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Electric Motor
Fundamentals

Electric motorsare designed to convert
electrical energy into mechanica energy to
perform somephysical task or work. In
order to understand the types of motors
that areavailableaswell astheir perfor-
mance characteristics, someunderstanding
of thebasic physical principlesgoverning
motor design and operation arerequired.

Basic electric motor design encompass-
esthelawsof electricity and magnetism.
Motor feedback and control systemsin-
volve semiconductor devices, micropro-
cessorsand other elementsof electronics.
And no discussion of motorswould be
completewithout abrief understanding of
themechanical principlesgoverninglinear
and angular motion.

This Chapter of the Handbook pro-
videsan overview of thesefundamentalsso
that the reader will have afoundation on
which to build abetter understanding of
motor design and performance specifica-
tions.

1.1 BASIC
ELECTRICITY

Electric Current (1)

Atomic theory describes matter asan
aggregate of atoms. Each atom consists of
anucleuscontaining positively charged
protonsand electrically neutra particles
caled neutrons. Revolvinginorbitsaround
the positive nucleusare negatively charged
electrons.

Inmetallic conductors (such as copper),
oneor moreelectronsfrom the outer orbits
become detached from each atom and
moverandomly from one atom to another.
Thesearecalled free electrons. The posi-
tivenucleusand therest of theelectrons
remainrelatively fixedin position. Insula-
tors, onthe other hand, contain virtually no
freeelectrons.

Whenanelectricfieldisappliedtoa
conductor, freeelectronswill drift under
theinfluenceof that eectricfield. Drifting
electronswill collidewith stationary atoms
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causing additiond freeelectronstodriftin
the samedirection. Thismovement of elec-
tricchargeiscalled current.

Theunit of measurement for current or
rate of chargeflow istheampere. We
spesk of adirect current (DC) if the charg-
esawaysflow inthesamedirection, even
though theamount of chargeflow per unit
timemay vary. If theflow of chargerevers-
esitsdirection periodicaly, thenwehave
what iscalled aternating current (AC). A
moredetailed description of direct and
alternating current ispresentedin Section
1.3 of thisChapter.

Conventional Current Flow:
Beforethe acceptance of the electron the-
ory, it wasassumed that the direction of
current flow wasfrom apositively charged
body to anegatively charged body. This
positiveto negativeflow of currentiscalled
conventional current flow. However, ina
metallic conductor, it iselectronsthat carry
the chargefrom negativeto positive. The
flow of current from negativeto positiveis
called electron flow. Wewill adopt con-
ventiona current flow throughout this
Handbook. Inthediagrams, thedirection
of current will alwaysbefrom positiveto
negative.

Potential Difference (V)

Electronswill move between two points
of aconductor if thereisapotentia differ-
ence (or adifference of “ electric pressure”)
between the two points. Voltageisthe
measure of the amount of pressure needed
to push electronsthrough aconductor. Itis
analogousto awater pump that maintainsa
pressure difference betweenitsinlet and
outlet and resultsin water flow. Potential
difference and voltage are often used inter-
changegbly.

Theunit of potential differenceor volt-
ageisthevolt. A potentia difference of
onevolt will bedropped acrosstwo points
if aconstant current of oneampereflowing

between the two pointsresultsin apower
dissipation of onewatt.

Resistance (R)

Resistanceisdefined asthe opposition
to current flow. Although el ectrons may
flow inany substance, different materials
offer different resistancetotheir flow.

Thosewhich makethetransfer of elec-
tronsrelatively easy arecalled conductors
(copper, duminum, stedl, etc.), and those
which tend toimpose substantial resistance
arecalled insulators (wood, paper, mica,
glass, etc.). Materialswith alevel of con-
ductivity between thesetwo extremesare
cdled semiconductors(germanium, sili-
con). These“inbetween” materidshave
becomeincreasingly useful intheapplica:
tionof electrical energy.

Theunit of electrical resistanceisthe
ohm (€). Oneohmisdefined astheresis-
tance of aconductor whichwill allow a
current flow of one ampere when apoten-
tial differenceof onevoltisapplied. The
resistance of amaterial isnormally depen-
dent ontemperature. Ingenera, theresis-
tance of metallic conductorsincreaseswith
temperature.

Ohm'’s Law: Ohm’slaw explains
therel ationship between voltage, current
and resistance. It statesthat the amount of
current through aconductor isdirectly pro-
portional to voltage applied andinversely
proportional to the resistance of the con-
ductor or circuit:

Y%

A conductor obeys Ohm'slaw when,
for agiven temperature, the current it con-
ductsvarieslinearly with the applied volt-
age(Fig. 1-1).

Power: Electricity isusedto perform
sometype of work or to generate heat.
Power istherate at which work isdoneor
therateat which heat isgenerated. Theunit
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Fig. 1-1: Current varies linearly with
applied voltage in accordance with
Ohm's law.

for power isthewatt. Theamount of
power dissipated isdirectly proportional to
theamount of current flow and voltage
applied:

P=VI

Power Loss: Power can also be
expressed asafunction of resistanceand
current. From Ohm'’slaw welearned that
V =IR. Soif you substitute IR for V inthe
power formulayou have:

P=(IR)I
oo P=1IR

Thewindingsinan electric motor con-
sist of many turnsof copper wires. Al-
though copper isan excellent conductor,
the substantial total length of wirerequired
inthewindingsresultsin measurable power
lossbecausetheresistance of awirein-
creaseswithitslength. ThisI?Rlossinthe
motor issometimesreferred to asthe cop-
per loss.

Horsepower: Electricmotorsare
rated in horsepower. One horsepower
equal sapproximately 746 watts. Horse-
power and wattsare smply two different
waysto express power.

Series Circuits: Figure1-2
showsasimpleseriescircuit withavoltage
sourceandresistorsR, and R, A series
circuitisonethat allowsonly onepath for
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Fig. 1-2: Simplified series circuit.

curremt flow. Therearethreeruleswhich
govern seriescircuits.

1) Thetotal circuit resistanceisthe sum of
theindividua resistancesinthecircuit:

Ri=R+R+..+R,
2) Current hasthe samevalue at any point
withinaseriescircuit.

3) Thesum of theindividua voltages
acrossresistorsinaseriescircuit equals
theapplied voltage:

V=V, +V,

Parallel Circuits: A simpleparal-
lel circuitisonethat allowstwo or more
pathsfor current flow. Theresistorsin Fig.
1-3aresaid to be connected in parallel.
Therearedso threeruleswhich govern
paralé circuits.

1) Thevoltage drop across each branch
of aparallel circuitisthesameasthe
applied voltage:

V=V =V,

R
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Fig. 1-3: Simplified parallel circuit.
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2) Thetota currentinaparalé circuitis
equal to the sum of thebranch currents:

I=1,+1,
wherel, and |, are currentsflowing-
part of through R, and R, respectively.

3) Thetota resistanceinaparallé circuit
isawayslessthan or approximately
equal to thevalueof the smallest
resistancein any branch of thecircuit.

\S/ince I =1, +1,you can substitute
R inplaceof | and arrive at:

V_Y, LY,

R R R
SinceV = V, =V, you can substitute
1
V(ﬁ + --) inthesecond part of

theabove e%quai onleaving youwith:

Voylid
rRTVRTR
or L
RORR

Therefore, thereciprocal of thetotal
resistanceisthe sum of thereciprocal of
theindividud resistances. Solvingfor R
resultsin;

Ingeneral, for N resistorsinparallel,
theequivalent resistance (R) iscomputed
asfollows:

1 1 1 1
B S

R R R R R

Capacitance

A capacitor isadevicethat storeselec-
triccharge. AlImost any insulated body can
hold alimited electric charge, and the
greater the surface area, the greater the
chargethat can be stored. In practical use,
however, acapacitor isacompact system

of conductorsandinsulators(dielectric) so
arranged that alarge amount of electric
chargecanbestoredinarelatively small
volume,

The capacitance (C) isthemeasure of a
capacitor’sability to storeachargeonits
platesat agiven voltage (V):

Q
C=--

\Y

Q, measured in coulombs, isthe charge
stored in the capacitor. One coulomb has
an equivalent charge of about 6.24 x 10%
electrons.

Theunit of capacitance (C) isthefarad
(F). Onefarad isthe capacitance of aca-
pacitor inwhich acharge of one coulomb
producesachange of onevolt in potential
difference betweenitsplates.

Onefaradisan extremely largeunit of
capacitance. Based on thelarge physical
size needed to produce such acomponent,
smaller unitsof more convenient szesuch
asthemicrofarad (UF = 10°°F), and
picofarad (pF = 10-*F) are used in most
gpplications.

A simple capacitor can be made by
placingtwoidentica metal platesinparalléel
with an air gap between them. SeeFig. 1-
4. Itisknown that the capacitance of a
parallel plate capacitor increases propor-
tionally with thearea(A) of the plateand
decreasesproportionally with thedistance
(d) between them. We may thuswrite, C=
kA /d, wherek isaconstant.

Fig. 1-4: Parallel plate capacitor.
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Fig. 1-5: Increased capacitance with
dielectric.

++++}++++

Itisalsoknownthat if adielectric such
asglassisplaced between the plates (Fig.
1-5), the capacitanceisincreased fiveto
tentimes. Invarying degrees, putting mate-
ridslikemylar, mica, wax or minera oil
between the plateswill al resultin higher
capacitance. Differentinsulating materias
(dielectrics) offer different increasesin ca-
pacitance. Theratio of the capacitance
withthedielectric to that without the di-
electriciscalled thedielectric constant (k)
of themateria. A vacuum hasadielectric
constant: k=1.

Dielectricsusedin commercia capaci-
torsincludeair, oil, paper, wax, shellac,
mica, glass, bakelite, polyester and
olypropylenefilm. Most capacitorsare
fabricated with stripsof metal foil, as
plates, separated by dielectric strips of the
material smentioned above. Thefoil and
dielectric stripsare sandwiched, rolled and
encased into acompact formwhichisthen
fittedwithterminas.

RC Circuit: Thecircuit shownin
Fig. 1-5 consistsonly of abattery anda
capacitor. Theoreticaly, with no resistance
inthecircuit, the capacitor would charge
instantly. Inreality however, when an elec-
tric potential isapplied acrossan un-
charged capacitor, the capacitor will not be
charged instantaneoudly, but at aratethat is
determined by both the capacitance and
theresistance of thecircuit. (Theeffect of
inductanceisneglected here. It will bedis-
cussed in Section 1.2 of (thisChapter).
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Fig. 1-6: Basic RC circuit.

Similarly, when a capacitor dischargesit
will not take placeingtantly. Rather, the
dischargecurrent will diminish exponentid-
ly over time.

Figure 1-6illustratesabasic RC circuit.
The capacitor will becharged if the switch
isclosed atthe“a’ position. If theswitchis
then closed at the“b” position, the capaci-
tor will discharge.

Withtheresistor present inthecircuit,
current will not flow asfreely. Moretime
will berequired to charge the capacitor.
Likewise, itwill takelonger for the
capacitor to dischargewiththeresistor in
thecircuit.

With aresistor inthecircuit, thevoltage
acrossthe capacitor risssmoresowly. The
current flow actsdirectly opposite. When
theswitchisfirst throwntothe“a’ position
thereismore current flow. Asthevoltage
acrossthe capacitor reachesthe battery
potential, current flow decreases. When
the capacitor voltage equal sthe battery
voltagelevel, current flow stops.

Qistheamount of charge on the capac-
itorandiszeroattimet=0(Fig. 1-7). Q
will increaseasthecurrent flowsuntil it
reachesamaximumvaue (Q=CV), at
which point the current iszero.

In DC circuits, capacitors oppose
changesinvoltage. Thetimedelay for the
capacitor’svoltageto reach the supply
voltageisvery useful becauseit canbe
controlled. It dependson two factors:

1) theresistancein thecircuit, and
2) thesize of the capacitor.

In Section 1.3, weshall seehow aRC
circuit functionswhen AC voltageis
applied.
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Fig. 1-7: Curves for Q and | during charging.
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Fig. 1-8: Curves for Q and | during discharging.

Time Constant: Thetimeit takes
acapacitor to chargeto 63% of the supply
voltageiscalled the capacitivetimecon-
stant (T). It can becalculated using the
formula

T=RC

A capacitor dischargesinasimilar man-
ner asshowninFig. 1-8. Thecurrentis
now negative, becauseit flowsinthe op-
positedirection during discharging.

A capacitor issaid to befully charged
or fully discharged after five RC time con-
stants. Thefiguresillustratethat current
variesexponentidly withtimeduring the
charging and discharging of an RC circuit
whenaDC sourceisapplied.

1.2BASIC
MAGNETISM

Electric motorsderivetheir characteris-
ticahility to convert electrical energy to
mechanical energy from magnetostatic
force. Magnetostatic forcesresult from
€lectric chargesin motion. Thesecharges

may flow freely through space, inacon-
ductor, or exist asspinning el ectronsof the
atomsthat make up magnetic materials.

Asearly as640B.C. certain natural
magnetswere known to exist. Nearly 2000
yearslater, two smplelawsgoverning their
behavior werediscovered:

1) Like polesrepel each other, whileunlike
polesattract.

2) Theforceof attraction or repulsionis
proportional to theinverse square of the
distance between the poles.

Magnetic Field

Animportant property of magnetsis
that they can exert forces on oneanother
without beingin actual contact. Thisisex-
plained by the existence of amagnetic field
around amagnetized body. Themagnetic
field of the bar magnet (Fig. 1-9) isrepre-
sented by thelinesradiating out from the
north poleand entering the south pole. Any
other magnet placedinthismagneticfield
will experienceaforce. Forceswill also be
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Fig. 1-9: Flux field pattern of a simple
bar magnet.

exerted on electronsmoving through a
megneticfield.

