7:1 ratio of de-
magnetizing current to rated current, a pru-
dent designer would downgrade the plugging
voltage that will be used, or provide current
limiting.

In PM motors with Alnico magnets, it is
often necessary to provide some type of
protection against demagnetization. The
most common form of this protection is the
use of a soft iron pole shoe between the
armature and magnet. This arrangement is
shown in Fig. 2.7.6. The high permeability
of the pole show provides a low reluctance
shunt for armature reaction flux around the
permanent magnet, thus protecting it.



—Low reluctance path for
armature reaction flux

Permanent magnet

Soft iron pole shoe

Motor armature

Fig. 2.7.6. A soft iron pole shoe is used for por-
tection against demagnetization.
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2.8. MOVING COIL MOTORS (MCM®)*

A description of the “iron-less” or ““moving
coil”” concept, covered in this section, will
introduce the reader to the MCM* line of
permanent magnet DC motors — motors
with the highest torque to moment of inertia
ratio of any motor type. Motor ratings and
their relationship to this unique design is
discussed, as well as thermal properties,
resonance, and demagnetization.

MOVING COIL MOTORS

In their efforts to improve the performance
of servo mechanism actuators, designers
have continually sought to produce mo-
tors with higher torque and lower moment
of inertia. The trend in the design of AC
servomotors in the late 1940's and early
1950's was to make motors with small
armature diameter and maximum practi-
cable magnetic flux density. A high-per-
formance, low inertia AC servomotor of
two decades past was capable of a maxi-
mum acceleration of 15 000 rad/s?.

Dramatic improvements in permanent mag-
" net motor characteristics accompanied the
introduction of high-performance Alnico
materials, and some basic trends in the design
of DC low inertia motors appeared. One was
the small diameter iron core armature,
operating in very high magnetic flux levels.
The more refined style of this design fea-
tured conductors bonded to the armature

*Moving Coil Motor, or MCM is a registered trade-
mark of Electro-Craft Corporation.
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“core surface: the so-called slotless armature

design. This design has great mechanical
strength, high torsional rigidity and is rea-
sonably efficient; but it suffers from two
principal drawbacks: 1) inductance — hence,
its electrical time constant is great; and 2)
armature resistance and the torque constant
are small — requiring very high armature
currents and low power supply voltages,
and making the transistor amplifier un-
necessarily complex and expensive.

The other design trend, which has since
gained almost universal acceptance, is the
moving coil concept. This principle basi-
cally consists of a multiple d’Arsonval move-
ment with a commutation arrangement.
This working concept is not new; patents
granted at the turn of the century described
moving coil motors — not necessarily of the
low inertia variety — but supposedly offering
high efficiency and good commutation. The
adhesive and polymer technology being
what is was then, the inventor had the rotor
structure held together with iron bands,
continuing around the circumference, and
undoubtedly contributing enormous eddy
current losses.

The moving coil structure design of the
present era has followed two general paths:
the flat disc armature and the “‘shell” or
“cup’ armature. The two structures are
shown in Fig. 2.8.1 and 2.8.2. Both units
have a multitude of conductors which move
in a magnetic field, connected in a manner
explained in section 2.1. The armature
structure is supported mainly by non-mag-
netic materials and the active conductors .
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Fig. 2.8.1. Disc armature motor (“printed’’ motor).

are therefore moving in an air gap with a
high magnetic flux density.

The moving coil motor is characterized by
the absence of rotating iron in the armature,
Since the conductors are operating in an air
gap, the armature features low inductance,
hence low electrical time constant — typi-
cally less than 0.1 ms. The absence of iron
in the armature also brings about another
benefit: there is no reluctance torque effect,
i.e., N0 magnetic cogging.

The disc armature motor shown in Fig.
2.8.1 is often called the “printed motor”.
This is in reference to its early production
process in which the armature was fabricated
by means of photoetching — similar to the
technique used in making printed circuits.
Now printed motors are made from stamped
segments, which are arranged and joined
to form a continuous conductor pattern
and a commutating surface. Fig. 2.8.1
shows an 8-pole configuration which, when
assembled, provides flux across an air gap
of about 0.1 in. Current flow is radial
across the disc surface, with rotary forces
acting on these conductors tangentially.

Magnet po

Armature \

(Hollow cup, shaped ! Flux path
conductor array) i

Core

Fig. 2.8.2. Shell armature motor.

The end turns (the path from an active
conductor under the “‘north” pole to the
corresponding conductor under the adjoin-
ing “south”” pole) are at a relatively large
radius, and since the moment of inertia of
a disc increases by the fourth power of its
diameter, the outer end turns therefore
contribute a large amount of inertia to this
type of armature.

Fig. 2.8.3. Shell armature.

The shell type armature (Fig. 2.8.2) on the
other hand consists of a cylindrical, hol-
low rotor which is fabricated to form a rigid
shell structure by bonding copper or alumi-
num coils or skeins by the use of polymer
resins and fiberglass and other structural
members (Fig. 2.8.3). This method offers
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Fig. 2.8.4. Typical Electro-Craft MCM motor armatures.

considerable flexibility in design since the
manufacturer can offer a variety of wire
sizes, turns per coil, and diameter and length
options.

A sample of the variety of armatures manu-
factured by Electro-Craft is shown in Fig.
2.8.4. Because of the cylindrical shape of
the shell-type armature, the end turns do
not burden the armature by inequitable
contributions of inertia.

Consequently, the shell-type armature has
the highest torque-to-moment of inertia
ratio, providing acceleration capabilities of
up to 1000000 rad/s2. Fig. 2.8.5 shows
the complete Electro-Craft MCM motor,
capstan, optical encoder and vacuum mani-
fold for an incremental tape transport op-
erating at speed of 200 in/s, capable of
250 start-stop cycles per second.
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Electro-Craft moving coil motors are used
inincremental tape transports, line printers,
optical character readers, incremental mo-
tion drives, phase-locked servos, computer
printers, machine tool drives and video re-
corders.

Fig. 2.8.5. Entire motor, capstan, optical encoder
and vacuum manifold for tape transport.



MOVING COIL MOTORS AND
MOTOR RATINGS

The moving coil motor has the highest
acceleration capability of the DC motor
family; it can handle a start-stop duty cycle
of several thousand cycles per second. On
the other hand, it can be destroyed in
seconds if improperly handled. Therefore,
a good understanding of the physical make-
up of this exceedingly fast actuator is im-
portant to the user.

Moving coil servomotors obey all the fun-
damental concepts and equations which
were developed in section 2.1. However,
some of their features are unique. How
moving coil motors differ from conven-
tional servomotors is discussed in the fol-
lowing paragraphs.

One common misunderstanding arises from
the use of conventional motor ratings among
the makers of moving coil motors. For
example, the specification sheet for a high
performance moving coil motor may state:
Rated Voltage =24 V,; Rated Current = 8 A.
This may be a motor which the manu-
facturer has proposed to be used in a sys-
tem having an amplifier supply voltage of
45 V and working at peak currents of 24 A.
The designer may rightfully ask what mean-
ing does the ratings have if there is no need
to adhere to it.

The use of motor rating numbers originated
with the specifications for fixed speed mo-
tors, illustrated in Fig. 2.8.6, where we see
a typical induction motor torque-speed

characteristic with the motor rating point
shown at its maximum output power point.

fRuiing point

Speed

Torque

Fig. 2.8.6. Typical rating point on an AC induc-
tion motor.

In Fig. 2.8.7 we see similar characteristics
for a conventional DC motor intended for
use in a drive system. The maximum
allowable internal power dissipation locus is
shown as a line emerging from stall speed
(zero speed) conditions vertically, then
leaning toward the speed axis as speed in-
creases. The rating point could then be
chosen to be at the one location along this
line which would give the maximum output
power, thus giving the motor a most favor-
able rating (if the point would be at a rea-
sonable, utilizable speed).

The moving coil motor speed torque charac-
teristic shown in Fig. 2.8.8 has a maximum
power dissipation locus which is essentially
vertical for the useful speed range of the
motor. One is therefore tempted, in setting
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Fig. 2.8.7. Rating point on a typical DC motor. '
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Fig. 2.8.8. Rating point for a typical moving coil
DC motor.

a rating point for such motors, to choose
the highest possible speed in such a way as
to obtain a high rated output power to place
on the specification sheet.

Since moving coil motors are used primarily
for their incrementing ability rather than
ultra high speed performance, such a rating
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would be unrealistic. It therefore happens
that the moving coil motor designer may
pick a point along the maximum uncooled
power dissipation locus for the motor at a
speed which represents a good compromise
between speed and long life. Then why this
discrepancy between ratings and actual in-
tended use? The rating numbers for moving
coil motors are really obsolete methods of
describing the performance capability of a
motor intended for use in incremental mo-
tion applications, but are still given in
specifications merely as a concession to
those who like to see these numbers in the
rare cases where moving coil motors are
used in velocity control applications.

The really meaningful parameters which
properly describe the performance capa-
bility of a moving coil motor are the torque
constant Ky, motor resistance R, motor
moment of inertia Jm, thermal resistance,
Rth and maximum armature temperature,
0, max- From these parameters most all
essential characteristics can be found or
derived. Other factors of importance (but
often not discussed until the customer dis-
covers them) are shaft and armature tor-
sional resonance and motor shaft critical
speed vibrations.

Going back to the essential parameters we
recall the following:

Speed regulation constant

(2.8.1)

[krpm/Nm; §2, V/krpm, Nm/A]



or
[krpm/oz-in; £, V/krpm, 0z-in/A]
where
K =9.5493 x 1073 K (2.1.23)
[Nm/A; V/krpm]
or
Ky = 1.3524 K (2.1.24)
[oz-in/A; V/krpm]

Motor mechanical time constant:

= m (2.8.2)

[s:2, kg m?2, V/rad s~ 1, Nm/A]

or

RJ,,
T = 104.72 (2.8.3)

KeKy

[s; 2, 0z-in-s2, V/krpm, oz-in/Al

Maximum armature power dissipation
(steady state):

] -0,
P = _amax A (2.8.4)
Dmax Rth

[W; OC, °C/W]

where @, is the ambient temperature.

As we see, all these essential parameters
can be derived from the basic ratings given
earlier.

THERMAL PROPERTIES

The thermal resistance of a moving coil
motor should not be looked on as a single
number (as given above for simplicity’s
sake) but as at least two separate numbers:
an armature-to-housing thermal resistance,
and a housing-to-ambient thermal resistance.
In conjunction with this, the thermal time
constant of each case should be considered.
This is essential when considering the tran-
sient temperature characteristics under se-
vere load conditions, since typical moving
coil motors may have a thermal time con-
stant of 20-30 s for armature-to-housing and
a thermal time constant of 30-60 min for
housing-to-ambient. It is easy to see that
the armature could be heated to destructive
temperatures in less than a minute without
it giving any warning because of the long
thermal time constant between housing and
ambient.

An analysis of this problem was given in
section 2.5.

In order to prevent thermal destruction, air
cooling can be provided for the motor. To
show the effects of varying amounts of air
cooling on motor power dissipation capabil-
ity, a graphical illustration of cooling air
flow aerodynamical impedance and total
motor thermal resistance, as shown in Fig.
2.8.9, is usually provided.

2-61



-+ 30

—_ —— — .> — e — ]
|
, |
| =] '
3 |
| ~
2 |
| - ,
| 2 |
T 3 v
o |
| P |
' |
| . |
! |
|
. I
I 1 T I 1 | I | | | 1 i | |
(0] 5 10 15 20 25 002 04 06 08 1.0 1.2 14 16

Air pressure ﬁn H20]

Ry [°C/W]

Fig. 2.8.9. The effect of air cooling on thermal resistance.

We can see from this figure that a pressure
in 15 in of Hy0 will supply 25 cubic feet
of air per minute, giving a thermal resistance
of 0.280C/W. By such impedance charts
a system designer can select the most eco-
nomical cooling system to fulfill his needs,
within the thermal resistance range of a high
of 1.59C/W to an asymptotic limiting value
of 0.250C/W. Note that this chart shows
total motor thermal resistance; it cannot be
used for transient studies where the short
term power dissipation may exceed the heat
capacity of the motor.

Almost all moving coil motors are equipped
with Alnico 5 or 5—7 magnets which have a
magnetic flux temperature coefficient of
—0.05%/°C. This means that the armature
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magnetic flux will decrease by that amount
as the magnet temperature increases, giving
a change in torque constant of —0.05%/°C.
The motor torque constant, KT, is directly
proportional to the air gap magnetic flux.
A common error is to calculate the decline
in the torque constant using the proper tem-
perature coefficient, but using the armature
temperature as parameter. This gives the
wrong answer, since the magnet temperature
never reaches the maximum armature tem-
perature. For calculation purposes the
housing-to-ambient thermal resistance can
be used as a guideline for the magnet tem-
perature. It generally amounts to a worst-
case decline of torque constant by a few
percent.



RESONANT PHENOMENA IN MOVING
COIL MOTORS

Due to the unique construction of moving
coil motors and their use in high-perfor-
mance (wide bandwidth) servo systems, the
resonant characteristics may cause problems
to the user. The most prominent resonant
mode is the torsional resonance between the
motor armature and the load, and between
the motor armature and the tachometer.
Theory of this torsional resonance is de-
scribed in full detail in section 2.3.4. Fig.
2.8.10 shows a plot of tachometer output
with the motor armature excited by a con-
stant amplitude, variable frequency input
signal. At lower frequencies, up to 10 Hz,
the tachometer output is essentially con-
stant. At the mechanical ““break’ frequency,
48 Hz, the tachometer response declines —6
dB per octave up to 3 kHz, then a sharp
resonant peak occurs at 4.7 kHz, rapidly
declines, and again peaks at 5.9 kHz.

5.9 kHz
(Arm-shaft end
resonance)

47 kHz
(Arm-tach
resonance)
o}
-5 , \\
(e8] -10 L’
-5
-20
-25
=30 \\/
-35
=40
-45
~-50
-60
i 10 100 1000 10,000
—> frequency [Hz]

Fig. 2.8.10. Bode plot of an unloaded motor-
tachometer.

This example shows the behavior of the
motor-tachometer unit without being con-
nected to a load. When a typical inertial
load is direct-coupled to the motor shaft,
the plot takes the appearance shown in
Fig. 2.8.11. Note that the resonant peak
between armature and shaft with load has
decreased to 3.8 kHz, and this is what the
servo system designer should look at in
designing servo system bandwidth and com-
pensation. The amplitude of the resonances
and respective frequencies will dominate the
servo characteristics in high-performance
systems, and it is very important to have
these characteristics measured and estab-
lished before the system designis completed.
Thus, if a given motor model and shaft
configuration would prove to be difficult
for the designer to reconcile, the motor
manufacturer has means of suggesting and
providing alternatives to solve these prob-
lems.

47 kHz
(Arm-tach
resonance)

3.8 kHz
(Arm-load resonance)

(o8] _, 3 — Y
-15 \
-20
oo 1
=30
-35 \|
-40
-45 V
-50
=55
-6
| 10 100 1000 10,000
— frequency [Hz]

Fig. 2.8.11. Bode plot of motortachometer with
inertial load.
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Fig. 2.8.13. Mechancial diagram of a moving coil motor armature and shaft.

Another phenomenon which has been puzz-
ling to many motor users is critical speed
resonance. The term critical speed is used
here advisedly, since it is not the classical
critical speed phenomenon described in
various mechanical textbooks. The classical
critical speed problem is generally defined
as the speed at which a shaft will resonate
in a bending mode equivalent to that of the
““free bar’’ bending as shown in Fig. 2.8.12.

Note the similarity between the “free bar"”
and the moving coil shaft-armature arrange-
ment in Fig. 2.8.13.

The true critical speed is that at which the
time (period) of one revolution will be
equivalent to the period of free bar reso-
nance oscillations. For the machine sizes
we are discussing, the true critical speed

Fig. 2.8.12. Classical example of a “free bar”
bending.
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would occur in the range of 20000 to
50 000 rom — much higher than any prac-
tical useful speed for devices under dis-
cussion. However, the bending resonance
oscillations can be excited at shaft speeds
lower than the true critical speed, such as,
for instance, by the commutation frequency.

Thus it turns out that critical shaft speeds
of a moving coil motor are defined by the
following equation:

60 K,
n, =-—N-—K2—- [rpm;Hzl —] (2.8.5)

where

f, is basic “free bar” resonance frequency
of armature shaft and load

N is number of commutator bars
K;=1, 2,4,8

K2 =1, 2 and sometimes 4



At these critical speeds the problem may
manifest itself as a peak in audio noise with
tendency for the output shaft to exhibit
“whip”’. The resonance is induced by the
commutation current flowing in the wind-
ing, generating a torque vector which dis-
turbs the shaft radially. This excites the
free bar resonance oscillations of the shaft
and armature assembly, and may transmit
forces into end caps and other structural
members, causing audible noise.

The factors K; and K, contribute har-
monics of the fundamental resonant fre-
quency with amplitudes dependent on spe-
cific internal component configurations.

Electro-Craft has developed several means
of coping with this problem, and can supply
moving coil motors which will meet the
most rigid critical speed resonance stan-
dards.

DEMAGNETIZING CURRENT

Moving coil motors are generally not as sus-
ceptible to demagnetizing peak currents as
iron core motors because of their significant
airgap and special pole shoe design. Ex-
perience at Electro-Craft with moving coil
motors shows that peak current limits are
set not by demagnetizing effects, but by
structural and conductance limits in the
armature structure and brush assembly.

0
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2.9. SPECIALTY MOTORS — Permanent
Magnet Motors With Variable Kt

29.1. INTRODUCTION

While the permanent magnet DC motor has
many advantages over other motor types
for speed control and servo applications,
in some instances its inherent characteristics
cause problems. Such applications are,
typically, digital tape transport drive sys-
tems, where high torque forward drive and
high speed rewind requirements exist; and
numerically controllied production machine-
ry, where close position control and rapid
traverse conditions prevail. Typically, these
applications require the motor to run inter-
mittently at light load and high speed, and
other times at heavy load and low speed.

The problem is caused by the inherent
correlation between the torque constant
Ky and voltage constant Kg (see section
2.1.). Thus, when the designer desires large
torque constant to achieve large torque
without unduly high current, he then under-
writes the need for a high voltage from the
amplifier for the high speed condition. On
the other hand, if he limits the amplifier
voltage, he needs a smaller voltage constant

o

Fig. 2.9.1. Schematic of wound-field motor
showing separately excited field winding.
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and torque constant, and he must now
supply a higher current for the torque
application. Since the ratio of optimum
Ky for the two modes can easily be 3:1,
we can see that the servo controller cost
can be a big factor in making design deci-
sions.

2.9.2. THEWOUND-FIELD MOTOR

The shortcoming of the PM motor is due
to its constant permanent magnet field; or,
in terms of its transfer function characteris-
tic, it is the invariance of the torque con-
stant, K;. A solution to the problem of
prohibitive amplifier costs is to use a motor
with an adjustable Ky. The small K4 can
then be employed when high speed is re-
quired and the large Ky for the high torque
mode. A variable Ky motor permits an
economical amplifier design.

As is often the case in going to the wound-
field (WF) motor, a number of undesirable
things also develop. The motor will be
substantially larger and heavier (see Fig.
2.9.2) because of volume required by the
field windings. This could cause problems
with the installation and maintenance of
the motors. The wound-field motor is
usually more expensive than the PM motor
of comparable rating. This is also due to the
added costs of the field windings and larger
housing. A third factor to consider is the
loss of magnetic detent. While a PM motor
can be designed so that it will require a
measurable torque to turn it from a position
of minimum reluctance, when power is re-
moved from the field winding of the WF
motor there is nothing to prevent the shaft



from turning. This can be very annoying if
the application requires that a certain shaft
position is to be held after power is removed.
In some cases, it is necessary to add a fail-
safe brake to prevent shaft rotation, as in
the case of a tape reel unwinding due to the
weight of tape.

Housing Field
windings

WF MOTOR

PM MOTOR

Fig. 2.9.2. A comparison of the relative sizes of
wound-field and permanent magnet motor diame-
ters.

2.9.3. NEWMOTOR TYPES

From the foregoing discussion it can readily
be seen that the ideal DC servomotor would
have cost and performance characteristics
of the PM motor and also the versatility of
speed control as exemplified by the wound-
field motor. This ideal motor has been the
goal of DC servomotor manufacturers for a
number of years. The efforts in this direc-
tion have resulted in several new types of
special purpose motors which offer some
attractive characteristics. The motors de-
scribed in the following paragraphs are the
subjects of patent applications action by
Electro-Craft Corporation.

The Hybrid Motor

An early approach to the design of a motor
that would incorporate desirable features
of the “ideal motor’’ was the hybrid motor
shown in cross-section in Fig. 2.9.3. The
hybrid motor simply took a ““‘wound’’ field
and put it in series with a PM field with
both encompassing a common armature.

ARMATURE HOUSING
: N

\

INORNN
PERMANENT MAGNET WOUND FIELD BRUSH COMMUTATOR

Fig. 2.9.3. The hybrid motor showing permanent
magnet and wound-field functions in one armature.

The portion of the armature rotating in the
PM field generates a torque that is propor-
tional to the magnetic flux density and the
length of conductors therein. This part of
the armature is designed also to provide
magnetic detent. Another portion of the
armature rotates within the ‘““wound’’ field
and generates a torque that can either add
to or subtract from that due to the PM. By
properly proportioning the relative lengths
of WF and PM portions of the armature, the
motor K can be changed by a fixed ratio
merely by switching the polarity of the
voltage applied to the field winding.
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variation in torque constant can be achieved
very easily with a relatively small field
winding power. The field winding can be
equipped with a center tap so that the wind-
ing polarity can be simply switched by
means of a flip-flop when triggered by an
appropriate signal. The dual mode charac-
teristics of a hybrid motor (the Electro-
Craft 5260) are shown in Tab. 2.9.1. It
can be seen that the 3:1 ratio is obtained
with only 560 W of field power required.

PM + -
field voltage | voltage
only on WF on WF
Torque constant 28 42 14
[oz-in/A]
No-load speed at | 1450 965 2850
30V [rpm]
Field winding
power - 50 W

Tab. 2.9.1. The hybrid motor characteristics.

Although the hybrid approach offers some
desirable application characteristics it does
not achieve the full cost savings potential
and efficiency of the PM motor. A portion
of it does have the cost and bulkiness of
the WF motor associated with it.

The DAARC Motor

The not completely satisfactory costs and
bulk of the hybrid motor led to the DAARC
concept. - DAARC is a handy acronym
which derives from the words “Direct Axis
Armature Reaction Control”’. The acro-
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description of the principle of operation of
the motor, which seems to offer the most
potential at this time.

The principle of operation of the DAARC
motor can most easily be understood by
considering Fig. 2.9.4. It shows the arrange-
ment of magnets and armature conductors
on either side of the air gap in the PM
motor. It can be seen that armature current
developes a triangular mmf distribution
around the air gap. The peak absolute
values of the armature mmf (also called
armature reaction) coincide with the place-
ment of the brush axis. If the brush axis is
shifted, the armature reaction axis will
shift with it. Now in a normal motor the
brush axis is usually placed close to the
field quadrature axis since this is the most
efficient area in developing torque. In con-
trast current introduced through brushes
on the direct axis would produce zero
torque. Getting back to Fig. 2.9.4, it can
be seen that the armature mmf tends to in-
crease magnet flux at one corner of the
magnet and decrease it at the other corner.

Brush Housing
— RV I (
South |pole Nortit pole
SSIeleCelCooTole: oo¥

Armature | conductors
+_-Armature mmf

-0

T

Magnet mmf

Direct oxis
Quodrature _axis

Direct axis

Fig. 2.9.4. Armature mmf in a DC permanent
magnet motor.



Brush Housing
|
1 3
South| pole North| pole
4

1

[Seleleloloclolocielotciclololc)
I | |

Armature| conductors | \ch mmf
I » 0

O mmf

Magnet mmf

Direct axis
Quadrature
Direct axis

Fig. 2.9.5. Armature mmf in a DC permanent
magnet motor with brushes shifted 90%l.

In a normal motor, the two effects will
approximately offset and there is little
effect on motor action. Now suppose that
the brush axis in Fig. 2.9.4 is shifted 900%el
so that the positive peak is aligned with the
north pole axis. This arrangement is shown
in Fig. 2.9.5. It can be seen that the arma-
ture mmf is now working in opposition to
the permanent magnet, and will act to
decrease the air gap flux. Thus, by con-
trolling the current to the direct axis
brushes, the air gap flux (and hence torque
constant) can be reduced to a desired lower
level. This is the principle of the DAARC
motor operation.

Quadrature
axis

Permanent .

magnets < ‘

P
O
o
ol

o

axis

Fig. 2.9.6. Location of brushesina DAARC motor.

Of course, current going to brushes on the
direct axis will not develop torque or motor
rotation. It is therefore necessary to add
another set of brushes on the quadrature
axis for motor operation. The arrangement
of brushes is shown for a two-pole configu-
ration in Fig. 2.9.6. The direct axis brushes
are used to control air gap flux. They can
be excited by a predetermined fixed voltage
to drop the motor Ky to the desired level
for high speed operation. The quadrature
axis brushes are excited by the servo ampli-
fier in the normal manner to develop torque
and achieve the desired speed.

The DAARC approach has several advan-
tages over other approaches. Since a zero
net voltage is generated across the direct-
axis brushes, armature resistance is theoreti-
cally the only limiting parameter on direct
axis current. This means that a low voltage
source is sufficient to supply the current
to these brushes. By actually reducing the
magnetic flux in the air gap the rotational
losses of the motor due to iron loss and
circulating currents are made small. These
losses are otherwise proportional to speed
and can become excessive at high speeds.

Perhaps the greatest advantage of the
DAARC motor approach is the potential
for cost savings. The basic cost structure is
that of a PM motor with the addition of an
extra set of brushes. In the practical case
some additional design changes to optimize
DAARC operation do add back cost but
overall cost is very favorable compared to
wound-field motors.
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Without 1 it direct
direct axis | :__.
axis current
current
Torque constant 43 13
[oz-in/A]
No-load speed at 940 2600

30V [rpm]

Direct axis input
power - 120 W

Tab. 2.9.2. The DAARC motor characteristics.
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Test data from an actual motor is shown in
Tab. 2.9.2. It is seen that the motor char-
teristics are comparable to those of the
hybrid motor as shown in Tab. 2.9.1.

The DAARC motor is a response to a re-
quirement for a very special kind of motor.
It istruly a good example of the saying that
“necessity is the mother of invention”.



2.10. MOTOR TESTING

This section will enlighten the reader as to
how a motor manufacturer checks motor
parameters. |Incoming inspection and trou-
bleshooting charts are included to com-
pletely describe tests performed on motors.
The following tests are described:

End play

Radlial play

{S‘haft runout

Moment of inertia

Resistance

Inductance

Friction torque and starting current

No-load current and rotational losses, no-load
voltage, no-load speed

Demagnetization current

Torque constant

Voltage constant

Electrical time constant

Mechanical time constant

Torque ripple

Speed regulation constant

Efficiency

Frequency response

Thermal resistance

Thermal time constant

Air flow impedance

END PLAY

A movement of a motor shaft in the axial
direction, caused when an axial force is
applied on either end of the motor shaft,
is termed end play. To measure the amount
of end play, a hub is placed on the motor
shaft, the motor is locked in a test fixture,
and an indicator point is placed touching

the hub. A predetermined force is applied
on one end of the shaft such as Fq in
Fig. 2.10.1, and the deflection is noted on
the indicator. The indicator displays the
end play directly.

Indicator ing rod

/‘Tes' hub ~—Locking clamp

/

@ = Motor under test

&
I . ]
Fig. 2.10.1. End play test setup.
RADIAL PLAY

The amount of deflection of the motor
shaft in response to a radial force in the
radial direction is termed radial play. The
amount of radial play is determined by
placing a hub on the motor shaft at a
specific distance from the mounting surface,
locking the motor in a test fixture and
placing an indicator point on the hub. A
predetermined force, such as F2 in Fig.
2.10.2, is applied at a specific distance
from the mounting surface, first in one
direction, then in the other. The total dis-
placement measured is the radial play.

Locking clamp

Mechanical
indicator

== ®

Motor under test 1Vee block L—bl—oistance"l\"

Fig. 2.10.2. Radial play test setup.
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SHAFT RUNOUT

As a motor shaft rotates it may exhibit
non-concentric characteristics. The amount
of wobble is termed runout. To measure
runout, an indicator point is placed on the
motor shaft at a specific distance from the
mounting surface, see Fig. 2.10.3. The
shaft is rotated through one revolution and
deflection is measured on the indicator
which reads shaft runout directly.

--Indicator mounting rod
Motor under test

. Mechanical

indicator Locking clamp
é Vee block
i — e
1
| ]
/. |

Test fixture

Fig. 2.10.3. Runout test setup.
MOMENT OF INERTIA

Inertia is the inherent property of bodies
which resist any change in their state. A
measure of this property is the moment
of inertia. There are two means of measuring
moment of inertia. The first involves an
inertial measuring device, while the second
method makes use of the torsional pendu-
lum technique. Both methods relate mo-
ment of inertia through a mathematical
proportionality to the square of the period
of oscillations.

An inertial measuring device as shown in
Fig. 2.10.4 will quickly and accurately pro-
vide the desired result.
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Armature under test

Xpenod counter

Leveling device

Oscillation starting
lever

Part_being measured is
an E.C.C.'Mi450 moving
coil armature

Fig. 2.10.4. Inertial measuring device.

First attach a collet to the shaft, then mount
thisinto the test fixture, turn on the oscilla-
tion lever, and read the period of oscilla-
tions. Remove the armature from the collet
and read the period of oscillations of the
collet only. Moment of inertia, J, can be
calculated from:

2

9 (2.10.1)

J=C [tf—t

where

C isthe calibrated constant of the instru-
ment

t, is the period of oscillations of arma-
ture and collet

t, is the period of oscillations of collet
only

The second method of measurement re-
quires a collet and master cylinder of known
moments of inertia and approximately the
same size as the armature under test.



Attach the collet to the armature under
test and connect as shown in Fig. 2.10.5.

OO

_~—Approximately 3ft of .010
‘/ to .032 diameter music wire

—=—Collet
Master cylinder
/ or
Armature under test

Fig. 2.10.5. Alternate method of measuring the
moment of inertia.

Give the armature a half twist and allow
it to oscillate freely while recording the
time for 20 oscillations. Attach the collet
to the master cylinder and repeat the above
procedure. Moment of inertia of the arma-
ture under test can be calculated from:

J=u4(=) -4, (2.10.2)

where

J, is moment of inertia of master cylinder
and collet

J2 is moment of inertia of collet

4 is time of 20 oscillations of master
cylinder and collet

t, is time of 20 oscillations of armature
under test and collet

RESISTANCE

In this procedure, the motor under test is
driven and the resistance of brushes, com-
mutator, and armature winding is measured
dynamically. Resistance values are specified
at 25 ©C; therefore, readings should be made
quickly to avoid heating effects; the current
should be about 1/4 of the rated current.

A power supply is connected across the
terminals of the motor under test while it
is being driven with a low-speed motor, as
shown in Fig. 2.10.6.

Current is adjusted for a predetermined
level and voltage is measured. Resistance is
calculated from:

|<

(2.10.3)

(Y

INDUCTANCE

In measuring /nductance, the motor under
test is connected to the impedance bridge as
shown in Fig. 2.10.7. The Q and L settings
are alternately adjusted for minimum volt-
meter readings. When the minimum read-
ing is obtained, the L setting indicates the
motor inductance. Repeat above procedure
for three other shaft positions 90° apart,
and take the average of the four readings to
determine the motor inductance, L.
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30 rpm or less

. DC
Coupling Power supply
L 2 J
DC
Ammeter

S— | O;
Synchronous motor 3= DC
— with gearhead —— 1 1O Voltmeter

[/ \——Tesi fixture

Motor under test
Fig. 2.10.6. Motor resistance test.

A C Voltmeter Eye
Detector output

@ Generator vol tage(ON-OFFswitch)
//-—Detector gain
— =1
T v oo
Oe >3 3
Impedance Bridge

LAY

Selector i
L® @ switch =

Unknown ——/

impedance

Motor under test

Fig. 2.10.7. Impedance bridge measurements of inductance.

FRICTION TORQUE AND Friction torque can be measured by two
STARTING CURRENT methods. The first utilizes a torque watch,

and the second involves current and voltage
When current becomes sufficient to over- measurements. In using a torque watch,
come torgue caused by static friction, mo- attach the watch to the motor shaft as in-
tor rotation will start. The minimum cur- dicated in Fig. 2.10.8, and start to rotate
rent is called starting current, and the the torque watch slowly. Torque as indi-
static friction termed friction torque. cated on the watch will be friction torque.
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Repeat this procedure at three other posi-
tions 90 degrees apart in both clockwise
and counterclockwise rotation directions.
The highest reading is the maximum friction
torque, Ty.

/Tovque watch

Fig. 2.10.8. Torque watch method of measuring
friction torque.

L Motor under test

The second method is based on starting cur-
rent measurements as an indicator of start-
ing torque.