Flux Density: Themagneticfield
linesinFig. 1-9 arecollectively referred to
asthemagneticflux. Magnetic flux density
istheamount of magneticflux passing
through aunit areaplaneat aright angleto
themagneticfield. Itisameasure of how
concentrated the magneticfieldisinagiven
area. Magnetic flux density (B) isavector
quantity. That is, it hasmagnitude aswell
asdirection.

Magnetism at the
Atomic Level

Whileferrousmaterias, likeiron, are
strongly magnetic, many materialsshow at
| east some magnetic properties. Paramag-
netic materials, mostly metals, exhibit very
weak attraction to amagnet. Therest of
themetalsand nonmetalsare diamagnetic
—very weakly repelled by amagnet. Only
theferrousmaterias, some specialized
aloys, and ceramicshavesufficiently strong
magnetic propertiesto be of commercia
use.

No morethan two electrons can share
thesameelectron level or shell of anisolat-
ed atom. Diamagnetic materia shavetwo
electronsin each shell, spinning in opposite
directions. SeeFig. 1-10a. Sincethe mag-
netic response of amaterial isdependent
upon the net magnetic moment of the at-
oms, thisbalanced symmetrical motion
producesamagnetic“moment” of near
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Fig 10: Arrangement of: a) electrons
in diamagnetic materials (left), and

b) electrons in magnetic materials (right).

zero. Quitesmply, thefields produced by
the counterspinning electronscancel each
other.

For the paramagnetic elementsinwhich
theelectron shellsarenaturally asymmetric
(Fig. 1-10b), each atom has aweak but
significant magneticfield. However, few of
the paramagnetic elementsaremagneticaly
very strong. Theseare called theferromag-
netic elements.

Ferromagnetismistheresult of the
asymmetrical arrangement of electronsin
atomsin combinationwith acoupling or
aigning of oneatom’smagneticfieldwith
that of an adjacent atom. Thisresultsina
strong magnetic response. This*exchange
coupling” occursonly inmateriasinwhich
the spacing between atomsfallswithina
certainrange.

Iniron, cobdlt, nickel and gadolinium,
the net magnetic moment isstrong enough,
and the atoms cl ose enough, for spontane-
ousmagnetic alignment of adjacent atoms
to occur. Solid ferromagnetic materials
conduct magnetic flux inthealignment
direction.

Electric Current and
Magnetic Fields

In 1820, Oersted discovered that an
electric current assing through aconductor
would establishamagneticfield. Thisdis-
covery of therelationship between electric-
ity and magnetism led to the devel opment
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Fig. 1-11: Direction of flux flow with
a) current flowing out of page (left), and
b) flux flow with current flowing into page

(right).

of most of our modern electric machines.

Themagneticfield around acurrent-
carrying straight conductor takestheform
of concentric cylinders perpendicular tothe
conductor. InFig. 1-11, thecurrentis
shown emerging from the page and the flux
lines, shown asconcentriccircles, are
flowing counterclockwise. When thedirec-
tion of thecurrent isreversed, theflux lines
flow clockwise.

Theright-hand rule, showninFig. 1-12,
can be used to determine either the direc-
tion of the magneticfield or thedirection of
current when the other oneisknown.

When the current-carrying conductor is
formedintoaloop asshowninFig. 1-13,
thefacesof theloop will show magnetic
polarities. That is, al of themagneticfield
linesenter theloop at onefaceand leave at
theother, thus acting asadisc magnet. The
polaritieswill be more pronounced and the
magneticfield will bemuch stronger if we
wind anumber of loopsinto asolenoid
(Fig. 1-14).

41

Fig. 1-12: Right-hand rule: thumb points
in direction of current, palm curls in di-

rection of magnetic field.

/gé

Fig. 1-13: Direction of magnetic flux
when an energized conductor is formed

into a loop.

Fig. 1-14: Flux characteristics in simple
soleniod.

Themagneticfield developed by the
solenoid resemblesthat of abar magnet.
Theflux linesform continuous|oops, leav-
ing the solenoid at one end and returning at
the other, thus establishing north and south
poles.

The magnetic flux (P) of agiven sole-
noidisdirectly proportional to the current
() it carries. Thesame holdstruefor a
straight conductor or asingleloop of wire.
For solenoidswith different numbersof
turnsand currents, the magnetic flux ispro-
portional to the product of the number of
turnsand the amount of current.

Properties of Magnetic
Materials: When aferromagnetic mate-
ria, likeaniron bar, isplacedinamagnetic
field, it presentsalow resistance path to
theflow of flux. Thisresultsina® crowding
effect,” asflux seekstoflow throughit and
flux density increasesin thegapsat the
ends of the bar. See Fig. 1-15. Iron, co-
balt, nickel, somerareearth metalsand a



Fig. 1-15: Effect of an iron bar on a
magnetic field.

variety of other ferromagnetic alloysand
compoundsare excellent magnetic conduc-
torswith high permeshility.

Permeability and Magnetic
Field Strength: Permeability () isa
measure of how well amaterial will con-
duct magneticflux. Itisrelated to magnetic
flux density (B) and magneticfield strength
(H) inthefollowing equations:

B=pH

H=H 1,

wherep =41 x 107 (in Sl units) and 1, is
therelative permeahility withavalueof
unity (1) infree space.

Themagneticfied strength (H) is
measured in amperes per meter. The
following formulashowsthat for asolenoid
(conductor loop) withlength (1) and a
number of turns(N), themagneticfield
strength withinthesolenoid isproportiona
tothecurrent (1):

and

NI
H= -.l-

For agiven solenoid and current, H
remainsthe sameregardlessof any materia
placedinsidethe solenoid. However, the
magnetic flux density (B) will bedirectly
proportional to the permeability (1) of the
meterid.

Magnetization, Demagneti-
zation and Hysteresis: If apiece
of ironisused asthe core of asolenoid
andthecurrentisincreased sowly (in-
creasing themagnetic field strength, H), the

Fig. 1-16: Magnetization curve and
hysteresis loop.

ironwill bemagnetized and follow the
magnetization curve (abcd) asshownin
Fig. 1-16.

Themagnetization curve showshow the
flux density (B) varieswith thefield
strength (H). Andsince B = uH, it also
showshow the permesability (1) varieswith
thefield strength. When Hisgradualy in-
creased, theflux density (B) increases
dowly at first (section ab of thecurve).
Then, asH isfurther increased, the curve
risessteeply (bc of thecurve). Finally,
meagnetic saturation isapproached (near d)
wherethe curveflattensout.

If the current isthen gradually de-
creased, flux density (B) will decrease but
the demagneti zation curvewill not retrace
thepath (dcba). Instead, it will follow a
path de, where at point e, even though the
current has been reduced to zero, thereis
someresidua magnetism. If wethen grad-
ually increasethecurrentinthereverse
direction, creating -H, theiron will be com-
pletely demagnetized at point f. By further
increasing the current and then slowly de-
creasingit, wewill gothrough pointsg, h, i
and d. Thecompleteloop (defghi) iscalled
ahysteresisloop and representsavirtual
“fingerprint” for thematerial being used.
SeeFig. 1-16.

Asironismagnetized and demagne-
tized, work must be doneto aignand re-
alignitsatoms, and thiswork takesthe
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Fig. 1-17: a) Flux pattern around an energized conductor (left), b) flux between two
magnetic poles (center), and c) effect of placing an energized conductor in a uniform

magnetic field (right).

form of heat. Inaternating current ma:
chines(i.e., motorsand generators), the
magnetizing and demagnetizing process
takes place many timesasecond and hys-
teresisloss (heat) may be considerable,
resultinginlower operating efficiency. The
hysteresislossfor onecycleof aternating
currentisequal tothe areaenclosed by the
hysteresisloop.

Motor Action: If weplaceacur-
rent-carrying conductor (Fig. 1-17a) be-
tween opposite magnetic poles (Fig. 1-
17b), theflux linesbel ow the conductor
will movefromleft toright, whilethose
abovethe conductor will travel intheop-
positedirection (Fig. 1-17c). Theresultis
astrong magnetic field below the conduc-
tor and aweak field above, and the con-
ductor will be pushed in an upward direc-
tion. Thisisthebasic principleof electric
motorsand issometimescalled “ motor
action.”

Theforce (F) ontheconductorisa
product of themagnetic flux density (B),
the conductor’scurrent(l) and the length of

Direction of
Current Flow

Direction of
Magpnetic Field

Direction of
Force or Motion

Fig. 1-18: Right-hand rule for force on a
conductor in a magnetic field.

the conductor(l):
F =Bl

where we have assumed that the conductor
isat aright angleto the magnetic flux
density (B).

An easy way to remember thedirection
of motionisto apply theright-hand rule,
showninFig. 1-18.

Induced EMF

Ingenerd, if aconductor cutsacross
theflux linesof amagneticfield or vice
versa, anemf isinduced inthe conductor.

If the direction of theflux linesand thecon-
ductor areparalldl, thereisnoinduced emf.

Generator Action: If thecon-
ductor inFig. 1-19ismoved vertically up
or downinthe magneticfield, an electro-
motiveforceisgenerated inthe conductor.
If the conductor is connected to aclosed
circuit, current will flow. Thisisthebasic
principleof electric generatorsandisaso
caled“generator action.”

Theinduced emf isaproduct of the
velocity of themotion (v), themagnetic
flux density (B), andthelength of the
conductor (1):

emf = Blv

Thereationshipisvaidonly if themo-
tion of the conductor is perpendicular to
theflux lines.

Thedirection of induced emf depends
onthedirection of motion of the conductor
andthedirection of themagneticfield. This

1-10



Fig. 1-19: Direction of induced emf in a
conductor-cutting flux.

relationship can be shown by Fleming's
left-hand rulefor electromagnetismin Ap-
pendix 3.

Faraday’s Law: We have seen
that any conductor cutting acrossamag-
neticfield will produce an emf. However,
thisisonly aspecial case of themoregen-
eral law of induction established by Fara-
day in1831: “If thetotal flux linking acir-
cuit changeswithtime, therewill bean
induced emf inthecircuit.”

If weweretowind two coilsaround a
steel bar, asin Fig. 1-20, connecting one
to abattery withasimple on/off switch and
the other to asensitive galvanometer, the
effect of closing the switch would produce
achangein current and achangeinthe
fieldthereby inducing acurrentin Cail 2.
Similarly, if wewereto openthecircuit, a
current would againregister in Coil 2.

Theinduced emf in Coil 2 ismathemati-
caly related to thechangeof flux as
follows

WhereN, isthe number of turnsin Coil 2
and d(pidt istherate of change of flux, the
minussignindicatesthat theinduced cur-
rentin Coil 2will flow insuchaway asto
opposethechangeof flux duetothe
changeof currentin Coil 1.

Since both coilsarewound inthe same
direction, theinduced current will flow in
thedirection shownin Fig. 1-20 when the
switchisclosed. Thisinduced currentin
Coil 2 setsup amagnetic field opposes

Fig. 1-20: Magnetically coupled coils
wound around a steel bar.

the sudden increase of flux created by
current flowingin Coil 1. If theswitchis
then opened, the currentin Coil 2 will flow
inthe oppositedirection creating aflux that
opposesthe sudden decline of flux from
Coil 1.

Inductance (L)

Thechange of magnetic flux dueto
switchinginFig. 1-20 would also produce
acounter emf (cemf) in Coil 1itself. The
cemf opposesthe build-up or decline of
currentinthe samecircuit. Theability of a
coil to store energy and opposethe build-
up of current iscalled inductance.

For agiven coil, the change of magnetic
flux isproportional to the change of cur-
rent. Thus, the cemf may be expressed as
follows

cemf= L -df

whereL iscalled theinductance of thecoil.
A coil or circuitissaid to have aninduc-
tance of one Henry when acurrent chang-
ing at therate of one ampere/secondin-
ducesonevaltinit.

RL Circuit: In Section 1.1we
learned that thereisadelay intheriseor
fal of thecurrentinan RC circuit. TheRL
circuit, showninFig. 1-21, hasasimilar
property.

Whenthe switch (S) isclosed at a, the
currentintheresistor startstorise. How-
ever, the cemf presented by theinductor
(L) opposestheriseof the current, thusthe
resistor respondsto the difference between
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Fig. 1-21: Basic RL circuit.

the battery voltage(V) and the cemf of hte
indicator. Asaresult, the current rises ex-
ponentialy asshowninFig. 1-22.

If weallow enoughtimefor the current
toreach V/R and then closethe switch at
b, current will continueto flow but diminish
asthestored magneticfield energy isdissi-
pated through theresistor. The current de-
cay curveissimilar tothecapacitor charg-
ingcurveinFig. 1-7.

RL Time Constant: Thetime
constant isthetimeat whichthecurrentin
thecircuit will riseto 63% of itsfinal value
(VIR) or decay to 37% of itsinitial value. It
isrepresented by theformula:

L
"R
Thetime constant can be controlled by
varying theresistance or inductance of the
circuit. Decreasing thecircuit resistance
increasesthetimeconstant. Increasing the
inductancewill alsoincreasethetimecon-
stant. Thus, thelarger thetime constant, the
longer it takesthe current toreachitsfinal
vaue. Thecurrentinan RL circuit will rise
or fall toitsfina valueafter fivetimecon-
stants (within 99.3%).

V/R
1=.63V/R

1
i
1
1
1
"

Fig. 1-22 Current rise in RL circuit.

1.3 GENERATORS
AND BASIC
AC CIRCUITS

Electricmotorsaregeneraly divided
into DC and AC (induction) types. Each
hasitsown operating characteristicsand
advantages. Inthissection, abrief review
of direct current vs. aternating current will
be presented followed by discussions of
variousAC circuits.

Direct Current: Direct current can
be obtained through the chemical reactions
inprimary cellsor secondary cells. Primary
cellsarebatteriesthat consumetheir active
material swhenreleasing el ectric energy
and hence, are not reusable. Secondary
cells(or storage cells), on the other hand,
can berecharged by applying electricity in
thereversedirection, thusreversing the
chemical reaction.