To measure the minimum current required
to start rotation, the motor under test is
connected as illustrated in Fig. 2.10.9.
Voltage is slowly increased until the motor
shaft barely turns. This current value is the
starting current, 1.

DC
Ammeter

DC

Power
Supply

Motor under test

Fig. 2.10.9. Test setup for measuring minimum
current required to overcome friction in order to
start motor rotation.

The friction torque may be calculated by
using the starting current value which was
just measured, and the formula:

Te=Kyl (2.10.4)
NO-LOAD CURRENT AND
ROTATIONAL LOSSES, NO-LOAD
VOLTAGE, NO-LOAD SPEED

Not all input power supplied to a motor is
converted into mechanical power. There
are both mechanical and electrical losses.
If a motor is rotating with no load on its
shaft, a small current will still be drawn.
This is no-load current, |__, directly attri-
buted to rotational losses.

ao’

With the motor connected as in Fig. 2.10.-
10, a predetermined (rated) voltage is ap-
plied. The measured current is termed the
no-load current, Ia o+ motor speed is termed
no-load speed, n o

A plot is actually made for determining
rotational losses. Voltage is adjusted to
correspond to motor speed from 500 rpm
up to the maximum allowable safe motor
speed, in increments of 500 rpm, while re-
cording currents and voltages. |f losses in
units of [oz-in/krpm] are desired, the K¢, o
values versus speed are plotted. If losses in
units of [W/krpm] are desired, the current
I,, times the input voltage V versus speed
is plotted. The slope of the line will give
rotational loss in appropriate units.

2-75



DC
Ammeter

Stroboscope

R ()
\_/

DC
Voltmeter

DC
Power supply

Motor under test

Adhesive tape \\ W
’/
I
[S)
or
Speed
. counter
Photo-electric pick-up

Fig. 2.10.10. Measuring no-load current and no-load speed.

DEMAGNETIZATION CURRENT

When the motor is subjected to high current
pulses, the magnets may become demagne-
tized. This results in a lowered Ky, and
requires more current to produce the same
torque as before demagnetization.

The motor under test is actually demagne-
tized to obtain the demagnetization current.
The procedure is:

1. Note voltage required for motor speed
of 1000 rpm.

2. Insert motor in test circuit of Fig.
2.10.11, lock its shaft, apply a step
voltage for a short period of time and
measure the current.

The above procedure is repeated, always
increasing the magnitude of step voltage
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of test #2, until test #1 requires 2% less
voltage to maintain 1000 rpm. The current
which causes the 2% change is the demag-
netization current.

TORQUE CONSTANT

The measurement of the motor torque con-
stant, K¢, will require a dynamometer or a
torque indicating instrument. This test
method is based on the setup shown in
Fig. 2.10.18. Keep the motor running at a
constant speed, while adjusting the load of
the dynamometer up to the rated load of
the motor. The results of the measurements
can be plotted, as shown in Fig. 2.10.12,
and an average slope established which will
give
AT

Kp= =

X (2.10.5)



DC

Power supply
o

Motor

Vertical
input

I AT
T v
)/G'L AT >

FouN

—>» T

Fig. 2.10.12. Minimizing measurement errors in
establishing KT'

Another way of determining Ky is to calcu-
late the value based on the measurement of
the voltage constant K. (see following
test). The torque constant is always related
to the voltage constant in the following way:

Ky = Kg [INm/A; V/rad s~ 1]
(2.1.22)
Ky =9.5493 x 1073 K, (2.1.23)

[Nm/A; V/krpm]

® Ground

Oscilloscope

Fig. 2.10.11. Demagnetization current test.

[oz-in/A; V/krpm]

Ky=1.3524 Kg
(2.1.24)

The ease with which this measurement can
be made makes it the most suitable produc-
tion acceptance test.

VOLTAGE CONSTANT

The voltage constant, KE, can best be
tested by running the motor as a generator
(driven by another motor) and measuring
the generated voltage, Eg, while measuring
the shaft speed, n. The voltage constant
is then obtained by the following relation-
ship:

E
Kg === [V/krpm; V, krpm] (2.1.18)

A typical setup is shown in Fig. 2.10.13.
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/Motor under test

- _

O

1% D C Voltmeter

Zt—:-esso Motor -
Generator

—+ ¢ L & lisvac

0 60Hz

E-650 Master Control

Speed adjust

Fig. 2.10.13. Arrangement for. motor back-emf
test to determine Kg (voltage constant) and Ky

(torque constant).

ELECTRICAL TIME CONSTANT

The electrical time constant of a motor may
be calculated from the measured values of
motor inductance, L_, and armature resis-
tance, R, as follows:

a’

| [s: H, Q] (2.3.30)

In an alternative method using a direct
measurement, a step input voltage is applied
to the motor armature with the motor shaft
locked, and the exponential rise of the
motor current is measured on an oscillo-
scope. The time required for the current
to rise to 63.2% of its final value is equal
to the electrical time constant, Tor of Fig.
2.10.14a.
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The motor is connected as in Fig. 2.10.14b.
A step input voltage is applied and current
through a resistor of low value (R;<<0.1R,
where R is the armature resistance) is moni-
tored on the scope in the form of the volt-
age v,. The time required for current to
reach 63.2% of its final value is measured
and the value of 7, determined.

The present discussion is based on the
assumption that the armature impedance is
a series combination of a resistance and an
inductance. Hence, it can be written as

Z(s) = R +sL, (2.10.6)



—t
T
Voo B
63.2 % of Vogym — — — — —
| Current wc‘llveform
V2 | Ig= 2

|

|

|

1

Te — t

Fig. 2.10.14a. Measuring electrical time constant.

Knife
switch

oC Test motor
Power supply

(X}

—>e

1-5A
bleeder

<

R1=0.10

>t

<
e

O

Scope

Fig. 2.10.14b. Electrical time constant test setup.

While this description is valid for “conven-
tional’’ iron core motors, it is found that
the impedance of moving coil motors is
approximately [see Fig. 2.3.1. and Eq.
(2.3.1)]:

sLaRL

Z(s) = R + —m——
sLa+RL

(2.10.7)

where RL is an additional resistance in
parallel with L,, making the inductance

term not quite orthogonal to R. The parallel
resistance, RL, is very large for iron core
rotors; for these the approximation of the
resistance-inductance series combination is
valid.

MECHANICAL TIME CONSTANT

The mechanical time constant, Tm' defined
by (2.3.29) can be measured in several ways.
For example, if a motor is given a step volt-
age, the time required for a motor to reach
63.2% of its final speed is the mechanical
time constant, provided the electrical time
constant of the armature does not affect
the measurement.

Moving coil motors usually have 7,<0.17,
and such measurement is possible if a
tachometer is provided for speed measure-
ments.

The mechanical time constant can also be
measured by noting the mechanical break
frequency, f,, in the frequency response
test (to be described under “‘Frequency
Response’’ in this section). The mechanical
time constant can be derived from the mea-
sured break frequency as follows:

T = e— [S, HZ] (2.10.8)

In cases where the electrical time constant
is of the same order as the mechanical time
constant, the measurement is a bit more
complex and is beyond the scope of this
brief treatment. However, 7 can be cal-
culated [see Egs. (2.3.29), (2.8.2), (2.8.3),
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and (4.1.26)] from known values of mo-
ment of inertia, armature resistance and
torque constant as follows:

T (2.10.9)

m~ KeKy

[s; kgm2, &, V/rad s~ 1, Nm/A]
TORQUE RIPPLE

The output torque of a DC motor at low
speeds appears to be constant, but under
closer examination it has in fact a cyclic
component as illustrated in Fig. 2.10.15.
This cyclic action is referred to as torque
ripple, and is caused by the switching action
of the commutator (and sometimes by the
armature reluctance torque).

Actual Apparent
(A A

tuo
N AN AN

—

—_— 1

Fig. 2.10.15. Torque ripple

Although torque ripple usually is a very
small percentage of the rated output torque,
and in most applications can be neglected,
there are times when it may be critical; it
therefore becomes necessary to have a means
of checking torque ripple.

By connecting the motor under test to the
apparatus as illustrated in Fig. 2.10.16,
measurement of torque ripple can be made,
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if the moment of inertia of the measuring
device is much smaller than the motor mo-
ment of inertia (otherwise inertia filtering
takes place and the ripple measurement will
be invalid).

The percent peak-to-peak ripple torque can
be calculated from:

_ Peak-to-Peak Torque Ripple
I Average Output Torque

100[%]

(2.10.10)
SPEED REGULATION CONSTANT

The motor under test is operated at rated
voltage from no load to 1.5 times the maxi-
mum continuous torque, while speed and
torque are recorded. Readings must be
taken quickly to avoid overheating. The
data is plotted in a speed versus torque
curve as shown in Fig. 2.10.17.

Speed regulation constant is the slope of
the line and may be determined from:

An
Rm = AT (2.10.11)
This value can be also calculated using the
formula:

m KEKT (2.8.1)

EFFICIENCY

The motor isconnected in the test apparatus
as shown in Fig. 2.10.18. The speed n and
output torque T, at which efficiency will
be checked, should correspond closely to
actual conditions under which motor will
be used. Input voltage V and current 1
are measured. Efficiency can be calculated
from:



Motor under test

Oscilloscope

Coupling
Torquemeter
- -
device
DC ZTesi fixture
Ammeter
O—F
L
DC o DC |
Voltmeter ower Supply

Fig. 2.10.16. Torque ripple test setup.

" A Speed regulation constant =slope
! o
n = 1.0472 x 10% Vi
An a
\k
aT [%; Nm, krpm, V, Al
or
- T,n
Rated 1.5 x rated — T n =73.948
torque torque Vv Ia
Fig. 2.10.17. Speed-torque curve of a motor at

rated voltage.

[%; oz-in, krpm, V, A]

Mechanical loading

(2.10.12)

(2.10.13)

2-81



DC
DC

‘ Ammeter
Power supply

()

0C

Speed @

counter @

Motor under test

\\E /2

Voltmeter

1 O

4

Fig. 2.10.18. Motor efficiency test setup. Dynamometer

FREQUENCY RESPONSE

The determination of motor-generator fre-
quency response and resonant frequencies
points can be performed in a simple test
setup shown in Fig. 2.10.19. The amplifier
shown is Electro-Craft’s Motomatic Control
System Laboratory amplifier, but any amp-
lifier with a response from 5 Hz to 10 kHz
will do. The MCSL unit is convenient in
that it has adjustable gain and a current
limiting output stage, preventing accidental
overload of the motor or amplifier.

The test is done by first establishing a con-
venient reference level at a low frequency.
Then the frequency region of interest is
scanned and pertinent points recorded. A
typical plot of frequency response of a
motor-tachometer was shown earlier in Figs.
2.8.10and 2.8.11.
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Fig. 2.10.19. Frequency response test setup using?
Motomatic Control System Laboratory amplifier.



THERMAL RESISTANCE

Measurement of thermal resistance of a mo-
tor is generally done by the manufacturer;
it is not usually possible for a customer to
disassemble a motor and make the neces-
sary alterations to perform this test. How-
ever, it may be of interest to the reader to
understand how thermal tests are performed
at Electro-Craft Corporation, and we will
therefore briefly describe these tests.

A small calibrated thermistor is inserted in
the expected ““hot spot’’ as in Fig. 2.10.20
(in some motors several such thermistors
are used, where the worst-case hot spot is
not known). In most cases, the thermistor
output leads are brought out through slip
rings so that dynamic testing can be per-
formed.

The motor is run at a power level com-
parable to that in an actual application

(Fig. 2.10.21). Once the motor has reached
thermal equilibrium, record input voltage
V, input current 1, motor speed n, output
torque T,, armature temperature ©,, and
ambient temperature © 4.

Thermal resistance (armature-to-ambient) is
calculated from:

(2.10.14)

[OC/w;0C, W]

where the power loss in the motor is given
by
PL=Pi—P,
PL=VI,—104.72T n (2.10.15)

[W; V, A, Nm, krpm]

M~
Leadwires from
thermistor
//!_ -:\ «@——Brushes
/] A
1 Wl
| | Ry i il
ynr
\ [ I A
AN I
S~
_\_\’ Slip rings
Heatsink Thermistor
in winding

Fig. 2.10.20. Inserting a thermistor in motor armature
for thermal resistance test.
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Motor under test—

DC
bDC Ammeter
Power supply
@
DC
Voltmeter

Speed @
counter @

Heatsink

\ / ® Resistance

e Bridge

Leadwires from
1 thermistor
Dynamometer

Fig. 2.10.21. Thermal resistance test setup.

or
P.=VI, —0.73948 T n (2.10.16)
[W;V, A, oz-in, krpm]
THERMAL TIME CONSTANT
Thermal time constant is the time required

for temperature to attain 63.2% of its final
value, as Tth in Fig. 2.10.22.

Final . %
temperature
63.2% of
finagl —»—— — —
temperature
Oq

T

Fig. 2.10.22. Armature temperature versus time
curve.

B
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To measure the thermal time constant, the
thermistor arrangement need in the thermal
resistance test is used and the motor is con-
nected as shown in Figs. 2.10.23 and
2.10.24. The motor is energized with a step
function of power, which is held constant’
during the test. The strip chart recorder
measures the armature temperature rise,
and after thermal equilibrium is attained,
the chart will appear as in Fig. 2.10.25.

The armature thermal time constant can be
determined from the chart paper by mea-
suring the record, as shown in Fig. 2.10.25.
The thermistor calibration characteristic in
circuit connection of Fig. 2.10.24 must be
considered.

This example is based on a single thermal
time constant for the sake of simplicity;
as shown earlier in section 2.5., a motor
has at least two independent thermal time
constants.



Locking device to
prevent shaft from

rotating

iHe:tsink

DC
DC Ammeter

Power supply

@

DC

Strip chart
recorder

Voltmeter

e

Test fixture

See figure 2.10.24

Fig. 2.10.23. Thermal time constant test setup.

-

- |

—— 3V bottery
To thermistor in
winding (4 to 5 kQ
at 25°C)

I kO To strip chart recorder

Note: The | kl resistor is used as a source
of voltage signal for sirip chart
recorder and also 0s 0 means of
limiting the current in the thermistor
to avoid self-heating.

Fig. 2.10.24. Circuit used in thermal time con-
stant test.

AIR FLOW IMPEDANCE

By increasing the air flow through a motor,
the heat removal rate is increased, thereby
substantially increasing the output power
capability of the motor. When air is forced
through a motor, the internal parts and

design of the air cooling channels will in-
fluence the air flow in such a way so as to
resist or impede that flow. Air flow imped-
ance is a measure of this influence, and is
given as air flow rate (volume per unit of
time) divided by given pressure, e.g. in units
of

m3 /min or 3 /min ___CFM
at in of H20 in of H20

Vih o Finishing point-—
—t
Vip(7) - corresponding to 63.2%
of final temperature
Vth
O|Start point *Tth - —_—t

Fig. 2.10.25. Record of strip chart recorder.
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Following are two alternate tests. One
utilizes an air flow meter, while the other re-
quires air pressure gages, a plastic bag, and a
container of known size. The latter test is
perhaps a little less accurate, but it is handy
for occasional tests with a minimum of
equipment outlay.

In the first test method, the motor under
test is connected as in Fig. 2.10.26. With
the blower on, the air flow rate on the air
flow meter and the air pressure are recorded
and plotted. The damper is adjusted in-
creasing the air flow rate, while data is
plotted, until a curve similar to that in
Fig. 2.10.27 is obtained.

Air flow meter

<&@
KDumoer

Sensor
L M
—

Air chamb |

LT
T \/ :

Blower

Motor under test

—Manometer tube

Fig. 2.10.26. Air flow meter method of measuring
air flow impedance.

For the second method, the motor is con-
nected as in Fig. 2.10.28, with air inside
the plastic bag evacuated. The blower is
turned on and the damper adjusted for a
predetermined pressure, then the air hose
is connected to the plastic bag and a stop
watch is started. Time to fill the bag and
air pressure are recorded. Air flow rate is
calculated, and the above procedure re-
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peated until a graph similar to Fig. 2.10.27
can be plotted. + 30

|
T
n
o

Air flow impedance

-+ 20

Air flow (CFM)

| | |
1 T I

(o] 5 10 15 20 25
Intet pressure (in of H,0)

Fig. 2.10.27. Example of a motor air flow imped-
ance.

Damper

Input air hose

Container
with plastic bag
inside

-Qutput air hose|

EAiv pressure gage

Fig. 2.10.28. Alternate scheme of measuring air
flow impedance.
Example of calculating air flow rate:

Air chamber

i

Blower

Motor under test

Manometer tube

Note: Keep air hose lengths short as possible.

Container Volume = 4.7 3
Air pressure = 1 in of H,0

Average time to fill bag = 23 s

. _ 4713

Air flow rate = _233

=£ 60=12.3CFM @ 1 in of H,0
23" . _ 2



INCOMING INSPECTION OF MOTORS

The following list of motor parameters is
intended to serve as a basic guide for in-
coming inspection tests. Whether this list
is expanded or shortened would depend on
the testing program (for example, 100%
testing or sampling techniques) and on in-
dividual customer needs, as well as the type
of motor under consideration.

MOTOR TESTING PARAMETERS
1. Visual Inspection

A. LEADWIRES — LOOK FOR:

NICKED, CUT OR CRACKED INSULATION
WHICH EXPOSES BARE WIRE.

PROPER COLOR IDENTIFICATION.
PROPER STRIPPING OF LEADWIRE ENDS.

CONNECTORS AND TERMINALS (IF USED)
ARE PROPERLY ATTACHED

B. OUTPUT SHAFT(S)
RUST OR FOREIGN SCALE.

NICKS OR UPSETS, WHICH MAY CAUSE
AN OVER-SIZE CONDITION.

IF PINIONS OR GEARS ARE USED, CHECK
FOR BURRS WHICH MAY CAUSE IMPRO-
PER MATING.

. BALL BEARINGS

CHECK FOR DAMAGED SHIELDS.

PROPER INSTALLATION OF RETAINING
RINGS.

. PILOTS AND LOCATING SURFACES

NICKS, BURRS, OR UP-SETS WHICH MAY
CAUSE IMPROPER MATING OR ALIGN-
MENT.

PROPER FINISH (IRRIDITE,ANODIZE, ETC,,
IF APPLICABLE).

. BRUSH HOLDERS

CHECK FOR LOOSE OR CRACKED BRUSH
HOLDERS.

LOOSE OR CRACKED BRUSH HOLDER
CAPS.

. NAMEPLATES

PROPER LABELING AND IDENTIFICATION.

2. Electrical and Mechanical Checks

A.

I G m o o

END PLAY

. RADIAL PLAY
. SHAFT RUNOUT

. RESISTANCE

. NO-LOAD CURRENT
. NO-LOAD SPEED

. TORQUE CONSTANT
. VOLTAGE CONSTANT
ABNORMAL NOISE
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Problem

Motor Runs Hot

NOTE:
Don’t judge the motor
temperature by feel.
Use an appropriate
temperature measuring
device.

Motor Burns Out

High No-Load Speed

High No-Load Current
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1.

1.

MOTOR TROUBLESHOOTING CHART

Probable Causes

. Excessive load.

. Maximum speed of motor

exceeded for long periods
of time.

. High ambient temperature.

. Worn bearings.

. Short-circuited coils in

armature.

. Armature rubbing

. Same as “Motor Runs

Hot"”

Demagnetization of mag-
nets. Maximum pulse
current to avoid demagneti-
zation exceeded.

Worn bearings.

. Worn or sticking brushes.

. Magnets demagnetized.

Corrective Action

. Determine if motor rating is correct for

given load. Inspect coupling between motor
and load for excess drag.

. Re-check motor maximum speed rating.

. Re-check motor rating for given ambient

temperature. Reduce ambient temperature
by providing ventilation.

. Replace bearings.

. Repair or replace armature.

. Note cause of rubbing. Remove obstruction

or replace with new armature.

. Any of the conditions listed in “‘Motor Runs

Hot" will cause a motor to burn up if not
detected in time. Replace motor and correct
problem when possible to avoid recurrences.

. Remagnetize magnets.

. Replace bearings.

. Replace brushes. Check brush holder slots

for obstructions.

. Remagnetize magnets.



Problem

Low Output
Torque at Rated
Input Power

High Starting Current

Erratic Speed

Probable Causes

. Armature rubbing.

. Excessive pre-load on

bearings.

. Misaligned or cocked

bearings.

. Magnets demagnetized.

. Open or shorted armature

winding.

. Excessive motor drag.

. Worn bearings.

. Worn or sticking brushes.

. Obstruction in air gap.

. Armature rubbing.

. Magnets demagnetized.

. Open or shorted armature

winding.

. Misalignment between

motor and load.

. Varying load.

. Worn or sticking brushes.

. Obstruction in air gap.

. Worn bearings.

Corrective Action

. Note cause of rubbing. Remove obstruction

or replace with new armature.

. Remove excess shims.

. Remove armature and bearing assembly and

re-insert same with proper alignment.

. Remagnetize magnets.

. Repair or replace armature.

. Check for any added friction spots such as

worn bearings, rubbing armature, misalign-
ment between motor and load, etc.

. Replace bearings.

. Replace brushes. Check holder slots for

obstructions.

. Remove obstruction.

. Note cause of rubbing, remove obstruction

or replace with new armature.

. Remagnetize magnets.

. Repair or replace armature.

. Re-align coupling to reduce drag.

. Re-adjust load.

. Replace brushes. Check brush holder slots

for obstructions.

. Remove obstruction.

. Replace bearings.
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Problem

Reversed Rotation

Excessive Brush Wear

Excessive Bearing Wear

290
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Probable Causes

. Open or shorted armature

winding.

. Motor leadwires to power

supply reversed.

. Magnets have reversed

polarity.

. Incorrect spring tension.

. Dirty or rough commutator.

. Incorrect brush seating

(off center neutral)

. Excessive load

. Short circuited coils in

armature.

. Loose-fitting brushes.

. Vibration

. Lack of moisture.

. Belt tension too great.

Misalignment of belt,
coupling, or drive gears.
Unbalanced coupling

or too closely meshed
gears. Excessively heavy
flywheel or other load
hung on motor shaft.

Corrective Action

. Repair or replace armature

. Reverse leadwires.

. Rotate magnet and housing assembly to

proper orientation or remagnetize.

. Springs may lose temper due to excessive

heat. Replace brush with proper spring
material and tension.

. Clean or re-machine commutator. Insure a

good surface finish.

. Check to see that motor is properly

neutralized.

. Check the value of rated current vs. the

actual. If over the mfg. rating, the excessive
heat and current would speed brush wear.

. Repair or replace armature.

. Check brushes and brush holder slots for

proper size. Replace as needed.

. The armature should be dynamically

rebalanced. The vibration causes brush
bounce, hence, arcing and excessive wear.

. Operating in a near vacuum condition causes

rapid brush wear. Use a special treated or
“high altitude brush.

. Correct mechanical condition. Limit radial

load to mfg. specification.



Problem

Excessive Noise

Probable Causes

. Dirty bearings.

. Insufficient or inadequate

lubrication.

. Excessive thrust load.

. Bent output shaft causing

excessive vibration.

. Unbalanced armature.

. Worn bearings.

. Excessive end play

. Misalignment between

motor and load.

. Motor not fastened

firmly to mounting.

. Dirt in air gap.

. Amplified motor noises.

. Rough commutator.

Corrective Action

. Clean or replace bearings. If condition is

bad, provide means for shielding motor from
the dirt.

. Review bearing mfr. recommendation for

type and amount of lubricant to use.

. Reduce the load or obtain a motor designed

to handle the required thrust load.

. Remove armature and check shaft with

mechanical indicator. Straighten if possible
or replace armature.

. An unbalanced armature can set up vibrations

that can be easily felt. The armature should
be rebalanced dynamically.

. Replace bearings.

. Add washers (shims) to the motor to take

up end play. Re-check friction level and end
play as excessive pre-load will cause early
bearing failure.

. Correct mechanical conditions of misalign-

ment.

. Correct mechanical condition of mounting.

. Noise is irregular, intermittent and

scratchy: dismantel and clean motor.

. Uncouple motor from load and allow it to

run. If noise persists, loosen the mounting
bolts and lift motor while it is still running.
If motor is quiet, the mounting was acting
as an amplifier. If possible, replace with a
cushion type mounting to reduce noise.

. Re-machine commutator.
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Problem

Excessive Radial
Play

Excessive End Play

Excessive Vibration

Shaft Will Not Turn
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Probable Causes

. Shaft loose in bearing I.D.

. Worn bearings.

. Bearings loose in end cap

bearing bore.

. Improper shimming.

. Unbalanced armature.

. Worn Bearings.

. Excessive radial play.

. Open or shorted armature

winding.

. No input voltage

. Motor bearings tight or

seized.

. Load failure.

. Dirt or foreign matter in

air gap.

. Excessive load.

. Open motor winding.

Corrective Action

. Check fits, the I.D. of the bearing should be

a light press fit.

. Replace bearings.

. The bearings should be free to slide in the

bearing bore. However, the clearance should
not be excessive. If excessive, replace end
cap.

. Add shims as needed. Re-check motor for

proper end play.

. Re-balance armature dynamically to proper

level.

. Replace bearings.

. See corrective action for “‘excessive radial

play’’.

. Repair or replace armature.

. Check at motor leads for proper input

voltage.

. Replace bearings.

. Disconnect motor from load and then

determine if motor will run without load.
(Check load to see if it turns freely.)

. Remove the obstruction.

. Check the load. It may be enough to stall

the motor.

. Check for open windings. Repair or replace

armature.



Problem Probable Causes Corrective Action
7. Worn or sticking brushes. 7. Brushes may be worn enough so that they

do not touch commutator. Clean brushes
and brush holders so that brushes move
freely. Replace if necessary. ]
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2.11. DC GENERATORS
INTRODUCTION

The DC tachometer-generator is a rotating
electromagnetic device which, when me-
chanically driven, generates an output volt-
age proportional to speed. This character-
istic can be used in applications requiring
either shaft speed readout or closed-loop
speed control or stabilization.

Fig. 2.11.1 illustrates an application in
which a tachometer-generator, or a tachom-
eter as it is often called, is used in conjunc-
tion with a voltmeter calibrated directly in
speed units (rpm) to provide speed readout
— in this case at a remote control station.

However, the most important application of
tachometers is in servo systems, where they
are employed to provide shaft speed feed-

Tachometer

back signal in speed control systems, as
shown in Fig. 2.11.2. A tachometer pro-
viding rate feedback signal to improve sta-
bility of a position servo system is shown
in Fig. 2.11.3.

THEORY

The basic theory of the DC motor in
Chapter 2. applies to the DC tachometer,
but while the DC tachometer can be viewed
essentially as a small DC motor, it has some
important distinguishing requirements:

1. The tachometer shall provide a DC
voltage proportional to the shaft
speed, with a controlled linearity;

2. The output voltage shall be rela-
tively free from rotation dependent

voltage ripple or random voltage

Remote Control Station

\
O

Fig. 2.11.1. Tachometer providing shaft speed readout.
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changes in the frequency range in 4. There is no requirement that the
which the tachometer is to be oper- tachometer provide any significant
ating; power; hence, the design considera-
tions are mainly directed at solving
problems related to requirements 1,
2 and 3 above.

. The voltage gradient K¢ should be
stable with ambient and device
temperature variations;

Pwr
Amp,
Load
-
Feedback
compensation
7~
Fig. 2.11.2. Block diagram of speed servo with tachometer feedback.
Load
Pwr,
Amp. |
Amp. P Amp,
-
re
b
Rate -
feedback M
compensation P =
e

Position
feedback
compensation

Fig. 2.11.3. Block diagram of position servo with tachometer damping.
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The tachometer develops an output voltage
proportional to shaft speed, with voltage
polarity dependent on direction of rotation.
Fig. 2.11.4 shows a relationship between
tachometer speed and output voltage, which
can be expressed mathematically as:

(2.1.18)

where Eg is the tachometer output voltage
and n is the tachometer speed. Kg is the
proportionality constant between output
voltage and speed, i.e. the voltage constant
of the tachometer.

— N

Fig. 2.11.4. Tachometer output voltage vs. shaft
speed.

TYPES OF DC GENERATORS

There are basically two types of DC genera-
tors: the shunt-wound generator and the
permanent magnet generator. The shunt-
wound tachometer for feedback purpose is
obsolete, however, and the permanent mag-
net units are universally accepted for their
compactness, efficiency and reliability.
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The majority of DC tachometers are of the
conventional iron-copper armature type.

In many cases Electro-Craft provides the
tachometer with coin silver commutators,
which gives highly reliable commutation
for cases where the tachometer is run for
extended periods of time at very low
speeds — a difficult operational condition

for copper commutators. A variety of

windings can easily be provided on iron
core armatures; thus, a wide range of KE
values can be supplied.

Moving coil tachometers are, in principle,
identical to moving coil motors, as described
in section 2.8. with one important differ-
ence: a high number of coils per pole is
desirable to minimize ripple voltage.

Essentially, the moving coil concept is
characterized by a lack of iron in the arma-
ture design. The armature windings consist
of a cylindrical, hollow rotor, composed of
wires and held together with fiber-glass and
polymer resins. Because the armature is
not burdened by iron in its design, this
hollow or shell-type armature has the lowest
moment of inertia of any DC tachometer
type. Since coil inductance is low, due to
the absence of iron, moving coil tachome-
ters have an extremely low ripple ampli-
tude, ap\proximately 1% peak-to-peak for
Electro-Craft tachometers.  This makes
moving coil tachometers excellent, not only
in low inertia applications, but in precision
speed controls as well. The ripple content
is sometimes difficult to measure, since
most test methods produce inherent ripple



contributions of the same order of magni-
tude. Suitable test procedures are discussed
in detail in section 2.12.

MOUNTING FEATURES

Tachometers can, of course, be used as
separate devices; but in a majority of servo
applications the tachometer is closely con-
nected to a motor.

A unique solution to the motor-tachometer
combination is represented by Electro-
Craft’s patented Motomatic® motor-ta-
chometer (Figs. 2.11.5and 2.11.6). In this
device the tachometer winding is wound
on the motor armature alongside the motor

Motor end Generator end

N

Fig. 2.11.5. Cross-sectional view of Motomatic
motor-tachometer.

—

winding. Due to the use of magnets with
low permeability and high coercivity, there
is no significant interaction between the
two windings over a wide range of operating
conditions. A thermistor-resistor network
minimizes the effect of the temperature
dependent magnetic flux on the tachom-
eter voltage gradient. The “Motomatic”
system — the motor-tachometer used with a
transistor amplifier — has been preferred for
speed control applications for many vyears,
and its applications range from blood
pumps, crystal-pulling machines and semi-
conductor spinners to textile machines,
motion picture editing machines, and auto-
matic welding machines.

While the Motomatic motor-generator per-
forms excellently for wide range speed
controls, it has a limitation in its ability to
respond rapidly in high-performance servo
systems, due to the magnetic coupling be-
tween the two windings. Thus, for servo
bandwidths beyond 15-20 Hz the tachom-
eter must be physically separated from the
motor armature.

Fig. 2.11.6. Electro-Craft's Motomatic armature. Motor and tachometer
windings simultaneously wound on the same armature.
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Motor end Generator end
SONNNONY 1t\ SN
i
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==l
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Fig. 2.11.7. Motor and tachometer on a common
shaft (Electro-Craft E-576).
Fig. 2.11.7 shows a cross-sectional view of
a patented Electro-Craft design of a motor-
tachometer (E-576) on a common shaft.
This design combines the advantage of rig-

idly coupled motor-tachometer armatures,
which are magnetically separated, with in-
dependently adjustable magnet mounting
features. The device represents a good com-
bination of high-performance features with
economical manufacturing attributes.

A photograph of the armature assembly is
shown in Fig. 2.11.8, and the assembled
unit is shown in Fig. 2.11.9. The physical
separation of the armature enables servo
bandwidths of up to 100 Hz to be achieved.

Fig. 2.11.9. The assembled unit E-576.
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Motor

Motor

armature
Tachomaeter
armature

/— Tachometer

=

Commutator

AN

Fig. 2.11.10. Cross-section of an Electro-Craft
Moving Coil Motor-Tachometer.

When moving coil motors are equipped with
tachometers, it is necessary to mount the
tachometer external to the motor housing,
but still with the moving coil tachometer

Fig. 2.11.11. Electro-Craft M1030-110 Moving Coil
Motor-Tachometer. Motor and tachometer arma-
tures are rigidly mounted on the same shaft.

armaturerigidly coupled to the motor shaft.
Fig. 2.11.10 illustrates a typical moving
coil motor-tachometer combination. Be-
cause of the low armature moments of
inertia and rigid shaft connections, the
torsional resonance frequency between mo-
tor armature and generator armature is over
3.5 kHz — well beyond most servo require-
ments. The assembled unit is shown in
Fig. 2.11.11.

In some cases a customer may want to
mount a tachometer to a motor on his
own, perhaps as shown in Fig. 2.11.12.
Since firm alignment of two independent
sets of bearings presents problems, the two
shafts are usually joined by a flexible cou-
pling. This coupling, in turn, may limit the
performance of the servo system due to the
torsional resonance introduced by the cou-
pling. It is therefore advisable to use the
factory-assembled, direct-coupled motor-
generators whenever possible.

TEMPERATURE EFFECTS
Tachometers can be grouped into four main

classes according to the accuracy of their
output:

1. Ultrastable generators

2. Stable generators

3. Compensated generators

4. Uncompensated generators
The desired accuracy of each individual
system design determines which generator

to employ.
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Fig. 2.11.12. Assembly of a separate motor and tachometer, using a flexible shaft coupling.

Ultrastable Generators

This class of generators will show tempera-
ture errors of less than 0.01% per OC of
temperature change. To achieve this low
level of temperature sensitivity, a stable
magnet material is used which has a low
temperature coefficient, such as Alnico 8
or Alnico 5, in combination with a com-
pensator alloy in the magnetic circuit.
Additional design features minimize heating
effects in the area of the magnet. This type
of unit is the most costly of the four.

Stable Generators

This group of tachometer-generators will
exhibit temperature errors ranging up to
0.02% per OC of temperature change. They
are usually based on uncompensated Alnico
5 magnets. This class of generators is a bit
less costly to build, and will usually be
quite satisfactory for many applications.

Compensated Generators

This group of tachometer-generators is char-
acterized by temperature errors in the area
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of 0.05% per OC of temperature change over
a restricted temperature range. This type of
unit utilizes lower cost ceramic magnets in
combination with thermistor temperature-
compensating networks to achieve a level of
temperature sensitivity that is adequate for
several applications. A minor disadvantage
of this type of unit is that its output imped-
ance is generally higher than that of the
previously mentioned ones. Because of the
compensating circuitry and the effective-
ness of the compensation, this group is
limited to a temperature range of up to
75 OC,

Uncompensated Generators

This group has the lowest cost of the four
types mentioned here. It is characterized
by temperature errors ranging up to 0.2%
per OC of magnet temperature. This type of
unit is often adequate for damping purposes
in position servos, where adequate phase
margin is provided in the initial design.



EXAMPLE: It is desired to use a motor-ta-
chometer combination in a constant speed
drive where the speed must not vary by
more than 2% of set speed over a tempera-
ture range of 20 °C to 70 °C. What type
of tachometer-generator should be used?

The specified temperature range means that
the tachometer-generator will see a tempera-
ture change of

A® =70 —20=50°C

The allowable temperature coefficient of
output voltage must be:

2%
50 °C

= 0.04%/°C

by <

The stable group of tachometer-generators
would be the proper choice here to give this
desired performance at the lowest cost.

LINEARITY AND LOAD EFFECTS

The ideal tachometer-generator would have
an output voltage vs. speed characteristic as
shown earlier in Fig. 2.11.4, a perfectly
straight line. If a generator is run within
its rated speed range (usually below 6000
rpm) one can expect such linear behavior.
However, if a generator designed for low
speed operation, is run at very high speed
(above 10 000 rpm), aerodynamic lift or
commutator runout may cause a drop in
the voltage-speed characteristic such as
shown in Fig. 2.11.13. This, of course,
represents abnormal operating conditions,
and is not recommended.

4
/
Z

1 L.

linearity at very
high speed

— )

Fig. 2.11.13. Abnormal tachometer characteristic.

R

AN
+ —Plq

Fig. 2.11.14. Schematic of tachometer connected

to resistive load RL.

The effect of load impedance can be de-
rived from the schematic in Fig. 2.11.14.

The loop equation can be written as:

Eg=RIa+V=KEn (2.11.1)
Since:
V=R|_la

we obtain after substituting into (2.11.1)
and rearranging

R

VT RTR,

Kgn (2.11.2)
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This shows output voltage to be a function
of load resistance, R , armature resistance,
R, tachometer voltage constant, K¢, and
speed, n. R does not affect linearity, but
does affect the gradient V/n. The tendency
is, then, to make RL as high as possible to
get high voltage gradient. However, in order
to keep a good commutation surface, the
value of R should be in the 5 to 10 k&2
region. In cases where the tachometer-
generator is run for long periods at very
low speeds (less than 100 rpm), it may be
necessary to use values of R, even lower
than that in order to maintain good com-
mutation. A rule of thumb is that in such
cases a current I, = 0.1 to1 mA should be
maintained.

Linearity can be specified by limiting the
maximum deviation of the voltage-speed
characteristic from a straight line drawn
between zero speed point and the output
voltage at a specified calibration speed.
This maximum deviation is usually specified

as a percentage of the output voltage at the

" calibration speed.

The percent linearity error can be expressed
mathematically as:

[%] (2.11.3)

where
A is the linearity error
V is output voltage
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n is tachometer speed
n, is a specified calibration speed
V. is output voltage at n

The calibration speed, n,, that is specified
for a particular generator should be estab-
lished at 83.3% of the maximum operating
speed of the application.

EXAMPLE: 1f a tachometer-generator has
the following characteristics:

Kg =7 V/krpm

and its linearity error is

A< 0.2% over speed range 0 to 4000 rpm,

what is the maximum deviation from a per-
fect straight line characteristic at 1500 rpm?

For the maximum speed of 4000 rpm the
calibration speed should be:

n, = 0.833 x 4000 = 3332 rpm

The output voltage at the calibration speed
is:

V., =Kgn, =7x3.332=23.324 V
The output voltage at 1500 rpm should be

V=Kgn=7x15 =105V

We can calculate the maximum allowable
deviation at 1500 rpm by solving (2.11.3)
for V and subtracting the theoretical out-
put voltage of 10.5 V.



Then: 0.2 , 1500
=23.324|——+ ———] =10.542 V
A n Y% 23324(100 + 3332> 10.542
V=V lioo t n (2.11.4)
Ne AV =10.542 — 10.5 = 0.042 V=42 mV

a
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2.12. GENERATOR TESTING

Because of the many inherent similarities
between motors and generators, a good
share of the device testing procedures and
setups are identical. This is the case for the
following characteristics and performance
parameters, and the reader is directed to the
discussion in section 2.10. for detailed
procedure.

End play

Radlial play

Shaft runout
Moment of inertia
Inductance
Friction torque

The following discussions present suggested
tests and measurements which, in addition
to those above, provide a complete reper-
toire of generator inspection routines.

OUTPUT IMPEDANCE

With a motor driven generator connected as
in Fig. 2.12.1, generator no-load output
voltage is recorded. Switch SW1 is then
closed, applying a load to the generator,
then the coarse (R1) and fine (R2) resistors
are adjusted until the output voltage equals

!

SWi
X-X XX
R Resistance decade ...
Voltmeter
p
R2 10 turn precision dial

readout potentiometer

Fig. 2.12.1. Generator output impedance test.
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one-half of the no-load output voltage, as
recorded above. The resistors’ values at
this point equal the generator output im-
pedance.

VOLTAGE GRADIENT

The generator output voltage is proportional
to the speed of armature. In testing for
generator voltage gradient, the generator is
driven at 1000 rpm with a voltmeter mon-
itoring output voltage. Voltage at 1000
rpm is equal to generator voltage gradient,
Kg. in units of [V/krpm].

VOLTAGE POLARITY

Generator output is checked to verify that
a specific voltage polarity exists for a given
direction of armature rotation.

GENERATOR RIPPLE
Iron-Core Generator Ripple

DC tachometer-generator ripple is generally
specified in two alternate ways. In non-
critical applications, it is given as the ratio
of RMS value of AC components of the
output voltage to its average DC value; in
cases where good control of ripple is essen-
tial, it is the ratio of peak-to-peak value of
AC components to average DC value. The
latter measurement requires an oscilloscope,
and the former requires true RMS and DC
voltmeters.

The fundamental ripple frequency is dic-
tated by the number of commutator seg-



ments, and can be calculated by the expres-
sion shown below:

_ 100
r 6

f kun [Hz; —, krpm]
[2.12.1)
where

u is number of commutator segments

1 if u iseven

k

2 if u is odd

=~
]

n is shaft speed
R R=0,10k0,30kN

™

Rotatable
brush rigging

Scope
RC —>
Filter

-— Tachometer-Generator

’ La—"

I0V,5ADC MCM Servomotor
(regulated) -
__—_—_‘.‘
Supply to
moizry Chuck

‘A L

J¥50z-in-s2
Flywheel

% .
"Vibration-free table

Fig. 2.12.2. Tachometer-generator test setup.

The RMS ripple measurement is simply
made by connecting a DC voltmeter and a
true RMS voltmeter with an AC input net-
work to the tachometer terminals, while
the tachometer is driven at a constant speed
in the region of interest. The RMS percent-
age ripple is determined as follows:

v
= RMS
<vr) aus= 10— (4 (2122)

The peak-to-peak measurement is discussed
in the following section, and illustrated in
Fig. 2.12.2.

Moving Coil Tachometer Ripple

Moving coil tachometers having peak-to-
peak ripple amplitude of the order of 1%
are difficult to test, because most test
methods contribute inherent shaft velocity
ripple of the same order of magnitude.
The following test method was developed
at Electro-Craft Corporation to test motor-
generators designed for use as capstan mo-
tors for digital tape transports, but can as
well be applied to any motor-tachometer
or single tachometer having low ripple speci-
fications.

The Electro-Craft test is based on the
principle that the motor is run “‘open loop”’
with a heavy flywheel attached directly
to the output shaft. No compliant cou-
pling is used. A suitable collet or non-
marring chuck can be used to couple the
flywheel to the shaft. The flywheel, in con-
junction with the motor, effectively filters
out any mechanical ripple due to commuta-
tion or to motor torque ripple.
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Considerable care is necessary in performing
this test to insure that the motor-tachom-
eter under test is suitably isolated from all
sources of external mechanical and electrical
interference.

This test should be performed only on
samples which have been properly run-in
with a tachometer current drain of at least
1 mA. The motor-tachometer under test is
connected into a test arrangement as shown
in Fig. 2.12.2.

The motor is driven from a regulated power
supply, and the speed is adjusted so that
the tachometer DC output voltage is 0.5 V
+ B0 mV, as measured on the oscilloscope.
This is a typical voltage for capstan motors;
other applications may require different
values.

Adjust the oscilloscope time base to 20 or
50 ms/cm and observe tachometer-generator
output voltage with the oscilloscope ampli-
fier switched to “DC”. The vertical gain
should be set to 0.1 V/cm. Estimate and

“record the AC component of generator out-
put voltage plus output ‘“noise”’.

Switch the oscilloscope amplifier to ““AC'’
and adjust gain to suitable level (5, 10, 20
or 50 mV/cm). Adjust the waveform to the
center of screen. Fig. 2.12.3 shows a typical
pattern. Examine and record:

a) Amplitude (peak-to-peak) of cyclic
AC component (an RC filter, typically
1uF and 10 k&2, will remove all high
frequency components);
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b) Amplitude (peak-to-peak) of hf noise
or hash’’;

¢) Amplitude (peak-to-peak) of commu-
tator ripple;

d) Total (peak-to-peak) AC component
expressed as a percentage of DC out-
put voltage, to obtain peak-to-peak
percentage ripple.

Percentage (peak-to-peak) ripple can be cal-
culated as follows:

(T/r) =100 X
p—p Vav

[%; V/cm, cm, V]

(2.12.3)

where
A is oscilloscope amplifier gain

X isamplitude (peak-to-peak) of ripple
(see Fig. 2.12.3) observed on the
scope screen

V,y is tachometer DC average output
voltage

TEMPERATURE COEFFICIENT

Temperature coefficient relates a change in
generator output voltage with temperature.
It is expressed as a percent change of out-
put voltage per OC.

In testing for the temperature coefficient,
the generated output voltage at a predeter-
mined speed is recorded. The generator
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Fig. 2.12.3. Typical ripple pattern.

is placed in a temperature chamber, allowed
to reach thermal stability, then driven at
the same speed while voltage is recorded.
This can be done for any number of tem-
peratures. Temperature coefficient is cal-
culated by:

Vi=Va
v, = 100 (2.12.4)
[%/0C; V, °C]
where

V, is output voltage at temperature @1

V, is output voltage at ambient tem-
perature © 5

©4 is adjusted chamber temperature
©, is ambient temperature
DIELECTRIC TEST

This is an electrical check to see whether
there will be a breakdown of dielectric
materials when subjected to high voltage.
The test simply calls for application of
a specified high voltage between generator
winding and housing while monitoring leak-
age current. If specified leakage is not

exceeded, the unit passes successfully.

LINEARITY

The purpose of a tachometer is to generate
a voltage proportional to speed. The
linearity of a tachometer is defined as the
maximum deviation of generated voltage vs.
speed characteristic from the straight line,
as described in section 2.11.

The generator is attached in a test fixture
as illustrated in Fig. 2.12.4, and is driven
at several different speeds while speed and
output voltage is recorded on achart similar
to that in Tab. 2.12.1.

SPEED| MEASURED| CALCULATED|DIFFERENCE |DEVIATION
OUTPUT | THEORETICAL ' AV | V
VOLTAGE OUTPUT

[rom]| V] VOLTAGE [V] vl [%]

1000 3.05 3.0273 0.0227 0.0074

2000 6.20 6.0546 0.1454 0.0240

3000 8.99 9.0819 0.0919 0.0100

4000 12.02 12.1092 0.0892 0.0073

5000 15.15 15.1365 0.0135 0.00089

Tab. 2.12.1. Example of generator linearity test results.

The true mean value of the tachometer
voltage constant, Kg, is obtained from data
in Tab. 2.12.1 by dividing the sum of mea-
sured output voltages by the sum of speeds:

_ 4541
Ke =5

= 3.0273 V/krpm

This is used to calculate theoretical output
voltage (speed in [krpm] times Kg), as
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recorded in column 3 of Tab. 2.12.1. Dif-
ferences between calculated theoretical out-
put voltages and measured output voltages
are recorded in column 4. The deviations
from linearity are calculated by:

A =100 2V [%] (2.12.5)

Vtheor

STABILITY

Output voltage variations can occur in short
term and/or long term periods. Short term
variations may be of a random nature.
Longterm voltage drift may take place over
a period of hours or days. Both changes are
recorded as percentage voltage variations at
aspecified load.

Test equipment used should have the fol-
lowing capabilities:

1. A recorder with stability at least
four times better than the voltage
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7 L LGenerotor under test
Test fixture Coupling

Fig. 2.12.4. Generator linearity test setup.

stability to be measured. Full-scale
range of the recorder shall be 5 to
10 times the expected voltage varia-
tions. Recorder input current should
be no more than 5% of the specified
generator current. The recorder
may have appropriate filtering to
prevent voltage ripple from record-

ing.

. A precision DC power supply with

voltage stability at least four times
better than the voltage stability to
be measured.

. Precision decade resistors, voltage

dividers, and potenticmeters as may
be required to adjust the recorder
sensitivity, zero the recorder, and
match the power supply voltage to
the generator voltage.

. A room or enclosure with tempera-

ture control to maintain ambient
temperature within = 5 OC.
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Fig. 2.12.5. Generator stability test setup.

The generator shall be loaded with a non-
inductive load which will remain unchanged
throughout the test. Voltage dividing net-
works are used to adjust the recorder sensi-
tivity, and to match the generator and
stabilized power supply voltages, as in Fig.
2.12.5.

After thermal equilibrium of the generator
is attained, the stabilized DC power supply
is adjusted so that the recorder is at a mid-
scale position.

~ The recorder can be operated at intervals,
or for any continuous period of time de-
sired. Short term operation is approxi-
mately five hours. Long term drift usually
is read at one-hour intervals for eight hours,
then at eight-hour intervals for seventy-two
hours.

Strip chart
recorder

The largest peak-to-peak drift amplitude in
any one-hour period expressed as a percent-
age of average DC voltage during this hour
is the voltage stability figure for short term
variations. Refer to Fig. 2.12.6.

/—Zero reference

\

N

» 2% calibration “_

reference

Fig. 2.12.6. Strip chart recorder results for short
term generator stability testing.
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For long term drift, the percentage voltage
change per hour is calculated for each time

interval between voltage readings.

Long

term voltage stability is the largest of these
percentages.

INCOMING INSPECTION

The following list of electrical and mechan-
ical tests can be employed as guidelines for
incoming inspection:

GENERATOR INSPECTION

1. Visual Inspection

A. LEADWIRES

2110

NICKED, CUT OR CRACKED INSULATION
TO EXPOSE BARE WIRE

PROPER COLOR IDENTIFICATION
PROPER STRIPPING OF LEADWIRE ENDS

IF TERMINALS OR CONNECTORS ARE
USED, CHECK THAT THE RIGHT ONE IS
BEING USED AND THAT IT IS ATTACHED
PROPERLY.

. OUTPUT SHAFTI(S)

RUST OR FOREIGN SCALE

NICKS OR UPSETS, WHICH MAY CAUSE
AN OVER-SIZE CONDITION

. BALL BEARINGS

CHECK FOR DAMAGED SHIELDS

PROPER INSTALLATION OF RETAINING
RINGS

. PILOT AND LOCATING SURFACES

NICKS, BURRS, OR UPSETS WHICH MAY
CAUSE IMPROPER MATING OR ALIGNMENT

. BRUSH HOLDERS

CHECK FOR LOOSE OR CRACKED BRUSH
HOLDERS

LOOSE OR CRACKED BRUSH HOLDER
CAPS

. NAMEPLATES

PROPER LABELING AND IDENTIFICATION

2. Electrical and Mechanical Checks

END PLAY

. RADIAL PLAY

. RUNOUT

. OUTPUT IMPEDANCE

. FRICTION TORQUE

. VOLTAGE GRADIENT
. VOLTAGE POLARITY
. GENERATOR RIPPLE



Problem

High Generator
Ripple

No Output
Voltage

Intermittent
Output

Low Output
Voltage

A WN

—

GENERATOR TROUBLESHOOTING CHART

Problem Causes

. Open or shorted winding

. Improper filter

. Improper test speed

. Speed variations in drive

motor

. Brush bounce

. Excessive axial or radial

armature movement

. Brushes out of electrical

neutral zone

. Faulty connection

. Open wires

. Hung brushes

. Coupling between drive

motor and generator

. Intermittent opens
. Hung brushes
. Worn brushes

. Brush bounce

. Incorrect resistive

load value

A WN

Corrective Action

. An open or shorted winding will show a very high

spike in the normal ripple pattern. Repair or replace
armature.

. If filter is used, check components for proper values.

. Check armature for proper speed. Generator ripple

is speed sensitive. Also, filters are generally
selected according to commutating frequency which
is a function of speed.

. Check stability of drive motor. Any variations in

speed will be reflected in the generator output.

. If brush bounce occurs, it's generally at high speeds.

Check for rough or non-concentric commutator,
weak brush springs, or worn brushes.

. Check coupling between drive motor and generator

for misalignment.

. Readjust generator for minimum ripple. See test

procedure for ““Generator Ripple’’.

. Check connections from generator leadwires to

metering device.

. Check leadwires and brush flex wires for breaks.

. The brushes should slide freely inside the holder,

otherwise should be replaced.

. Be sure generator is rotating, check for slippage in

coupling.

. Check leadwires and brush flex wires for breaks.
. Replace brush or brush holder.
. Replace brushes.

. Check for rough commutator and remachine if

necessary. Check brush springs for proper tension.

. Check resistive load for proper value.
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Problem

Reversed Polarity

Shaft Will Not
Turn

Excessive
Vibration

Excessive
Radial Play

Excessive
End Play

Excessive
Noise
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Problem Causes

. Magnets partially

demagnetized

. Brush out of neutral zone

. Incorrect checking speed

. Generator lead wires

to load reversed.

. Magnets have reversed

polarity.

. Generator bearings tight

or seized

. Dirt or foreign matter

in air gap

. Armature unbalanced
. Worn bearings

. Excessive radial play

. Shaft loose in bearing 1.D.

. Worn bearings

. Bearings loose in end

cap bearing bore

. Improper shimming

. Armature unbalanced

2. Worn bearings

3. Excessive End Play

Corrective Action

. Remagnetize magnets.

. Readjust generator for proper output voltage.

See generator test procedure for ‘“Voltage Gradient.”

. Voltage output is proportional to speed. Be sure

armature is rotating at the proper speed setting.

Reverse leadwires.

. Rotate magnet and housing assembly to proper

orientation or remagnetize.

. Replace bearings.

. Remove the obstruction.

. Rebalance armature dynamically to proper level.

. Replace bearings

. See corrective action for “’Excessive Radial Play’’

. Check fits, the I.D. of the bearing should be a

light press fit.

. Replace bearings.

. The bearings should be free to slide in the bearing

bore. However, the clearance should not be excessive.
If excessive, replace end cap.

. Add shims as needed. Recheck generator for

proper end play.

. An unbalanced armature can set up vibration that can

easily be felt. The armature should be rebalanced
dynamically.

2. Replace bearings.
3. Add shims to the generator to take up end play. Re-

check friction level and end play as excessive preload
will cause early bearing failure.



Problem

Excessive
Bearing Wear

High
Friction Torque

Excessive Brush
Wear

Problem Causes

. Misalignment between

generator and drive
mechanism

. Generator not firmly

fastened to mounting

. Dirt in air gap

. Rough commutator

. Dirty bearings

. Insufficient or in-

adequate lubrication

. Excessive thrust load

. Excessive vibration

. Worn bearings

. Worn or sticking

brushes

. Obstruction in air gap

. Armature rubbing

. Incorrect spring

tension

. Dirty or rough com-

mutator

. Incorrect brush seating

(off center neutral)

. Short circuit coils in

armature.

. Loose-fitting brushes

Corrective Action

. Correct mechanical condition of misalignment.

. Correct mechanical condition of mounting.

. Noise is irregular, intermittent and scratchy. Disman-

tle and clean generator.

. Remachine commutator.

. Clean or replace bearings. If condition is bad, provide

means for shielding generator from the dirt.

. Review bearing mfg. recommendations for type and

amount of lubricant to use.

. Reduce the load or obtain a generator designed to

handle the required thrust load.

. Check coupling between drive motor and generator

for misalignment.

. Replace bearings.

. Replace brushes. Check brush holder slots for

obstructions.

. Remove obstruction.

. Note cause of rubbing, remove obstruction or replace

with new armature.

. Replace brush with proper spring material and

tension.

. Clean or remachine commutator. Insure a good

micro-finish.

. Check to see that generator is properly neutralized.

See test procedure for ‘“Voltage Gradient’’.

. Repair or replace armature.

. Check brushes and brush holder slots for proper size.

Replace as needed.
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Problem Problem Causes Corrective Action

6. Vibration 6. The armature should be dynamically rebalanced.
Vibration causes brush wear.

7. Lack of moisture 7. Operating in a new vacuum condition causes rapid
brush wear. Use a special treated or “high altitude’”
brush. ' 0
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Fig. 2.8.4. Typical Electro-Craft MCM motor armatures.

considerable flexibility in design since the
manufacturer can offer a variety of wire
sizes, turns per coil, and diameter and length
options.

A sample of the variety of armatures manu-
factured by Electro-Craft is shown in Fig.
2.8.4. Because of the cylindrical shape of
the shell-type armature, the end turns do
not burden the armature by inequitable
contributions of inertia.

Consequently, the shell-type armature has
the highest torque-to-moment of inertia
ratio, providing acceleration capabilities of
up to 1000 000 rad/s2. Fig. 2.8.5 shows
the complete Electro-Craft MCM motor,
capstan, optical encoder and vacuum mani-
fold for an incremental tape transport op-
erating at speed of 200 in/s, capable of
250 start-stop cycles per second.
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Electro-Craft moving coil motors are used
inincremental tape transports, line printers,
optical character readers, incremental mo-
tion drives, phase-locked servos, computer
printers, machine tool drives and video re-
corders.

Fig. 2.8.5. Entire motor, capstan, optical encoder
and vacuum manifold for tape transport.



Chapter 3

Unidirectional Speed Controls

3.1. BASIC CONTROL METHODS

SPEED CONTROLLERS —
AN INTRODUCTION

In this chapter we will discuss various speed
control methods for DC motors in some
detail. But first let us briefly review the
various methods and their control range.

Rheostat controls for DC motors, the
earliest and simplest of the control methods,
have an effective controlled speed range of
about 4:1 with poor regulation of motor
speed against changes in load torque and
line voltage. This control method is very
inefficient because of the power dissipated
in the rheostat.

The variable transformer, or ““Variac”, with
rectifiers, can run DC motors over a wider
speed range (up to 10:1) at an improved
regulation compared to the rheostat con-
trol. It is also more efficient than the
former.

SCR (thyristor) controls with half wave
operation have characteristics similar to the
variable transformer control. However,
SCR systems with full wave rectification
can achieve a 20:1 speed range when used
with “IR"” compensation techniques (a
pseudo-closed loop current sensing tech-
nique). Using such speed compensation
methods, full wave SCR controls can achieve

quoted regulation figures such as 3% from
zero to full torque load. This regulation
figure isunderstood to mean that the motor
speed will not deviate from the set speed
more than 3% of the rated speed at any
speed setting. To illustrate this, say that a
motor has a rated speed of 1800 rpm, and
the control has a regulation of 3% of full
speed; this means that the motor speed
may vary 54 rpm due to load variations.
Now, assume the motor is running at 180
rom, at no load. When given rated load
torque, the motor speed may decline to
180 — b4 = 126 rpm — a regulation, based
on set speed, of 30%!

The foregoing examples of speed controls
were based on ““open loop’’ features, mean-
ing that there is no velocity feedback ele-
ment in the control loop which tells the
controller what the motor speed is, so that
the controller can make appropriate adjust-
ments to keep the speed essentially constant.

True closed-loopfeedback control is possible
with SCR circuits, using a tachometer for
feedback; with such devices a full wave or
three-phase SCR control may achieve speed
rahges of up to 100:1. Due to the pulsating
nature of SCR control techniques, the speed
stability of motors below 1 hp may not
always be good in the lower speed range,
due to the low moment of inertia of the
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motor, and due to the load. However, in in-
tegral horsepower machines excellent speed
range can be achieved.

Transistor controllers such as those supplied
by Electro-Craft Corporation, on the other
hand, can handle closed-loop speed control
with a speed range of over 1000:1, and with
regulation better than 1 or 2%, based on set
speed. For example, if an 1800 rpm, 1%
regulation rated speed control system is set
at 180 rpm and the load torque changes
from zero to rated value, the speed will not
change more than 1.8 rpm. The transistor
controls have their best operational advan-
tage for motor sizes up to 1 hp, and will
presently handle high-performance servo-
motors up to 5 hp. For the smaller motor
sizes a continuous control method is used,
but for motors above 1/3 to 1/2 hp a pulse-
width modulation technique is the most
efficient control method.

In the following discussions we will more
fully examine the various aspects of speed
controllers, old and new.

OPEN LOOP CONTROLS -
THE TRADITIONAL APPROACH

Speed controls for DC motors have a long
history. Perhaps the oldest and most widely
used control for small DC motors is the
series resistor speed control for series motors
pictured in Fig. 3.1.1. The variable resistor
is inserted in series with both the armature
and field circuit, yielding performance as
shown in the accompanying speed-torque
diagram. This control has good starting
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Speed

'/Roted torque

Armature

Fig. 3.1.1. Electrical diagram and speed-torque
curves for series motor resistor speed control.

characteristics (large torque available at low
speed), but has a runaway speed tendency
at small load torque conditions, making the
control useful only for control applications
with somewhat fixed friction conditions,
such as sewing machine motors, food mixers,
and the like. It is also evident that the
speed regulation characteristics of the motor
decline with decreasing speed, making it



difficult for the operator to achieve good
overall speed control.

A totally different characteristic is obtained
in the shunt motor variable resistor speed
control circuit shown in Fig. 3.1.2. Here, a
series resistor is inserted in the armature
circuit, and the field winding is excited with
a constant voltage (a permanent magnet
field can also be used). The resulting speed-
torque characteristics show the regular shunt
motor regulation for resistor setting #1 (no
resistance in the circuit). With increasing
insertion of resistance in the armature cir-

Rated torque

Speed

OC
suppl Field Armature
pply winding
v
O

Fig. 3.1.2. Electrical diagram and speed-torque
curve for shunt motor resistor speed control.

cuit, speed regulation degenerates. This type
of control will work well for constant load
torque, rather than for a widely varying
torque situation.

v

Variable transformer

Armature

Fig. 3.1.3. Shunt motor with variable transformer
to control armature voltage.

Fig. 3.1.3 shows a control utilizing a vari-
able transformer controlling the armature
voltage of a shunt motor with constant
field excitation. The resulting speed-torque
characteristics are much. improved over vari-
able resistor control characteristics, with a
more uniform speed regulation over a wider
speed range.

In Fig. 3.1.4 we see a shunt motor con-
nected to a variable field resistor control.
The action of this control circuit is unique
in that the motor speed is variable only
above the speed it would have without the
field resistor control. This has an unde-
sirable effect in that the torque constant of
the motor will decrease with increasing
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Speed

Torque
O
A
DC
supply Armature
Field winding

Fig. 3.1.4. Shunt motor with variable field resistor
control.

resistance insertion (field weakening), the
net effect is that the armature current for a
given torque will increase with higher speed.
The motor can easily be overloaded, and
this control circuit is used only in unique
cases where load conditions are both pre-
dictable and well controlled.

In some sophisticated open-loop control
methods, such as the motor-generator arma-
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Fig. 3.1.5. An open-loop control utilizing an

armature control method.
ture control method shown in Fig. 3.1.5,
a constant speed motor drives a generator
with an adjustable control field voltage.
The generator will produce an adjustable
voltage which is delivered to the armature
of the motor, and the resulting torque-speed
characteristics are improved over the ones
shown in Fig. 3.1.2, since in this case the
regulation is essentially independent of the
speed setting.

This results in superior motor speed control
performance over any of the previously
shown methods. However, due to the cost
of the motor-generator set and associated
field control, this method has not been
practical for the small motor speed control



applications most commonly used in home
and industry. Therefore, the motor-genera-
tor control method has been mainly con-
fined to industrial uses of large motor speed
controls sets of 1 hp and above. Because
of the power amplifying characteristics of
the motor-generator set, this was the easiest
entry into the closed-loop control systems
when power vacuum tubes and magnetic
amplifiers became available for control pur-
poses.

The control methods shown above are by
no means all that have been developed and
used; rather they exemplify the kind of
problems encountered in the open-loop,
manually operated systems of the past. We
can see that in each case there was some
undesirable side effect that limited its use to
certain applications.

CLOSED-LOOP CONTROLS

Although many of the “open-loop’ con-
trols are adequate for uses today, the trend

toward better speed regulation, such as in
meeting servo systems requirements, have
necessitated closed-loop control.

In its elementary form, a c/osed-loop con-
trol consists of an actuator (motor), a com-
parator, an amplifier, and a sensor (genera-
tor). Fig. 3.1.6 illustrates these elements
and how the *“closed-loop’’ expression is
derived: the amplifier drives the motor,
which is coupled to the generator; the gen-
erator sends a signal to the comparator,
which measures the feedback signal against
the command signal; the comparator keeps
the two signals in balance by giving the
amplifier the proper command. Thus, the
“loop”’ consists of the components which
are shown in Fig. 3.1.6. Signal flow is indi-
cated by the arrow.

This example is just one of many feedback
techniques. Usually, a modern, high-per-
formance servo system has several separate
feedback loops, such as voltage, current,
velocity and position feedback.

M"‘" Comparator —— Amplifier y,
%
Signal Actuator (Motor)
flow
Feedback

Sensor (Generator)

Fig. 3.1.6. A closed-loop speed control system.
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In the open loop controls described pre-
viously, the human operator was the sensor
or feedback element, so in a sense these sys-
tems could also qualify under certain cir-
cumstances as closed-loop controls; but
human control is not an automatic opera-
tion, and that is what closed-loop controls
are all about.

w1 cw Active controlier

® ®©

Dynamic brake T

* ==l
ccw/\////\/\/m /// /1o

T

® ®

CCw

Fig. 3.1.7. Unidirectional or regulator type speed
control system operates in the first quadrant.

SPEED CONTROLS VS.SERVO SYSTEMS

It is important to recognize the basic differ-
ences between the two types of motor
control systems because of their individual
unique advantages, and since in one case
(the regulator control) linear control theory
applies only in a restricted sense.

Fig. 3.1.7 shows four quadrants of shaft
velocity versus torque plot.

The regulator (speed control) system oper-
ates only in the first quadrant of this dia-
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gram. The system cannot produce a nega-
tive torque; nor can it reverse direction
without a reversing switch, adding operation
in the third quadrant. This is generally
done by manual control, which makes servo
considerations invalid. With the addition
of a dynamic brake, we can achieve limited
negative torque in the second quadrant,
but since this is a passive control area, we
choose to ignore it for the moment and
call the regulator speed control a single
quadrant control.

The bidirectional servo control system, on
the other hand, can provide motor speed
and torque in both negative and positive
directions. Fig. 3.1.8 shows the areas with-
in which servo control is possible, and
explains why we call the bidirectional servo
system a four quadrant control.

wCw

o /]

©

cew / cw

o

ccw

Active operation possible
inside shaded area

Fig. 3.1.8. A servo system operates in four guad-
rants.