Direct currentiscommonly produced
by DC generatorsinwhich mechanical
energy supplied by steam turbines, water
wheels, water turbinesor internal combus-
tion enginesisconverted into el ectric ener-
gy. A brief description of asimple DC gen-
erator will be presented | ater.

In addition to the above, direct current
can begenerated from thermal energy (i.e.,
thermocoupl€) and light energy (solar
cells). Furthermore, dternating current can
be convertedinto direct current through the
useof rectifiers.

Alternating Current: Themost
commonly supplied form of electric energy
isalternating current. The main reason for
thewidespread use of AC isthefact that
thevoltage can bereadily stepped up or
down through the use of transformers.
Voltageisstepped up for long distance
transmissions and stepped down for sub-
distribution. Thevoltageisstepped down
evenfurther forindustrial and homeuse.
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For agiven power (VI), stepping up the
voltage decreasesthe current and conse-
quently reducesthe (I?R) power lossinthe
power lines.

Therearemany additional advantages
to AC. For example, ACisused torun
induction motors (which do not requirea
direct supply of current totherotating
member and consequently avoid the
problems associated with brush and
commutator wear in DC motors).
However, there are cases (battery
charging, electroplating, etc.) whereDC
must be used. Motor applicationsinwhich
adjustable speed control isimportant are
generally operated fromaDC source.
However, inmost of these cases, the
energy isoriginally generated asAC and
thenrectified and convertedto DC.

Alternating current can be supplied by
generators (which will bediscussed next)
and by devicescalledinverterswhich con-
vert DCinto AC.

AC and DC Generators

Figure 1-23 showsasimple AC gener-
ator. Insmpleterms, amagneticfield or
flux isestablished between the polesof a
magnet. When acoil of conductive materia
isintroduced into theair gap perpendicular
totheflux and rotated mechanically at a
uniform speed, itwill cut theflux andin-
duce an emf that causesacurrent toflowin

theclosed circuit formed by thedlip
180°

Fig. 1-23: Simple alternating current AC
generator.

rings(X andY), the brushesand theload
resistor (R). With afull 360 degreerevolu-
tion of thecail, the current flowsfirstinone
direction and thenin the other, producing
an aternating current.

If thecoil inFig. 1-23 wererotated
counterclockwise at aconstant speed, the
top of thecoil (cd) would cut thefluxina
downward direction, whilethe bottom (ab)
would cut theflux in an upward direction.
By theright-hand rule of induction, the
resulting current produced inthecail by
reaction with theflux would flow fromato
b and from ctod during thefirst 180
degreesof rotation.

Asthecoil continued aroundtoitsorigi-
nal position, ab would cut theflux down-
ward and cd upward, causing an opposite
current flow fromdtocandbtoa One
360 degreerotation of the coil isequivalent
toonecycle. Since standard available cur-
rent is60 Hz (cycles per second), the cail
would berotated sixty full rotations per
second to deliver standard 60 Hz AC. This
back and forth flow of current can berep-
resented graphically asasinewavein
Fig. 1-24.

0° 180° 360°

emf

Fig. 1-24: Sine wave characteristic of AC
current during one cycle (360°).

Without going into themathematical
details, thewave shape of theinduced emf
can beexplained by thefact that therate of
change of flux (Q) through the surface a-b-
c-d formed by thewireloop isasinusoidal
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function of time. Sinceby Faraday’slaw
(see Section 1.2) theinduced emf ispro-
portiona totherateof changeof flux, a
sinusoida induced emf results.

For DC generators, the same principle
of flux cutting holdstrue, except that in-
stead of thediprings, asynchronousme-
chanical switching device called acommu-
tator isused. SeeFig. 1-25.

Fig. 1-25: Simple DC generator.

Thearrangement of commutator and
brushesallowsthe connectionsto theex-
terna circuit (inour case, theresistor, R) to
beinterchanged at theinstant when theemf
inthecoil reverses, thusmaintaining auni-
directiond (athough pulsating) current (see
Fig. 1-26).

0° 180° 360°

emf

Fig. 1-26: Induced emf from the simple
DC generator.

Thepulsating emf fromthesimpleDC
generator isnot very useful whenrelatively
uniform DC voltageisrequired. In prac-
tice, aDC generator hasalarge number of
coilsand acommutator with many

segments. Each coil isconnected toitsown
pair of commutator segments. Thebrushes
make contact with each coil for ashort
period of timewhentheemf inthat coil is
near itsmaximumvalue. Figure 1-27illus-
tratesthe emf output of aDC generator
with four evenly spaced coils connected to
an eight-segment commutator. Thedotted
curvesaretheinduced emfs (eight emfsfor
every revolution). Thesolid lineistheout-
put voltage of the generator.

0° 180° 360°
Fig. 1-27: Output of DC generator with

four coils and an eight-segment commu-
tator.

Two-Phase and Three-
Phase AC: Inadditionto single-phase
AC produced by the generator described
above, dternating current may be supplied
as both two and three-phase. Using the
exampleof thesmplesinglecoil AC gen-
erator described before, if wewereto add
asecond coil withitsloop arranged per-
pendicular totheorigina (seeFig. 1-28)
and rotate them mechanically withauni-

Fig. 1-28: Simple two-phase AC
generator.
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form speed, two-phase voltage would be
produced.
0° 180° 360°

N
N~

Fig. 1-29: Wave shapes produced by
two-phase AC.

Theresulting two-phase voltage se-
guenceisshowninFig. 1-29, where one
phase lagsthe other phase by 90 degrees.

Fig. 1-30: Simple three-phase AC
generator.

If wewereto add one more coil and
spacethethree at 120 degreesto each
other (seeFig. 1-30), the same generator
would now produce three-phase current
(Fig. 1-312).

0° 180° 360°

- g
N Ve
7 ~ ‘
N
\

Fig. 1-31: Wave shapes produced by
three-phase AC.

Two and three-phase current are used
in both polyphase and induction motor
design. Sincebothwill producearotating

o]

Fig. 1-32: Delta-connection of three coils
(right), Wye-connection of three coils
(left).

producearotating magneticfieldinthe
stator bore, therotor will follow thefield
andresultinrotation. Thisprinciplewill be
discussed further in Chapter 2.

The Delta (A)-Connection
and Wye-Connection: Althoughit
isshowninFig. 1-30that each coil of the
three-phase AC generator isprovided with
itsown pair of dipringsand brushes, the
practical design of athree-phase generator
hasonly threedipringsand brushes. This
isaccomplished by either the Delta-con-
nection or Wye-connection of thethree
coils(1, 2, and 3) inthe generator.

Figure 1-32 showsaDelta-connection
with output terminals(a, bandc). The
three pairsof terminals (a-b, b-c, and c-a)
provide athree-phase output likethe one
showninFig. 1-31. Thelinevoltage (volt-
agefromany pair of theterminals) isthe
sameasthe coil voltage (voltage across
each coil). Thelinecurrent, however, is
timesthecoil current.

TheWye-connection showninFig. 1-
32 again hasterminalsa, b, and c. Thereis
also acommon point called theneutral in
themiddle(O). Again, thetermina pairs
(a-b, b-c, and c-a) provide athree-phase
supply. Inthisconnection, thelinevoltage
is\Btimesthecoil voltagewhiletheline
currentisthesameasthecoil current. The
neutral point may begrounded. It can be
brought out to the power user viaafour-
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wire power system for adual voltage
supply.

For example, ina120/208-volt system,
apower user can obtain 208 volt, three-
phase output by using thethreewiresfrom
a, b, and c. Furthermore, single-phase,
120 volt power can betapped from either
O-a, O-b or O-c.

AC Circuits

Whilemany formsof “aternating cur-
rent” arenonsinusoidal, the popular use of
theterm aternating current, or AC, usualy
impliessinusoidd voltageor current. Elec-
tro-magneti ¢ devices such asmotors con-
sist of ferromagnetic materia swith nonlin-
ear voltage/current relationships. Thus,
current will not be puresinusoidal.

Root-Mean-Square or Effec-
tive Values, and Power Factor
in AC Circuits: Thevoltage (V) and
current (I) inasinusoida aternating current
circuit consisting of linear devicesaregen-
eraly writtenas;

V=1V_SIN (2mrft)
I'=1_SIN (2mft-@)

Here,V andl arethepeak valuesof
V and | respectively, f isthefrequency in
hertz (Hz) and gisthe phaseangle (inradi-
ans) between the current and the applied
voltage. (SeeFig. 1-33). Sincethepositive
portion of thevoltageor currentisthemir-
ror image of the negative portion, the

-
o
e
E
=1
=]

k=]
f=
<
@
o
I

=
]
>

time

Fig. 1-33: V_ and |  are out of phase by
an angle ¢.

averagevaueinonecompletecycleis
zero.

Thisresult providesno useful informa:
tion about the magnitude. One useful way
of specifying themagnitude of the ACisto
computeitsroot-mean-square (rms) value
whichisaternatively called theeffective
vaue.

Theeffectivevaueof dternating current
isthat whichwill produce the sameamount
of heat or power in aresistance asthe cor-
responding valueof direct current. The
effectivevalueof current (1) isobtained by
first computing the average of the square of
the current and then taking the square root
of theresult. Without performing the com-
putation, wewill just statethat the effective
vaueof current | is:

|
|| = 07071

Similarly, theeffectivevoltage(V ) is:

e

\%
V_ =--2=0707V
\2 m

Thentheaverage power (E) of thecircuit
can be shown to be:

P=1,V,COSo

Thequantity (COS @)iscalledthe
power factor of thecircuit. If thecurrent (1)
andvoltage (V) areinphase(i.e., f =0)
then we have the maximum power (P=1_
V). Stated another way, only the compo-
nent of lein phasewith Ve contributesto
theaverage power. The other component
may be said to be“ wattless.”

Pure Resistance
AC Circuit

A pureresistancecircuitisoneinwhich
thereisno significant inductive or capaci-
tive component. In such acircuit, the cur-
rent and voltage would both be sinusoidal
and in phase (= 0). SeeFig. 1-34. Pure
resistance circuitscan betreated asif they
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Fig. 1-34: Pure resistance (R) circuit. Vm and Im are in phase, @

were DC circuitsif theeffectivevalues of
current and voltage (I _and V) are used:

Sincethe average power:
PI,V,COS¢
thenfor the phaseanglef =0°:

P=IV=12R
or Pe vz

R

Pure Inductance
AC Circuit

Inaninductivecircuit, the counter emf
(or sdlf-inductance) of theinductor will
offer oppositionto any changeinthe
current. Sincean dternating currentisone
that iscontinually changing, therewill bea
continual oppositionto theflow of current
correspondinginvaueto therate of
changeof current.

® .

voltage and current

o
fos
[
hed
e
3
o

o
o
o g

=5

Inductive Reactance: Theop-
position to the current flow in aninduc-
tancecircuitiscalled theinductivereac-
tance (X ), whichisgiven by theformula

X, =21 L

where X isinohms, fisthefrequency in
HzandL istheinductancein Henrys.

Thephaseangle (¢) is+90°. Thus, a
pureinductancecircuit will not only offer
oppositionto current flow but will also
causethecurrent to lag behind thevoltage
by 90° (Fig. 1-35).

Theeffectivecurrent (1 ) and average
power (P) are:

I —_ e

=X

P=1V_COS¢
since @=90°, COS ¢
then P=0

time

Fig. 1-35: Pure inductance (L) circuit. | lags V, ¢ = 90°.
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Q)

volftage and current

Fig. 1-36: Pure capacitance (C) circuit. | leads V. ¢ =-90°.

Therefore, thereisno power lossina
pureinductancecircuit.

Pure Capacitance
AC Circuit

A capacitor placed inacircuit a so pre-
sentsoppositionto current flow. Thisis
duetothelimitation that chargewill flow
into the capacitor and accumulateonly to
thelevel proportional to the applied volt-
age. Nofurther chargewill flow in or out
until thereisacorresponding changein
applied voltage.

Thus, the current in acapacitor
circuitisproportional to thesopeof the
voltagecurve. Thedopeishighest fora
sinusoid whenV = 0 and the current flow
isat itsmaximum. Thedopeiszerowhen
V isatitspesak (positiveor negative) and
thiscorrespondsto azero current flow.

Capacitive Reactance: The
opposition to current flow in acapacitance

——— A AMA—————

™ 5

circuit iscalled the capactive reactance
(X). Itsvalueisgiven by theformula:

where X isinohms, fisthefrequency in
Hz and Cisthe capacitancein Farads.
Thephaseangle (f) inthiscircuitis-
90°. Thus, inapure capacitancecircuit,
the current leadsthe voltage by 90°
(Fig. 1-36).
Theeffectivecurrent (1 ) is.

Since @=-90°, COS@= 0. Thereis
also no power lossin apure capacitance
circuit.

RL AC Circuit

When R and L are connected in series
inan ACcircuit, we havetheseriesRL
circuit showninFig. 1-37. Boththeresis-
tance (R) aretheinductive reactance (X, )

Fig. 1-37: Series RL circuit. | lags V. 0 < @ < 90°.
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%] R

Fig. 1-38: Impedance diagram of an RL
circuit.

of theinductor offer opposition to current
flow.

Impedance in RL Circuit: The
combined effect of Rand X iscalledthe
impedance (Z) whichisexpressed inohms:

Z= R+ XL?

Theimpedance can be represented as
thehypotenuse of aright angletriangle
whosesidesare R and XL (Fig. 1-38).
Thisisalsoreferred to astheimpedance
diagram.

The phaseangle (@ inthiscircuit hap-
pensto bethe angle between Z and R (or,
cos @ =R/Z). Sinceis between 0° and
90°, thecurrent (1) inthecircuit lagsbehind
thevoltage by an angle between 0° to 90°
depending onthevaluesof Rand X, .