3.2. VELOCITY CONTROL — SINGLE

QUADRANT CONTROLLER
Velocity 4
command €

Unidirectional
amplifier

VOLTAGE AND CURRENT OF A
SINGLE QUADRANT CONTROLLER

A single quadrant controller is a control
system which employs a unidirectional
amplifier, as seen in Fig. 3.2.1.

As such, it can deliver to the motor only
positive (or only negative) voltage and cur-
rent, and therefore, control velocity only in
one direction with the system load torque
as an opposing torque. In Fig. 3.1.7, where
the motor velocity w corresponds to the
vertical axis and the torque T to the hori-
zontal axis, we find that the controllable

velocity and torque range of a single quad-

rant controller is in the first quadrant of
the plane.

Fig. 3.2.1. Single quadrant controller. \

%g

The amplifier characteristic of the single
quadrant controller will be described by:

V=20 ife <O

max

A

V = Ae if 0 <e< (3.2.1)

\Y;
V=V if e > 2%

max A

where A is the amplifier gain, or graphically
as shown in Fig. 3.2.2.

Current delivered from the amplifier to the
motor can be only positive, therefore:
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Vmax

—_—

Fig. 3.2.2. Amplifier output voltage vs. error signal
for a single quadrant controller.

VE,
L= if V> Eg

(3.2.2)
I,= 0 if V<Eg

where
R is the motor resistance

E g isinternally generated voltage (count-
er emf) in the motor

SYSTEM OPERATION

The simplified dynamic equation of a motor
is:

dw
KT la = J-—d'—t' + TL (323)
When the motor is connected in the single
guadrant controller system, the system will
control the velocity and maintain it close to
the desired value w; in the following way.

Suppose that due to disturbances or change
of the command signal the actual velocity
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is larger than the desired one w;. In this
case, the velocity error is negative:

€=k (w;—w,) <0 (3.2.4)

This results in zero current and voltage
as can be seen from (3.2.1) and (3.2.2);
consequently, the velocity will be reduced
as can be found from (3.2.3). When the
current is zero, the rate of change of the
velocity will be:

a =——= — — (3.2.5)

The deceleration rate equals the ratio be-
tween the opposing load torque (usually
friction) and the combined moments of
inertia of the motor and the load. The
deceleration will continue as long as the
velocity w, is too high and the velocity
error € is negative.

On the other hand, if the motor velocity is
too low, causing an error € which is larger

than “Aax , this results in the output volt-

age V=V ., and current

Consequently, the motor will accelerate at
the rate

dw 1
“ e Ty Tk T
1 V max —Eg
a =---—J (KT —R _TL) (3.2.7)



The acceleration at this rate will continue
until the velocity error € becomes smaller
than V. /A and it moves to the linear
region.

This discussion shows that in case of large
deviations from the desired velocity the
system tends to correct the error. It re-
mains to analyze system performance under
steady-state conditions and small deviations
that keep the amplifier output voltage with-
in the linear range, i.e. 0OSV <V ..

Note that in the steady state the velocity is
constant. Therefore, the steady-state cur-
rent, as found from (3.2.3) is

|, =— (3.2.8)

The required voltage V and the velocity
error € can be found from (3.2.1), (3.2.2)
and (3.2.8) as follows: '

TLR
V=gt IR =Byt (3.2.9)
and
V1 T R
€T ATA Byt Ky (3.2.10)

Thus, the steady-state velocity error is
positive, which indicates that the motor
velocity is lower than the set velocity. This
result is identical to that obtained in any
velocity control system.

When the performance of the system around
the steady-statepoint isanalyzed, it is found

that the system is identical to that of
velocity control. Thus, the system will be
overdamped when the gain is low, and will
tend to overshoot when the amplifier
gain, A, is increased. And, considering the
lag in the amplifier, the system can become
unstable if the gain is increased beyond a
certain limit.

To illustrate these results, suppose that the
motor is running at a given velocity w4 and
the command is increased to w, for some
time t, then decreased again to wyq- The -
corresponding motor velocity profile is
shown in Fig. 3.2.3.

It can be seen that when the command
isincreased, the motor will accelerate at the
rate

1 Vv —E
The deceleration rate in t > t is

ay = —— (3.2.5)

When the deceleration rate is too small,
due to small friction or large moment of
inertia, it is possible to increase the decelera-
tion rate by the use of dynamic braking.

DYNAMIC BRAKING

The amplifier used in the single quadrant
controller system has the feature that its
output impedance is low as longas V> E
and the current I, is positive. When this is
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Velocity command

Motor velocity

Fig. 3.2.3. Example of a stepwise changed command and motor velocity profile.

changed, output impedance becomes very
large, and does not allow negative current.
This can be modified by introducing a cir-
cuit which senses current I,. As long as the
current is positive, the circuit is inactive;
but if I, becomes zero, the circuit shorts
the motor terminals, allowing a negative
current to circulate in the armature, thus
stopping the motor. This method is called
dynamic braking.

The voltage equation (3.2.1) for this case
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is not changed, but the current equation
(3.2.2) and the motor dynamic equation-
(3.2.5) will change.

The current equation becomes

V-E
= —x~  ifV>E
(3.2.11)
E,
l,= - —= ifV<E



If the velocity error € is positive and large,
the amplifier output voltage is V = Vmax ,
the current is given by (3.2.6) and the
acceleration by (3.2.7), so that there is no
change in system function.

However, if the velocity error € becomes
negative, which indicates that the motor
runs too fast, the amplifier output voltage
becomes V = 0 and the current is negative:

(3.2.12)
This results in the deceleration of:

=—_— = {9 (3.2.13)
a it ] (R Ky +TL>

This is a larger rate than the one given by
(3.2.5) and, hence, enables the system to
respond faster. o
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3.3. AMPLIFIERS

Transistor amplifiers used in speed control
systems fall into two broad categories;
linear amplifiers (also called class A ampli-
fiers) and switching amplifiers.  Linear
amplifiers are almost exclusively transistor
devices, whereas the switching amplifier
can be designed using either transistors or
SCR’s (silicon controlled rectifiers, also
known as thyristors).

THE LINEAR AMPLIFIER

The linear amplifier is very desirable from a
control analysis standpoint, since it has
linear control characteristics and no signifi-
cant control lag within the operating band-
width. It is easily compensated, and is
capable of providing speed control over a
wide range. It is the least troublesome in
terms of transient problems in adjacent cir-
cuits.

The simplest closed-loop control system is
typified by the single transistor amplifier
(Fig. 3.3.1). It has been used widely in con-
trol applications where the loads are essen-
tially constant and a limited speed range
was acceptable in view of the extreme
simplicity and consequent low cost. The
circuit consists simply of a 5W poten-
tiometer and a power transistor, mounted
on a heat sink.

Circuit operation can be explained in the
following way: the potentiometer is set at
a point such that a voltage V, appears be-
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300 N

I"‘?’O vDC

SW

‘Fig. 3.3.1. A typical single-transistor speed con-
trol system.

tween the wiper and the negative terminal
(ground) of the circuit. This voltage V; will
cause a current I, to flow through the base
(B) and the emitter (E) of the transistor.
The base current causes the transistor to
conduct, and a current |m will flow from
the positive terminal through the motor
winding (M) to the collector (C) and emitter
(E) of the transistor to the negative ter-
minal. The motor current I will cause
the motor to rotate and, if the tachometer
is properly connected with respect to its
polarity, an opposite voltage V, will appear
at the tachometer terminals. Since any
transistor in conduction has a given asso-
ciated base-to-emitter voltage for each con-
duction level, a voltage V5 will appear
across the transistor with the polarity shown
in the figure.

Equilibrium (speed control) will appear
when the voltage V, reaches its steady-
state value. The motor cannot run faster
than the speed at which it produces V,,
since if it did, |b would cease flowing, thus



making the transistor non-conductive, hence
slowing the motor down to the ‘“‘equili-
brium’’ speed. Conversely, if a load change
would cause the motor to tend to slow
down, the voltage V2 would be smaller,
allowing an increase in I. This would tend
to make the transistor to increase its con-
ductivity, thus allowing an increase in I,
which inturn would overcome the increased
load. We can see that this circuit has a
self-regulating quality, and therefore qual-
ifies as a closed-loop regulator system.
This explanation is somewhat simplified,
but it brings out the general principles in-
volved.

The single transistor amplifier has the basic
limitation of low gain. In other words, it
requires a significant error (Al ) to correct
a speed disturbance. Providing more gain
is a simple task, however, and Fig. 3.3.2
shows a four-transistor amplifier, employing
a two-stage voltage amplifier and a dual
emitter-follower current amplifier.

i+

Fig. 3.3.3. Speed control system utilizing an inte-
grated circuit.

Error signals on the order of a few milli-
volts are able to control the amplifier from
“full off”” to “full on” conditions, which
makes the closed loop control more sensitive
to disturbances. This yields a more precise
speed control system. The availability of
integrated circuits (IC) has simplified cir-
cuit design; in Fig. 3.3.3 the voltage ampli-
fier of Fig. 3.3.2 was replaced by a single
IC. This technology can be expanded to
include the power stages (hybrid amplifiers).

2+

Voltage gain

|
|
|
|
!
|
|
|
|
|
|

Current gain

Fig. 3.3.2. Elementary multi-transistor amplifier.
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If the amplifier offers high gain, then one
would expect an almost error-free speed
control.

In reviewing the possible sources of errors,
we find that the command stage (in speed
controls usually the speed setting potenti-
ometer) must be stabilized so that the refer-
ence voltage does not vary with changes in
load current, line voltage and ambient
temperature. This is done either by the use
of Zener diodes, or by recently available
IC regulators. A simple example of a
regulated reference supply employing the
Zener diode is shown in Fig. 3.3.4.

The Zener diode stabilizes the voltage across
the potentiometer R, against changes in
supply voltage. This circuit is sufficient for
many applications, but for a higher degree
of reference voltage stability a two-stage

+

Unregulated voltage

Ry
Requlated voltage

Reference
voltage

Fig. 3.3.4. Example of regulated reference voltage
supply.
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Zener regulator is used. Sometimes series
stacks of Zener diodes with low tempera-
ture coefficients are employed to minimize
effects of changing ambient temperature.

A high-performance transistor speed con-
trol system will basically consist of a regu-
lated reference supply, an error comparator
stage, a voltage amplifier, and a power
amplifier.

An example of the steady-state operating
conditions of such a system will demon-
strate the performance advantage of a high
gain system compared with the earlier men-
tioned single-transistor control.

The system has the following parameters:

Motor:
K = 8 oz-in/A
= 5.65 x 102 Nm/A
Ke = 5916 V/krpm
R = 2Q
Generator:
Kg,= 5.916 V/krpm
Load:
T =T, +T; = 6 0zin
= 4.237 x 1072 Nm
n = 2000 rpm
Amplifier:

DC gain A = 1000 V/V



Vref

lDC power

Mechanical
load

Fig. 3.3.5. Example of steady-state operating conditions of a high performance speed control system.

Fig. 3.3.5 shows the system connection and
the input and output signal polarities.

Following the input signal path:
e = Rjl; (3.3.1)

—V +V +e=0 (3.3.2)

In a properly operating closed-loop speed
control system the input error

e <V (3.3.3)

c

meaning that the generator voltage Vg is
always nearly equal to the command volt-
age V.

The steady-state equation of motor is:
V= Rl, +Kgn (3.3.4)

Since

__T _ 6ozin_ _
la = Kt 8 oz-in/A 0.75 A

we have:

V=2x075+5916x 2

=13.332V
and since
V = Ae (3.3.5)

the required input error signal to produce
this voltage is:

Assume that the load torque is now changed
from 6 to 10 oz-in. We now have new
equilibrium conditions and the following
changes occur.

First, combine (3.3.4) and (3.3.5) we ob-
tain:

Ae = Rl + Kgn (3.3.6)
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The armature current I, must change from

_100z-in _
0.75Ato I, = 8 ozin/A - 1.25 A

The armature voltage drop is now Rl =
2.5V, which is 1.0 V higher than at the
6 oz-in load condition. This must be made
up for by the amplifier,thus by a change in
error signal of

To accommodate the load change, the error
signal had to change from 13.3 to 14.3 mV.
From (3.3.2) we have:

e=V, —Vg=V,—Kgn (3.3.7)

V, = e+ Kgn (3.3.8)
Thus in the first case (6 oz-in load torque)

V, =13.3x1073+5.916x2=11.8453 V
Since V, was constant during the event, we
can find the change in the motor speed n

after the load torque became 10 oz-in from
(3.3.7):

Ve~ € 11.8453-14.3x1073
Kg 5.916

n= x 103

= 1999.8 rpm

An = 0.2 rpm

The resulting change in speed is so small
(approx. 0.01%) that it is not worth pur-
suing 'the exact number of the final speed.
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In actual practice, the effects from such
sources as amplifier input summing errors,
generator ripple voltage changes, and tem-
perature coefficients of the generator volt-
age gradient may cause larger errors than
this example shows.

A linear amplifier can minimize errors in
velocity in inverse proportion to its gain due
to external sources such as load changes,
temperature changes of KT' Rm, R, but it
cannot correct feedback errors due to
changes in generator voltage constant KEg’
amplifier input drift errors and reference
voltage errors. The three last mentioned
error sources can, of course, be minimized
to a point where they are not significant to
the user.

One may also want to increase amplifier
gain to lessen the effects of the errors
correctable by the feedback loop, but for
each system there is a point where an in-
crease in gain will cause instability due to
the mechanical or electrical characteristics
of the feedback loop.

Any speed control system has performance
characteristics which are results of a balance
between speed range, gain-bandwidth pro-
duct, long and short-term stability and
selling price. The Motomatic® speed con-
trols by Electro-Craft are used worldwide,
and have a reputation for great versatility in
a variety of applications. Fig. 3.3.6 shows a
typical ECC master control and motor,
model E-650.

One general limitation of the linear transis-
tor amplifier is that the output stage must



Fig. 3.3.6. Electro-Craft E-650 master control and
motor-generator.

dissipate heat energy not absorbed by the
motor. Thus, the worst amplifier power
dissipation condition occurs when the mo-
tor is run at very low speed at maximum
torque. The output stage will then have to
absorb the power proportional to the pro-
duct of the full armature current and almost
all available DC voltage. Thus, ample pro-
visions for heat dissipation must be made.
Fig. 3.3.7 shows a typical open chassis

Fig. 3.3.7. Open chassis amplifier configuration.

amplifier configuration, capable of dissi-
pating 160 W at 40 °C environment tempera-
ture.

The speed control systems described above
are generally augmented by accessories
which improve operation in a variety of
applications.

TORQUE LIMITING

To prevent inadvertent overloading of the
system, Electro-Craft supplies a current
sensor which turns off the amplifier at
adjustable current levels. Since torque is
proportional to current in a permanent
magnet DC motor, the current limiter be-
comes in effect a torque limiter. The
torque-speed characteristics will then ex-
hibit two distinct regions: the speed con-
trol region and the torque control region.
Fig. 3.3.8 illustrates typical characteristics
of the adjustable speed control system with
current limiting. The system assumes an
almost constant torque mode when the

/Speed control region

Shaft speed

Torque

tTorque limit region

Fig. 3.3.8. Speed torque curves of a high gain
speed control system with torque limiting.
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preset current limit has been exceeded. As
soon as the overload is removed, the system
will resume its preset speed.

In some cases, it is important to provide
an acceleration torque which is many times
higher than the torque limit necessary to
protect the system from overload. This
requirement is met by providing a time de-
lay in function of the torque limiter. The
time delay is usually of the order of 150 ms
for iron-core armature motors, and some-
what less for low inertia motors. This
provides ample time for rapid acceleration
with virtually unrestricted current, and a
subsequent introduction of current limit
after acceleration has been completed.

Some users have found that the current
limit works to advantage when very high
inertia loads are to be accelerated. The
current limit circuit in such a case permits
controlled acceleration to the required speed
without damage to the control circuit or
motor.

DYNAMIC BRAKING DEVICES

When the speed setting in a basic speed
control circuit is rapidly reduced, the mo-
tor coasts to the lower speed setting. During
this time the motor is basically ““out of
control” until the circuit is again in equi-
librium.

The dynamic braking circuit shown in Fig.
3.3.9 minimizes this effect by providing a
controlled “‘short circuit” around the mo-
tor whenever the control system is not
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Dynamic
braking
circuit

Current sensing

Fig. 3.3.9. Dynamic braking circuit.

providing a current through the motor —
a condition which is prevalent during a
"coasting’’ situation.

The dynamic braking depends on the arma-
ture counter emf to provide the needed
braking current; the braking torque is the
greatest at high speeds and less effective at
lower speeds. For example, the dynamic
braking brings an Electro-Craft E-650 con-
trol system to a stop in about 400 ms.

REVERSIBLE SPEED CONTROLS

Fig. 3.3.10 illustrates a switch arrangement
which gives a single polarity speed control
reversible features.

This reversing switch arrangement provides
for a middle position (B) which gives a
controlled dynamic braking condition, mini-
mizing the possibility of quickly switching
a reverse voltage to the motor still coasting
in previous direction, which can cause tran-
sistor breakdown. The reversing circuit



Fig. 3.3.10. Reversing switch arrangement.

shown is used on all Electro-Craft Motoma-
tic standard and master controls.

The reversing circuit can be operated by
relays instead of by a manually operated
switch, giving the speed control system a
bidirectional characteristic for remote con-
trol manual operations. It is not practical,
in most cases, to attempt to make a closed-
loop position or velocity servo by this
method, however. A servo system is usually
subject to endless reversals around the null
point, and relay contacts would rapidly
wear. Furthermore, such a system would
be subject to time delays and nonlinearities
due to relay switching action.

CONTROLLED ACCELERATION-
DECELERATION SYSTEM

While torque limit circuits to some extent
can control the acceleration and decelera-
tion characteristics of a speed control sys-

V
B
O——o0
+
A
R|
ey \/r

Fig. 3.3.11. Simple ramp command circuit.
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tem, it is clear that they are sensitive to
variations in both load and friction torque.

In cases where it is desirable to have the
acceleration and/or deceleration under ve-
locity control, several methods can achieve
the desired results.

The simple RC circuit of Fig. 3.3.11 can be
employed to control acceleration. First,
assume that the switch is initially in the A
position so that the command voltage V
is zero. The speed control is, therefore,
holding the motor at rest. With the switch
set in the B position, capacitor C is charged
through voltage divider Ry, R,. The volt-
age V, will follow an exponential rise
(Fig. 3.3.12) until the Zener voltage V,
is achieved, at which point the reference
voltage V, (as also the command voltage
V. ) is stabilized.

As the switch is returned to A, the voltage
will decline in an inverse exponential fash-
ion.

It should be noted that while the speed
control system will follow the acceleration

Rz
R|+R2
)“—“"‘—""‘_"‘—“:/—7——
//
v //
Z ~
Vi F———= | \
| |
| |
| |
| |
[0} —»t
l— 1, -ty ]

Fig. 3.3.12. Turn-on and turn-off characteristics
of the RC circuit in Fig. 3.3.11.
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curve (if acceleration rate is within the tor-
gue capacity of the system), it may not
follow the deceleration curve unless the
load conditions and the dynamic braking
capacity allow. If this is not the case, then
a bidirectional system (servo system) must
be used where continuous velocity tracking
is necessary.

Another circuit with linear features is shown
in Fig. 3.3.13. This is a ramp generator
which produces linear, independently ad-
justable slopes.

The circuits discussed above have been
shown as manually operated devices. In
many applications, they can be operated
by various logic circuits, thereby taking
their place in modern process controls.

SWITCHING AMPLIFIERS

While the linear amplifier discussed above
performs excellently in high-performance
speed controls, it has the problem of heat
generation in the output stage, requiring
forced-air cooling in amplifiers over 100 to
200 W (depending on ambient temperature
and heat sink design). The switching am-
plifiers overcome this problem by letting
its output stage rapidly switch from a non-
conductive state to a fully conductive state,
thereby minimizing operation of the output
stage in the high dissipation region.

Three basic methods are used to control
power in’'switching amplifiers: pulse-width
modulation (PWM), pulse-frequency modu-
lation (PFM), and silicon controlled rectifier
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Fig. 3.3.13. Ramp generator with independently adjustable slopes.
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a, pulse-width modulated (PWM) system

(SCR) controls. Their principal differences
are shown in Fig. 3.3.14.

The PWM system usually utilizes a DC sup-
ply, and the amplifier switches the supply
voltage on and off at a fixed frequency and
at a variable “’firing angle” a (see Fig.
3.3.14a) so that an adjustable average volt-
——— age across the load is established. The
amount of power transferred to the load
(motor) will depend on switching rate and

-

[ 1, —>

b, pulse-frequency modulated (PFM) system
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¢, SCR control system

Fig. 3.3.14. Voltage waveforms in switching ampli-

fiers.

the load inductance. In many of the PWM
circuits, the pulse frequency is allowed to
shift over a given range — in some cases for
a good purpose.

The PFM system has a fixed firing angle and
a variable repetition rate (Fig. 3.3.14b),
achieving essentially the same results as the
PWM, but when used in motor control cir-
cuits, the widely variable pulse frequency
required causes dissipation problems which
makes the PWM more attractive. Inciden-
tally, a PWM circuit with a variable pulse
rate is really a hybrid between the two.
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The SCR circuit for DC control is usually
used with a rectified AC supply voltage,
although a rectification circuit can be placed
before or after the control section of the
amplifier. Fig. 3.3.14c shows a full-wave
rectified supply voltage of a fixed frequency.
The firing angle can be varied to cover a
portion from 0 to 180 Cel of a half-wave.
The average output voltage is not propor-
tional to the firing angle, and this part
requires special attention in the control
design.

In the following discussion only PWM and
SCR circuits will be covered, since the pure
PFMis not particularly suited to motor con-
trol applications.

PULSE-WIDTH MODULATED

AMPLIFIERS

As already mentioned, the PWM amplifier
generally is powered by a DC supply. It

can be designed using either transistors or
SCR’s as switches. Actually, the SCR
amplifier is a PWM in spirit; but the func-
tional differences, the output voltage fre-
quency and wave shapes are different
enough to warrant a separate discussion.

Then what about SCR’s powering a PWM?
Since PWM'’s are based on a continuously
available DC power source, and since SCR's
cannot ‘““turn off” current conduction by
themselves as transistors can, they must be
provided with a separate “‘turn-off’’ circuit.
The problem associated with such circuitry
has limited the use of SCR’s in PWM sys-
tems to high current, low switching rate
applications, such as lift truck and vehicle
traction controls. Due to the unique nature

Command
Ve

D C to pulse
width converter

Feedback
compensation
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Fig. 3.3.15. Elementary block diagram of a PWM speed control systt;m.



of these controls, they are not discussed
here.

Today, then, transistor-operated PWM
switching amplifiers are used in most high-
performance, high power speed control sys-
tems and servo sytems.

A typical block diagram of a PWM speed
control system is shown in Fig. 3.3.15.

The pulse repetition rate is usually above
1 kHz (often about 10 kHz), and this fre-
quency is mainly dictated by the required
system response bandwidth, motor induc-
tance and motor high frequency loss charac-
teristics. At times audio noise emissions
through wiring, heat sinks and motor frame
components can be loud enough to be
disturbing, and in such applications one can
raise the pulse frequency to a point where
the noise is not audible.

In examining voltage and current character-
istics of a PWM system, we can first look at
the ideal motor and its behavior in a PWM
system. This motor equivalent circuit is
shown in Fig. 3.3.16.

S "Free wheeling"
diode

o
N

Fig. 3.3.16. Equivalent circuit of a DC motorina
PWM control system.
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Fig. 3.3.17. Current and voltage relationship in a
PWM control system.

The waveform of the motor current during
the switching mode is dependent not only
on the switching rate, but on the motor
speed n, the total inductance L, motor
resistance R and the current level in the
last cycle. Fig. 3.3.17 shows a steady-state
relationship of current and voltage.

Since the supply voltage is being switched
on and off at a high frequency, we should
evaluate the power losses in the motor. The
power losses in such a system may be due
to a host of factors, depending on the de-
sign of the motor: eddy current losses,
hysteresis losses, armature commutation
losses, viscous friction losses and armature
resistance losses. But considering modern
permanent magnet servomotors with small
electrical time constants and minimal high
frequency losses, a first approximation to
evaluate motor power losses due to the
armature resistance can be expressed by:

P_ = RI% (3.3.9)
In order to relate RMS current to average
current in such cases, an expression relating
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the two has been established, called the
form factor (k):

(3.3.10)

The average motor current will determine
the motor torque produced:

T, = Ky |

g (3.3.11)

av

Substituting (3.3.10) into (3.3.9), the motor
losses under PWM conditions are:

PL =R K22 (3.3.12)
and we see that the armature losses depend
on average current, form factor, and arma-
ture resistance. Another way of looking at
the sources of the losses is to substitute
(3.3.11) into (3.3.12). Then

R
PL=— K212 (3.3.13)
K2 9
=
Here it is clear that losses are due to several
factors; the motor constants R and KT
inherent in a given design, the form factor,
and the output torque of the motor. Thus,
the form factor has a strong influence on

motor heating. In the case of a k = 1, the

heating effect of a linear amplifier from
the previous section is:
av

But for a form factor k = 2, we have an
armature power loss of four times the
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Fig. 3.3.18. Relationship of additional armature
losses in a servomotor with form factor.

amount shown above. Thus, we can con-
struct a graphical solution of the increase
in armature loss due to form factor. This is
shown in Fig. 3.3.18.

The form factor greatly influences armature
losses, as for example a k = 1.2 will increase
losses by 44%.

Since servomotor performance in speed
control systems is often limited mainly by
power dissipation, it is important to in-
vestigate the form factor of a given ampli-
fier source. In the case of a PWM amplifier
the form factor will depend on the pulse
frequency, on the electrical time constant
of the motor and on any associated series
inductances.

The net result of using a PWM circuit is
usually "that the power dissipation in the
amplifier is vastly decreased, and the total



system dissipation is improved; but in some
cases the motor power dissipation may be
higher than if a linear (class A) amplifier
is used. One should also check the applica-
tion to see if the audio noise (if any) will
be of consequence. This may be particular-
ly irritating if the pulse frequency is shifting
greatly with load variations. Another factor
to consider in using a PWM system is the
electrical noise generation, which can be
transmitted into low level circuitry if care
is not taken to properly shield and ground
the high current portion of the system.

SCR CONTROLS

SCR speed control systems are nearly al-
ways based on power line frequency (50-60
Hz). This limits the control bandwidth of
the system from 2-3 Hz for a half-wave,
single-phase system to about 25-30 Hz for
a three-phase, full-wave system. This trans-
lates into a speed control range of 5:1 for a
half-wave control to 20:1 for a full-wave
control with tachometer feedback.

While the SCR control system is not capable
of controlling as wide a speed range as is
the linear transistor amplifier, it has a high
power conversion efficiency due to its
switching mode and the low forward con-
duction voltage drop. The relative simplic-
ity of its circuitry further adds to the
positive features of the SCR control. The
popularity of the SCR control for limited
speed range DC motor control in the frac-
tional and integral horsepower sizes has
been largely due to these features, and to
the fact that SCR's can operate directly

Irns
Tav

from the power line without AC-to-DC
power conversion.

One serious problem of operating motors
from SCR controls is the high form factor,
which may cause serious derating of the
motor. The form factor depends on the
type of control used (half-wave, full-wave,
three-phase), on the conduction angle and
on motor inductance; therefore, it is diffi-
cult to obtain form factor values without a
detailed knowledge of the application.

In the case of high-performance servomotors
with low inductance, an appropriate deter-
mination of the form factor can be made
on the assumption that the load is resistive.
The graph in Fig. 3.3.19 shows the form
factor versus conduction angle for resistive
loads. The power dissipation in a motor is

w»
1

Half wave

»>
1

-Full wave

Form factor k=
§

2

Conduction angle

Fig. 3.3.19. Form factor vs. conduction angle for
resistive loads in SCR control circuits.
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the highest at very low speeds and high
torque conditions.

The addition of an inductance in the motor
circuit will minimize the RMS current, and
therefore make the form factor smaller.
However, this may have the effect of de-
creasing system bandwidth which could
affect the speed range or system stability.

Another important problem in SCR speed
control systems is the so-called transporta-
tion lag in the system, caused by the dis-
crete firingangle conduction. In attempting
to control fractional horsepower motors
over a wide speed range with SCR controls,
the result is often momentary instability,
especially at low speeds. In such situations,
the system is operating at very small “firing
angles” (Fig. 3.3.20) and if a sudden tor-
que disturbance occurs, the resulting change
in speed causes the error signal to switch
on the output stage, sometimes at an “‘early”’
firing angle, as shown in the diagram.

The result will then be a heavy surge of

NN W//) AR

power for the remaining part of the half
cycle (since the SCR cannot turn off until
forward current goes to zero), even if the
error signal in the meantime has returned
to normal. The motor now has a large
overspeed error, and will coast down to
the predetermined controlled speed again,
in which case the former firing pattern will
resume. This behavior will be observed. as
a jerky, cogging action.

The most obvious remedy for this type of
system behavior is to make the system
transient response slower, using /ag net-
works to overcome the effects of instability.
This tends to make the system more sluggish
in its response to sudden changes in load
and speed command changes. This is not
usually important in some applications with
steady loads or loads with large moments of
inertia, but for wide range, high-perfor-
mance controls it is not desirable.

A properly compensated SCR control in a
suitable application can be a fine speed con-

—

—< P

—»ll-—oc e t

Amplhfner switched on

Torque disturbance

Fig. 3.3.20. Result of a sudden torque disturbance in a SCR speed control system.
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trol system. Each unique application has an formance, price, versatility and utility. The
equally unique solution where a host of selection of the “best” control is, indeed, a
qualities have to be considered, such as per- complex responsibility. a
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Chapter 4

Speed Controls and Servo Systems

A servo system in its most elementary form
consists of an amplifier, actuator and feed-
back element. Paramount to the system
function is stability, and a fair amount of a
system designer’s time is spent analyzing
system parameters and arranging for condi-
tions of servo stability and proper response
time.

We will in this chapter analyze system
fundamental equations, establish “‘block
diagram’’ concepts and formulate transfer
functions. We will cover Laplace transfor-
mation and use it to develop the input-out-
put relationships (transfer functions) for a
motor, amplifier and feedback elements.
Also, in our discussion, we will cover sys-
tem stability and describe the root locus
method for determining stability.

The closed-loop servo system mentioned
above is an example of just one of the many
various types of control systems. We shall
discuss the most common types, namely:
velocity control, position control, torque
control, and hybrid control systems. We
will then describe the feedback components,
and present their transfer functions. Various
types of servo amplifiers will also be
covered.

Besides describing the most common types
of controls, we will also cover system char-

acteristics, such as system step response and
system bandwidth.

We will also discuss phase-locked servo sys-
tems, “how to make systems work’’, and
how to optimize your system (velocity
profile, coupling, and capstan size).

4.1. SERVO THEORY
LAPLACE TRANSFORMATION

In engineering analysis and design, a linear
system is, first of all, described mathemat-
ically, then the system is studied to deter-
mine response to a variety of input excita-
tion signals. The differential or integro-
differential equation or equations which
mathematically describe the system must
be manipulated to obtain a desired equation
characterizing the input-output relationships
of the system.

Manipulation of these equations which con-
tain exponential, transcendental or non-
sinusoidal functions can be simplified when
they are ‘“‘transformed’” from differential
form to an easier-to-handle algebraic form
by applying the Laplace transformation.
The algebraic mathematics are equated into
input-output relationships, then the result
is transformed back into the original differ-
ential or integro-differential form by apply-
ing an inverse Laplace transformation.
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In the first two sections, the Laplace trans-
formation will be explained.

The defining equations and symbols of
Laplace transformation are:

If

f(t) is any function of time such that f(t)
= 0 for t <0 and the integral (4.1.2) has
a finite value, then

f(s) is the Laplace transform of f(t).

The Laplace operator s is defined as the
complex variable:

s = 0tjw (4.1.1)
and the Laplace transformation is defined
as:

(=2

f(s) = f f(t) e St at (4.1.2)

(o]

Thus, to find the Laplace transform of a
function f(t), the function f(t) is multiplied
by et then integrated from t=0 to t=co.

Examples:

1. Let f(t) = A for t > 0 (a constant); then
the Laplace transform will be:

[*<]

-1
= —st = A —— a—St|®
f(s) = d/Aesdt_As e Io
= — ——? (e —e°) (4.1.3)
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f(s) = —’:— (4.1.4)

2. Let f(t) = Ae™ %, Then:

f(s) = - f Ae %t =5t gt
(o]
= A ] e 0t g~ st gt (4.1.5)
A
f(s) = P (4.1.6)

INVERSE LAPLACE TRANSFORMATION

Once an equation has been transformed, the
solution for the unknown variable may be
determined through algebraic manipulations.
The solution expressed in terms of the com-
plex variable, s, may be sufficient in some
cases; if not, the solution as a function of
time can be obtained by either taking the
inverse Laplace transformation

1 0+ joo
f(t) = — f fls)etds  (4.1.7)
27j

0 —j

or by using standard tables such as Tab.
4.1.1.