Theeffectivecurrent () and average
power (P) are:

Fig. 1-39: RC circuit. | leads V. -90° < ¢ 0.

Sinceno power islost intheinductance,
then:

P=I2R

RC AC Circuit

Similar tothe RL circuit described pre-
vioudly, resistance (R) and capacitivereac-
tance (X ) will both oppose current flow in
anACcircuit. UnliketheRL circuit, in-
creasing C or thefrequency resultsina
decreasein X _and anincreasein current.
See Fig. 1-39.

Impedance in RC Circuit:
Theimpedance (Z) inthiscaseis.

Z=[R+X2

Thevectoria representationisshownin
Fig. 1-40, where X . is pointing down-
wardsand representsa’ negative’ Vector.

9 R

Xc

Fig. 1-40: Impedance diagram of an RC
circuit.

The phase angle (¢) isnow between -
90° and 0°, and:

COS = 'zR

Thecurrent (1) inthecircuit lagsthe
voltage by an angle (¢) between 0° and
90° depending on thevaluesof R and XC.
Refer to Fig. 1-39.
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Fig. 1-41: Basic RLC circuit (left) and vector diagram (right).

Theeffectivecurrent (1 ) is.

| — Ve— Ve
¢ Z R+ X
h
WefeCOS _B__
$=7

Since no power islost in the capaci-
tance:

P=IR
RLCACCircuit

Tofurther generalizethe AC seriescir-
cuit, weshould consider theRL C circuit
showninFig. 1-41. Theimpedanceof this
creuitis:

Z=VR+ (X - X?

Thevector diagram of theaboverela-
tionshipisasoshowninFig. 1-41. The
phaseangle (@) inan RLCcircuitisbe-
tween -90° and +90° where;

COS ¢= --;

If X, >X. thenthecurrentinthecir-
cuitwill belagging thevoltege. If X <X,
thenthecurrent will beleading the voltage.
If X =X, thecircuitissaidto bereso-
nant and will behaveaspurely resistive.
Theeffectivecurrent (1) is.

| = _\_/_e— Ve
Z R+ (X, - Xc)2

and
P=1_V COS= IR

Basic DCcircuitsinvolving resistance
(R), inductance (L), and capacitance (C)

have been presented in Sections 1.1 and
1.2. Inthis Chapter, we have also seen
how these same elements (R, L and C)
work in AC circuits. Understanding these
basic circuitsisimportant, sinceaninduc-
tion motor driven by AC power isasystem
of resistance, inductance and capacitance.

1.4BASIC
MECHANICAL
PRINCIPLES

Until now, we have presented the el ec-
trical characteristicsof motorsto acquaint
youwith thefundamental sof motor action
and theeffectsof direct and alternating
current on motor design and operation.
Electrical characteristicsaffect adesigner’s
decisions on which motor to choosefor
any given application.

Equally important in understanding mo-
tor operation are the mechanicsand per-
formance characteristicsof electric motors.
M echanicsencompassestheruleswhich
govern the motion of objects, in particular:

a) theforcewhich must be applied to start
an object moving or to stopiit, and

b) the opposing forceswhich must be
overcome before movement can begin
or end.

Other factors such as speed, accelera-
tion and amount of displacement al play a
part in determining which motor isbest
suited to perform atask. Thissectionis
intended to provide genera informationon
mechanics. Throughout thisHandbook,
other, more specific formulaswill begiven
asthey apply to aparticular type of motor
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or application. Other mechanical dataand
mathematica formulascanbefoundinthe
Appendix Section of the Handbook.

Trandational Motion

The movement of auniform object
inastraight lineisreferred to astranda-
tional motion. Thethree parametersof
trandational motion aredisplacement, ve-
locity and acceleration.

Displacement: Thechangein
position of an object isknown asdisplace-
ment. Itisavector quantity with both mag-
nitude and direction and isshown mathe-
maticaly as:

AX =X~ X
where Ox isthetotal displacement, xf is
theobject’sfinal position and xi isthe ob-
ject’sinitia postion.

Velocity: Therateat which an
object’sposition changeswithtimeisits
velocity. Therearetwo typesof velocity:
averageand instantaneous. Average vel oci-
ty isthe net displacement divided by the
elapsedtime:

wheredisthenet displacement and tisthe
€l apsed time to make the displacement, tf
isthefinal timeandti istheinitial time.

Atany instant intimethevelocity
of an object may exceed the average ve-
locity, soitissometimes necessary to
know theinstantaneousvel ocity:

V=R 6A

Speed: Frequently, theterms speed
and velocity are used interchangeably. Ve-
locity can be positive or negative. Speedis
equal to the absolute value of theinstanta:
neousvelocity and isalwaysexpressed as

apositivenumber:
s=1v]|

Acceleration: Asanobject begins
to move, itsvel ocity changeswith respect
totime. Thisiscalled acceleration. Like
velocity, accelerationisexpressed in aver-
age andinstantaneous quantities. Average
accelerationeguals:

whereDv isthe difference between the
object’sfinal andinitial velocities, and Dtis
theelapsedtime.

Theinstantaneous accel eration isde-
fined by thefollowingformula:

Rotational Motion

Motors can be used to move objectsin
astraight line, whichiswhy abrief over-
view of trand ationa motionwasgiven. But
motor design and application focuses
heavily onrotational motion around anaxis.
Thesameprinciplesof displacement, ve-
locity and accel eration also govern rote-
tional motion. In many motion control ap-
plications, it often becomes necessary to
transform linear motioninto rotational mo-
tionor viceversa.

Angular Displacement: For
rotational motion, displacementisex-
pressedin radians, degreesor revolutions
because the displacement occursin refer-
enceto arotational axis(oneradian=
57.3°, onerevolution = 360° = 2TTradi-
ans.) Angular displacement isexpressed as.

£6=6,-6

where Bl isthe object'sinitial angular
position relativetotheaxisand B2isthe
fina angular position.

Angular Velocity: Angular ve-
locity isexpressed inradians/ second,
revolutions/ second, or revolutions/
minute (RPM). Itistherateat which an
object’ sangular displacement changeswith

1-21



respect totime. Liketrandationa velocity,
it can be expressed asan averageor in-
stantaneousquantity.

Theformulafor average angular
velocity is.

whereAB isthe net angular displacement
betweentheinitial position andfind posi-
tionand At isthe elapsed time.

Instantaneousangular velocity isex-
pressed asfollows:

wherev = circumferentia linear velocity.

Angular Acceleration: When
an object’sangular velocity changeswith
respect to time, itisundergoing angular
acceleration. Average angular acceleration
isexpressed as.

An object’sinstantaneousangular ac-
celeration an becalculated as:

Staticsand Dynamics

The previousdiscussion focused onthe
motion of an object either inastraight line
or about an axis. But other factors must be
considered when discussing motion. The
sizeand weight of an object determinethe
amount of force needed to moveit or stop
it. Other factorssuch asfrictionaso play a
rolein determining theamount of force
needed to move an object. Wewill now
center our attention on these other factors.

Mass: Massisthe property of an
object that determinesitsresistanceto mo-
tion. Itisafactor of the object’ sweight
(W) anditsacceleration dueto gravity (g).
Massisthequantitative measure of inertia.
Itisthe massof an object that requiresa
forcetomoveit. Itisusudly expressedin
kilogramsor pounds (mass)*.

Inalinear system:

M= --
g

Momentum: Thefundamenta
measure of an object’smotionismomen-
tum. Inalinear system, it isthe product of
theobject’smassand linear velocity andis
expressed in newton-seconds or pound-
seconds:

P=Mv

Force: Thepushor pull onanobject
that causesit to moveor accelerateis
caledforce. Itisdirectly proportional to
the object’smassand accel eration:

F=Ma

whereM istheobject’smassand aisthe
acceleration.

Rotational Inertia: Inlinear mo-
tion, theinertiaof an object isrepresented
by the object’smass:

F=MaM="
a

Itisthemasswhichtellsushow largea
forcewill berequired to produce constant
acceleration. Therotationa analog of this
formulais
_ _T

T=lal= 3

Thisformulatellsushow much torque
(T) isrequired to produce angular acceler-
ation (a). Themoment of inertia(l) can be
defined asthe mass of the object timesthe

* The pound-massisabody of mass (0.454 kg). The pound-forceistheforcethat gives
astandard pound-mass an accel eration equal to the standard accel eration of gravity

(32.174 ft/sec).
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sguare of thedistance (r) from the rotation-
al axis(seeFig. 1-42):
I=mr2+ mr2+mr2. ..+ mr?

Axis

Fig. 1-42: The moment of inertia of a
hoop containing many small masses on
its circumference.

Themoment of inertiacan be calculated
for any object thisway but calculusisusu-
ally needed for the summation. Figure 1-43
showsthevauesof | for several familiar
shapesusedin mechanical systems.

Figure 1-43 showsthat the moment of
inertiaisawaysthe product of the object’s
mass and the square of alength. For a
hoop, | = Mr2, Thisleadsto ageneral
formula

[=MKk?

wherek istheradiusof rotation at which
theentire mass of the object should be
concentrated if themoment of inertiaisto
remain unchanged. A more standard term
for thislengthistheradiusof gyration.

Motor Load and Torque
Characteristics

The principleswehavejust discussed
can beapplied specifically to motor appli-
cations. A motor cannot be selected until
theload to bedriven and the torque char-
acterigticsare determined.

Motor Load: Theterm*motor load”
can refer to horsepower (hp) required by

thedriven object or machine. Motor |oad
in hp can be expressed:

21mFEN
motor load (hp) =33000
wherer (infeet) istheradiusat which the
force (F, in pounds) isappliedand N is
revolutionsper minute.

TN
motor load (hp) = 5250
Wheretorque (T) isexpressedin Ib-ft., or

if Tisexpressedinoz-in., then:

TN (9.916 x 107)
5252

Motor load isbest described asthe
torquerequired by theload. Thetorque
requirement may be dependent upon speed
aswell. Various conditions place specific
demandson torquerequirementsand they
arediscussed next.

motor load (hp) =

Breakaway Torque: Thisisthe
torque required to start the shaft turning
andisusually thetorquerequired to over-
comedaticfriction:

Accelerating Torque: This
torque may be expressed in percent of
running torque. Itistheamount of torque
needed to accel erate theload from stand-
till to full speed, and to overcomefriction,
windage, product loading and inertia.

Peak Torque: Peak torqueisthe
maximuminstantaneoustorquethat the
load may require. High peaksfor brief pe-
riodsareacceptable, but if an application
requires sustained torque higher thana
motor’s peak rating, adifferent motor
should be considered.

Constant Torque:Aloadwitha
horsepower requirement that varieslinearly
with changesin speedissaid to have con-
stant torque requirements.
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Fig. 1-43: Moments of inertia for familiar objects.
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AC Motors

Although commutator and brush assem-
bliesmay be used in sometypesof ater-
nating current motors, brushlessinduction-
typedesignsareby far themost common
for motorsoperating on AC supplies.

2.1 AC MOTOR
ACTION

Inan AC motor, the stator winding sets
up amagnetic field whichreactswith the
current-carrying conductorsof therotor to
producerotational torques. Therotor

currentsareinduced in therotor conduc-
Y

Rotor Core T

Air Gap

Stator Core

a

Chapter

torshy the stator’s changing magnetic field,
rather than by means of acommutator and
brushes. Thisinduction actionisthe central
operating principleof ACinduction
motors.

AC power iscommercialy suppliedin
both single-phase and three-phaseforms.
Theessentia operating characteristics of
ACinduction motorswill vary according to:
1) winding types (split-phase, shaded-pole,

three-phase, etc.), and
2) thenumber of phases, the frequency and

thevoltage of the power source.
deliberate” skewing” of thedots (position-

Phase 1

Phase 2

Fig. 2-1: Simplified diagram of a two-phase AC motor (left), and cross-section of a
two-phase AC motor showing phase 1 and phase 2 windings (right).
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Wewill consider polyphase motorsfirst,
sincetheir operationissomewhat smpler
and moreeasily understood than single-
phase machines.

2.2 POLYPHASE
(TWO OR MORE
PHASES) MOTORS

The production of arotating magnetic
field canbesmply illustrated by consider-
ing atwo-phase motor with two embedded
stator windingsfor establishing the magnet-
icfields. Each cail, for smplicity, shall con-
sist of asingleloop of wire connected to
one phase of atwo-phase AC supply. We
shall refer to the coil supplied by phase 1
current as Coail 1, and the coil supplied by
phase 2 current as Coil 2. Thetwo coils
areplaced at aright angleto each other in
thestator core, with each coil creating a
two-polefield. SeeFig. 2-1.

The output waveform of thetwo-phase
AC supply isrepresentedin Fig. 2-2. The
voltagein each phasevariessinusoidaly in
time and onelagsthe other by TV2 radians
or 90° (electrical)*.

Let usfirst consider Coil 1 only. When
thephase 1 currentisinitspositive portion
of thecycle(current enters Coil 1fromthe
right and exitsontheleft), amagneticfield

A B C D E F G H I

0 L3 n 3n 2n

2 2

Fig. 2-2: Waveforms produced by two-
phase AC.

*One complete cycle= 2TTradians or 360° (

Fig. 2-3: Magnetic field set up when
phase 1 is in positive cycle.

-Y

Fig. 2-4: Magnetic field set up when
phase 1 is in negative cycle.

isset upwhich pointsinthepositive (+Y)
direction. SeeFig. 2-3. When the current
flowsin the oppositedirection during the
negative portion of itscycle, the magnetic
field pointsinthenegative (-Y) direction.
SeeFig. 2-4. Sincethe strength of the
magneticfield (H) isproportiona tothe
amount of current flowing through thecail,
thefield strength also oscillatessinusoidally
intime.

Similarly, wecanillustratein Figs. 2-5a
and 2-5b the magnetic field dueto current
flowingin Coail 2.

Now we havetwo perpendicular fields.
Eachvariessinusoidaly intime, and one
lagsthe other by TV2 radians. The com-
bined effect (vector sum) of thetwo fields

ectrical).
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Fig. 2-5a: Magnetic field set up when
phase 2 is in positive cycle.

isarotating resultant field. Figure 2-6illus-
tratesthe progression of therotation at
eight different pointsintime. Theletters
(A-H) in Fig. 2-6 correspond to the points
(A-H) onthewaveformdiagramin
Fig.2-2.

It can a so be shown mathematically that
themagneticfield rotates. If wechoosethe
center of the stator asour reference point,
wecan define B, and B, asthe magnitudes
of themagnetic flux densitiesduetothe
currentsflowing through Coil 1 and Coil 2
respectively. Both B, and B, arefunctions
of their respective currents* and arefunc-
tionsof time. Also, dueto symmetry, their
peak valuesarethe same.

SinceB, and B, vary sinusoidally with
their corresponding currentswe can ex-
presstheminthefollowing equations:

Fig. 2-5b: Magnetic field set up when
phase 2 is in negative cycle.

B, =B COS (2rft)
B, =B SIN (2rft)
where:
B = peak valueof either B, or B,
f =frequency of the supply current
(cycles/unittime)
t =time
Let B, betheresultant valueof B, and
B, andlet [ betheangleof B withre-
spect to theaxisasshownin Fig. 2-7. For
example

_BSIN (2mrft)
tan O ~5Cos (2t tan (2 ft)
or
O = (2rrft)

Hence, O isincreasing at arate of 21
radians per unit time. In other words, Bris
rotating with the samefrequency asthe
supply current.

*Thisassumesaconstant permeability intheferromagnetic structureture.

Fig. 2-6: Progression of the magnetic field in a two-phase stator at eight different

instants.
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Fig. 2-7: The vector sum of B, and B, is
resultant field B,.

can also show that themagnitudeof B,
remains constant during rotation, since:

Br2 = By2 + BXZ

Since B isindependent of time, the
magnitude of therotating resultant field (B,)
isconstant.

We have demonstrated that arotating
magnetic fieldisgenerated in atwo-phase
stator. These basic analyses can be
extended to athree-phase stator and show
that it dso hasarotating field. Therefore,
wewill not gointo detail with three-phase
stators.

Therotor of atypical induction motor is
constructed from aseriesof steel lamina
tions, each punched with dotsor holes
alongitsperiphery. When laminationsare
stacked together and riveted, these holes
form channelswhich arefilled with acon-
ductivemateria (usually copper or alumi-
num) and short-circuited to each other by
meansof conducting end rings. The con-
ductorsaretypically formed by die-casting.

Thisone-piececasting usualy includes
integral fan bladeswhich createabuilt-in
cooling device. Thecommontermfor this
typeof rotor is"squirrel cage' (because of
itsresemblanceto the runway of an old-
fashioned squirrel cage). Itisaninexpen-
siveand common form of ACinduction
rotor. See Fig. 2-8.

Astherotating field sweeps past the
barsintherotor, aninduced current isde-
veloped. Sincetheflow of currentinacon-
ductor setsup amagnetic field withacor-

Fig. 2-8: Aluminum conductors in an

AC induction rotor. The steel laminations
have been removed to illustrate the
"squirrel cage" form of the cast aluminum
conductors.

responding polarity, an attraction will result
between therotating magnetic field of the
stator and theinduced fieldin therotor.
Rotation resultsfrom the motor'sattempt

to keep up with therotating magneticfield.
Therate of changeat which thelinesof
flux cut therotor determinesthevoltage
induced. Whentherotor isstationary, this
voltageisat itsmaximum. Asrotor speed
increases, the current and corresponding
torque decreases. At the point of synchro-
nous speed (speed of therotating field), the
induced current and devel oped torque both
equal zero.

Therotor inanonsynchronousAC
induction motor will alwaysoperateat
some speed lessthan synchronousunlessit
isaided by some supplementary driving
device. Thislag of therotor behind the
rotating magneticfieldiscaled"dip”,andis
expressed asapercentage of synchronous
Speed:

%dip=
synchronous RPM-actual RPM

synchronous RPM x 100

Indesigning rotorsfor induction motors,
the shapeand dimensions of theslotshave
ademonstrabl e effect on the performance
characterigticsof themotor. Thisvariation
isillustrated in Fig. 2-9.

Another design factor common to most
squirrel cageinductionrotorsisthe
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Single Cage

Speed

Torque

Double Cage

Speed

Torque

Fig. 2-9: Comparison of speed / torque characteristics for single cage (left) and

double cage (right) integral hp rotor design.

ingthedotsat adight angleto the shaft) to
avoid cogging actionand widevariationsin
starting torque which may result when bars
areplaced parallel tothestator dots.

2.3 SINGLE-PHASE

We have demonstrated in the previous
section that two-phase and three-phase
induction motorswill crestearotating mag-
netic field corresponding to excitation of
the stator windings.

Inthesingle-phaseinduction motor,
thereisonly one phase active during nor-
mal running. Althoughitwill pulsewithin-
tensity, thefield established by thesingle-
phasewinding will not rotate. If asquirrel
cagerotor wereintroduced into theair gap
between the stator poles of asingle-phase
motor, it might vibrateintensely but would
not initiaterotation. However, therotor
shaft will start to rotatein either directionif
givenapush.

Thisrotation setsup an éliptical revolv-
ingfieldwhichturnsinthesamedirection
astherotor. The“doublerotating field the-
ory” andthe*” cross-field theory” explain
why asingle-phasemotor will rotateif itis
started by some means. Dueto the com-
plexity of themathematicsinvolved, they
will not bediscussed here. What isimpor-
tant to remember isthat single-phase AC
motorsrequirean auxiliary starting scheme.

2.4 SINGLE-PHASE
AC MOTOR TYPES

Single-phase motors, without theaid of
astarting device, will havenoinherent
“starting” torque. To producetorque,
some means must be employedto createa
rotating field to start therotor moving. A
number of different methodsareused. The
particular method used determinesthe
“motor type.” Anexplanation of thevari-
oustypesfollows.

Split-Phase
(Nonsynchronous)

Features:

* Continuousduty

» AC power supply

* Revershility normally at rest

* Relatively constant speed

* Starting torque 175% and up
(of rated torque)

 Highstarting current (5to 10
timesrated current)

Fig. 2-10: Split-phase (nonsynchronous)
motor.



Fig. 2-11: Typical four-pole,
split-phase stator.

Design and Operation: Split-
phase motorsare perhapsthe most widely
used relatively constant speed AC motors
(of appreciableoutput) employed for driv-
ing domestic appliances. Also used for a
variety of industrial applications, motorsof
thistypearerelatively smplein construc-
tionand lower in cost than most other
types. Low cost, plusgood efficiency,
starting torque and rel atively good output
for agiven framesize have made the split-
phaseAC induction motor today’sgenera
purposedrive. SeeFig. 2-10.

Split-phase motorsare single-phase
motorsequipped withmainand auxiliary
windingsconnectedinparallel (duringthe
start cycle). Theauxiliary winding shares
thesamedotsasthemainwinding, butis
displacedin space. SeeFig. 2-11. Togive

100

thedesignitsuniquestarting characteristic,
theauxiliary windingiswound withfiner
wireand fewer turns(for highresistance
and low reactance) than themain winding,
and thecurrent flowing throughitissub-
gantidly in phasewiththelinevoltage. The
current flowing through themainwindings,
because of their lower resistance and high-
er reactance, will tend tolag behind theline
voltageintime. Thislagging effect will act
to“split” the single-phase of the AC power
supply by causing aphase (time) displace-
ment between the currentsinthetwo
windings

The space and phase displacement of
themain and auxiliary windingsproducea
rotating magnetic fieldwhichinteractswith
therotor to causeit to start (begin rotat-
ing). After the split-phase motor has at-
tained approximately 70% of rated speed,
theauxiliary windingisautomatically dis-
connected from thecircuit by meansof a
centrifugal switchor current sensitiverelay.
Themotor will then continuetorun onthe
singleoscillating field established by the
mainwinding. SeeFigs. 2-12 and 2-13.

Advantages: Split-phase motors
will operate at relatively constant speed,
typically from about 1790 RPM at no load
to 1725 or 1700 RPM at full load for a
four-pole, 60 Hz motor.

% of synchronous speed
4] ~
[=] (3]

n
4]

100

|
main winding
torque curve

switch
opens

both windings
in circuit

200 300

Torque

Fig. 2-12: Speed / torque curve for a typical split-phase AC motor.
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Fig. 2-13: Example of a centrifugal cutout
mechanism used on split-phase motors.

A standard four-wire split-phase motor
can bereversed at standstill or while
operating at aspeed low enough to ensure
that theauxiliary windingisinthecircuit.
Split-phase designscan a so bereversed at
full speedif aspecial switchingdeviceis
used to connect the starting winding inthe
reversedirection sufficiently longtoreverse
themotor. Thisnormally isnot done,
however, because of the danger of burning
out the starting winding during along
reversal period.

Perhapsthe most important feature as-
sociated with split-phase motorsistheir
relatively low initid cost. Thehighstarting
torque combined withsmple, reliablecon-
struction make split-phase AC motorside-
al for many genera purposeapplications.

Sincetherate at which the motor can be
accelerated isoften aprimary concernto
theapplicationsengineer, split-phase de-
signsare often specified because of their
ability to come up to speed rapidly (reach-
ing running speedswith normal loadsina
fraction of asecond).

Disadvantages: Becauseof the
high resistance of the startingwinding, re-
peated starting and stopping will heat the
windings(in particular, thestarting wind-
ing) and resultinlossof torqueand pos-
siblewinding damage. Thisisoneof the
reasonswhy it isnot practical to apply
split-phase  motorswhen very frequent

startsarerequired, or wherehigh inertial
loads must be accel erated.

Split-phase motorshaveahigh starting
current which can rangefrom5to 10times
the current drawnwhilerunning. If the
starting load isheavy, thewiring between
the motor and the power source must be of
adequate sizeto prevent excessivevoltage
drop. Thelow voltage conditionsresulting
frominadequatewiresizewill resultin de-
creased motor starting torque. Frequent
starts, coupled withinherent high starting
current, can also adversely affect starting
switchor relay life.

Cautions: Theauxiliary starting
windinginasplit-phasemotor isdesigned
for very short duty. If it staysinthecircuit
for morethan afew seconds, therelatively
high starting current which it drawscan
cause overheating of thewinding. Should
thishappen, amore powerful motor or a
motor having different electrical character-
isticsshould be considered.

Caution should be used when driving
highinertial loadswith split - phasemotors.
Thistypeof load can prolongthe
acceleration and “hang” toolong onthe
gartingwinding.

Capacitor
(Nonsynchronous)

Features:

* Continuousduty

» AC power supply

* Revershility at rest or during rotation,
except split-phase capacitor start which
is normally at restonly

* Relatively constant speed

* Starting torque 75% to 150% of rated
torque

» Normal starting current (3to 7 times
rated current)



Fig. 2-14: Capacitor (nonsynchronous)
gearmotor.

Design and Operation: Ca
pacitor action described in Chapter 1 has
been found to provide specific perfor-
manceimprovementswhen used with sin-
gle-phase AC motors. SeeFig. 2-14. The
typesof capacitorsused and the method of
operation varieswith motor type (seeFig.
2-15.). The operating characteristics of
eachtypearequitedifferent and will be
treated separately. In generd, thereare
three distinct capacitor motor types:

a) Capacitor Start (CS)— motors use
oneelectrolytic capacitor inthestarting
modeonly,

b) Permanent Split Capacitor (PSC)—
motors may operate with one perma-
nently-connected, continuous-duty AC-
type capacitor for both starting and
running, and

c) Two Capacitor Sart/One Capacitor
Run— motors use one continuous-
duty AC-typeand onee€lectrolytic ca-
pacitor in the start mode and switch out
theelectrolytic capacitor whilerunning.

Capacitor Start (CS): Theca
pacitor start motor isessentially asplit-
phase motor which hastwo separate wind-
ings.amainor, “running” windingand an
auxiliary or “ starting” winding. However, in
the capacitor start motor, an electrolytic
capacitor isadded in serieswith the start
winding during thestartingmodetoin-
crease starting torque and/or reduce start-
ing current. Asinthecase of the split-
phasedesign, the starting winding and

Fig. 2-15: Comparison of continuous-
duty AC-type capacitor and electrolytic
capacitors.

capacitor will be disconnected whenthe
motor hasreached approximately 70% of
running speed.

Likethe conventional split-phase motor,
the capacitor start design runswith only the
mainwinding energized. This*run” winding
setsup apulsating magnetic field which
interactswith therotor to devel op the nec-
essary running torque and speed. Sincethe
“run” winding alonehasno starting capa
bility, both starting and running windings
areenergized while starting. Because of the
high resistance-to-inductanceratio of the
“start” winding relativeto the run” wind-
ing, the currentsin thetwo windings (when
energized) aresufficiently displaced (time-
wise) from each other to produce arotat-
ing magnetic field and the necessary torque
for garting.

Theaddition of acapacitor, inseries
withthe" start” winding, can significantly
enhancethe starting characteristicsby im-
proving the phase rel ationship between the
“run” andthe“ start” windings. With the
proper selection of capacitor value, the
starting torque can beincreased and/or the
starting current decreased. Of course, ca-
pacitor valuesmust be carefully selected to
producethiseffect. Becausethe CSmo-
tor’scapacitor isused only when starting,
itsduty cycleisvery intermittent. Thus, an
inexpensiveandrelatively small AC elec-
trolytic-type capacitor can beusedin CS
designs. Thenormal, non-polarized, AC
electrolytic capacitor consistsof two
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aluminum plates separated by aporous pa-
per whichissaturated with an electrolyte.