As an example, assume that through alge-
braic manipulation, the Laplace transform
is:

_ 2
f(s) = SN (4.1.8)



f(s) f(t)
1 1
s
! -1 (1=1,2,3..)
S—n n—1)1 , 2,3, ..
1 gt
s—a
.._1_ 1 tn—'l et (n=123....)
(s—a)” (n—1)! e
2 ! 2 —;— sinh at
s“—a
: 0 cosh at
2
sc—a
———'1 1 at__ bt
oo @7h) e —tt]
1
(s-—a)(ss—b) a#b) —lae™ —be]
! ! sin at
52 + a2 —a'
> : > cos at
s + &
— 1 et gin bt
(s—a)2 + b2 b
_:a_ €@t cos bt
(s—a)? + b2
—_— —1— t sin at
(s2 +a2)2 2a
2 2
s —a
> 2.2 t cos at
(s2 + 32)2 co
—_ 1 .
(s +1az)2 553 Lsin at — at cos at]

Tab. 4.1.1. Laplace transforms

To determine the inverse transform, f(t),
the function f(s) will be factored into:

2

i (4.1.9)

f(s) = _2__ —_—
S

From this section, or the table, we know
that the inverse transform of? is a constant,
2, and the inverse transform of 2/(s+1) is
2e~t. Therefore the inverse transformation
of the above f(s) gives

f(t) =2 — 2e7t (4.1.10)
TRANSFER FUNCTIONS

In control theory, the relationship between
input driving signal and output response
is expressed by means of a transfer function.
The transfer function is defined as a ratio
of the Laplace transforms of the output
and input signals, with the assumption that
all initial conditions are zero.

As an example, we will examine a circuit
in Fig. 4.1.1., write the network equations
and, utilizing the Laplace transformation,
manipulate the equations so as to obtain a
ratio of the output and input transforms.

— R
O “VV\ O
Vi C Vo

Fig. 4.1.1. RC integrating circuit.

In writing the network equations we obtain:

vi=|R+— idt
=R d_:l + % (4.1.11)
Vo= o (4.1.12)

where q = fidt. These transform to:
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(4.1.13)

vi(s) = (sR +—é—>q(s)

vols) = - als (4.1.14)

Dividing, we arrive at a ratio of input to
output transforms:

—1'q(s)
Yoo _ ¢ = (4.1.15)
v;(s) <sR +%>q(s) sRC + 1

Since this expression is the ratio of the
Laplace transforms of output and input
voltages, it represents the transfer function
of the RC network of Fig. 4.1.1.

BLOCK DIAGRAMS

To show the relationship between the var-
ious components and the flow of signals
between them, a diagram is drawn in block
form. Each block describes a component
by means of its transfer function and is
associated with arrows to illustrate direction
of signal flow. Such a block is shown in
Fig. 4.1.2.

Vi () Vo (s)
——» 6l —=—e

Fig. 4.1.2. A block diagram showing input signal,
block transfer function, and output signal.

The arrow indicates that V4 (s) is the input,
V,(s) is the output, and Gi(s) is the transfer
function [the ratio of V,(s) to V,(s)].
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Several signals are joined by summing points
such as shown in Fig. 4.1.3. A summing
point has numerous inputs, but only one
output which equals the sum of the inputs.

Fig. 4.1.3. A summing point may have several
inputs. The output is the sum of the input signals.

The output of the summing point in Fig.
413 is:

E(s) = A(s) — B(s) + C(s) (4.1.16)
A block diagram representation of a closed-
loop system, where the output signal is fed

back and compared to the input, is illus-
trated in Fig. 4.1.4.

R(s) E(s) ' G(s) C(s)

B(s)

H(s)

Fig. 4.14. Block diagram of a closed-loop system.



An input signal R(s) is compared to feed-
back signal B(s) at the summing point, the
difference E(s) is input to the block G(s),
and an output C(s) is obtained. The relation
between the variables are given by the
equations:

C(s) = G(s) E(s)

B(S) = H(s) C(s)
(4.1.17)

E(s)

R(s) — B(s)
R(s) — H(s) C(s)

By eliminating E(s) from the equations, we
obtain:

C(s) = G(s) R(s) — H(s) G(s) C(s)(4.1.18)

The closed-loop transfer function, or the
relationship between output and input be-
comes:

Cls) _ Gl(s)
R(s) 1+ G(s) H(s)

f(s) = (4.1.19)

TRANSFER FUNCTION OF A DC MOTOR

Now that we have reviewed the basic block
diagram, what a transfer function is, and
how to derive it, we will derive the transfer

1
\ )%—QO—-DKT

el » e +

function of one specific block used in the
closed-loop system - the block representing
the motor.

A simplified model of a DC motor with
permanent magnet field can be derived by
assuming armature inductance to be zero
and ignoring the resonance effect. A com-
plex model of a DC motor was presented in
section 2.3. and will be further discussed in
section 4.2.1. With these stipulations, the
DC motor equations are:

V=1LR+Kgw (4.1.20)

[V: A, §, V/rad s~1, rad/s]

T, = Kyl (4.1.21)

a

[Nm; Nm/A, A]

(4.1.22)

[Nm; kg m?2, rad/s?]

If we make a small closed-loop system, and
assign each block a specific symbol, the
block diagram would appear as shown in
Fig. 4.1.5.

Tg | X I w

Kg &

Fig. 4.1.5. Block diagram of a DC motor as the closed-loop system with each block representing a specific motor parameter.
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Combining blocks to simplify the diagram,
we arrive at the form shown in Fig. 4.1.6,
from which the motor transfer function
relating velocity w to the input voltage V
can be written:

[

G_(s) = wls) _ R Js

m V(s) K Kg
1+ RUs
1/Kg
T (4.1.23)
1+s
Ky Kg
or:
1/Kg

G, (s) = 1_+sr_m- (4.1.24)

where Tm is the mechanical time constant.

X o
RJs

Ke

Fig. 4.1.6. By combining the blocks of Fig. 4.1.5,
we will arrive at this simplified block diagram for a
DC motor transfer function.

This transfer function contains terms that
describe motor response to cyclic or vari-
able frequency signals. We can plot the
frequency response characteristic of the
motor by setting s equal to jw. Then:
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= jw = j2nf (4.1.25)

The transfer function is then evaluated for
an entire range of frequencies and the results
can be plotted. It is customary to plot the
transfer function magnitude in decibels vs.
frequency plotted in a logarithmic scale,
and is termed the gain-frequency character-
istic of the motor. Such a plot is called the
Bode plot.

At a frequency where 2f is equal to 1/Tm
the slope of the curve shows a sharp change
as can be seen in Fig. 4.1.7.

— f[Hz]
o]
fb
NG
o'g/o
I6mi o) 2

!

Fig. 4.1.7. Bode plot of a simplified motor model
which ignores motor inductance.

(o] — f[Hz]

L)

Fig. 4.1.8. Phase angle-frequency characteristic of
a DC motor.

This frequency, which can be evaluated by
the ratio KgK;/RJ, is called the break
frequency of the motor:



KeK
_ 1 _ “ERT
'~ 2n 2mJR (4.1.26)

m

[Hz: V/rad s~1, Nm/A, kg m2, Q]

The phase angle-frequency characteristic of
the motor can also be plotted as illustrated
in Fig. 4.1.8.

The phase angle is determined by the de-
nominator of the transfer function, so that:

RJ
= -1
@ = —tan (4.1.27)

[rad; 2, kg m2, V/rad s 1, Nm/A]

EXAMPLE: Two motors are under con-
sideration for an application where they
are required to respond to control signals
which recur at rates as high as 125 times
per second. Without regard to the torque
and heat dissipation requirements, which
motor would be the first choice if the
following data is available:

Motor “A”
Ky =9.50z-in/A = 6.7 x 1072 Nm/A
Kg =7 V/krpm = 6.7 x 1072 V/rad s~
R =05Q
J =0.68 x 10~30z-in-s?

=48x 100 kg m?2

Motor “B”

Ky =12 oz-in/A = 8.48 x 1072Nm/A
Kg = 8.9 V/krpm = 8.48 x 10~ 2V/rad s
R =0.75Q

J =2.4x10"3 oz-in-s2

=1.695 x 10~ kg m?2

The application requires the motor to accel-
erate the load with moment of inertia of
0.3 x 1073 oz-in-s2 = 2.12 x 1076 kg m2.
Calculating the break frequency for motor
“A", we obtain:

. Kg Ky
b 27JR
B 6.72 x 10~4
27 (4.8+2.12) x 10~© x 0.5
f, = 206.5 Hz

Then calculate break frequency for motor
IIBII:

‘- 8.482 x 1074
P 27(16.95+2.12) x 10-6x0.75

f, =80 Hz

It can be seen that insofar as dynamic
characteristics are concerned, motor “A”
provides significant advantage in its higher
break frequency which would permit easifer
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compensation of the servo system to achieve
the desired bandwidth.

TRANSFER FUNCTION OF
AN AMPLIFIER

An ideal DC amplifier would have a constant
gain for all input frequencies. However,
practical amplifiers are limited to a certain
frequency range, and the corresponding
transfer function in most cases is:

Vo(s) _ A
V; (s) 1+s7,

G, (s) = (4.1.28)

where 7, is the time constant of the ampli-
fier and A is the DC gain.

STABILITY

We have just presented the transfer func-
tion for two blocks in the servo system, the
motor and the amplifier. We shall now
discuss the three possible types of system
response to a step input.

Let a system be described by the transfer

function:
_ Nis)

G(s) = Ds) | (4.1.29)
Roots of N(s) = 0 are zeros of the system,
and roots of D(s) = 0 are poles of the sys-
tem. Poles play a major role in the sys-
tem’s stability, and in order to analyze
stability, these poles must be determined.

If a pole is given by:
p=o+tijw (4.1.30)
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then three different types of responses may
be possible. These are (if all poles meet the
following equations):

Case 1: 0<Oand |w| <ol (4.1.31)
Case 2: o0 <Oand |w|> ol (4.1.32)
Case 3: ¢>0 (4.1.33)
Case 1: -the system is overdamped and

response to a step input will be as illustrated
in Fig. 4.1.9.

Output
amplitude

Pt

Fig. 4.1.9. Overdamped system response to step
input.

Output
amplitude

Fig. 4.1.10. Underdamped system response.

Case 2: the system is underdamped and a
step input will cause overshoot in the re-
sponse, as can be seen in Fig. 4.1.10.

Case 3: when one or more poles exhibit the
property of ¢ > 0, the system will be un-
stable and response will increase with time.

ROOT LOCUS METHOD

There are several analytical and graphical
methods to determine system stability, all



of which depend on the fact that if 6 > 0
the system will be unstable. We will describe
the root locus method for determining servo
system stability.

Consider the closed-loop system of Fig.
4.1.11, whose transfer function is:

Cls) _ __ Gls)
R(s) 1+ G(s) H(s)

f(s) = (4.1.34)

The entire expression is termed the c/osed-
loop transfer function; G(s) H(s) is called
the open-loop transfer function.

R(s) Cls)

G(s)

H(s)

Fig. 4.1.11. Block diagram used for explanation
of root locus method.

The objective is to determine poles of the
closed—loop transfer function since they
characterize the response of the system.
Therefore, the equation to be solved is:

1+ G(s) H(s) =0 . (4.1.35)
which is called the characteristic equation.

The equation can be solved numerically to
determine the poles. However, we want to
find the dependence of the poles on some
parameter such as the system gain. This is
necessary since the parameter may not be
known exactly, or because we may wish to

change the parameter and will want to
observe how this will affect location of
poles.

A way to accomplish this is by utilizing
the root locus method, which basically
gives the closed-loop poles in relation to the
open-loop poles and zeros, and a parameter
K, which is the parameter of interest (usually
gain). The method is described by the
following set of rules, each of which is
illustrated by an example:

RULE #1:

In order to construct the root loci, obtain
the characteristic equation and rearrange it
to the format:

(s —z4)s —25)...(s —2,)
T Gt L LA
(s —pg)s—py)...s—p,)

(4.1.36)

where K is the parameter of interest (usually
gain) which is assumed to be positive. The
second term in the left side of (4.1.36)
is the open-loop transfer function. Then
locate the open-loop poles and zeros in the
s-plane.

Example: consider a system with:

K
G(s) = S+ 1) (4.1.37)
His) s +2) (4.1.38)

T 5+3) (s+4)

rearranging to the desired format:
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(s+2)
s(s+ 1)(s+3)(s+ 4)

+K =0 (4.1.39)

The open loop poles and zero are located
in the s-plane as shown in Fig. 4.1.12.

Pole 1; s-plane
/ Zero
,!/- * >
-1 q Re

Fig. 4.1.12. Open-oop poles and zero plot of
(4.1.39).

RULE # 2:

Find the starting and termination points of
the root loci. Since in all real systems the
number of open-loop poles is greater or
equal to the number of zeros (n = m), the
root loci start for K = 0 at the open-loop
poles and terminate at either an open-loop
zero or at infinity. There are n branches,
m of which will terminate at a zero, and
(n—m) branches will terminate at infinity
along asymptotes.

Example: for the system of the previous
example, the number of open-loop poles is
n=4, and the number of open-loop zeros
is m = 1. So that one branch will terminate
at the zero, and three will terminate at
infinity.

RULE #3:

Determine the root loci on the real axis.
A point on the real axis lies on a root locus
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if the total number of open-Hoop poles and
zeros on the real axis to the right of the
point is odd.

Example:  for the given example, portions
of the root loci on the real axis are marked
by the heavy line illustrated in Fig. 4.1.13.

Im | s-plane

Fig. 4.1.13. llustration of Rule £3 in which por-
tions of the root loci on the real axis are marked.

Notice that all the points left of —4 up to
— oo are part of the root loci. Therefore,
this branch of the root loci approaches
infinity along the negative axis.

RULE #4:

Determine the asymptotes of the root loci.
(n—m) branches of the root loci terminate at
infinity along asymptotes. The angles of
the asymptotes equal:

proy - 1N

[N=0,1,2,..,(n—m—=1)]

All the asymptotes intersect the real axis
at the point o which is given by:

(Pqtpyt. . 4p,)—(z4tzyt. . 2 )
0= n—m

(4.1.41)



Example: for the given example we have
n — m = 3. Therefore, the angles of asymp-
totes are

_ 180 (2N +1)
3

g [N=0,1,2]

(4.1.42)
Thus, the angles will be + 1809, + 60°, and
-600, and they intersect at a point given by:

(0-1-3-4)—(—2)_
o= =-2
3 (4.1.43)

The asymptotes are shown in Fig. 4.1.14.

A Im

s-plane

4

Fig. 4.1.14. lustration of Rule #4 in which the
angles of the asymptotes are plotted.

RULE #5:

Find the breakaway and break-in points.
If the root locus lies between two adjacent
poles on the real axis, there is at /east one
breakaway point. Similarly, if the root
locus lies between two adjacent zeros on

the real axis, there is at /east one break-in
point. However, if the root locus is be-
tween a zero and a pole on the real axis,
there may exist no breakaway or break-in
points.

If the characteristic equation is given by:

K B(s)

1+ ——_A(s)

=0 (4.1.44)
then the location of breakaway or break-in
points is given by:

A’(s) B(s) — A(s) B’(s) =0 (4.1.45)
where the prime indicates differentiation
with respect to s. The value of K at those
points equals the product of distances to
all poles divided by distances to all zeros.

Example: in the given example, the char-
teristic equation is:

(s+2) _

b s(s+1)(s+3)(s+4) 0 (4.1.39)
Thus:

Bls)=s+2 (4.1.46)

Als) =s (s+ 1)(s+ 2)(s + 3)

=s* +65% + 1152 + 65 (4.1.47)
Then, differentiating with respect to s:

B'(s) = 1 (4.1 .»48)

A'(s) =4s3 + 1852 + 225 + 6 (4.1.49)
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The breakaway point can be found from
(4.1.45):

(43+1852+225+6) (s+2) —
—(*+63+11s2+6s) = 0

354 +2053+4752+445+12=0
(4.1.50)
Eq. (4.1.50) will have to be solved numeri-
cally, and for this case it is found that the
solution is:

= —05 (4.1.51)

RULE #6:

Find the points where the root loci cross
the imaginary axis. The points where the
root loci intersect the imaginary axis can be
found by substituting s = jw in the char-
acteristic equation. Equating both the real
and imaginary part to zero allow the solu-
tion for K and w. The value of K at that
point is important since it determines the
value of the parameter which will cause the
system to become unstable.

Example: using the characteristic equation
from the above example, we set s = jw and
obtain:

(jw+2) _
jow (jowt+1) (jowt+3) (jwt4)

(4.1.52)

jw (jotr ) (jw+3) (jwt+d) + K (jw+2) =0
(4.1.53)
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This becomes::

W —8ju3 —19w2+12 jw +Kjw+2K =0
(4.1.54)

Separating this equation into real and im-
aginary parts:

Real: w*—19w2+2K =0 (4.1.55)

Imaginary: —8w3+12w+Kw =10

(4.1.56)
Using (4.1.56), we obtain:
K=8w2—12 (4.1.57)
This is substituted into (4.1.55):
W19 w2+16w2 —24=0
W —3w2-24=0 (4.1.58)

If we substitute X = w? the equation be-
comes:

X2 -3X-24=0 (4.1.59)

which has a solution of:

« _3:49+96
12

: 2
X; = 6.62

X, =-3.62

Since only positive values are allowed for
X, we obtain X = 6.62; so that w? = 6.62,
and the root locus crosses the imaginary



axis at w = 2.67. The value of the gain, K, Step 1: The characteristic equation is ar-

at that point is: ranged to the prescribed format:
K=8w?2—12=41 (4.1.60) +
14k =32 g (4.1.63)
s(s+1)

The root loci for this example are shown in L
and plotted in Fig. 4.1.16.

Fig. 4.1.15.
/s-plane Im |s-plane
A Re
-2 4 o[
=41 Fig. 4.1.16. An example of locating and plotting
poles and zeros. This is the plot of Eq. (4.1.63).
Step 2: The starting points are 0 and —1;
k0 KO termination pointsare —2 and since n—m=1,
44—"”5—““’%24 . ».. another termination point is at infinity.
Step 3: The root loci on the real axis are
between 0 and —1 and to the left of —2.
Step 4: There is one asymptote (since
n—m = 1) and the angle of that asymptote
is:
T 180 (2N + 1)
\ =+ —————=1 180° (4.1.64)
Fig. 4.1.15. Example of locating the point where
root | imagi i (N=0)
ocus crosses the imaginary axis.
This concludes the presentation of the six Step 5: To determine the breakaway and
rules for constructing of the root locus. To break-in points (note that there must be a
further illustrate construction of root loci, breakaway point between 0 and —1 and a
another problem is presented. The open- break-in point to the left of —2) solve the
loop transfer function will be Gf(s) H(s), equation:
where
K A'B—-AB' =0 (4.1.45)
G(s) =— (4.1.61)
s
where:
s+2
H(s) = s+ 1 (4.1.62) Als)=s(s+1)=s2 +s (4.1.65)
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B(s) =s+2 (4.1.66)
Then, differentiating:

A'=2s+1 (4.1.67)

B'=1 (4.1.68)

and substituting (4.1.65) thru (4.1.68) into
(4.1.45) we obtain:

(2s+1)(s+2) —(s2+s)=0

s2+4s5+2=0 (4.1.69)

Then:
$q =—2+1.414 = —0.586
S =—2-1414=-3.414

Thus, a breakaway point is at s=—0.586 and
a break-in point is at s = —3.414. The gain
at the breakaway point equals:

_ 0586 x0.414 _

Ky 1.414

0.17  (4.1.70)

and at the break-in point:

3414x 2414 _

1414 5.8 (4.1.71)

K2 =
Step 6: To see whether the root loci cross

the imaginary axis substitute s = jw in the
characteristic equation:
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o to-m as K+
<

jwt+2

1+K_jw—(ij1) =0 (4.1.72)
Then:
jw(jw+1) +K(jw+2)=0
—w?+jw(1+K)+2K=0
equating real and imaginary parts:
w?+2K=0 (4.1.73)
w(1+K)=0 (4.1.74)

The only point that satisfies these equations
iswhen w=0and K = 0, which indicates the
starting point. Thus, the root loci do not
cross the imaginary axis. The construction
of the root loci is shown in Fig. 4.1.17.

Im T s-plane

Fig. 4.1.17. Construction of root loci for Step 6
of the example. ]



4.2. SERVO COMPONENTS

After reviewing servo theory, we will de-
scribe the common servo components by
their transfer functions and block diagrams.
This is necessary before we attempt to
analyze the system as a whole.

4.2.1. DC MOTOR

A detailed model for a DC permanent mag-
net motor was derived in Chapter 2. The
motor with the load and the tachometer
was approximated as three bodies, coupled
by inertialess shafts, and the torsional reso-
nance was considered.

The model shows the relations between the
following variables:

V(s) = motor voltage

I,(s) = armature current

0n (s) = angular position of armature
64(s) = angular position of load

f,(s) = angular position of tachometer

The relation among the variables was ex-
pressed (2.3.44) in a matrix form:

SL,+R : ke | 0 : 0 s | vis)
I
—Kq : s2J, +sD | 20 I s2J, 0pn(s) |0
I I =
0 | sDy+Ky | (245D +Ky) | 0 0400 |0
! [
| l

|
D*K; | 0 —(s24,+sD,*K,) | [0,(s) | |0

(4.2.1)

The above model may be too general and
unnecessarily complicated in many cases.
When the structural resonance is of no
concern, one may assume

0m (s) = 04 (s) = 62(5) (4.2.2)
and the motor equations may be simplified:

sL,*+R sKg || 1,(s) | [V(s)

—K 2 J+sD 0
T S 0, (5)
(4.2.3)
where J is the total moment of inertia:

J=Jd, +dp +, (4.2.4)

Since, in many cases, the motor velocity,
w(s), is of interest, the motor equations
may be written in terms of the voltage, cur-
rent, and velocity.

sL+R K | [1,660]  [V(s)

K+ sJ+D w(s) 0
(4.2.5)

The transfer function between the input
voltage and the velocity is then

KT
G (s) = w(s)

m™ V() (sd+D)(sL,+R)+K Ky
(4.2.6)

4-15



The above models of (4.2.1), (4.2.5), and
(4.2.6) assumed that the motor is driven by
a voltage source. In case the amplifier is a
current source, the model of (4.2.5) will be
reduced to the form

(sJ+D) w(s) = K+, (s) (4.2.7)

and the motor transfer function is

K
G () =-28 T (4.2.8)

B |a(s) T sJ+D

Since, in most cases, the amplifiers are volt-
age sources and the resonance is not signifi-
cant, (4.2.6) is the most common descrip-
tion of a DC motor. This equation may be
further simplified when some of the param-
eters are small and can be ignored, e.g.,
L. = 0 for moving coils motors, or D = 0

a
for some motors.

4.2.2. AMPLIFIER

Servo amplifiers may be divided into two
main groups, according to the type of
feedback they use: voltage amplifiers and
current amplifiers. The two types will be
studied separately, and the transfer function
model for each one will be given. Further
details on the amplifier design can be found
later in this chapter.

Voltage Amplifier

Ideally, an amplifier should have constant
gain for all frequencies. However, this is
not the case in practice, and all amplifiers
have limited bandwidth. If the amplifier
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transfer function has a single pole, the
transfer function between the input com-
mand, V; (s}, and the output, Vout(s), is

Vout (s) _ A
Vin (s) s, +1

(4.2.9)

where A is the DC gain of the amplifier
and 7, is the time constant.

If the amplifier has more than one pole,
the transfer function should be constructed
accordingly.

Current Amplifier

Current amplifiers differ from voltage am-
plifiers by the fact that the current is fed
back and, therefore, the output current is
proportional to the input voltage. Con
sequently, the transfer function in the case
of a single pole is

lout A (4.2.10)

Vin(s) - s, + 1

Note that A has a unit of [A/V].

4.2.3. AMPLIFIER-MOTOR SYSTEM

In some cases, both current and voltage
feedback are used to achieve a certain per-
formance. The general arrangement in such
a system is shown in Fig. 4.2.1. The block
of -SEATT represents an amplifier with a
voltage feedback. We will show how a
current feedback may be added and discuss
its effect on the transfer function.
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Fig. 4.2.1. A system of motor and amplifier with current and voltage feedbacks.

The transfer function between Vin and the
velocity, w, equals

A1 K
wls) s;, 71 sL.+R sJ+D
= K
Vil © A TR e T

w1 sL+R R P IIR uvp e

A-Kq
~ (s7, + 1)(sL, + R)(sd + D) + A RyblsJ + D) + K Ky(s7, + 1)

(4.2.11)
Note that if b =0, then (4.2.11) is the pro-
duct of (4.2.6) and (4.2.9), indicating that
the system is a series combination of a
voltage amplifier and a motor. If, on the
other hand, b becomes large, the values of
the system poles are altered considerably.

When a positive current feedback is used,
then (4.2.11) holds under the condition
b <0. Note that in this case large values of
b will cause instability.

4.2.4. TACHOMETER

An ideal tachometer is a device whose out-
put voltage, Vg, is proportional to the shaft
angular velocity w. Thus:

V. =K w

g g (4.2.12)

In the real case, however, the voltage will
have other components, which appear as
ripple in the voltage given by (4.2.12).
Expanding (4.2.12) to include ripple fre-
quency and amplitude terms, we arrive at:

Vg=Kgco [1+k1 cos (uwt)+k2 cos(2uwt)]
(4.2.13)

where u is the number of commutator
segments.

4-17



It is desirable to have k4 and k, as small
as possible to reduce the ripple factor, &,
so that tachometer output voltage would be
proportional to w only. The ripple factor
is:

_" 2 2

In most cases, the tachometers are selected
so that the ripple is not significant. Then
(4.2.12) holds, and the tachometer transfer
function becomes:

(4.2.14)

V _(s) .

ols) g (4.2.15)

The block diagram is shown in Fig. 4.2.2.

W

2y K X°

—O

Fig. 4.2.2. Block diagram of tachometer showing
velocity input and voltage output.

< Vg >

| |

#—«AA/\/\/\NX\N\NW\/\/W\N\N\/W——é

i ! Wiper '

i I <t — 0 | Omax
1 -

|

Fig. 4.2.3. A linear potentiometer.

425. POTENTIOMETER

A linear potentiometer provides an output
voltage, Vp, proportional to the angular
position, 6, of its shaft (Fig. 4.2.3). It
operates on the principle of a voltage
divider, where rotation moves the wiper
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across a fixed resistor, resulting in an output
voltage proportional to the angular position.
The output voltage of an ideal potentiom-
eter is given by:

V, =K, 0

b p (4.2.16)

In real potentiometers, the relationship of
Vp and 6 is not truly linear, as indicated
by (4.2.16), due to two main factors: first,
potentiometer resistance is not uniform,
which results in non-linear response; and
second, in connecting the wiper, we load
the circuit slightly, also affecting poten-
tiometer linearity.

The transfer function of anideal potentiom-
eter is:

V_(s)
p _
TR

(4.2.17)

and since theshaft position is an integral of
the shaft angular velocity, we may write:

(4.2.18)

V. (s) K
P_-_P (4.2.19)
wls) s

This is represented by the block diagram
in Fig. 4.2.4.

w | 9
O———p f——e—p Kp

ol

Fig. 4.2.4. Block diagram of potentiometer.



In some systems linear motion is required.
In that case, this motion can be converted
into rotation and a potentiometer can be
used. The other alternative is to use a
linear variation differential transformer,
which is described in the following para-
graph.

4.2.6. LINEAR VARIATION DIFFERENTIAL
TRANSFORMER (LVDT)

The LVDT is the linear equivalent of the
potentiometer, and produces a voltage V|
proportional to the linear position x of its
movable part so that:

V| =K x (4.2.20)

Since x is the integral of the linear velocity
v, we can write:

x(s)

v(s)

L (4.2.21)
s

We can equate linear velocity v to angular
velocity w by:

VErw (4.2.22)

Thus, (4.2.20), (4.2.21) and (4.2.22) can
be combined to:

VL(s) KLr

o) s (4.2.23)

Eq. (4.2.23) is represented by the block
diagram in Fig. 4.2.5.

4.2.7.ENCODERS

Incremental Encoder

An incremental encoder is a device which
generates a pulse for a given angular incre-
ment of shaft rotation. The pulse may be
square, trapezoidal, or sinusoidal. For ex-
ample, assume that an unidirectional en-
coder generates N sinusoidal waves per
revolution. The output voltage will be
given by:

V, = Asin (N0) (4.2.24)

where 6 is the angular position of the shaft
in radians.

Note that the relationship of 6 and Vv, is
non-linear and, therefore, cannot be de-
scribed by a transfer function. However,
in the case where the angle 9 is kept within
some small variations, (4.2.24) can be
linearized, resulting in the equivalent equa-
tions of a potentiometer.

Bidirectional encoders, on the other hand,
have two output signals shifted by some
phase angle, ¢, thus:
Vgq =Asin (N6) (4.2.25)
V,, = Assin (NG + ) (4.2.26)

The relative timing of V4 and V, yields
direction of the rotation and rotation angle.

A common use of the incremental encoder
is to input encoder signal into a digital
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¢ > s

Fig. 4.2.5.
differential transformer.

counter, whose output is proportional to
the angular position, §. Other applications
usean encoder in a hybrid control, in which
amotor is driven in a velocity control mode
for some angle and then switched to position
control mode which stops the motor in the
next neighboring pulse position.

Absolute Encoder

An absolute encoder is equivalent to an
incremental encoder, connected to a digital
counter with channels whose outputs form
a number proportional to the shaft posi-

3 —————— —

Output
decadic 2
number

e E

Block diagram of a linear variation

tion. Output data is periodic for every
revolution, as shown in Tab. 4.2.1 and in
Fig. 4.2.6.

_ Equivalent
0 Output binary numbers decadic
[rad] | Channel #1|Channel #2 | number
0_ 2 0 0 0
2 —m I 0 1
7 — 37/2 0 | 2
32 2w | | 3

Tab. 4.2.1. Anabsolute encoder output data.

0 _ J L | | J 1
™ 2T 3m 4
——» 0O [rad]
Fig. 4.2.6. Plot of an absolute encoder output. [m]
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4.3. SERVO SYSTEMS
4.3.1. INTRODUCTION

One means of controlling the velocity or
angular position of a motor is by an open-
loop control system as shown in Fig. 4.3.1.

In the open-loop system, the output will
follow the desired function as long as all the
system variables are constant. Any change
in load, amplifier gain, or any other system
variable will, however, cause a deviation
from the desired value. In order for the
motor to conform to a desired function
independently of changes in these variables,
a closed-loop servo system, such as the one
illustrated in Fig. 4.3.2, must be con-
structed.

In the closed-loop system, the output vari-
able is measured, fed back and compared to
the desired input function. Any difference
between the two is a deviation from the
desired result; the deviation is amplified
and used to correct the error. In this
manner, the closed-loop system is essentially
insensitive to variations in parameters, and
therefore performs correctly despite changes
in load condition and other system param-
eters. However, now the response of the
system depends on the closed-loop con-
figuration and as such it may be over-
damped, underdamped, or even unstable.
Special care must be given to the design of
the closed loop in order to obtain the de-
sired response.

Servo systems are divided according to the
variable being controlled. The most com-
mon systems are:

1. Velocity control systems - motor
velocity is to follow a given velocity
profile;

2. Position control systems - motor
angular position is to be controlled;

3. Torque control systems - motor tor-
que is to be controlled;

4. Hybrid control systems - the system
switches from one control mode to
the other. For example, we may
want to control the velocity for
some time and then switch to posi-
tion control mode.

Since these modes of system control are the
most common, the following paragraphs
describe them in detail.

4.3.2. VELOCITY CONTROL SYSTEMS

In a velocity control system, motor velocity
is controlled to follow a signal describing
the desired velocity profile. In the fol-
lowing analysis, simplified transfer func-
tions are used to describe the motor and the
amplifier in order to describe the method
of velocity control. The block diagram for
such a system is shown in Fig. 4.3.3, using
the following to describe the system:
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Desired
function Controller Output
—_—P cn? —PMotor and load|

omplifier

Fig. 4.3.1. A typical open-loop control system.

Desir
ff:cﬁgn Controller Output
and —— P Motor and load
amplifier
Sensing
device <
Fig. 4.3.2. A typical closed-loop control system.
‘ Amplifier Motor & load
Desired
velocity A | Wy
> I+ q '
Ly $7q Ke(l+sTiy)
Tachometer
Kg |¢
Fig. 4.3.3. Velocity control system.
) o The closed-loop transfer function for the
A DC gain of the amplifier velocity control system, which is the ratio
) N - of the Laplace transforms of the output
7,  time constant of the amplifier velocity w, and the desired velocity wy, is:
Tn Mechanical time constant of loaded A 1
motor W, (s) Ts7,  Kg(ltsr)
G, (s) g ls) LI
Kg motor voltage constant dil 1+ 1+st, Ke(T+sr ) o
Kg tachometer voltage constant (4.3.1)



In order to determine the system response,
the root locus method is used to evaluate
the effect of the amplifier gain A on the
system response. The root locus for the
velocity control system is shown in Fig.
4.3.4. Note that for the small values of A
the roots are negative real, which indicates
that the system is overdamped. As the gain
is increased, the system becomes less and less
damped, and will tend to overshoot in re-
sponse to a step input. Because of the
simplification used on the transfer func-
tions, the system remains stable for any
value of A. This is not the case in reality,
where the system has some more poles and,
therefore, will become unstable for a cer-

tain value of A. Iﬂ"“
A increases s-plane
A=0 A=0
P Re
-1 _L
Ta Tm
A increases

Fig. 4.3.4. Root locus for a velocity control system.