Permanent Split Capacitor
(PSC): When split-phase or capacitor
start (CS) motorsare appliedin applica
tionswhichrequirelong or frequent starts,
the motor may tend to overheat and ad-
versdly affect thesystemrdliability. Inthis
type of application, PSC motorsshould be
considered.

The PSC capacitor windingis perma-
nently connected in serieswith acontinu-
ous-duty AC-type capacitor. In contrast to
the split-phase or capacitor start motor, the
“second” windingisenergized at al times.
The capacitor used with PSC designsis
rated for continuousduty and consists of
aluminum plates separated by afilm
dieletric.

Permanent split capacitor motorsoper-
atein much thesameway as two-phase
AC motors. The capacitor in the PSC de-
sign causesthe current in the capacitor
winding to beout of phase (with respect
totime) withthe currentinthemain wind-
ing, thusarotating magneticfieldiscreat-
ed. Thisaction givesthe PSC motor great-
er efficiency and quieter, generdly
smoother operation than the split-phase
and the split-phase capacitor start designs.
SeeFig. 2-16.

100

75

25

50 100 150 200
Torque

Fig. 2-16: Typical performance of a
1/15 hp (50 watt) PSC motor.

Two Capacitor Start/One
Capacitor Run: A variation onthe
permanent split capacitor design, thetwo
capacitor motor usesan electrolytic capac-
itor for starting in addition to the continu-
ous-duty A C-type capacitor used for both
starting and running. The use of two capac-
itorshelpsto preservethe efficiency and
quietnessof the PSC motor whilerunning
and produces acorresponding improve-
ment inthe starting characteristics. If we
increasethevalue of the capacitorina
PSC motor, we can normally improve
starting torque, but at the expense of run-
ning performance. However, by using two
capacitors (onefor running and twoin par-
adld for gtarting), optimum running and
starting characteristics can be obtained.

To understand how thisworks, itis
important to realizethat the magnitude of
the current flowing inthe capacitor winding
changeswith the speed of therotor. The
valueof the current in the capacitor
windingislowest whentherotor isat zero
speed, and highest when therotor speedis
at itsmaximum. A capacitor and capacitor
winding combination that isoptimized for
“lockedrator” or starting conditionswill
not be optimum for normal running
operation. Thewatt input whilerunning will
behigh, and the current in the capacitor
winding will not lead the main current by
theideal 90 degrees, resulting ininefficient
operation.

A capacitor and capacitor winding opti-
mized for running will be correspondingly
lessefficientinthe starting mode. Theuse
of two capacitorsfor starting and onefor
running overcomesthe compromise made
inthe PSC designs.

Advantages: Inadditiontothe
improved starting torque characteristics
made possible by the capacitor inthe ca-
pacitor start split-phase design, the reduc-
tion of starting current reducesthe effect on
other equipment dueto linevoltagedrop
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encountered with high starting current split-
phasedesigns. Lower starting current will
also contributeto longer lifeand greater
reliability in switchesandrelays.

Ingeneral (for agiven horsepower
rating), although the permanent split
capacitor motor ismore expensivethan
split-phase and capacitor start designs, it
produces quieter operation and provides
thefrequent start/stop capability essentia in
many applications.

Disadvantages: Sincethephase
anglein PSC motorschangeswith an
increaseinload, performancewill usually
belesssatisfactory whilestarting. In usual
design practice, acompromise must
therefore be made between the starting and
running modes. Changing the capacitor
val ue specified by the manufacturer will
affect both running and starting characteris-
ticssothat any improvementsin starting
will usudly resultinadecreasein running
performance.

Cautions: Whilean optimum ca-
pacitor val ue can enhance motor perfor-
mance, animproper value of capacitance
can decrease performance. Itis, therefore,
advisableto usetherated capacitor value
recommended by the manufacturer (onthe
nameplate). Any changefrom therated
vaueisusualy detrimental tothedesign
andisnot encouraged. When afailed ca-
pacitor isreplaced, it should dwayshbe
replaced with acapacitor of equal capaci-
tanceand voltagerating. Voltageratingis
important for continued reliability and
safety.

It should a so be noted that PSC motors
should berun at or near their rated load
points. Unlike other motor types, PSC
designswill tendtorun hotter if lightly
loaded or unloaded.

Shaded Pole
(Nonsynchronous)

Features:

* Continuousduty

e AC power supply

* Unidirectiona reversibility

 Relatively constant speed

* Starting torque 50% to 80% of rated
torque

 Low starting current

Fig. 2-17: Shaded pole (nonsynchro-
nous) motor.

Design and Operation: Asim-
pleand economical drive, the shaded pole
motor (Fig. 2-17) isused in countless con-
sumer andindustrid applicationsranging
fromroom air conditionersto advertising
displays. Shaded pole motorshavenoin-
ternal switches, brushesor special parts,
and therefore offer substantial cost savings
in gpplicationsrequiring relatively constant
speed and low power output.

While split-phase motors make use of a
high resistanceauxiliary or “starting” coil
wound similar to themainwinding, shaded
poledesignsusean entirely different type
of stator lamination which allowsfor aset
of salient poles* surrounded by themain
windings

*A motor stator has salient poles when its poles are concentrated in relatively con-
fined arcs and the winding is wrapped around these poles (as opposed to distributing

the winding in a series of slots)
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Shading Coil

Fig. 2-18: Cross-section of a typical
shaded pole motor. Note the larger
salient poles and the smaller shading
poles on one side.

Salient polesare broad radial projec-
tions (equal in number to the number of
poles) distributed around the active surface
of arotor or stator and around which
windingsmay becoiled. SeeFig. 2-18.
Thesearefull polepitchwindingswhich
arefractiondly distributed in aseriesof
dots.

Embedded in aportion of theface of
each sdlient poleisasingleturn of con-
ducting material, usually copper. These
turnsare known asshading coils. Themain
winding in ashaded pole motor is connect-
ed to the power supply, whilethe shading
coilsform closed circuitson themselves.

Thetime-varying magneticfield set up
by thedternating currentinthe main wind-
inginducesacurrent in the shading coils.
Thisinduced current will, inturn, establish
an additional magneticfieldin the shaded
part of thepoleface. Thisadditiona field
lagsbehindthemainwindingfieldintime.
With the main and shading coilsdisplaced
from each other, amoving or revolving
magnetic fieldisset upinthestator which
interactswith the squirrel cagerotor to
producerotationinadirectionfromthe
center of the salient stator poletoward the
shaded poletips.

100
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Fig. 2-19: Typical characteristic curve for
a 1/150 hp (5 watt) shaded pole motor.

Advantages: Aboveall, the shad-
ed polemotor issimplein design and con-
struction, making it readily adaptableto
high-volume, low-cost production. Be-
causetherearenointerna switches, brush-
esor specia parts, motors of thistypecan
be extremely dependable. Depending upon
construction, shaded pole motorsarerela-
tively quiet and freefrom vibration. Shaded
poledesignsarenormally availableinsizes
from subfractional to approximately 1/4 hp
(186 W).

The shaded polemotor isclassified asa
relatively constant speed machine, and
running efficiency will increasewith load.
Variationinapplied load will not signifi-
cantly affect motor speed, providing that
themotor isnot overloaded.See Fig. 2-19.

Normal shaded poledesignsalso offer
the“fail-safe’ feature of startinginonly one
direction. With split-phase and capacitor
start motors, thereisalwaysthe remote
possihility that they may startinreversein
somefailure modes (cutout switch doesn’'t
operate, openwinding, etc.)

Disadvantages: Althougha
shaded pole motor isrugged and inexpen-
sive. Ittypically haslow starting torque and
running torque.
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Efficiency isa solow, making shaded pole
motorsimpractical beyond fractional
horsepower sizes. Shaded pole motorsare
generaly used on light-load applications
whereheat can betolerated or supplemen-
tal coolingisavailable.

Whileefficiency isrelatively low, for
gpplicationsrequiring minimal power
output, thislimitation iscompensated for by
itslower initial cost. However, withtoday's
increased emphasison energy savings,
shaded pole motor operating costsover
the lifeof theapplication should be
examined.

2.5 SYNCHRONOUS
(POLYPHASE AND
SINGLE-PHASE)

The“difference” between the speed of
therotating magneticfield of aninduction
motor (whichisalwayssynchronous) and
the speed of therotor isknown as“dlip.”
When therotor design enablesit to“lock
into step” withthefield, thedipisreduced
to zero and the motor issaid to run at syn-
chronous speed. Upon reaching therunning
mode, synchronous motors operate at con-
stant speed — the speed being depen-
dent on thefrequency of the power supply.
Thisconstant speed feature makes syn-
chronousmotorsanatura drivefor timing
and other applicationsrequiring aconstant
speed output.

Design and Operation: There
aretwo common typesof small synchro-
nousmotors, classified according to the
typeof rotor used:

a) reluctance synchronous motors, and
b) hysteresis synchronous motors.

Reluctance Synchronous: A
variation ontheclassic squirrel cagerotor,
thereluctance synchronousrotor ismodi-
fiedto provideareasof high reluctance.

Thismay be done by designing notches
(or flats) intherotor periphery. Thenum-
ber of notcheswill correspond to the num-
ber of polesinthe stator winding. The sec-
tionsof therotor periphery between the
high reluctance areasareknown assalient
poles. Sincethese polescreate alow re-
luctance path for the stator flux, they are
attracted to the poles of the stator field.

Thereluctance synchronousrotor starts
and accelerateslikearegular squirrel cage
rotor, but asit approachestherotational
speed of thefield, acritical point isreached
wherethereisanincreased acceleration
and therotor “snaps’ into synchronism
withthedstator field. If theload (particularly
inertial) istoo gresat, the motor will not at-
tain synchronous speed. Mator “pull-in”
torqueisdefined asthe maximum load that
themotor can accelerate and pull into syn-
chronism at rated voltage and frequency.
An applied load greater than therated
“pull-in" torquewill prevent the motor from
pulling theload into synchronism and will
resultin rough, nonuniform operation.

The phase rel ationship between the
polesof therotating field and therotor is
known asthe coupling angle, expressedin
mechanical degrees. Thiscouplingangleis
notrigid, but will “increasg” withanin-
creaseinload. At noload, therotor poles
will lineup withthefield polesand the cou-
pling angleisconsidered to be zero.

When aloadisapplied to reluctance
synchronous motors, the magnetic lines of
force coupling therotor to the stator field
arestretched, increasing the coupling angle.
If theload isincreased beyond the motor’s
capability, themagnetic coupling between
therotor polesand stator field will bresk,
and therotor will “pull out” of synchro-
nism. “Pull-out” torqueisdefined asthe
maximum torquethemotor can deliver at
synchronous speed.

Reluctance synchronous motors may be
designed for polyphase operation, aswell

2-12



Fig. 2-20: Comparison of typical reluc-
tance synchronous rotors (top) and
hysteresis synchronous rotors (middle
and bottom).

assingle-phaseversionsin split-phase, CS
and PSC configurations. These motors
have characteristicscomparableto their
nonsynchronous counterpartsusing the
sametypes of stator windings. For compa-
rableoutputinagivenframesize, the
polyphase or PSC reluctance synchronous
motor will provide quieter operation and
morenearly uniform angular vel ocity than
the split-phase or CSreluctance synchro-
nousmotor. Asshownin Fig. 2-20, the
reluctance rotor can be skewed toimprove
smoothnessof operation.

Hysteresis Synchronous:
Although the stator in ahysteresis synchro-
nousdesigniswound much likethat of the
conventional squirrel cage motor, itsrotor
ismade of aheat-treated cast permanent
megnet aloy cylinder (withanonmagnetic
support) securely mounted to the shaft.
Themotor’sspecial performance charac-
teristicsareassociated with itsrotor de-
sign. Therotor startson the hysteresisprin-
cipleand accelerates at afairly constant
rate until it reachesthe synchronous speed
of therotating field.

Instead of the permanently fixed poles
foundintherotor of thereluctance

synchronousdesign, hysteresisrotor poles
are“induced” by therotating magnetic
field. During the accel eration period, the
stator field will rotate at aspeed faster than
therotor, and the poleswhichitinducesin
therotor will shift around itsperiphery.
When therotor speed reachesthat of the
rotating stator field, therotor poleswill
take up afixed position.
Likethereluctance synchronous mator,
the coupling anglein hysteresismotorsis
not rigid, andif theload isincreased be-
yond the capacity of the motor, the poles
onthe periphery of therotor corewill shift.
If theload isthen reduced to the“ pull-in”
capecity of themotor, the poleswill take
up fixed positionsuntil themotor isagain
overloaded or stopped and restarted.
Thehysteresisrotor will “lock-in" at any
position, in contrast to the reluctance rotor
which hasonly the“lock-in" pointscorre-
sponding to the salient polesontherotor.

Advantages: Synchronous motors
operate at aconstant speed fixed by the
number of stator polesand thefrequency
of the power supply. Withinthelimitations
of “pull-out” torqueand no variationinline
frequency, the speed can be considered
constant.

Hysteresissynchronous motors, with
their uniform acceleration characteristics,
can pull into synchronismany load that is
withintheir capacity to start and accel erate.

Disadvantages: Synchronizing
characteristics of the reluctance motor re-
quireincreased accel eration of therotor at
thecritica point when it approachesthe
rotational speed of thefield. For thisrea-
son, itispossiblethat whilethereluctance
motor may easily start ahighinertiaload, it
may not be ableto acceleratetheload
enoughto pull itinto synchronism. If that
should happen, therel uctance motor would
operate asan ordinary induction motor, but
atlow efficiency and very irregular angular

2-13



velocity (audibly detected asapounding
noise). Itisimportant, when applying syn-
chronous motors, to be certain that they
will acceleratetheloadsto synchronous
speed under the most adverseload and
voltage conditions. SeeFig. 2-21.
Ingeneral, synchronous motorsshould
only be appliedin caseswheretheload
needsto bedriven at an exact rate of
speed. For agiven horsepower, synchro-
nousmotorsareusualy larger and more
costly than nonsynchronous motors. In
other words, for agiven framesize, syn-
chronous motors (vs. nonsynchronous)
havelower hp ratingsand tend to be more
expensive. Stated still another way, asyn-
chronousmotor will often belarger thana
nonsynchronous motor to driveagiven
application. Because of thesefactors, syn-
chronous motorstend to be applied only
wherethe synchronousfeatureisabsolutely
necessary.
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Fig. 2-21: Comparison of typical speed
curves for hysteresis and reluctance syn-
chronous motors of identical frame size.

2-14



1 4+

426 Dl4 WA

Commutator (DC) Motors

Although similar in somerespectstothe - £
generatorsdescribed in Chapter 1, motors
have an oppositefunctionin energy con- N 8
version. While generators convert mechani- ¥
cal energy into electrical power, motors —_— I e

convert electrical energy into mechanica
turning force or torque.

3.1 BRUSH-TYPE ;S
DC MOTOR N @, s
ACTION — ' |
Whgn acurrent-parryi ng conductor is . E .
placedin, and at aright angleto, amagnet- - ﬁ

tion of theforceinrelationtothefield and
currentisshowninFigs. 3-laandb. The
force on thisconductor isproportional to
theflux density, current and thelength of
the conductor.

Using theabove principle, we can ex-
plainthemotor action of asimplesingle N
loop armatureasshownin Fig. 3-1c,
where DC current enterstheright side of
theloop and exitstheleft. Theresultant
forcesacting onthesingleloop armature
generate aclockwisetorque. However, the
torque diminishesto zero asthe plane of

icfield, it will experienceaforce perpen- e
dicular tothefield and toitsalf. Thedirec- N W—w 5
F
Qé)
==
F

Figs. 3-1a, b, ¢, d: Upward and down
ward forces created by interaction of
field and armature flux.

3-1




the armature coil becomes perpendicular
tothefieldasshowninFig. 3-1d.

Commutation: Inorder to contin-
uethe clockwise motion of our smplesin-
gleloop armature, we need acommutator
arrangement asshownin Fig. 3-2a. Asthe
coil becomes perpendicular to the magnetic
field, thedirection of current inthecoil
reverses, causing theforcesacting onthe
coil toswitchtheir direction. Thecail then
continuesto rotatein aclockwisedirection.

Thetorque produced onthearmatureis

proportiond to thesine of theanglebe-
tween themagnetic field and the plane of
therotating coil. Thetorquewill producea
rippletypewaveformasshowninFig. 3-
2b. Thisfigureshowsthat theresulting
torque reacheszero at thetwo vertical
positionsduring the armature (loop) rota-
tion. Thissmplemotor reliesontheinertia
of thearmatureto carry it through the zero
torque pointsto continueitsrotation.
Toeliminatethiseffect and keep alevel
of torque alwaysat some point above zero.

Fig. 3-2a. Fig. 3-2b.
a 180" 350
Commutator
O
3
=
2
M 5
[~ Brush
Angular Position Angular Position
e I-I— 1 Ravelution —D-I
Rrdation
Fig. 3-2¢. Fig. 3-2d.
Q- 380°
g é 5

Angular Position

Fig. 3-2e.

3607

Anguiar Position

Fig. 3-2: Relationship of commutator segments and torque: a) two-segment commuta-

tor,

b) two-segment commutator torque curve, c) four-segment commutator, d) four-seg-

ment

commutator torque curve, e) 32-segment commutator, and f) 32-segment commutator

torque curve.
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Fig. 3-3: Commutator and brush position
in a typical DC motor design.

afour-segment commutator and two
armature coilsmay beused (Fig. 3-2c).
Thisarrangement staggersforcesto keep
thetorqueat an acceptablelevel. The
torque/position curvewill thenlook like
Fig. 3-2d. The more segmentsadded to
the coilsand corresponding commutator
armature, thecloser thetorque curvewill
approximateastraight linecharacteristic.
SeeFigs. 3-2eandf.

Figure 3-3 showsthe position of acom-
mutator in relation to the armature coilsof
atypical DC motor.

Counter emf and Armature
Current: WhenaDC armatureisrotat-
inginamagneticfield, thereisaninduced
voltage produced inthearmaturewhich
takestheform of an opposing or counter-
electromotiveforce (cemf). Whentheflux
fieldisheld constant, thisvoltageispro-
portional to the armature speed. Motor
actionwill continueaslong asthevoltage
supplied to thecommutator isgreater than
the cemf. The cemf limitsthe current flow-
inginthearmature according tothe
formula

V= IR+ cemf
whereV isthesourcevoltage, | isthe
armature current and R isthearmature
resistance. Itisinherent that thecurrentin
thearmatureis proportional to theload or
torque produced. The current increases
with anincreasing load until the motor
stalls, at which point the cemf isequal to
zero.

Speed Control: Thespeedof a
DC motor iseasily controlled by adjusting

thevoltageeither inthefield or armature or
acombination of both. This can beaccom-
plished by meansof controls, variable
resistorsand other devicesand will bedis-
cussedin detail in Chapter 8.

Having briefly reviewed thefundamental
operation of commutator motors, wewill
now consider each electrical type
individualy.

3.2 BRUSH-TYPE
DC MOTORS

Series Wound

Features:

« Continuousor short time duty

e ACor DC power supply

 Usudly unidirectiona reversibility

» Speedvaryingwithload

 Starting torque 175% and up of rated
torque

 High starting current

Fig. 3-4: Series wound motor.

Design and Operation: Series
wound motorsare among the most popular
of fractional and subfractional hp motor
types. Capableof operation oneither AC
Pr DC power supplies, seriesmotorsdeliv-
er high motor speed, high starting torque
and wide speed capability, making them
idedl drivesfor avariety of applications.
SeeFig. 3-4.

Thearmatureand field of aseriesmotor
are connected in serieswith respect tothe
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line. Thisfeatureallowsseriesmotorsto be
operated from either AC or DC supplies
between 0 and 60 Hz. Because of their
“dual” capability, seriesmotorsare often
cdled“universa.” Theperformancediffer-
ence of auniversal motor between 50 and
60 Hzisgenerally negligible. It should not
be assumed, however, that all seriesmo-
torsareuniversal. Somemay be optimized
for aparticular power supply, and perform
poorly or fail prematurely if operated ona
power supply substantially different from
that specified ontheir nameplates.

Actually, no universal motor hasthe
same performance on both AC and DC.
Usually, themotor will runslower onAC
than on DC because thewindingsexhibit a
higher impedance when operated on an
AC supply. The speed differenceismost
apparent with higher loads. Sometimesthe
AC vs. DC speeds can bemoreclosely
meatched if aproperly specifiedresistor is
placed in serieswith the motor when oper-
ated on DC.

Atlighter loads, an opposite speed rela-
tionship may occur. Sincetheeffectivefield
strengthislower on AC, themotor may
runfaster.

Advantages: Inadditiontotheir
versdtility, serieswound motorshavethe
highest horsepower per pound and per
dollar of any motor that operatesdirectly
from standard single-phase AC power.
Thisfactor accounts, in part, for the popu-
larity of seriesmotorsin household appli-
ancesand power tools. Theeconomicsare
closely related to theinherent high speeds
of seriesmotors. For example, atypical
AC induction motor rated at 1/10 hp (75
watts) at 1725 RPM weighsapproximately
151bs. (67 newtons). A seriesuniversal
motor rated at 1/10 hp (75 watts) and
10,000 RPM canweigh under 4 1bs. (18
newtons).

Althoughthereisadramatic savingsin
weight and cost per hp delivered, there

are other aspectsto the comparison:

a) At the stated rating point in our forego-
ing example, thetorqueof theinduction
motor will be 58 0z-in. (410 mN-m),
compared with 10 oz-in. (71 mN-m)
for the seriesmotor.

b) Theinduction motor will havemuch
better speed regulation (lesschangein
speed with variationsinload).

¢) Theinduction motor will besignificantly
quieter because of itslower speed and
absence of commutating brushes.

d) Theinduction motor will not havethe
maintenance and servicelifeconsider-
ations associ ated with brush commuta-
tion.

In spite of these differences, seriesmo-
torsareuniquely suited to avariety of ap-
plications. In particular, seriesmotorsare
theonly small motors capable of morethan
3600 RPM operating directly fromasin-
gle-phase (60 Hz) AC power supply.

Also, the seriesmotor will provide higher
starting torque than any other motor of
equivaent physical sizeoperated fromsim-
ilar power supplies. Used asa DC motor,
theseriesdesignispractical up to about
the5" diameter sizerange. Abovethat, PM
and shunt-wound motors become practical
inacost/performancetrade-off.

Although seriesmotorsareusualy sup-
plied asunidirectiona (to obtain greater
efficiency and brushllife) bidirectiona series
motors can a so be produced. One method
accomplishingthisisathree-wiredesign
which can bereversed withasimplesingle
pole/doublethrow (SPDT) switch. How-
ever, for thisarrangement, asplit or double
fieldwindingisrequired, reducing theavail-
ablehpinagivenframe.

Anadternativeto thethree-wiremethod
isthefour-wire seriesmotor whichismade
reversible by transposing thearmature
leads, usually with adouble pole/double
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throw (DPDT) switch. Withreversible
serieswound motors, the application must
be abletotolerate somevariationsin speed
between onedirection and the other, due
mainly toinherent differencesin commuta-
tion until the brushes seat adequately in
eachdirection.

In addition to the advantages discussed
above, seriesmotor speed can be adjusted
over abroad range by using arheostat, an
adjustable autotransformer or an electronic
control. With the application of amechani-
cal governor attached to the motor shaft, a
seriesmotor can aso provide aconstant
speed over awidetorquerange.

The no-load and operating speeds of
seriesmotorsareusually quite high. No-
load speedsin excess of 15,000 RPM are
common and arelimited only by themo-
tor’sown friction and winding characteris-
tics. Normal operating speedsarefrom
4000t0 10,000 RPM. The excellent
forced ventilation made possibleat these
speedshelpsto yield much higher horse-
power ratingsthan “common” induction
motorsoperating at 1725 to 3450 RPM.

Disadvantages: A seriesmotor
inherently provides poor speed regulation
andisclassified ashaving avarying speed
characteristic. Thismeansthat the speed
will decreasewith anincreaseinload and
increasewith adecreaseinload. The
amount of changewill depend upon the
particular motor design. Speed changesare
more pronounced becausethe armature
andfield are connected in series.

Astheload isincreased, themotor must
slow downto let more current flow to sup-
port theload. Thisincreasein current,
however, increasesthe strength of thefield,
and thusthe counter emf, which hasalimit-
ing effect on current build-up. Theresultis
afurther decreasein speed to compensate
for thischange. However, the smultaneous
changeinfield and armature strength cause
thetwo to alwaysbe matched or balanced

resultingintheexcellent starting torque
characteristic of the seriesmotor.

Although high speedisoften asignificant
advantage, it does not comewithout a
“price.” Specifically, bearingand brushlife
areaffected by high speed (househol d ap-
pliance seriesmotorstypically haveabrush
lifeof 200to 1200 hours, depending on
thetypeof appliance). Centrifugal forces
must also be analyzed to prevent the de-
structiveeffectsof imbalanceat high
peeds. Thesefactorsgenerally limit series
motorstointermittent duty applications.
However, seriesmotors have been suc-
cessfully appliedin many continuousduty
applicationswhere operating conditionsare
favorable, or wherethe nature of the appli-
cation providesfor amoderate amount of
servicing.

Cautions: Becauseof the steepness
of the speed/torque curve near the no-load
point, operation at or near no-loadisusu-
ally discouraged. SeeFig. 3-5. If consis-
tent performance between motors or even
inthe same motor isdesired, seriesmotors
should be operated at someload value
beyond thispoint. The slope of the speed/
torque curve, along with the point of peak

200k

100

% Rated Speed

50

100 200 300
% Rated Torque

Fig. 3-5: Typical characteristic curve for
a series type (universal) motor.
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efficiency, can bedtered dightly by the
motor manufacturer to suit specific
gpplications.

An additional caution[Jseries mo-
torsdesigned and built for onedirec-
tion of rotation should never bere-
ver sed (extremely poor brush lifeand
performance can be expected).

Shunt-Wound

Fig. 3-6: Shunt-wound motor.

Features:

* Continuousduty

* DC power supply

* Revershility at rest or during rotation

* Relatively constant and adjustable speed

* Starting torque 125% to 200% of rated
torque

* Normal starting current

% Rated Speed

100 200 300
a % Rated Torque

Design and Operation: One of
theearliest and most versatiletypesof DC
motors, the shunt-wound design hasal-
waysenjoyed considerable popularity as
anexcellent ectricaly adjustable, relative-
ly constant speed drive. With solid state
contral circuitry anditsinherent relatively
constant speed characteristics, the shunt-
wound DC motor isaval uable companion
to advanced SCR (Silicon Controlled Rec-
tifier) controls. SeeFig. 3-6.

The shunt-wound DC motor hasboth a
wound field and armaturewith spring-load-
ed brushesapplying power directly tothe
armature by means of asegmented com-
mutator. Theterm “shunt” isderived from
the connection of thefield and armaturein
parallel (shunt) acrossthe power supply.
SeeFig. 3-7b. Thefield and armature may
also be separately excited from two inde-
pendent sources. Thisalowschangesin
armaturevoltageto vary the speed while
till maintai ning aconstant field voltage.

Advantages. Theshunt motor inherently
providesgood speed regulation (changesin
load only dightly affect speed withinits
rated torquerange).