4.3.3. POSITION CONTROL SYSTEMS

The objective in position control systems is
to control the angular position of the motor
shaft, either locking the shaft at a desired

position, or rotating it at a given rate. The
block diagram for such a system, with
simplified transfer functions for motor and
amplifier, is given in Fig. 4.3.5.

The system parameters are explained as
follows:

Motor velocity is denoted by w, and the
angular position is 6,. Since 0, is the
integral of w,, this corresponds to a trans-
fer function 1/s as shown in the diagram.
K_ represents the tachometer voltage con-
stant [V/rad s~11, and K, is the gain of
the position sensor [V/rad]l. The sensor
can be a potentiometer or equivalent device.
Note that the combination Kp00+ngo
is fed back and subtracted from 6. This is
done to achieve stability, as will be shown
later.

The transfer function of the system is:

6 (s)

_ o
Gpls) = 04(s)

1_A 1

S 1+STa KE(1+STm)

B A 1 K,
1+ K +—2
T+s7, KE(1+STm)< 9 s )

(4.3.2)

In order to analyze the system response,
we look at the roots of the second term of
the characteristic equation:
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Amplifier Motor & load
Desi;gd Wo 0, \
position A | |
v P —— s —b»
B4 q I+s7q Kg (14 Tm) N
Tachometer
Kg <
Potentiometer
Kp &
Fig. 4.3.5. Position control system.
Im
A A
Ke Kgs+Kp
1+ =0 (4.3.3)
T+s7,  s(l+s7 ) O e
-1 1 _Kp
Ta Tm Kg
The root locus for this equation is shown
in Figs. 4.3.6 and 4.3.7. Note that if no

tachometer feedback is used, K, = 0 and
the characteristic equation will have three
poles and no zeros. The root-loci for this
case are shown in Fig. 4.3.6, where it can be
seen that the system becomes unstable for
large values of gain A.

Im

Fig. 4.3.6. Root locus plot of position control
system with no tachometer feedback.
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Re

Fig. 4.3.7. Root locus plot of position control
system with tachometer feedback. Note the im-
provement in stability.

The introduction of Kg adds a zero to the
open loop transfer function and alters the
root loci as shown in Fig. 4.3.7. The new
configuration is more stable and can accom-
modate higher gain.

Note again that the above analysis is based
on simplified transfer functions of the
motor and amplifier. In the real case, the
transfer functions will contain more poles
and the system will tend to become unstable
more rapidly. However, the effect of the
velocity feedback is to increase the stability
of the system as shown here. Moreover,



one can control the system response by
changing the value of K_. When K_ is small,
the system may be unstable or under-
damped, and as Kg increases, the system be-
comes more damped.

4.3.4. TORQUE CONTROL SYSTEMS

In some cases it is desired to keep the tor-
que of the motor constant. Since torque
is proportional to the motor current, it
means that a constant current must be pro-
vided to the motor. The method for
achieving this is illustrated in Fig. 4.3.8.

Fig. 4.3.8. Torque control system.

The input voltage V; = — IdR is compared
with the feedback voltage V, = | R and
input to a high gain amplifier. If the output
current I is different from the desired
current Id, the difference is amplified and
used to correct the situation.

4.35. HYBRID CONTROL SYSTEMS

In some applications, the advantages of
various control modes can be combined to

establish the desired performance by switch-
ing the system from one control mode to
another.

One example of a hybrid system is one
which alternates between velocity and posi-
tion control modes. Such a system can be
used for incremental motion, where the
motion is performed under velocity control
in obedience to a desired velocity profile,
whereas stopping is done by position con-
trol mode to achieve greater accuracy.

Another example would be when forward-
backward motion is to be performed, and
different velocity profiles are required for
each direction. If, for instance, the forward
motion is to be done at a constant velocity
and the backward, or return, motion is to
be in minimum time, it could be done by a
hybrid control in which velocity control is
used in the forward mode and position
control is used for the return or “homing’’
mode.

A velocity/position hybrid control system
is shown in Fig. 4.3.9. When the mode
selector switch is open, the position feed-
back is disconnected, and the system oper-
ates as a velocity control servo. Closing the
switch adds the circuitry required for posi-
tion control. This hybrid system provides
the advantages of both velocity and position
controls, since it allows to follow a desired
velocity profile in velocity control mode,
while stopping with position accuracy. The
shaft will be locked in the desired position
after stopping. Achieving these advantages
results in additional costs. First, a switch-
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. Wo | 6o
Input P Amplifier —— Py Motor s —»
Tachometer
Kg |«
Mode selector Potentiometer
0/ o—e¢— Kp ¢
Fig. 4.3.9. Velocity/position hybrid control system.
ing circuit is required to select system modes the design more difficult. However, the
at the right time. Secondly, the system has additional design effort is justified if alter-
to be designed so that it responds to a nate control modes are dictated by specific
desired manner in both modes, which makes applications. a
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4.4. SYSTEM CHARACTERISTICS

The performance of a servo system is com-
pletely determined by its closed-loop trans-
fer function. However, there are certain
system characteristics which are especially
significant, and even though they can be
derived from the transfer function, it is
worthwhile to describe them in detail. These
characteristics are discussed below.

4.4.1.RESPONSE OF THE SYSTEM TO
A STEP COMMAND

System response to a step input command
depends on all the poles and zeros of the
closed-loop transfer function. However, in
most cases, one can obtain a good approxi-
mation of this response by considering only
the dominant pair of poles - which may be
real or complex. The system response may
be any one of the following:

Overdamped Response

The two dominant poles are either negative
real or complex, with the real part negative
and with the imaginary part smaller (in
absolute value) than the real part. Thus, if
the poles are:

pq =0, <0
(4.4.1)
Py, =0, <0

or

P1 =0 tjw
a<0 (4.4.2)
lo] > w

then the system will be overdamped, as
shown by curve (1) of Fig. 4.4.1.

Critically Damped Response

The dominant poles are complex with equal
negative real and imaginary parts. Thus:

lo] = w (4.4.3)

The response in this case is fast and without
an overshoot. It is shown by curve (2) of
Fig. 4.4.1.

Underdamped Response

The imaginary part of the poles is larger
than the absolute value of the real part; that
is:

w > |o| (4.4.4)

The system response overshoots, but finally
settles at the steady state value. The set-
tling time is reciprocal of |o|. Therefore, as
lo| increases, the settling time becomes
shorter. Curve (3) in Fig. 4.4.1 illustrates
an underdamped response.

Unstable Response

When any of the system poles has a positive
real part, the response is unstable. In
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Fig. 4.4.1. Response of a system to a step input Fig. 4.4.2. Complex poles close to imaginary axis

command: Curve 1-overdamped response; Curve 2-
critically damped response; Curve 3 - underdamped
response.

practical systems instability leads to oscilla-
tions or saturation, and they are both un-
desired results.

The above discussion was based on the
approximation of the system transfer func-
tion by its dominant pair of poles. The
contribution of the remaining poles and
zeros may vary, depending on the case.
However, there are two common features
caused by the additional poles:

1) Additional poles tend to introduce
delay in the system response.

2) Complex poles which are close to
the imaginary axis (e.g., poles due to
structural resonance) will produce

“some ‘‘ringing’’ that rides on the
response, and may have a long set-
tling time before it decays. Fig.
4.4.2 shows a curve of the approxi-
mate response and a curve of the
exact response with “‘ringing”’.
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will cause “ringing”’ which will ride on the response.

Another question concerning the response
of a system is its ability to follow input
signals of different types. In analyzing a
system, we observe that the system’s fol-
lowing ability depends on the number of
integrators in the open loop, which is de-
fined as the type of the system. For this
system, the open-loop transfer function
has generally the form

(s—zq ) (s—2,)(s—25)....(s—2,)

G(s) =K
sN(s—p; ) (s—py)(s—p3)...ls—py,)

(4.4.5)

The integer N indicates the number of in-
tegrators in the loop and it determines the
type of the system. Thus, a system is called
Type 0, Type 1, Type 2...ifN=0,1,2...
respectively.

As mentioned above, the type of the system
determines its following ability. The higher
the type, the better the following. A Type
0 system will follow a step input signal with
a constant steady-state error. |f the input
signal is a ramp, the error in following will
increase with the time.



A Type 1system, onthe other hand, follows
astep input signal with no steady-state error
and follows a ramp input signal with a con-
stant error. Clearly, as the type of a system
is increased, its following ability is im-
proved; a Type 2 system can follow either
step or ramp input signals with no steady-
state error.

4.4.2. SYSTEM BANDWIDTH

If the input signal to the system is sinusoidal
with a low frequency, the system can
respond and follow the input signal. Be-
yond a certain point when the input fre-
quency becomes too high, the system can-
not follow the command. The range of
frequencies that the system can follow is
called the bandwidth of the system.

For the system with open—loop transfer
function G(s), the closed-loop transfer func-
tion F(s) is given by:

G(s)

F(s) = T+ Gl (4.4.6)
Now, if we substitute s = jw and plot the
absolute value of F(jw) in dB versus the
frequency f = w/2m in logarithmic scale, we
find that |F(jw)lyg = 0 for a certain range
of frequencies before dropping down, as
shown in Fig. 4.4.3.

The bandwidth (or the break frequency) of
a system, f,, is defined as the frequency
where |F(jw)| = 1/4/2 = 0.707 or, equiva-
lently, where:

IF (joo)lyg = — 3dB (4.4.7)

o
IFljwlgg

B

Fig. 4.4.3. Bode plot illustrating the system band-
width.

The bandwidth of a servo system varies
according to the components and the need.
In general, velocity control systems using
moving coil motors can reach a bandwidth
of 600 Hz and more. Position control sys-
tems are more limited in general and could
reach a bandwidth of about 200 Hz.

44.3. EFFECT OF TORSIONAL RESONANCE

In most servo systems, the open loop trans-
fer function includes complex poles. As
long as these poles are far enough from the
imaginary axis, they do not pose a special
problem. However, it becomes more and
more difficult to compensate the system for
complex poles as they come closer to the
imaginary axis. A typical source for those
poles is the effect of torsional resonance
of the load-motor-tachometer combination
(see section 2.3.4), and it is highly desirable
to reduce the effect of those poles.

Since it is impossible to eliminate the effect
of resonance completely, it is desirable to
be ableto measure or express quantitatively
the effect of resonance, or the sensitivity of
the system to sinusoidal inputs at the
resonance frequency.
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A simple way to describe the resonance
effect is by observing the system response
to sinusoidal input signals at various fre-
quencies. The ratio of the response am-
plitude to the amplitude of the input signal
indicates the closed-oop gain, or sensitivity
of the system at various frequencies.

A typical frequency response is shown in
Fig. 4.4.4, where it can be seen that the
effect of resonance is represented by the
peak at the frequency fr.

It is desirable that the amplitude of the
peak at f_ is kept as low as possible to reduce
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Fig. 4.4.4. Bode plot showing resonance point.

the effect of resonance. A good indication
of the system sensitivity at resonance is the
height of this peak, which could be de-
scribed as the absolute value of system gain
or in decibels.

o



4.5. SERVO AMPLIFIERS

The discussion of amplifiers in Chapter 3
centered around the speed control systems
operating in the “first quadrant’’. We will
now describe the true servo amplifiers,
capable of providing positive and negative
output voltages or currents, and thus being
able to operate in four quadrants.

Again, we can classify the amplifiers into
three categories: the linear transistor am-
plifiers, the SCR amplifiers, and the switch-
ing amplifiers. The following paragraphs
describe them in detail.

4.5.1. LINEAR AMPLIFIERS

Transistor servo amplifiers are characterized
by two principal output stage designs, the
“H"” and “T" type basic configurations,
as shown in Figs. 4.56.1 and 4.5.2. The “H"
or bridge output stage consists of four
transistors using a single DC power supply.
This output stage has the advantage of a
simple, unipolar power supply and some
sharing of voltage protection between the
transistors. However, it is not easy to drive
in linear cases, and current and voltage
feedback is not easy to achieve, since the
motor is ““floating”’.

The “T'" stage needs two power supplies
and complementary transistors, but is easy
to drive and can supply voltage and current
~ feedback signals in a simple fashion. For
this reason the “T" is used most often in
linear amplifiers. The biasing of the out-
put transistors requires careful attention,

+0DC

Fig. 4.5.1. “H" type output stage (one power
supply required).
since a simultaneous conduction of both
transistors would result in a short circuit
between the two power supplies.

+DC

-DC

Fig. 4.5.2. "T" type output stage (two power sup-

plies required).
The input-output characteristics of the out-
put stage will generally have some dead
zone - an undesirable feature from linear
feedback point of view. Negative feedback
around the amplifier will generally reduce
such nonlinearity tosa negligible amount.
In cases where the linear amplifier will be
used in a “’bang bang” mode, the dead zone
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is of no primary consequence, since the
amplifier will be used only in its conducting
or nonconducting state.

The primary limitations on the output
power handling capacity of the linear am-
plifier are the thermal characteristics of its
output state. Since power dissipation of
the output stage is the product of current
and voltage across the transistors, the tran-
sistor and its associated heat sink assembly
must be capable of dissipating this heat. In
addition, the designer has to consider the
secondary breakdown characteristics of the
transistor, which will limit peak current
time duration at given voltage levels, in
order to ensure that such limits are not
exceeded. Since amplifiers discussed in this
book are designed to drive servomotors,
which have a small electrical impedance, it
is easy to envision situations in which an
amplifier could be easily overloaded under
conditions of stall or excessive torque. For
this reason, current limiting circuits are
generally found useful in servo amplifiers
to prevent amplifier breakdown or blown
fuses.

In some instances where high peak acceler-
ation currents are needed with protection
for prolonged current overload conditions,
two-stage current limiters are used where
the first current limit may be set at a high
level with a time limit of a fraction of a
second, after which a lower sustaining cur-
rent limit will be brought into action. Such
a circuit will not only protect the amplifier
output stage, but also may prevent the
motor from accidental destructive overload.
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45.2. SCR AMPLIFIERS

In the last decade, the bidirectional SCR
amplifier has found increasing use for servo
circuits handling bandwidths up to 30 Hz.
To achieve these bandwidths, a two-phase
or three-phase power supply is generally
used. Such systems are used to drive from
one to five horsepower servo motors for the
machine tool industry.

Just as in the case of the single quadrant
amplifiers described in Chapter 3, close
attention must be given to the form factor
of the amplifier and its influence on the
servo motor heating.

45.3. SWITCHING AMPLIFIERS
Introduction

A switching amplifier is perhaps the most
versatile and popular servo amplifier today.
With power transistors available which can
switch in the MHz region, it is now easy to
design power switching amplifiers capable
of handling square wave switching rates of
50 kHz. This enables the servo designer to
achieve amplifier bandwidths on the order
of several kHz.

Power dissipation in such an amplifier is
caused by two elements: the output
transistor forward voltage drop, which may
be on the order of 1 to 2 V; and the finite
transition time from one polarity to the
other. The latter effect is especially promi-
nent in amplifiers with high switching
rates, where the transition time may be a



significant portion of the total switching
time. Therefore, while a high switching rate
may seem desirable for optimum bandwidth,
the switching rate may be tempered by the
practical effect of output stage power
dissipation.

Amplifier switching may be done in various
ways. One can change either the switching
frequency or the duty cycle, or both. The
net result, however, has to be that the
average value of the output voltage is pro-
portional to the command. The most
common method of amplifier switching is
the pulse width modulation (PWM). Here
the transistors are switched at a constant
frequency and the resulting output voltage
varies between the two extreme values. By
varying the pulse width, or the duty cycle,
the average value of the output voltage
can be changed in accordance with the
desired drive. Such output voltage is
illustrated in Fig. 4.5.3.

(a) t

(b) t

(c) t
—

- L
Fig. 4.5.3. Output voltage of PWM Amplifier.
The output voltage may have zero average (a),
positive average (b), or negative average (c).

This modulation method is described in
detail in the following section.

PWM Amplifiers

A switching amplifier may be of an “H"’ or
“T" type, as is the case for linear amplifiers.
The main advantage of the ““H’’ type is that
only one power supply is needed. The
main disadvantage is that the motor voltage
is floating and it is more difficult to sense
its current for constructing a current feed-
back circuit. It appears that the advantages
outweigh the disadvantages and the “H"
type is the more common form, especially
when high voltage is required.

A circuit diagram of an “H” type PWM
amplifier is shown in Fig. 4.5.4.

Fig. 4.5.4. “H" type PWM amplifier.
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The transistors of the circuit in Fig. 4.5.4
can be switched in various sequences to
provide the desired voltage polarity. We
will discuss the two common modes: the
bipolar and the unipolar drive methods.

The bipolar drive is characterized by the
fact that the transistors are turned on in
pairs. When we want a positive current we
turn on both Q1 and Qg. Whereas, for
negative current, we turn on Qa and Q3.
By alternatively switching between the
two pairs we can control the current. The
combination of switching on one pair of
transistors at a time provides a motor
voltage that varies between +Vs and —Vs,
with an average value which is dependent
on the duty cycle.

The bipolar drive method has a limitation,
however. When a pair of transistors is turned
off, it takes a finite time for the transistors
to get to the off state. Therefore, we must
allow for some time delay between the
turning off of one pair and the turning on
of the other pair. This time delay, which
approximates bus, limits the switching
frequency to approximately 20 kHz.

In order to eliminate the need for the time
delay, a different switching scheme was
devised. This is the unipolar drive method.
Here, as long as the desired current is posi-
tive, Q1 is turned on and Qg is periodically
switched on and off to regulate the current.

The two drive methods are described in de-
tail in the following discussion.

4-34

Bipolar Drive

In bipolar drive, the switching period, T,

is divided into three phases: phase a, phase
b and the delay phase. These phases are
shown in Fig. 4.5.5.

Phase a Delay Phase b Delay

ja—T, —bb—To-ﬁ Ty —#r—ﬂ,-»‘

time

T

Fig. 45.5. The phases of the switching period.

The phases are defined as follows:

phase a: Q1,04 On
Qq, Q3 Off
phase b: Qz, Q3 On
Q1,04 Off

Delay phase: Q1, Q2,Q3,Q4 Off

Accordingly, the output voltage during
phases a and b is:

V., =V, during phase a (4.5.1.)
and
Vi = =V, during phase b (4.5.2)

During the delay phase the voltage is
determined by the circuit equation which
requires continuity of the current. The
current will continue its flow through the
motor and the freewheeling diodes.

In order to analyze the motor voltage
during the delay phase, recall the circuit
equation for the DC motor:

di

Vi =H+ L+ Kg @ (4.5.3)



Now assume that the current | is positive.
When all four transistors are turned off the
motor current will flow through the diodes
D2 and D3. If we ignore the forward drop
voltage of the diodes, we may conclude that:

V,, ==V, for I>0 and delay phase (4.5.4)

Similarly, if the motor current is negative,
it will flow through D, and D, resulting:

V,, =+V, for I<Oand delay phase (4.5.5)

Finally, if the motor current is zero during
the delay phase, no current will flow
through the diodes and the motor voltage
becomes:

V,,, = Kg w for I=0 and delay phase (4.5.6)

Typical examples of voltage and currents
of the bipolar amplifier are shown in
Figs. 4.5.6 and 4.5.7. The condition where
the current equals zero for a finite time, as
illustrated in Fig. 4.5.7, is known as current
discontinuity.

Time IL
phases i

|

| |

+Vg —

T-
—_d

Voltage
V,

m

-V

Current

o
o~
-

Fig. 4.5.6. Continuous current made.

Time
phases |

—— e

Voltage

+—-—————

Vv,

m

I~

t, T

|

|

I

|

|
Current |
I

O = —————

Fig. 4.5.7. Current and voltage during discon-
tinuous mode.

The current discontinuities are not common
and occur only when the current is small.
The effect of the current discontinuities is
to cause nonlinearities in the amplifier
transfer function. However, these non-
linearities can be minimized, as will be
shown later, by the use of current feedback.
In the following discussion we will limit
ourselves to the continuous current case.
The interested reader may find a detailed
analysis of the discontinuous case in [4-7].

In order to analyze systems which use PWM
amplifiers, we need to develop a mathe-
matical model for the amplifier and the
motor. We will divide the model into two
elements, as illustrated in Fig. 4.5.8.

V. T \%

n a m

r——b

Fig. 4.5.8. Two element model of the PWM
amplifier,
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The input to the model, Vin: is the com-
mand signal; the output of the first element
is T,, the duration of phase a, and the
overall output is V _, the motor voltage.

Since Vi, isa switching voltage, we can
describe it by a Fourier series asa DC term
and harmonics. However, since the switching
frequency is much beyond the bandwidth
of the motor (and preferably beyond all
resonances), the contribution of those
harmonics is zero. Therefore, they can be
ignored, and we may consider the average
value of V as the output of the model.

In order to analyze the first element of the
model, consider the circuit that performs
this function. Such a circuit is shown in
Fig. 4.5.9.

Comparator with
dead band

Fig.4.5.9. Phase Generating Circuit.

The circuit consists of a comparator with
a deadband and an input element that sums
V;, with a triangular waveform S(t). When
the combined input is above a threshold,
phase a is chosen. When the combined
input is below a negative threshold, phase b
is chosen and finally, when the input is
within the deadband, the delay phase is
selected. Accordingly, the times T, and T,
are given by
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T -

—T, +KV,, (4.5.7)

_T
Tp=5—T, =KV, (4.5.8)

Note that the constant K has a unit of time
over voltage. K is given by

=T ‘
K =AS (4.5.9)

where AS is the peak-to-peak magnitude of
S(t). In order to complete the model, define
the time t, as the time interval during which
the output voltage equals V. Accordingly,

T for 1I>0

a
t =T, 42T, forl<o ~ (45.10)

or

ty = T +T,—T Sgn (1) (45.11)

The average value of the output voltage
equals
=V t V (T—t
Vina = 1-— s( - 1)

S
T

(4.5.12)

The complete model of the amplifier is
now illustrated in Fig. 4.5.10.

The model of Fig. 4.5.10 is a complete
one and therefore it is suitable for detailed
analysis or simulation of the system.



T/2

2Vs

Fig. 4.5.10. Mathematical model of PWM bipolar amplifier.

However, for a linearized analysis we may
ignore constant inputs. If we further

ignore T, we may simplify the model

2KV
=—=3 V. (4.5.13)

m T in

\'%

This simplified model is illustrated in
Fig. 4.5.11.

V. Vv

in > 2KVs pi
T

)

Fig. 4.5.11. Simplified model of PWM bipolar
amplifier.

Next we will investigate the dependence
of the current variations on the motor and
the amplifier parameters. For simplicity,
assume that the motor velocity is constant
and that the amplifier is in a steady state.
Furthermore, assume that the motor
velocity, w, does not vary during one
switching cycle because the switching
frequency is too high. Also assume that
the variations in the term I, are not signi-
ficant and can be ignored.

Next define la and Va as:

1 T
Ia_T{) 1(t) dt (4.5.14)
and
Va=r|a‘+KE w (4.5.15)

Now recall the circuit equation for the
motor (4.5.3), and approximate the term
rl by rl,. This simplifies the equation to:

di _ ,
Ldl=v_-v (4.5.16)

dt a

This simplified equation has a triangular
waveform solution, instead of the ex-
ponential solution of (4.5.3).

The peak-to-peak variation of the motor
current during t, is:

V-V

| t, (4.5.17)

However, the total current variation in
one period is zero.

V.-V V. +V
s a t; — s a-(T-—t1)=0
L L

(4.5.18)
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Equation 4.5.18 can be manipulated to
form:

2t,

V.=V, (5

-1) (4.5.19)
When this is substituted in 4.5.17 it results
in:

2v,T

t t
= 2=
Al L T(1 T)

(4.5.20)

The quantity Al depends on t;. It reaches
its maximum when tq = T/2. That maximum
value equals

AL =V T (4.5.21)

S
max 2L

Next, we repeat the analysis for the uni-
polar drive amplifier.

Unipolar Drive

The switching amplifier selects phase
a when the input command is positive.
Conversly, when V;<0, phase b is selected.
The two phases are further divided into
the on and off intervals which are defined
as the conditions:

phasea —on Q; Q, on
(Ta) Q, Q, off
phase a — off Q, ' on

(T,o) Q, Q; Q, off

similarly,
phaseb —on Q, Qg on
(Ty,) Q, Q off
phase b — off 03 on

(T,,) Q; Q, Q, off
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Since the operation is symmetric for the
two phases, it is sufficient -to analyze
one only. We will study the case where
V,;,=>0, and phase a is selected.

The motor voltage during the on interval
is given by:

Vi, =V for phase a —on (4.5.22)

During the off interval, the three pos-
sibilities exist. If the current is positive,
it will continue its flow through Q, and
Q4 resulting in zero voltage.

V_ = 0 for phase a — off and 1>0

m

(4.5.23)

If the current | is negative, which may
occur after changes in Vin the current
will flow through Q, and Q,. This results
in:

V., =V, for phase a — off and 1<0

m

(4.5.24)

Notice that this implies that the motor
voltage remains constant at V, until the
negative current increases to zero.

Finally, if the motor current is zero, it
will remain so during the off interval.
This results in a motor voltage of:

\%

m Kg w for phase a — off and | |

=0 (4.5.25)



Examples of the voltage and current wave-
forms are shown in Fig. 4.5.12 and Fig.
45.13.

Next we will derive the mathematical
model of this amplifier. The duration
of the on interval is proportional to the
command signal

T, =KV, (4.5.26)

a n

where K is given by Eq. (4.5.9).

Phase a N ao a
intervals

-7

Voltage

%

Current 1 1

Fig. 4.5.12. Voltage and current waveforms for
unipolar PWM amplifier. .
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I time
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0
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i/l\ |
c | |
urrent| \ I./

Fig.45.13. Voltage and current waveforms for
unipolar PWM amplifier in the discontinuous
current mode.

In deriving the model we consider the
common case where 1>0 during phase a.
In this case the voltage is given by:

_JV, for phase a —on

Vin =0 for phase a — off (4.5.27)
and the average voltage is:
V.T
Vima = =7 (4.5.28)

The resulting model for the amplifier is
therefore:

V,_=—5V. (4.5.29)

Next we will derive the magnitude of the
current variations. Consider the simplified
motor equation (4.5.16) in which the
motor voltage is given by Eq. (4.5.27).
The current variation is given by:

V, -V
= a7 (4.5.30)

Al

However, since the total current variation
during one period is zero, we obtain:

V.-V \"
T Ta— T (T-T,) =0 (4531)
or
V.T
v, = 2sla (4.5.32)

Now substitute (4.5.32) in (4.56.30) to
obtain:

vV.T TA\T
=_S —-aj)_a
Al L <1 T) (4.5.33)
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The current variation is maximized when

T, = T/2. The resulting current variation
is:
v.T
Al ax =—43r- (4.5.34)

Self Oscillating Amplifiers

In the previous discussion it was assumed
that the triangular waveforms signal,
S(t), is generated externally and that its
frequency is constant. Therefore, the
switching frequency of the PWM ampilifier
is constant. Although this is the case in
most systems, there are still amplifiers
which are built to be self oscillating.

Self oscillating amplifiers generate the
signal S(t) internally. An example of such

an amplifier is shown in Fig. 4.5.14.
In order to be specific, the circuit and the
following discussion are limited to bipolar
PWM amplifiers.

the following

The amplifier includes

components:

Comparator —

High gain amplifier with positive feedback.
This results in a hysteresis, as shown in
Fig. 4.5.15. The output of the comparator
iseither V. or—=V ...

The comparator- is followed by a dead-zone
generator. This element is necessary in
bipolar amplifiers to guarantee that one
set of transistors is turned completely
off before the other set is turned on.

Vi, + Vi dead Vs Vin !
comparator |—@—m zone @8 driver —7’ motor r—?——-b
o generator
e low-pass | g
filter
/. K |

Fig. 4.3.14. Self oscillating PWM amplifier. Note that the amplifier may use current feedback or delayed voltage feedback.

4-40



ma <

3 J

—Alv Av

max

Fig. 4.5.15. Hysteresis effect in comparator.

The dead-zone may be generated in several
ways. An example of such a circuit is
shown in Fig. 4.5.16.

low-pass relay with
comparator filter dead band

L] V1
° > o> 1
e st

Fig. 4.5.16. Dead zone generator.

[

The relationships between the signals in
the dead-zone generation circuit is shown
in Fig. 4.5.17.

The signal Vv, is later applied to the driver.
According to the described operation of
bipolar PWM amplifiers, the switching
period has 3 phases: phase a, phase b
and the delay phase.

The feedback can be either the motor
current or the delayed voltage. In the
case of current feedback, there is a need
for a differential amplifier to sense the
motor current, The voltage sensing can be

A%}
__I—J—

Fig. 4.5.17. Relationships between variables in
the dead-zone generations circuit.

simplified as it is sufficient to measure
the voltage on one side of the motor.

In the case of motor voltage feedback the
voltage is applied to a low-pass filter and
the filter output is the desired waveform
S(t).

It is clear that in a self-oscillating amplifier
the switching frequency is a function
of the parameters of the motor and the
amplifier. Moreover, the switching fre-
quency depends on the motor current and
velocity. As a consequence, the switching
frequency will vary with the motor velocity.
This feature is undesirable as it may cause
the switching frequency to coincide with
resonance modes of the motor.

Next we will consider the mathematical
model of the amplifier with feedback.
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Amplifier Transfer Function

In the previous discussion we derived a
simplified model for the PWM amplifier.
It was indicated that the delay phase
introduces nonlinearities to the system and
that those nonlinearities are minimized
with feedback. Now we will discuss the
effect of the feedback on the amplifiers
transfer function.

Let the amplifiers open-loop nonlinear
relationship between input and output
voltages be N(e). If we use voltage feedback
we obtain a system as shown in Fig. 4.5.18.

F(s)

Fig. 4.5.18. PWM amplifier with voltage feedback.

e

The overall transfer function is given by:

V.. _Nfe)

m

V.. 1+F(s)N(e) (4.5.35)

in

If the open loop gain is sufficiently high,
within the system bandwidth,

N(e)F(s)>1 (4.5.36)

we can ignore the term 1 in the denomina-
tor of Eq. (4.5.35), leading to the simplified
expression:

V.. “Fwr (45.37)

Since F(s) is a low-pass filter, the net
result of Eq. (4.5.37) is to provide phase
lead in the loop.

Next we consider the effect of current
feedback on the transfer function. The
mathematical model in this case is more
complex, as shown in Fig. 4.5.19.

Ke &

v, (s) e AL

w(s)

Fig. 4.5.19. Block diagram of a switching amplifier and a motor.
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The system components may be represented
by their transfer functions, as shown in
Fig. 4.5.19. The comparator and the driver
are nonlinear elements and their output
depends on the input signal e. It is assumed
here that N(e) is a describing function
which represents their behavior.

The motor impedance is considered to be
a resistance R and an inductance L, The
inductance L, includes the internal and the
external parts.

The element Kg represents the back emf
voltage in the motor and a is the current
feedback. The transfer function of the
system is given by:

1 Ky
w(s) Nie)- sL.tR s
Vin(s) 1 1 Ky
in . .a+t .
TNl SR STR WK
t t
(4.5.38)
or
wls) _ N(e) KT
Vin(s) (sLt+R)sJ+N(e)asJ+KEKT
(4.5.39)

In most cases, the amplifier gain is very
high and N(e) is very large. Under those
conditions, the transfer function may be
approximated by:

K
limit % (s) =__T
N(e)™ Vin asd

(4.5.40)

The simplified transfer function is re-
presented by a block diagram in Fig.
4.5.20. The interpretation of this simplified
model is that due to high forward gain
in the switching amplifier, its response is
determined by the feedback. In this case,
the amplifier becomes a current amplifier,
and for such a source, the transfer function
of the motor is simplified considerably
(see 4.2.8).

Fig. 4.5.20. Block diagram of simplified transfer
function model for switching amplifier and motor.

It can be seen how one can alter this
transfer function by changing the current
feedback. If a dynamic element with a
transfer function a(s) is used, the transfer
function becomes:

wis) = 1 K1 (4.5.41)
Vin(s) af(s) sd
Thus, all the poles of a(s) become zeros
of the transfer function and vice versa.

The model of (4.56.41) may be used to
analyze the behavior of the amplifier
and the motor as parts of a larger system.
It is useful in analyzing system stability,
bandwidth, and other general character-
istics. However, it cannot describe the
unique characteristics of a switching
amplifier, and for those we have a special
discussion below.
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Power Dissipation in the Motor

A switching amplifier considerably reduces
the dissipation in the amplifier by turning
the transistors completely “on’ or com-
pletely “off”. However, the amplifier
switching may adversely affect the power
dissipation in the motor, due to the current
ripples. The additional power losses in the
motor and their dependence on the system
parameters are described below.

The power dissipation in the motor can be
divided into two major elements: the
dissipation in the winding and the dis-
sipation in the core.

Pdissipation = l:’w + Pc (5.4.42)
We start by considering the effect of
switching on the dissipation in the winding.
Note that the dissipation in the winding
is given by

P, = 12(R (5.4.43)

where R is the armature resistance. When
switching frequencies are much higher
than 10KHz, one should consider the
ac resistance of the armature which is
greater than R. However, in this discussion
it is assumed that the dc resistance is a
correct representation. In the case of
PWM amplifiers the current is given by

1, =1+5(1) (5.4.44)

where S(t) is a triangular current with
peak-to-peak variations of Al amperes.
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Assume that the current | is constant
over one switching period. The average
power dissipation in the motor winding
is

T T
1712 Rdt=217 [1+S(t)] 2 Rdt =
TP T
o o

T T
RIZ +%f RIS(t)dt +JT_f RS2(t) dt =

o o

2
RI2 +% (5.4.45)

Note that the power dissipation has two
parts: the first term, IZR, is the dissipation
in the motor regardless of the switching.

The second, RAlz, is the additional dis-
12

sipation due to the switching. Note that
this quantity is fairly small. We may
therefore conclude that the switching
does not significantly affect the power
dissipation in the winding.

Core losses, on the other hand, are signi-
ficantly affected by the amplifier switching.
The main components of the core losses
are the eddy current and the hysteresis
losses. The hysteresis losses are equal

P, =K fBA!E (5.4.46)

where K, is a constant, f_ is the switching
frequency and B is the incremental
flux density corresponding to a change of
current of Al. The eddy current losses on
the other hand, are given by

. 2n 2
= KZfs BA
0

P

(5.4.47)



where K2 is a different constant and p
is the resistivity of the material.

It can be seen that both the hysteresis
and the eddy current losses increase with
the switching frequency and with the
magnitude of the current ripple.

The hysteresis losses are found in ferro-
magnetic materials whereas the eddy
current losses can affect any electrically-
conductive material. The primary areas
in dc motors where significant core losses
may occur are the stator laminations and
magnetic material with low resistivity,
such as Alnico and Rare Earth materials.
Ceramic magnets, on the other hand, due
to their high resistivity, are totally un-
affected by the current ripple.

The Selection of the Switching Frequency

The switching frequency, f, is probably
the most important parameter in the
design of PWM amplifiers. The following
discussion provides guidelines for selecting
f,.
The switching rate must be high enough
so that the servo system does not respond
to it. Thus, if the motion requirements
are such that a bandwidth faw is needed,
one should select

f,> 10fg, (5.4.48)

The switching frequency must also be
above all the significant resonance fre-
quencies of the loop.

fS > f resonance (54'49)
On the other hand, the switching period
should be much longer than the transistor
switching delay time Td' Otherwise,
the amplifier may have significant non-
linearities. Thus,

fs <10 (5.4.50)
T
d

Having established upper and lower limits
for fs, we can proceed to select fs which
will minimize the losses.

The power dissipation in the amplifier
transistors is directly proportional to
f.. Therefore, in order to minimize those
losses, we need to select fs as small as
possible.

The switching frequency affects the core
losses in two ways: first, it affects the
hysteresis losses and the eddy current
losses through the term f in Egs. (5.4.46)
and (5.4.47). The switching frequency also
affects the current variations, Al, recipro-
cally, and this has an opposite effect on
the losses. The total effect of f, on the
core losses is dependent on the particular
motor. Thus, there are reasons to increase
fs, and others to decrease it. The final
selection is a compromise between those
contradicting conditions. O
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4.6. DIGITAL CONTROL AND PHASE-
LOCKED SYSTEMS

4.6.1. INTRODUCTION

A digital control system is a system in
which at least one of the elements in the
control loop is a digital component. Such
digital components may be either a micro-
processor or a digital circuit. They can also
be optical encoders, magnetic position
sensors and others.

The use of digital components as controllers
or as sensors improves the system perfor-
mance by allowing more flexibility in the
design. It also makes the system less sus-
ceptible to drift due to parameter changes.
On the other hand, the addition of digital
components to the control loop poses a
challenge due to the added difficulty in
design and analysis.

The main problem with digital control sys-
tems is that when applying the control
signals at discrete times, one creates the
effect of time delay in the control loop. This
has an adverse effect on the system stability.

A second problem with digital control
systems is that they cannot be analyzed
by the methods of Laplace transform and

frequency-domain. Instead, they require
different tools for analysis as discussed
below.

4.6.2. DIGITAL CONTROL SYSTEMS

A typical digital control system is shown in
Figure 4.6.1. In general, the system has
analog elements, such as the motor and the
amplifier, and digital elements, such as the
controller. The system also has a third type
of element — that needed to convert the
signal from analog to digital form and
vice-versa.

The motor and the amplifier are repre-
sented by the transfer functions M(s) and
A(s) respectively. Although the amplifier
may be a switching element, as long as the
switching frequency is much higher than
the system bandwidth, the continuous
representation is valid.

The digital controller processes the signal
in a digital form and outputs a digital
signal at discrete times. In order to inter-
face this output signal with the analog
element, there must be an analog-digital
converter (ADC) and a hold circuit to hold
the output constant between samplings.
Such an element is the zero-order-hold
(ZOH) circuit which is shown in Fig.

input e
ADC -1{ >
s

Digital 9 - >

Controller T

ZOH

4.6.1.
\ V.
[P ol pac e A0 2| me |—e

Fig. 4.6.1. Block diagram representation of a digital control system.
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On the input end of the digital controller
we need to perform the opposite con-
version. Here an analog signal has to be
converted to a digital form by a digital-
analog converter (DAC). Quite often the
conversion from analog to digital form
can be done by the position sensor. For
example, an optical encoder quantizes
the position and outputs the signal in a
digital form which can be directly applied
to a digital controller with no additional
conversion. The two samplers at the input
and the output of the digital controller
are internal to the controller.

To better explain the operation of the
digital control loop, consider the mathe-
matical relationship between the variables
in the loop:

Start with the error signal, e, which is
the difference between the input and
the feedback. e is a continuous function
of the time, e(t). The error signal, e, is
applied to a DAC and the resulting output
is f(t). There are two differences between
e(t) and f(t). First, f(t) is quantized. It
can assume a finite number of values
according to the number of bits by which
it is represented. For example, if f(t) is
represented by 8 bits, it can have 256
discrete values. On the other hand, e(t)
is a continuous signal and can have an
infinite number of values.

The second difference between e(t) and
f(t) is in their form. e(t) is represented
by one signal which can very continuously
over some range, whereas f(t) is represented

by several digital signals according to some
code. Although this difference is very
significant for the circuit, it makes no
difference mathematically. Therefore, ex-
cept for the quantization process, which
becomes significant under some conditions,
the ADC has no effect on the signal and
therefore, can be mathematically ignored.

The digital controller inputs the signal
f(t). It samples it at a sampling period of
T, to form the sequence f(0), f(T), f(2T) . ..
This sequence is processed by the control-
ler which then generates a new sequence
g(0), g(T), g(2T) . . . The g(kT) sequence
is the output of the digital controller.

The sequence g(kT) is applied to a ZOH
circuit which generates the function
h(t) as follows:

h(t) = o(kT) for kT <t < (k+1)T

(4.6.1)

The signal h(t) is then applied to a DAC.
This element only changes the form of
representation of the signal. From the
digital form of h(t), it is converted to an
analog form V1(t). Mathematically, the
transfer function of the DAC equals 1.

Finally, the voltage V, is applied to the
amplifier and the amplified output is
applied, in turn, to the motor. The ampli-
fier and the motor are linear, continuous
elements and their behavior was described
in detail previously.
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The digital controller may be a micro-
processor or a dedicated digital circuit
which was built for the particular applica-
tion. The advantages of a microprocessor
are its flexibility and its low cost avail-
ability. The main disadvantage is the
computation time. Complex operations
involving multiplication and division may
be performed much faster by a dedicated
circuit.

The system shown in Fig. 4.6.1 is the
simplest one. It often involves additional
elements such as internal loops or feed-
forward branches, as shown in Fig. 4.6.2.
However, the basic principles of both
systems are the same.

4.6.3. SYSTEM ANALYSIS

The first step in the analysis of digital
control systems is to classify all the loop
components as analog or digital elements.
Analog elements include the motor, ampli-
fier, tachometer and potentiometer. The

—

{

feedforward

digital elements include a digital controller,
a shaft encoder with digital output and
other digital circuits in the loop.

After considering the elements, we can
focus on the way in which the signal is
converted. The conversion from analog to
digital may have an effect in analyzing
special stability conditions at low veloci-
ties, however, in most cases, this can be
ignored. The conversion from digital to
analog, however, is the key to analyzing
the system.

To understand this critical point recall
Fig. 4.6.1 and note that the output of the
digital controller is a sequence of points
g(kT). Such a sequence of points cannot
drive an analog device. An analog device
needs an input function h(t) that has a
non-zero integral. As a result, all digital
control systems have some way of con-
verting the sequence g(kT) to a function
h(t) with non-zero integrals.

The most common way for generating
h(t) is by a ZOH circuit, as given by Eq.

Digital

input
-— ADC
Z Controller | T

ZOH

output
#{ DAC A ol ™ >

Fig. 4.6.2. Multi-loop digital control system.
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(4.6.1). However, there are other forms.
One common way, which results from
methods of linearization, is to multiply
the sequence g¢g(kT) by a sequence of
impulses, thereby generating h(t). Since
these are the two most common methods
for generating h(t), we will focus on them.

The next step is to describe the system
by its block diagram form. We group all
the analog components together to form
H(s). Similarly, we group all the digital
elements into one component. Now we
find that the system may be represented in
the form of Fig. 4.6.3 or Fig. 4.6.4, accord-
ing to the process of generating h(t).

The next question to consider concerns
the sampling times. If the sampling period
is constant, the system is said to be a
sampled-data system and it can be analyzed
by the Z transform method.

Often the sampling time depends on the
motor position. For example, when the
position information is updated by an
optical encoder, the sampling times depend
on the motor velocity and don’t necessarily
occur at constant intervals. In this case
one has to be cautious in stating the

conditions that will lead to constant
sampling frequency. An example for such
conditions is given in the following dis-
cussion on instability at low velocities.

If the assumption of constant sampling
rate cannot be justified, the Z transform
method is not valid and one has to resort
to simulation for analysis.

Next we present a simple, straightforward
method for stability analysis of systems
which can be represented in the form of
Figs 4.6.3 or 4.6.4.

Systems with ZOH

When a digital control system is in the form
of Fig. 4.6.3, it can be analyzed using the Z
transform method. The method is similar
to the Laplace transform method except
that it is designed for digital systems.

We start by defining the Z transform. A
sequence f(k) is transformed to the func-
tion F(z) by the equation

Flz)=2 {f(k)} = kz;bf(k)z"k (4.6.2)

input Digital
Controller

apc o
+ T

(k) ,_.

ZOH DAC H(s)

Fig. 4.6.3. Digital control system with ZOH.
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l&(kﬂ
‘ input 9(kT)

ADC "l D2} |~ o] H(s) >

Fig. 4.6.4. D'igital control system with impulse
multiplier.

For example, if the f(k) sequence is

f(k): {1, -1, 1,0,0....} (4.6.3)
the F(2) is »
F(z) =1—2"1+2"2 (4.6.4)

A detailed description of the Z transform
method can be found in numerous text-
books such as [4-16] and [4-17].

.One of the most important properties of
the Z transform is the shifting property.
It states that if F(z) is the Z transform of
the sequence f(k)

z{f(k)} =F(2) (4.6.5)

then the Z transform of the shifted sequence
f(k-m) is

z {f(k-m)} =27™F (2) (4.6.6)

Now we are ready to determine the transfer
function of a digital controller. Consider
the system shown in Fig. 4.6.3. Suppose
the controller samples the input function
f(t) every 100us. During the following
100us interval, the controller calculates the
value of the next output, g(kT) as a function
of the input and previous values of the
output. For example, let the relationship
between input and output be
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g(kT) = f[k—1)T] -0.5f[(k—2)T]
+0.29[(k—1)T] (4.6.7)

We can rewrite (4.6.7) as

g(k)—0.2g(k—1) = f(k—1)—0.5f(k—2)
(4.6.8)

Next, we apply the Z transform to Eq
(4.6.8). Denote the Z transforms of f(k)
and g(k) by F(z) and G(z) respectively. The
transform of (4.6.8) then becomes

G(z)—0.2z~1G(2)=z—1F(2)—0.52"2F(2)
(4.6.9)

The transfer function D(z) can be written
as

_G(z) _ z=1.052-2 _z—05

“Fl@) 1-02.-1"  22-02:
(4.6.10)

D(z)

The transfer function of controllers with
other different equations is determined in a
similar manner. Note that the output at
time kT, g¢(kT) depends on inputs at
previous sampling times (k—1)T, etc. This
is due to the computation time of the
digital controller.

Next we will find the digital transfer func-
tion of the elements shown in Fig. 4.6.5.

(k)
-g———/——-u ZOH |——»{ Hls) AR 1L

Fig. 4.6.5. Elements of the digital control loop
with ZOH.




If we denote the Z transforms of the input

sequence g(k) and the output sequence

y(k) by G(z) and Y(z) respectively, the

transfer function of this subsystem is
_Y(z)

The function E(z) can be found from

H(s) by the following equation

E(z) = Z {H(s) and ZOH}

- (1_2—1)2{5-?1} (4.6.12)

Equation (4.6.12) indicates that in order
to find E(z) we need to divide H(s) by s,
and then find the Laplace—Z transform
pair of _I-#) This function can be found in

standard tables, such as Table 4.6.1.

As an example, consider a system where

_ 1000
H(s) - s+1000 (4.6.13)
Then
1000
His) _ (4.6.14)

s s(s+1000)

From the table we find that

(1—e—1000T),—1

(sh _
Z{l%—}_“—zﬂ )(1—z— 1¢-1000T)
(4.6.15)

and the transfer function E(z), as given by
(4.6.12) is

(1—e—1000T) ,—1

(4.6.16)
1—z—1g —1000T

E(z) =

Laplace Time
Trans- function z-transform
form F(s) f(t) F(z)
1 6 (1) 1
e kTs 8 (t—kT) 27k
1 z
S ug () =T
1 Tz
2 t z
s (z—1)
2
2 2 T 2(z+1)
3 . 3
s (z—1)
1 —at z
s+a € z_e—aT
1 —at Tze—2T
te — 2
(s+a)? (z—e at)
a —at z(1—e~2T)
s(s+a) 1-e ' (z-—1)(z—e‘aT)
z[Az—aTe®T+1—¢"2T)
2 | t=2(1—e") | a(z—1)? (z—e=°T)
% (s+a) a —aT
A= (aT-1+e72")

Table 4.6.1. Laplace Z-transform Paris

Clearly, the transfer function E(z) depends
on the sampling time T. For a sampling
time of T=100us, it becomes
_a—0.1y -1 -1

E(z) = (1—e )z~ _ 0.095z
1-z=1e-01  1-0.905z~1

_ _0.095

"~ z-0.905 (4.6.17)

Once the transfer functions of the digital
and the analog parts are known, we can
find the overall transfer function and can
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analyze the system stability. The overall
system transfer function, which relates the
input to the output, is

D(z)E(z)

Q(2) = 13D ) El2)

(4.6.18)

The system characteristic equation which
determines the loop poles is

1+D(z) E(z) =0 (4.6.19)

All we have to do is solve (4.6.19) and
determine its roots. If each root is within
the unit circle, the system is stable. Other-
wise the system is unstable. For the given
example we have

142705 009 _, ,550)

22-0.2z 2—0.905

This can be written as

23-1.10522 + 0.276z — 0.0475 = 0
(4.6.21)

Eq (4.6.21) has three roots
zZ, =085
22’3 =0.125 £ j0.76

Since the magnitude of each one of the
roots is less than one, the system is stable.

Systems With Impulse Multiplier

Systems with impulse multipliers can be
represented by the block diagram of
Fig. 4.6.4. The stability analysis of those
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systems is similar to the one described
before. We start with the transfer function
of the digital controller, D(z) using the
same procedure. The procedure differs
when we find E(z), the transfer function
of the rest of the loop. The elements
included in the remaining section are
shown in Fig. 4.6.6.

8(kT)

s f—={ HG6) —VJTL"E-)—

Fig. 4.6.6. Elements of the digital control loop
with impulse multiplier.

The transfer function E(z) is defined as in
Eqg. (4.6.11). In this case it is found by

E(z) = Z{H(s)} (4.6.22)

where E(z) and H(s) are a Laplace Z
transform pair, as given in Table 4.6.1.

For example, if

- 1000
H(s) <+1000 (4.6.23)
then
»E(z) = 1000 (4.6.24)

1—z —1¢—1000T

If we further assume that the sampling
period equals 100us, E(z) becomes

= 1000z
E(z) 70905 (4.6.25)



Once D(z) and E(z) are found, the system
transfer function can be determined by
Eg. (4.6.18). The loop characteristic
equation can be written and its roots are
found. The system is stable if each one of
its roots is within the complex unit circle.

The classification of systems into the
ZOH type or the impulse multiplier type
is not always simple. As a rule of thumb,
if the output of the controller is held
constant during a sampling period, we say
that a system has a ZOH. In this case the
magnitude of the output may change
only at sampling times.

An alternative method to output the
command of a controller is to pulse-width
modulate it; the output may be either
high or low, but the duration of the pulse
may be controlled by the processor. This
case fits the impulse multiplier description.
An example of such a case is given in the
next section.

Modified Analysis Method

The stability analysis method given before
is limited to determining whether, for a
given set of parameters, the system is
stable. This method can be modified to
allow more flexibility in the analysis.

Consider the transformation

z =L",Vv+_11 (4.6.26)

This transforms the inside of the unit circle
in the z plane to the left half of the w

plane. As a result we may analyze the
transformed equation of w by the root
locus method and other analysis tools of
continuous systems. As an example con-
sider a system as in Fig. 4.6.4, with

H(s) = 10K
s+2

(4.6.27)
and let the input equal 1. The digital
controller is an integrator. It samples the
input every 100us and adds the input
to the previous output. Assuming that the
addition time is much shorter than 100us,
we may write the difference equation
for the controller as

g(kT) = f(kT) + g[(k—1)T] (4.6.28)

Now suppose that the controller modulates
its output as follows: Upon calculating the
value of the output, g(kT), the controller
outputs a signal of magnitude of 5v and a
duration of g(kT)us. Thus, if g(kT)=2,
the pulse width is 2us. The controller
output is then reduced to zero until the
next sampling time.

In this case we can approximate the con-
troller output by an impulse, but we need
to determine its weight. Note that the
control signal in this case is

5 for kT <t <kT+10~3g(kT)
h(t) =
0 for kT+10™3g(kT) <t < (k+1)T
(4.6.29)
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The integral of h(t) over the interval
[kT, (k+1)T] is

(k+1)T

h(t)dt=5-10"3g(kT)  (4.6.30)

kT

Then, this is equivalent to multiplying
g(kT) by an impulse of magnitude of
5-10—3. This factor is represented as
gain in the loop. The resulting block
diagram of the loop is given in Fig. 4.6.7.

The digital controller transfer function
D(z) can be found from (4.6.28). By
applying the Z transform we obtain

G(z) = F(z)+z~1G(2) (4.6.31)
or
D(z)=8z=-_1 (4.6.32)

F(z)

The transfer function of the analog part
is found from 4.6.27 and Table 4.6.1.

1—z—-1

— 5T 4.6.33
127 ( )

Given a sampling time of 100us, we obtain

10K
1-0.82z""
Finally, to analyze the loop stability,
we write the characteristic equation

E(z) = (4.6.34)

1+0.006—1 10K ___j

1-z=1 108221

(4.6.35)
or

(1+0.05K)z2-1.822+0.82=0 (4.6.36)

We want to find the range of values of
K for which the system is stable. Applying
the transformation (4.6.26) to (4.6.36)
we obtain

0.05Kw2+(0.36+0.1K)w+3.24+0.05K=0
(4.6.37)

Now we can apply the Routh-Hurwitz
stability criterion to Eq. (4.6.37). Since

8(kT)

- D(z)

0.005

H(s)

B

Fig. 4.6.7. Block diagram of system in example.
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(4.6.37) is a second order equation, the
condition for stability is that all the co-
efficients must have the same sign. This
condition is met for all the positive values
of K, 0<K<® We may therefore conclude
that the system is stable for all the positive
values of K.

Low Speed Stability Analysis

In digital control systems where the position
signal is quantized by a position sensor,
such as optical encoders, the sampling
interval of the digital controller equals the
time interval between position pulses. As
the motor velocity decreases, the encoder
frequency decreases, resulting in longer
time intervals between pulses. The longer
sampling periods usually have adverse
effects on the system stability. In most
cases, if the sampling period increases
above a given value, the system becomes
unstable. In the following discussion we
describe, by example, how to analyze the
instability at low speeds.

input f
+ T

—p D(2) _g/

Consider the system shown in Fig. 4.6.8.
The digital controller generates its output
according to the equation

g(kT) = gl(k—1)T] + 2f[(k—1)T]
(4.6.38)

This corresponds to a digital transfer
function of

=G(z) - 2

D(z)=2%=_£&_ 4.6.39
(@) F(z) z-1 ( )
The output is multiplied by an impulse
function and later is applied to the analog
element

K
H(S) = s+10 (4640)

The sampling period T may vary with
the velocity. The objective is to determine
how the parameters T and K affect the
system stability.

A necessary assumption to be made is
that the motor velocity is constant during

5(t)

H(s) h—r-b

Fig. 4.6.8. Block diagram of system in example.
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a sampling interval. This guarantees that
the sampling frequency is constant, and
allows the use of the Z transform method.

The digital transfer function of the impulse
multiplier and the analog element can be
found from Table 4.6.1.

Y(z) K
E(z)=—'= ———=—=5% 4.6.41
@) G(z) 1-z"Te~ 10T ( )
Then the loop equation is
2 Kz
1+— ——3==0 4.6.42
z—1 z—e— 10T ( )

or

22+z2(—1—e~10T42K)+e=10T = o
(4.6.42)

Now apply the transformation (4.6.26)
to Equation (4.6.42). The result is

2Kw2+(2—2e= 10T )w+(2—2K+2¢—10T)
=0
(4.6.43)

For stability we require all the coefficients
of (4.6.43) to have the same sign. For
positive values of K, the first two co-
efficients are positive. Therefore, it is
necessary and sufficient, for stability, to
require

2—2K+2e~10T>0 (4.6.44)

or
K<1+e— 10T (4.6.45)
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Equation 4.6.45 shows how the stability
depends on K and T. At high sampling
rates, as T approaches zero, the maximum
allowed gain is 2. For low speeds, with T
approaching infinity, the maximum allowed
gainis 1.

In this simple example, the system is
stable at all speeds. In most practical
cases, the equations are more complex
and the system becomes unstable at low
velocities.

4.6.4 SPECIAL FEATURES

The implementation of control functions
by digital controllers is done by program-
ming the processor or by the use of look-up
tables. The flexibility of these design
methods enables the implementation of
various control functions.

Digital compensations are designed by
programming the processor to perform
a difference equation. The coefficients
of the difference equations determine the
poles and zeros of the transfer function, as
discussed previously.

Digital controllers can generate nonlinear
functions such as squares, or velocity-
dependent gains. It also allows the addition
of constraints to the control function.
For example, it can control the position of
the system while limiting the acceleration
rate or the velocity to given values.

The design flexibility also allows different
design approaches. Two such approachesare
the feedforward and the adaptive control.



Feedforward
Consider the system shown in Fig. 4.6.9.

Under normal conditions, the system will
have a steady state error due to the finite
gain of the loop. This characteristic is
undesirable in position control systems
where the position has to follow the
input closely. In those cases one can add
a feedforward function that generates a
signal equal to the desired steady state
error, allowing the position to equal the
input.

The main advantage of the feedforward
method is that the feedforward branch is
not a part of the closed loop. Therefore,
it does not affect the system stability,
although it improves the performance.

feedforward
} T
input
—&{ D(z2)
+ T

Adaptive Control

In order to understand this feature, we
start with the fundamental question:
Why do we need to close the control
loop? We want the system to perform in
spite of changes in the system parameters
and the outside inputs, such as load. If
all the parameters were fixed and known,
open loop control could do just as well.

As the parameter changes become broader,
there is a need for increased loop gains,
which results in stability problems. There-
fore, if we can narrow the range of para-
meter variations, we need less gain to
obtain the same performance. The range of
parameters uncertainty can be narrowed if
we note that most parameters change
slowly. This is due to temperature change

"] z0H }—8 His) *”>

Fig. 4.6.9. Digital control system with feedforward.
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or mechanical wear. If we can measure and
determine the slowly changing variables,
we can reduce the range of the parameter
uncertainty. The measurement of para-
meter values, and compensation for the
changes is part of the adaptive control
feature.

System parameters can change in different
ways, and the parameter estimation has to
be designed accordingly. For example,
if the only parameter that varies is the
inertial load or the friction, this parameter
can be estimated by determining the
change in motor velocity due to known
current. However, if several parameters
may change simultaneously, the parameter
estimation process requires a more sophis-
ticated procedure.

4.6.5. PHASE LOCKED SYSTEMS

As the needs for precise velocity control
systems increase, and with the availability
of suitable integrated circuits, phase-locked
servo loops are becoming increasingly
popular. They exhibit excellent speed
regulation and inherent insensitivity to
parameter changes.

The basic phase-locked loop and its com-
ponents are shown in Fig. 4.6.10. When
the system is “phase-locked’”, the fre-
quencies of the command and feedback
signals become identical, and if the fre-
quency of the command signal is constant,
it produces a constant motor velocity.

As long as the system is ‘‘phase-locked”’,
the motor velocity follows the frequency
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of the command independently of motor
and amplifier parameter variations. This
guarantees a motor speed regulation
which is as good as the stability of the
command frequency.

Note that although phase-locked servo
systems (PLS) are commonly used to
control velocity, they really are position
control systems in which the position
control results in velocity control.

The early PLS used analog devices for
position sensing and for phase detection,
therefore their model and analysis were
based on analog signal methods. Most of
the literature on PLS, therefore, describes
them by continuous models.

In recent years, with the availability of
digital circuits for phase detection, the use
of digital elements in the loop has increased
and consequently most PLS have become
digital. However, since the encoder fre-
qguency is usually very high as compared
with the loop bandwidth, the digital phase
detector may be approximated by an analog
device, resulting in an analog model. There-
fore, most of the results of analog PLS
apply equally to digital PLS.

The main differences between the two
loop types are in the model of the phase
detector and in the behavior at low veloci-
ties. For a smooth presentation, we start
with the description of the analog PLS,
and later will discuss the outstanding
features of the digital PLS. We start by
describing the system components and
their operations.
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Fig. 4.6.10. Basic phase-locked servo loop. —

4.6.6. SYSTEM COMPONENTS

The phase-locked servo loop includes the
following components:

1. Phase comparator

2. Low-pass filter

3. Amplifier

4, Motor

5. Encoder (optical tachometer)

The operation of these components is
discussed below.

Phase Comparator

The purpose of the phase comparator is to
detect differences between the phases of
the command signal and the feedback
signal, and produce an error signal to
indicate them.

Some comparators are designed to detect
frequency differences as well as phase
differences between the command and
feedback signals, and produce an output

voltage which is a function of the phase
error and the frequency error. Such de-
tectors are called phase-frequency com-
parators.

In the following analysis, we derive the
mathematical equations for the most
simple phase comparator, the multiplier.
For the simplicity of derivation, it is
assumed that both the command signal and
the feedback signal are sinusoidal. This is
only a simplifying assumption and the
results are valid for square-wave signals as
well, Let the command signal and the
feedback signal be 8, (t) and Sz(t), respec-
tively, and denote the multiplier gain by
K,,- The multiplier output is

V,=K,$,S, (4.6.46)

Since the command signal is sinusoidal, it
can be written as

§; = —V, cos 6, (4.6.47)
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Let 6, be the angular position of the
motor shaft and define the electric angle
of the encoder, 0, as

6_=nb

o m

(4.6.48)

where n is the number of pulses generated
by the encoder each revolution. The feed-
back signal, S,, may be written as

Sy, =V,sinf, (4.6.49)
The comparator output voltage, V., be-
comes

Vc = —KmVsVO cos 6;sin 6 (4.6.50)

This can be written as

K VYV
A ="‘—25—°[sin (6,—6,)—sin (6,+6)]

(4.6.51)

The voltage component proportional to
sin (0, + 6,) is sinusoidal with high fre-
quency and will be blocked by the low-
pass filter. Therefore, we may ignore it and
consider only the voltage component
proportional to sin (6; —0). Also define

the comparator gain, Kp, as
K_ VYV

=_M S 0 (4.6.52)

P 2

Then the effective comparator output
voltage is
V.= Kp sin (6, —6) (4.6.53)
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Define the phase error, 6, as

6,=0,—86, (4.6.54)
and note that when 6, is small, (4.6.53)
may be approximated by

V.= Kp (6, — 00) = KpOe (4.6.55)
Equation 4.6.55 indicates that for small
phase errors, the comparator output is
proportional to the phase difference.
This is illustrated in Fig. 4.6.11.

0j Oe Ve
—» Ky —P

9
Fig. 4.6.11. Linearized model for phase comparator.

The model (4.6.55) was developed for a
multiplier, but it is valid for all the phase
comparators, as long as the phase error,
6, is small. In cases where phase-frequency
comparators are used the output voltage
may be approximated as the sum of two
components, the phase error voltage and
the frequency error voltage:

do
Vo =K 0, +K, —£

006 + K, 8 (4.6.56)

When Laplace transformation is used, this
becomes

V (s) = [sK, + Kp] 0(s) (4.6.57)
A block diagram model for the phase-

frequency comparator is illustrated in
Fig. 4.6.12.
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Fig. 4.6.12. Linearized model for phase-frequency
comparator. Note that Ky gives the phase differ-
ence, whereas Ky indicates frequency differences.

Low-Pass Filter

The low-pass filter is needed to block the
high frequency components of the com-
parator output. A single-pole filter may be
sufficient for attenuation, but the final
selection is made on the basis of loop
design. The transfer function of the filter
is denoted by F(s).

Amplifier

The amplifier is needed to raise the power
level of the error signal in order to drive
the motor. The amplifier transfer function,
H(s), may be selected to provide additional
compensation if needed.

Motor

The transfer function ‘of the motor was
discussed in detail in section 4.2. In the
following analysis, it is denoted by G(s).

Encoder

The encoder, or optical tachometer, is a
nonlinear device which generates n sinusoi-

dal pulses for each revolution of the motor
shaft. Thus the encoder output, S,(t), is

Sz(t) =V, sinnd =V sin 0, (4.6.58)

However, since the comparator model is
linearized, the encoder may be represented
as a block with constant gain of n (Fig.
4.6.13).

em e0 |
o——9 n — >

Fig. 4.6.13. Block diagram model for the encoder,
relating the mechanical shaft position O to the
encoder electrical angle 6,

Now we are ready to construct a detailed
block diagram for the phase-locked servo
system. This is shown in Fig. 4.6.14.

4.6.7. SYSTEM DESIGN AND STABILITY

When we examine the open-loop transfer
function of the system in Fig. 4.6.14, we
find it to be

L(s) = n(sK,+K ) F(s) G(s) H(s) 1
(4.6.59)

It can be seen that the term 1/s introduces
90° phase shift to the loop. Additional lag
is produced by motor and the filter. If we
couple this with the fact that the open-loop
gain is very high (n is between 500 and
2000), it is apparent that the system will
have stability problems, unless carefully
designed.
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Fig. 4.16.14. Block diagram of phase-locked servo system.

The design is made more difficult by the and the encoder line density is
fact that the filter F(s) is needed, and any
lead network on the comparator will n =500 (4.6.63)

cancel the filtering effect. Consequently,
all efforts are directed at determining
compensations- which will reduce the lag
and loop phase shift at frequencies about
the break frequency. This can be achieved
by lead-lag, or similar type compensations.

Next, we want to examine the effect of a
lead-lag compensation network on the loop
stability.

Consider a phase-locked loop where the
phase detector has a gain Kp. The low-pass
filter has a single pole at —1000 rad/s, and
a transfer function

1000
F(s) =53 1000 (4.6.60)

The amplifier is assumed to have a constant
gain

H(s) =5 (4.6.61)
The motor transfer function is
Gls) = 71090 (4.6.62)
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The corresponding open-loop transfer func-
tion is
25x 109 K,
L(s) = §{s + 700)(s + 1000) (4.6.64)

and the corresponding root-locus diagram is
shown in Fig. 4.6.15.

-1000 =100

4 [ ;
\

/

Fig. 4.6.15. Root locus diagram for the system of
(4.6.64).



In order to determine the limit on the
comparator gain, solve the equation

1+L(jw)=0 (4.6.65)

or

.  25x 109 K,
jw(jw + 100)(jw + 1000)

(4.6.66)
jw(jw+100)(jw+1000) + 2.5x109Kp =0
(4.6.67)

Separating the real and imaginary parts of
(4.6.67) and solving for w?2 and K, vields

w?=10°
(4.6.68)
Kp =0.044

Thus, the comparator gain has to be limited
below 0.044 V/rad to guarantee stability.
Next, suppose that we add a lead-lag
compensation to the amplifier by introduc-
ing a zero at —100 rad/s and a pole at
—5000 rad/s. The modified amplifier
transfer function becomes

H,_(s) =250 (s + 100) (4.6.69)
(s +5000)

Note that at low frequencies, the amplifier
gain remains unchanged.

The modified open-loop transfer function
becomes

11
L (s)__ 125x10"1K,
" s(s + 1000)(s + 5000) (4.6.70)

The maximum gain for the modified system
can be determined by the same procedure as
before. When this is done, we find that the
maximum comparator gain and the corre-
sponding frequency are

w? = 5x 108

(4.6.71)
Kp = 0.24 V/rad

Thus, by introducing the compensation, one
can increase the gain by a factor of 5.5

4.6.8. SPECIAL CHARACHERISTICS

- In the previous analysis the model of the

phase-locked servo system was linearized
and the loop was treated as a regular posi-
tion control system, While this analysis is
valid, there are some special characteristics
that result from the nonlinear nature of
phase-locked loops, and these are described
below.

Velocity Acquisition and Locking Range

In order for the system to remain locked, it
has to satisfy the following conditions:

a) The system must be stable.

b) The frequency of the effective error
signal, Vc, should be within the band-
width of the system.

As long as the two conditions are satisfied,
the system can correct phase errors and
remain locked. On the other hand, if the
frequency of the error signal is higher than
the system bandwidth, the loop cannot
respond fast enough and the system will
“lose lock"”.
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The frequency of the error signal is pro-
portional to the difference between the

motor velocity and the desired velocity.
Large differences between the two may
occur during start-up condition when the
motor starts from rest, or due to large
speed disturbances.

To illustrate this point consider a stable
phase-locked servo system where the en-
coder line density is n = 1000. Let the fre-
quency of the input signal be f; = 20 kHz,
and suppose that the system bandwidth is
500 Hz. The system will remain locked as
long as the frequency of the feedback signal
is between 19 500 and 20 500 Hz. With the
given encoder, this corresponds to a motor
velocity in the range of 19.5—20.5 r/s, or
1170—-1230 rpm.

In other words, as long as the motor velocity
is within the range of 1200 + 30 rpm,
locking is guaranteed. Any change in ve-
locity beyond those limits will result in loss
of lock.

In order to guarantee velocity acquisition
and prevent loss of lock, one can use a
phase-frequency comparator, where the ve-
locity error signal may be used to accelerate
the motor until lock is achieved. This en-
ables the system to acquire the desired
velocity; however, the acquisition range is
limited, as explained by the following
example.

A motor with an encoder of line density

n = 1000 is required to rotate at a velocity
of 2400 rpm in CW direction. A stable
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phase-locked system is used where a positive
error signal accelerates the motor in the CW
direction. The frequency of the input
signal is f; = 40 000 Hz, and the feedback
frequency, f,, is proportional to the veloci-
ty. Furthermore, note that the velocity
error of the frequency comparator is pro-
portional to (f; —f ). Thus,

Vv, =K, (f, =) (4.6.72)

Next, consider various initial velocities, and
the system response.

a) Initial velocity above 2400 rpm in CW
direction. Here the error signal is
negative and the motor will decelerate
until the required velocity is achieved.

b) Initial velocity below 2400 rpm in
either direction. Here the error signal
is positive and the motor is accelerated
in CW direction to the required ve-
locity.

c) Initial velocity above 2400 rpm in
CCW direction. Now the error signal
is negative, which accelerates the motor
further in CCW direction until the
amplifier is saturated. Under this con-
dition, velocity acquisition. is .not
possible.

In conclusion, phase-fregeuncy comparator
will accelerate the motor to a desired
velcoity, wy, if the initial velcoity, w, is

Wy > — Wy (4.6.73)



Otherwise, the motor will run away in the
opposite direction.

There are several ways to solve this problem.
The most simple one is to use a unidirec-
tional amplifier if possible. When the motor
is required to run in both directions, it is
advisable to use an optical encoder with
two output channels in quadrature. The
phase relationship between the two out-
put channels indicates the direction of
rotation.

Further discussion on the modeling and
design of phase-frequency detectors can be
found in [4-11] and [4-12].

Speed Variations

Phase-locked systems are used primarily for
velocity control because of the high accu-
racy - and regulation they can provide. [t
is therefore important to investigate the
sources of the velocity errors and the
methods for reducing them. The most com-
mon sources of velocity disturbances are
listed below.

1. Variations in input frequency — As the
frequency of the command signal varies
with time or temperature, the system
will follow the cammand frequency
and produce a velocity error. Clearly,
the speed regulation of the system
cannot be better than that of the com-
mand signal and a stable oscillator is
needed for good regulation.

2. Load variations — Variation in load
torque, T, will produce speed distur-

bances. These variations will be mini-
mized by increasing the loop gain and
bandwidth. An alternative method for
reducing velocity disturbances is to
add a balanced inertial load to the
system which attenuates the effect of
the load changes.

3. Motor torque disturbances — The tor-

que produced in the motor during
rotation is not constant, but it varies
with the angular position. The torque
ripple is equivalent to load distur-
bance and results in velocity variations.
In order to minimize those, one can
select a motor with low torque ripple,
in addition to increasing the loop gain
or using an additional inertial load.

. Encoder-generated errors — In the pre-

vious analysis it was assumed that the
encoder is an ideal device with an out-
put

S, =V, sing, (4.6.74)

In reality, the encoder has some error
and its output may be written as

Sy, =V, sin 6, (4.6.75)

where Oa, the actual electrical angle,
is given by

6,=0,+67 +6, (4.6.76)

6 represents the low-frequency phase
errors which result from mounting
errors. This can be approximated by
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0y =Ksin6 (4.6.77)
6, on the other hand, results from
errors in encoder mask, and therefore
will have high-frequency elements.

When the actual feedback signal, S, _,
is fed back to the phase comparator,
the output voltage becomes

V=K, [6,-6,]

=K, [6; =0, =6y —6y,]
(4.6.78)

6, will be blocked by the filter and
hence may be ignored. 67, which may
be within the system bandwidth, will
pass through the filter as an error, and
will try to correct the system phase
accordingly. Thus, the phase-locked
loop will attempt to correct errors

which are produced in the encoder,
and when the frequency of those
errors is low, they result in speed
disturbances.

. Low speed instability — PLS with

digital phase detectors often experi-
ence velocity disturbances at low
velocities. These disturbances get
worse as the velcoity decreases, and
eventually the whole loop becomes
unstable.

The reason for this phenomenon is
that the position sampling rate in those
systems depends on the motor velocity.
As the sampling period increases at
lower speeds, the system tends to be-
come less stable and eventually it
becomes unstable. This subject was
previously discussed in this section
4.6.3. Further discussion can be found
in [4-14]. u]



4.7. HOW TO MAKE SYSTEMS WORK

Some system requirements may be contra-
dictory to the basic requirement of stability,
and compensation must be added. There is
no simple rule for compensation, but some
worthwhile ideas will be discussed.

The designer of a servo system usually
desires high gain in the open-loop transfer
function, as this reduces the sensitivity of
the system to disturbances and parameter
variations, and widens the system band-
width. For example, a position control
system with high open-loop gain will appear
as a “stiff’”” system that can follow a posi-
tion command despite disturbing torques.

On the other hand, as gain is increased,
the system tends to become unstable. In
fact, all practical servo systems become
unstable if their open-loop gain is increased
beyond a certain limit. This indicates that
the plurality -of the number of poles over
the number of zeros of the characteristic
equation is at least three. Then, as gain is
increased, at least one of the poles moves
to the right half-plane, as follows from the
asymptotes rule of the root loci.

Thus, the requirements for high gain and
wide bandwidth are contradictory to the
basic requirement for stability. To over-
come this difficulty, compensation net-
works are used to change the open-loop
transfer function so that higher gain can be
achieved under stable conditions.

There is no simple selection rule for com-
pensation networks. Instead, a network
has to be tailored for a given case after
careful analysis. There are, however, some
general ideas which are worth discussing
here.

In general, servo system stability is en-
hanced if the phase shift, or the lag, in
the open-loop transfer function is reduced.
Thus, phase shift should be reduced when-
ever possible. The first major source of
phase shift is the motor; it is possible to
reduce system phase.shift by selecting a
motor with a short mechanical time con-
stant. This possibility should be considered,
however, only if gain or bandwidth require-
ments are extremely high.

The other major source of lag is the am-
plifier. It is easy to stabilize an amplifier
by using a large capacitor in the feedback,
but such an amplifier will cause stability
problems when it is used in a closed loop.
Therefore, as a general rule, capacitive feed-
back in the amplifier should be avoided as
much as possible. Actually, an ideal am-
plifier should have a constant gain and no
phase shift over a wide bandwidth. Electro-
Craft’s Servo Control Amplifiers (SCA) can
maintain a constant gain up to a frequency
of 20 kHz, so for the purpose of analysis
they can be considered as constant gain
devices.

Thus, in general, by reducing the phase
shift, a system can stand higher gain with-
out disturbing its stability. In cases where
further reduction in phase shift is needed,
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a lead-lag compensation network can be
used with the transfer function:

H(s) = Kﬁ (4.7.1)

where both a and b are positive and:
b>a (4.7.2)

Such a network has a zero at the frequency
w = a and a pole at w = b. This combina-
tion results in some phase lead, whose am-
plitude depends on the parameters a and
b. Such a compensation network can be
constructed using either active or passive
components. The two possible circuits are
shown in Figs. 4.7.1 and 4.7.2. The two
transfer functions are of the lead-lag type,
and the circuit components are selected to
obtain the right values of a and b.

Ro
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R|
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v, O—o (>——4b———o Vo
R —
2 C

Fig. 4.7.1. Compensation network using an active
component (amplifier).

R

—A\NV'v-
Vj O—————e ¢ Vo
R2 c
o3 : —0

Fig. 4.7.2. Compensation network using passive
components.

In some cases, the desired velocity profile
is to have a constant acceleration and
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deceleration. While this is extremely diffi-
cult to achieve with linear compensation
networks, it can be obtained easily using
some. nonlinear techniques. The simplest
device to be used here is a current limiter.
Thus, amplifier output current is limited to
a certain adjustable value. During accelera-
tion and deceleration the amplifier current
saturates, resulting in constant velocity
change. Because of the simplicity and use-
fulness of the current limiter, all Electro-
Craft SCA amplifiers are equipped with this
feature, which can be used or disconnected
according to individual application require-
ments.

In some applications, it is desired to follow
the input command with zero error so that
the system output is less sensitive to param-
eter variations. This requires the use of an
additional integrator in the loop, which
increases the DC gain to infinity. However,
an additional integrator adds to the phase
shift and, hence, causes stability problems.
To design an integrator without the phase
shift, a lag-lead compensation network can
be used. The transfer function of the net-
work is:

His) = K—S—E—a— (4.7.3)

Thus, the network has a poleats=0and a
zero at the frequency s = a. The compen-
sation network causes a phase shift which is
noticed at the low frequencies. However,
beyond the frequency of s = 3a the effect
of the network is minor, and can be ignored.
A possible network is shown in Fig. 4.7.3,
having a transfer function of:



V _(s) 1+ sRC;

H(s) = Vi o SRC, (4.7.4)
When a system has to operate in several con-
trol modes, it is inefficient to design one
compensation network for all the modes.
Instead, it will be more desirable to design
the best compensation for each mode and
switch between them at the appropriate
time.

For example, a system that has to run at
a specified velocity and then stop exactly
at a certain position is a two control mode
system. It operates on either velocity or
position control; the system, as shown in
Fig. 4.7.4, is suggested for variable com-
pensation.

i
L ' Position
conttol
compensation

4 Control mode selector

Fig. 4.7.4. Hybrid control system.

The position sensor, P, may be a potenti-
ometer or a digital encoder, and the com-
pensation network may use analog circuits,
digital circuits, or both. The mode selector

|npuv op Power .
Amp, Amp
I
l
| Velocity
control
I r - compensonon
1

switch will bein the desired position accord-
ing to whether the velocity or the position
are to be controlled. For example, suppose
that the desired velocity profile is trapezoi-
dal, as shown in Fig. 4.7.5, and it is required
that the motor will stop after rotating
through a given angle 6.

During this time interval between 0 and ty,
the system will be in velocity control mode,
and between t, and t; it operates in posi-
tion control mode.

| |
! |
! |
| |
I} Il
t t

—t

| 2 '3

Fig. 4.7.5. A trapezoidal velocity profile.

Re*

AV
N\

N 4

\

Fig. 4.7.6. System with unstable response at higher
values of gain.

N

A system which is difficult to compensate
is one where the open-loop transfer func-
tion has a pair of complex poles which are
close to the imaginary axis. A common
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source for such a pair is the torsional
resonance between the motor and the load
or in the load. The difficulty can be seen
easily if we observe the root locus curves
for this system in Fig. 4.7.6. Assuming that
the system has at least two more open-loop
poles (from motor and amplifier), the root
loci branches will tend to move into the
right half-plane, causing underdamped re-
sponse when the gain is low and unstable
response for a higher gain.

Such a response is not acceptable, and the
system has to be compensated to divert the
root locus branches which originate at the
complex poles and move them to the left,
away from the imaginary axis. Since open-
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loop zeros have the tendency to attract root
locus branches, a good approach will be to
use some zeros in the compensation network
and locate them in the appropriate place for
best results. As the detailed design of the
compensation network depends on the loca-
tion of all poles and zeros of the open-loop
transfer function, an analysis should be
done to locate them. This can be done by
measuring exactly the frequency response
of the system by recording amplitude of
gain and phase shift.

On the basis of this information, the struc-
ture of the compensation network is deter-
mined, and a realizing circuit can be syn-

thesized. O



4.8. OPTIMIZATION

4.8.1. INTRODUCTION

In recent years the automation industries
have pressed for increased performance (and
at the same time higher reliability) in auto-
matically controlled processes and equip-
ment. As a result, in many instances
mechanical systems are being replaced by
all-electronic servo controls driving a highly
responsive electromechanical transducer.
The field of incremental motion control by
this method is relatively new; and, there-
fore, many potential pitfalls await the sys-
tem designer. This discussion is intended to
provide insights into the selection of veloc-
ity profiles and coupling ratios so that these
system considerations may aid in realizing
an optimum system design.

The incremental motion system to be
analyzed consists of a load with moment of
inertia J; which is to beaccelerated, rotated
through an angle 6, decelerated and brought
to rest, all in time t.. A retarding load tor-
que, TL, will be considered constant. The
driving torque will be provided by a DC
servomotor having a torque constant Ky,
an armature resistance R, and a moment of
inertia J_..

48.2. VELOCITY PROFILE OPTIMIZATION

The velocity profile (i.e., the motor and
load angular velocity as a function of time)
could be optimized around minimum peak
speed or minimum peak current or any of
several parameters. In general, however, the

limiting factor in the performance of the
type of incremental motion control system
we are analyzing is motor armature heat
dissipation. Therefore, it is the parameter
we will minimize.

The basic equations of this incremental
motion are:

dw
Joo + TL=Kql, (4.8.1)

where J = Jrn + JL, and

tc
f w(t)dt=0 (4.8.2)
[o]

The resulting energy dissipation in the mo-
tor armature per step, W, is given by:

t
Cc
W, =R[ 12 dt (4.8.3)
o

The problem now reduces to the determina-
tion of the optimum velocity profile w(t),
which minimizes W, and still satisfies (4.8.1)
and (4.8.2). We shall discuss three types of
velocity profiles (parabolic, triangular, and
trapezoidal) and determine energy dissipa-
tion for each.

Parabolic Velocity Profile

The solution to this problem results in two
conclusions:

1. The constant opposing torque T adds a
fixed energy dissipation:
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which is independent of velocity profile.

2. The optimal velocity profile is parabolic
and is given by the equation:

t,—t
t3

c

wg(t) =60 t (4.8.4)

A graph of this profile isshown in Fig. 4.8.1.
The resulting energy dissipation per step
becomes:

R | 0% 2

Wy, == [125—+T t| (485)
K t
T [
w
304 . __
1
1
|
(0] 'tc "‘c —p
Zz

Fig. 4.8.1. Optimized velocity profile.
Triangular Velocity Profile

As a result of limitations in practical control
system complexity, velocity profiles other
then optimum are frequently used. In the
triangular velocity profile the load is accel-
erated at a fixed rate and then decelerated
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Fig. 4.8.2. Triangular velocity profile.

at the same rate, as shown in Fig. 4.8.2.
The energy dissipation per step is:

2 p2
w =2l 12 | ss)
K2 t Le
T c

w

}
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2t

° te 21, :C —

3 3

Fig. 4.8.3. Trapezoidal velocity profile.

Trapezoidal Velocity Profile

The trapezoidal profile is divided into three
parts: acceleration, run, and deceleration as
shown in Fig. 4.8.3. Frequently there is
a feelingamong engineers that the triangular
velocity profile is more efficient than the
trapezoidal, as the latter’s run time seems
wasted. The results show, however, that for
a trapezoidal velocity profile in which all
three parts are of equal time interval, the
energy dissipation per step is:



2 p2
w=—" 35307472 | 187
c 2 3 L C
K t
T c

Again, if we assume T, = 0, the energy
dissipation in the motor armature is 12.5%
higher than in the case of a parabolic veloc-
ity profile, but 20.83% less than in the case
of a triangular velocity profile. For con-
venience at a later point, let us now define
n as the velocity profile efficiency when
TL =0:

cO

77=W

c

@ T =0 (4.8.8)

Then the energy dissipation per step equals:

2 p2
=212 J39 +T3 | (489
K27 ot
T c

Thus, n = 1 for the parabolic velocity pro-
file; n = 0.75 for the triangular velocity
profile; and n = 0.889 for the trapezoidal
velocity profile.

4.8.3. COUPLING RATIO OPTIMIZATION

A second important system parameter af-
fecting motor armature power dissipation
is the coupling ratio between the motor
and the load. The term coupling ratio is
loosely defined as the angular movement of
the motor compared to the movement of
the load. For a system in which the load
is rotated this would be more commonly
called the gear ratio. For a system in which

the load is linearly translated, the coupling
ratio is the motor rotation for one unit of
linear motion (i.e., it is expressed in units of
[rad/m] or [rad/in]). Three methods of
coupling will be considered; (1) the gear
transmission, (2) the belt and pulley, and
(3) the lead screw. The objective will be to
determine the coupling ratio in which the
motor armature energy dissipation is mini-
mized. For the sake of simplicity it will be
assumed that total load moment of inertia
is fixed and does not change with coupling
ratio and that all mechanical losses are con-
tained in the T, term.

o N= &
Gear ratio N= oL
" Motor

Fig. 4.8.4. Gear coupled system.

Gear Ratio Selection

In a coupling system such as the one shown
in Fig. 4.8.4 using a gear ratio of N:1, the
following relationships reflect all parameters
to the motor shaft:

0 = NOL (4.8.10)
1
J = Jm + -N—z- JL (4.8.11)
el (4.8.12)
TL - N TL .

The equation (4.8.9) for energy dissipation,
derived from (4.8.5) and (4.8.8) therefore
becomes:
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Wc = > 7?- 3 +
KT X
2
+ 'T_L (4.8.13)
N2 tc .8.
For convenience now define
o | tf
Y = (4.8.14)
12 OL JL

Substituting into (4.8.13) and rearranging
gives:

(4.8.15)

Performing the differentiation of the part of
(4.8.15) in brackets, i.e.

(4.8.16)
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If there were no load opposing torque,
T, =0, then y = 0 and (4.8.16) becomes:

N =Y—— (4.8.17)

This result is known as an inertia match since
the motor moment of inertia equals the re-

flected load moment of inertia, J =—

In cases where for practical reasons a non-
optimum gear ratio must be used it would
be of interest to examine the resultant in-
crease in armature energy dissipation. There-
fore, let

NZ\g, +—J
o = Wc(N) N2 L
2
W, (N,) N§<J +'1_2J|.
NO
N
_A(N o
4<N N)

The energy ratio p increases as shown in
Fig. 4.8.5 if the gear ratio changes from
optimum value. It can be seen that a small
deviation from optimum is not critical,
however, as the deviation increases the
penalty becomes increasingly severe. If
we deviate by +10% the energy increases
by less than 1%, but if we deviate by a fac-
tor of 2 the energy increases by 56%.

(4.8.18)



)
. —>

=z

0
N

[P R

Fig. 4.8.5. Energy dissipation increase due to non-
optimum gear ratio.

Belt-Pulley Drive

The belt-pulley drive is shown in Fig. 4.8.6,
and consists of a motor turning a pulley
which pulls a belt to which the load is
attached; thus converting rotary motion
into translation. The coupling ratio in this
case is the reciprocal of the radius r of the
pulley on the motor. The load mass, m, is
to be moved a distance x in one step, i.e. in
time t,. The constant opposing force is F.
Thus:

6 == (4.8.19)
= 2

J=J, +mr (4.8.20)

T, =Fr (4.8.21)

According to the concepts previously de-
veloped [using (4.8.9)], the energy dissi-
pated in the motor armature per step is:

Motor moment ot inertia = Jp Load mass =m
Constant opposing torce = F
Linear displacement = x

Fig. 4.8.6. Belt-pulley drive system.

G =—:' (4.8.23)
and
n |F ti
B_Tf x (4.8.24)

(4.8.25)

Note that (4.8.25) is similar to (4.8.15)
where G is equivalent to N, m is equivalent
to J, and § instead of 7. Clearly, the
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optimum coupling ratio, according to
(4.8.16), will be:

2 __Mm
GO—J

m

1+8 (4.8.26)

The optimum pulley radius is then:
1

( Jo )E
>\ vies

If the constant opposing force F = 0, then
B =0, and we again have an exact inertia
match:

(4.8.27)

(4.8.28)

Lead Screw Drive

The lead screw drive is shown in Fig. 4.8.7,
and consists of a motor turning the lead
screw which moves a mass m, much in the
same way as the belt-pulley drive. Assum-
ing the motion problem variables x, 6, T,
F,and m remain the same as in the belt-
pulley system, the problem becomes to
determine the optimum pitch, Po, of the
lead screw. Pitch here is taken as number
of revolutions per unit length and there-
fore:
G

P= 2

Since G is the motor rotation in radians per
unit length, the optimum pitch is therefore:

(4.8.29)

(4.8.30)
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Motor moment of inertia = Jp,
<~ 0
Fig.4.8.7. Lead screw drive system.

EXAMPLES

For clarity, example solutions to coupling
optimization problems are given below.
Assume in all cases the motor has the
following parameters:

Kt = 6 oz-in/A = 0.04237 Nm/A
R =1Q
J_ =5x 1074 oz-in-s? = 35.3 g cm?

Assume also that a trapezoidal velocity pro-
file is used. Therefore

n = 0.889

Example 1: The motor has to drive a load
by means of a gear transmission. The load
has the following parameters:

Jy = 8 x 10~2 oz-in-s?

= 5.65 x 10™4 kg m?
T, = 12 0z-in = 0.0847 Nm
GL = 0.2 rad
t. =0.06s



First we must calculate y from (4.8.14):
v = 0.260

Now we can calculate the optimum gear
ratio from (4.8.16):

2
]

179.6

=
Il

13.4

Example 2: The second example involves a
mass to be moved linearly by means of a
belt-pulley drive. The following load and
performance parameters apply:

m= 0.01 kg
F = 0.003 N
x =002m
t. = 0.01s

C

From (4.8.24) we have:

g=1.667x 10~7

By observing (4.8.27) it can be seen that
the factor f is insignificant and that the
inertia match formula

(4.8.28)

can be used. The optimum pulley radius is
thus

ry = 18.8 mm =0.74 in

Example 3: In the final example, a mass is
to be driven by a lead screw in the same

manner as in Example 2. The problem is to
find the optimum lead screw pitch. The
following load and performance parameters

apply:

m=1kg

F =0.02N
x =0.02m
t, =0.01s

Let us also consider the moment of inertia
of the lead screw to be

Jy s =0.4x 1073 oz-in-s?

= 28.25 g cm?

This moment of inertia is to be added to the
motor moment of inertia, so that:

r = = 2
We can now calculate the opposing force
factor 3 from (4.8.24) :

B=7.4x10"10

This factor can be ignored. The optimum
pitch is thus from (4.8.30):

1
- (m)2
o 2 (J’m>

= 63.134 turns/m = 1.6 turns/in
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4.8.4. CAPSTAN OPTIMIZATION

In the following let us briefly examine some
of the practical aspects of a typical servo

problem in computer peripheral equipment. '

Introduction

Fast-moving technological changes in in-
cremental tape transports of the past de-
cade have made 200—250in/s (5 — 6.4 m/s)
machines commercially available. Single
capstan drive systems have emerged as vir-
tually sole survivors in the drive methods
contest. As the quest for increasingly
higher tape speeds and repetition rates
continues, tape transport servo and capstan
designers as well as users must face the
increasing demands on motors, feedback
elements, capstan design and power supplies.

Thus, in the decade we can expect demands
on servomotors with higher KT/R ratio,
lower moment of inertia, and lower thermal
resistances (and, lest we forget, increasing
downward price pressure). We believe that
capstan motor power dissipation problems
and torsional resonance problems are the
major technical hurdles we have to face in
the future.

This discussion covers one aspect of this
problem: how to pick the right motor and
design the optimum capstan radius to mini-
mize power dissipation. It also discusses
what added power dissipation the applica-
tion would need under non-optimum con-
ditions.
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Optimum Capstan Selection

If we define a tape drive system with a
given linear velocity profile v(t), the linear
acceleration of the tape is:

dv
dt

= (4.8.31)
A direct-coupled-to-the-motor capstan of
radius r drives the tape. The motor angular
velocity w is therefore:

w = (4.8.32)

~|<

Differentiating (4.8.32) gives the angular
acceleration:

_do_1dv
a = relelen (4.8.33)
Combining (4.8.31) and (4.8.33) gives:

a
r

a= (4.8.34)

The moment of inertia of the capstan, Jc,
depends on the radius r and on the capstan
design. Suppose that the capstan structure
is approximated by a solid disc and a cylin-
der (Fig. 4.8.8, A and B).

I1f the dominant portion of capstan moment
of inertia would be represented by a disc of
length Wy, radius r, density p and mass m,,
then:

. .
my 2 = 2 P Wy 4 (4.8.35)

G
(1)

I
N =



Fig. 4.8.8. Typical capstan construction can take
the form of (A) adisc, and (B) a cylinder. (C) indi-
cates the hub and its small mass. Hence, it con-
tributes a negligible amount to the capstan moment
of inertia.

On the other hand, if the dominant portion
of J, lies in the outside cylinder of thick-
ness d, length w, and mass m,, then:

J, =myr? = 2mpw,d 3 (4.8.36)

From these extreme conditions, we can
conclude that a capstan made from elements
A and B (Fig. 4.8.8) provides a moment of
inertia which is proportional to the power
of r between 3 and 4. We can usually ignore
the inertia contribution of the hub C. We
can therefore define the inertia equation as:

J. =k rP (4.8.37)
where the exponent p:
3<ps4 (4.8.38)

A subsequent example shows how to arrive
at a value for p in a specific case. The total
system moment of inertia is the sum of
motor moment of inertia J,, and the capstan
moment of inertia J.

J=J_+J (4.8.39)

Combining (4.8.37) with (4.8.39) gives:

J=J_+krP (4.8.40)

The torque T needed to run the motor at
acceleration a is:

T=Ja (4.8.41)

If we combine (4.8.34), (4.8.40) and
(4.8.41), we get:

a
T=T<Jm+krp>

From the chosen motor specification we
can define the armature current during
acceleration as:

(4.8.42)

T (4.8.43)

Hence the instantaneous power dissipation
in the motor (neglecting friction - a realistic
assumption in most cases of incremental
motion) is:

P(t) = R |a2 (4.8.44)
or, using (4.8.43):
2
P(t) = R—lz- (4.8.45)
Ky

Clearly, minimizing P(t) minimizes T.

Performing the differentiation

dT _
dr—0
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of (4.8.42) gives:

—ad, r 2+ (p-1)akP~2=0
or.

Jo, = (p—1) krP (4.8.46)
Substituting (4.8.37) into (4.8.46) gives the
relationship:

Iy = (p=1) 4, (4.8.47)
Equation (4.8.47) shows how the motor
moment of inertia relates to the capstan'’s.
For the given range of p, minimum power
dissipation requires a capstan moment of
inertia between 1/2 and 1/3 of the motor
moment of inertia. This requirement differs
from the usual rule-of-thumb concept in
analog servo design that calls for motor
moment of inertia equal to load moment of
inertia for optimum performance condi-
tions.

Non-optimum Choices

Frequently, additional constraints or avail-
able equipment prevent the selection of
optimal capstans. Sincein this case we must
choose a non-optimal capstan, how does
power dissipation increase?

Recalling that the capstan moment of inertia
isd, =k rP (4.8.37), and if we call the opti-
mal capstan radius ro and the realizable
(non-optimum) radius r, and denote the
power dissipation corresponding to r, and r
by P0 and P, respectively, then from (4.8.45)
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and (4.8.42) we obtain the power dissipa-
tion.

2 2

P= Ra J_ +krP
K22 \"

T

(4.8.48)

and the minimum power dissipation:

2 2

Po= Ra (J +k|’p)

2 2\m o
KT ro

(4.8.49)

A good indicator of the “efficiency” is 7,
the ratio of Pand P :

2
P r (J_ +krP)
n=% = — (4.8.50)
o r (Jm + k rz)

Now recall the r, satisfied (4.8.46), there-
fore:

J
kr® = —— (4.8.51)
o p-1
If we denote
r
Y = (4.8.562)
r0

and substitute into (4.8.50) yields:

py |2
. ry (3, +kaPr)) 4.8.53)
. .8.
'yro(Jrn +kro)

This can be further simplified by substi-
tuting (4.8.51):

2
TP

(4.8.54)



Equation (4.8.54) indicates the increase in
power dissipation when a non-optimal radius
is used. Note that forp=3and p=4it
becomes:

_ 12
2+fy3
= |- @ =3
n T3y | p
) (4.8.55)
_[3+4% _
n—_ 4y @p=4

Since for most cases 3 < p < 4, the power
dissipation increase is within the limits

given by (4.8.55) and presented in Fig. 4.8.9.

Note that a small deviation from the
optimal radius does not result in a large
power dissipation increase. However, as
the deviation increases, the power dissipa-
tion increases considerably. For example,
if the capstan radius is half the size of the
optimal, power dissipation increases be-
tween 100% and 134%.

25
n 2 \ 7
I
S p=3|\ r
S v
\\ o
05
[¢]
0.5 07 ] 1.2 1.4 1.6

P
—7-1

Fig. 4.8.9. Motor power dissipation increase as
function of capstan radius.

State-of-the-art systems not uncommonly
work the servo system close to the dissipa-
tion limits of the motor. Therefore, you
should know the penalty for non-optimum
capstan choice.

4.8.5. OPTIMUM MOTOR SELECTION FOR
INCREMENTAL APPLICATION

So far, we learned how to optimize capstan
design for a given motor. Now we can start
over again and assume we have not chosen
a specific motor. Let’s select the best motor
for a general capstan shape.

If we combine (4.8.44) and (4.8.45), we
define power dissipation for any motor as:

2

P=RI%Z = R — (4.8.56)
a 2
KT

Inserting (4.8.34) and (4.8.41) into (4.8.56)
produces:

2 2
p= B (ﬁ) (4.8.57)
K2 \r

Substitution from (4.8.39) and (4.8.47)
gives:

2
p- R |, P 2 (4.8.58)
K2 Mp—1 r

T
Rearranging (4.8.46) gives us the optimal

radius:

[
o=

ro = m | (4.8.59)
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and substituting into (4.8.58) gives:
1 2

_11 kWP
P= ': Jm paj'_)']([p‘j”k>
KT m

(4.8:60)

If we isolate motor dependent parameters
in (4.8.60), we see that:

Ry (2-2/p) 1]?
P= il ap ([p—1] k)p
Kz p—1
T
(4.8.61)
and the term to be minimized is:
R
— (4.8.62)
KT
where
B=2-2/p
For the given range of p, it becomes:
4 3
3 g 2 (4.8.63)

Thus, we now observe that for optimum
power dissipation we must minimize the
following term:

(1.33 to 1.5)
R, °

(4.8.64)
2

Ky
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In some cases, we may find that the design
objective isto minimize the motor tempera-
ture rise, ®,. We find that ©, is related to
the power dissipation by:

0, = PRth (4.8.65)
where Rth is the thermal resistance of the
motor. Then the motor dependent param-
eters to be minimized are:

4
RJ’ Ry,

2
T

(4.8.66)
K

Thus, we note that (4.8.66) matches the
formula of (4.8.62) with the addition of
R,,.

th

We can establish the value of § from the
design philosophy of the capstan design,