For example, a1/4 hp shunt motor op-
erating at arated speed of 1725 RPM will
generaly not vary in speed from no-load to

Fietd Field

— O T —

Armature

“— DCLine —

Fig. 3-7: a) Typical shunt-wound motor performance curve (left), and b) typical shunt-

wound motor wiring diagram (right).
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full load by morethan 15%. With modern
feedback-type controls, the speed regula-
tion can be even further improved to +1%
or lessover adefined speed range, without
an add-on tachometer. Tight control over a
wider speed range may require sacrificesin
regulation to compensatefor thewide
speed rangefeature. A tachometer, feed-
back or closed-loop control may also be
needed.

Themost common meansof contralling
shunt motorsistheadjustment of armature
voltagewhilemaintaining constant field
voltage. Armaturevoltage control isnor-
mally used to decrease the motor speed
bel ow its base speed. Regulation and start-
ing torquearegeneraly not affected, ex-
cept at thevery lowest speeds. A totally
enclosed shunt motor can be designed to
operate at rated torque down to zero RPM
without devel oping excessivetemperatures.

Another method, field weakening, may
also be used to vary motor speed. Itis,
however, usually used only to increasethe
motor speed aboveitsbase speed andis
not often recommended unlesstheloadis
decreased to maintain aconstant horse-
power output. | n addition, the percent of
regulationisincreased and the starting
torque decreased with thefield weakening
method.

Normal NEMA* speed ratings (base
speed) for shunt motors operated from
electronic controlsare 1140, 1725, 2500
and 3450 RPM, but ashunt motor can be
wound to operate at any intermediate
speed for specia purpose applications.
Thissameflexihility, withinlimits, also ap-
pliesto shunt motor voltageratings.

Shunt designsarereversibleat rest or
during rotation by smply reversingthear-
meature or thefield voltage. Because of the
highinductanceof thefield circuit, revers-
ing thearmatureisthe preferred method.

Disadvantages: If the shunt-wound
motor isoperated from afixed voltage
supply, adecreasein speed will occur as
themotor isloaded. The decreasing speed
with increased |oad tendsto belinear over
arangeinwhich the magnetic characteris-
ticsarelinear. Asload isincreased, further
saturation beginsto occur, resultingin what
iscommonly known asarmature reaction
and the resultant abrupt drop in speed, as
showninFig. 3-7a. Thespeed asoin-
creaseslinearly with increasing armature
voltage, making the shunt-wound design
valuable as an adjustabl e speed motor. The
fact that speed varies proportionally with
armaturevoltage makesit possibletovary
speed over awide rangewith electronic
controls.

Cautions: Reversingthearmature
whileitisrotatingiscaled”plugging” or
“plug reversal.” Because of the counter-
electromotiveforce (cemf) or generated
voltageinthearmature, plugging will sub-
ject thearmatureto approximately twice
therated voltage and therefore should be
used with discretion.

Dynamic braking, whilenot assevereas
plugging, should a so be used with caution.
A shunt motor can bedynamically braked
by “shorting” thearmature after it hasbeen
disconnected fromtheline. Current-limiting
resistorsare generally used to reducethe
severity of thisoperation.

Brush life on ashunt-wound motor is
usually good. However, severe duty cy-
cles, like plugging and dynamic braking,
can adversely affect brush life. Such appli-
cations should be carefully studied to pre-
vent excessive stressto brushes and other
motor parts. With direct current, an elec-
trolytic action takes place which causes
onebrush to wear faster than the other.
Thisisanormal condition. Thequdity of

*NEMA is the national Electrical Manufacturers Association.
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the DC wave shape coming from the con-
trol will aso haveanimportant effect on
brush life. Recognizing these precautions
and using acareful andintelligent approach
to shunt-wound motor applicationwill usu-
ally guaranteelong and successful brush
and motor life.

Permanent Magnet
(PM)

Fig. 3-8: Permanent magnet motor.

Features:

* Continuousduty

» DC power supply

» Revershility at rest or during rotation
withcurrentlimiting

 Réatively constant and adjustable speed

* Starting torque 175% and up of rated
torque

 Highstarting current, relativetofull load
running current

Design and Operation: Histor-
ically, permanent magnet field motorspro-
videacomparatively smpleandreliable
DCdrivein applicationsrequiring high effi-
ciency, high startingtorque and alinear
speed/torque curve. With thegreat strides
madein ceramic and rare earth magnet
materials, combined with electronic control
technol ogy, the PM motor hastakenona
new importance as an adj ustabl e speed
drivedelivering significant performanceina
relatively compact size. SeeFig. 3-8.

Thesingledesign featurewhich distin-
guishesthe PM field motor from other DC
motorsisthe replacement of thewound
field with permanent magnets. It eliminates
the need for separatefield excitation and
attendant el ectrical lossesin thefield wind-
ings. Thearmature and commutator assem-
bly in conventional PM motorsissimilar to
thosefoundin other DC types. See
Fig.3-3.

Advantages: Perhapsthe most
important advantage of PM field motorsis
their smaller overal sizemadepossibleby
replacing thewound field with ceramic

Fig. 3-9: Stators for 1/4 hp (186.5 watt) ventilated shunt-wound field DC motor (right)
and 1/4 hp PM DC motor (left). Note that the inner diameters of the two stators are
the same, while the outer diameter of the PM motor is considerably smaller.
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Shunt Wound Field

Speed

PM Field

. . Torque
Fig. 3-10: Comparison of shunt and PM
motor curve shapes.

permanent magnets. For agivenfield
strength, the PM ring and magnet assembly
isconsderably smaller indiameter thanits
wound field counterpart, providing sub-
stantial savingsin both sizeand weight. See
Fig. 3-9. And since the PM motor isnot
susceptibleto armaturereaction, thefield
strength remainsconstant.

Armature reaction can act to weaken
themagnetic field of aconventiona shunt-
wound DC motor at |oads beyond approx-
imately 200% of rated value. Thischarac-
teristicisgeneraly responsiblefor the
“drop off” in torque associated with shunt-
wound designs. SeeFig. 3-10.

If weexaminethefield construction of
thewound field and PM field motors, we
canexplainthedifferencesinarmaturere-
action and corresponding differencesin
speed/ torque characteristics of thetwo
motor types. Thearmature magnetizing
forceinawound field construction “ sees’
avery high permeability (low reluctance)
iron pathtofollow. Inthe PM field design,
thisarmaturemagnetizing forceisresisted
by thelow permeability (highreluctance)
path of the ceramic magnet, which tendsto
actasavery largeair gap. Thenetresultis
that the armature cannot react with thefield
inaPM motor, thereby producing alinear
speed / torque characteristic throughout its
entiretorquerange.

PM motors can be useful in anumber of
specificways.

a) They producerelatively hightorquesat
low speeds, enabling them to beused

Torque
Fig. 3-11: A typical family of
speed / torque curves for a PM motor at
different voltage inputs, with V. >V, >V,
>V,>V,.

assubstitutes for gearmotorsin many
instances. PM motors operated at low
speedsareespecialy useful where
“backlash” and inherent mechanical
“windup” of gearingin gearmotorscan
not betolerated.

It should be noted that if PM mo-
torsarecontinuously oper ated at
thehigh torquelevelswhich they
can generate, serious over heating
can result.

b) Thelinear speed/ torque curve of PM
motors, coupled with their ability tobe
easily controlled electronically, make
themideal for adjustable speed and
servo motor applications.

¢) Thelinear output performance charac-
teristicsof PM motorsalso makeit
easier tomathematicaly predict their
dynamic performance. SeeFig. 3-11.

Sincethe PM field motor isnot affected
by armaturereaction, it can producevery
high starting torque. Thishigh starting
torque capability canbeavauableassetin
many “straight motor” (nongearmotor)
applicationsaswell asinertial load applica
tionsrequiring high starting torquewith less
running torque. PM motorsfunctionwell as
torque motorsfor actuator drivesandin
other intermittent duty applications.
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Thesizereductionin PM motorsisgen-
eraly accomplished without any significant
changeinthetemperatureriseratingfor a
given horsepower. Infact, theelectrica
efficiency of the PM motor isvery often
10% to 15% higher dueto the elimination
of field copper losseswhich occur in
wound field motors. PM motorscan be
producedin TENV (totally enclosed non-
ventilated) construction, eiminating the
need for fansand providing much greater
goplicationflexibility.

Withtheir higher inherent efficiency, PM
motorsoffer lower current drain for more
efficient battery operation in portable appli-
cations. The permanent magnetsalso pro-
vide some sdlf-braking (less shaft coast)
when the power supply isremoved. PM
motorsrequireonly two leads (shunt-
wound motorsrequirefour). Theleadscan
be reversed by smply changing the polarity
of thelineconnection. Dynamichbrakingis
achieved by merely shunting thetwo leads
after disconnecting them from the power
source. PM designsalso providesimilar
performance characteristicsto shunt-
wound DC motorswhen used with all
common control methods (except field
weakening). See Chapter 8, Section 8.3.

Disadvantages: Whileceramic
magnets now have propertieswhich make
themvery religble, certain characteristicsof
these material smust bethoroughly under-
stood if proper operation of ceramic mag-
net PM motorsisto be obtained. At lower
temperatures (0°C and below), ceramic
magnets becomeincreasingly susceptibleto
demagnetizing forces.

Armaturereaction (whichiscapable of
producing thethreshold limit for demagne-
tization) takeson greater importance at
lower temperatures. Therefore, specia
attention must be givento overload current
conditionsincluding “ starting,” “locked
rotor” and “ plug reversing” when applying
PM motorsto low temperature use. Plug

reversing requirescurrent limiting, even at
normal temperatures.

Thedesign of themotor’s power supply
isalsoimportant. SCR circuitscan bede-
signed to provide current regulating and/
or limiting featuresto protect the motor at
low temperatures. The actua application
parametersinvolved vary with each partic-
ular PM motor design, sincethe protection
against demagnetization ispart of themo-
tor’sdesign and must be considered ac-
cordingly. Itisbest to consult the manufac-
turer if low temperature use or plug revers-
ingiscontemplated.

Asoperating temperatureincresses, the
residua or working flux of PM motors
decreasesat amoderaterate. Thisflux
decreaseismuch likethe decrease of field
flux strength inwound field motorsas cop-
per resistanceincreaseswith temperature.

On amotor-to-motor and lot-to-lot
basis, PM motorsare sometimescriticized
for having somewhat grester variability in
performance characteristicsthan wound
field designs. Such criticismmay bethe
result of greater variationsencounteredin
both the quality of theraw materialsand
the processes employed in the manufacture
of themagnet segmentsthemselves. How-
ever, unduevariation can begreatly mini-
mized by the motor manufacturer. Proper
magnetic circuit design and caibration of
themagnetic assembly to apredetermined
common field strength val ue (somewhat
lessthan full saturation) can do muchto-
ward achieving consistent motor perfor-
mance. Too often, calibrationisignored by
some motor manufacturers because of
cost, andin many cases, thevariationinthe
level of flux achieved by saturationadoneis
considered acceptable.

Another concerniswhether aPM mo-
tor can be disassembled without |oss of
field strength and without having to provide
any additional magnetic circuit keeper. The
answer can beyesand no, depending
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primarily upon the characteristics of the
magnetic materialsselected for agiven
design. Although newer ceramic materials
permit disassembly without |oss of magnet-
icfield strength, the user should consult the
manufacturer before attempting to disas-
semblethemotor.

Cautions: Becauseof their high
starting torque characteristic, care must be
exercisedin applying PM gearmotors. A
PM gearmotor application should be care-
fully reviewedfor any highinertia loadsor
high starting torqueloads. Thesetypes of
loads could cause the motor to transmit
excessivetorqueto the gearhead and pro-
duce output torque which exceedsitsde-
signlimits. SCR controlshaving current
limiting circuitsor overload dip clutchesare

SteelAing

Hotor (Wound Armaturs)

Cammutator

Shaft

Permanent Magnats Bonded
to Stationary Steel Ring

often employed to protect gearing used
with PM motors.

3.3 BRUSHLESS DC
MOTOR ACTION

In Section 3.1 we discussed how motor
actionisachievedinaconventional DC
motor. A segmented commutator rotating
within astationary magneticfield causes
mechanica switching of thearmature cur-
rent. Inabrushless DC motor, the magnet-
icfield rotates. Commutation occurselec-
tronicaly by switching the stator current
directionat preciseintervasinrelationto
the position of therotating magneticfield.
Solid state controlsand internal feedback
devicesarerequired to operate brushless
DC motors.

_SquirreICage Rotar

Permanent Magnet Segmer:s
Bonded ta Roto-

Fig. 3-12: Cross-sections of: a) an AC motor (top), b) a PM DC motor (left), and c) a

brushless DC motor (right).
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Brushless DC motorscombine charac-
teristics of both DC and AC motors. They
aresimilar to AC motorsinthat amoving
magnetic field causesrotor movement or
rotation. They aresimilar to DC motors
sincethey havelinear characteristics. Fig-
ure 3-12 shows cross-sectionsof AC, DC
and brushlessDC motors. The AC motor
haswindingsin the stator assembly and a
squirrel cagerotor. The PM DC motor has
windingson therotor assembly and perma:
nent magnetsfor the stator assembly. The
brushlessDC motor isahybrid of the AC
and DC motors. Therotor has permanent
magnetsand the stator haswindings.

Brushless DC

Features:

* Continuousduty

e DC power supply

 Revershility at rest or during rotation
withcurrentlimiting

Adjustable speed

* Starting torque 175% and up of rated

torque
 Highstarting current

Design and Operation: Brush-
lessDC motorsconsist of two parts: the
motor and a separate el ectronic commuta:
tor control assembly (seeFig. 3-13).

Fig. 3-13: Brushless DC motor.

Thetwo must beelectrically connected

with acableor wiring harness before mo-
tor action can take place. SeeFig. 3-14.

By energizing specificwindingsinthe
stator, based on the position of therotor, a
revolving magneticfieldisgenerated. See
Fig. 3-15. Sensors mounted inside the mo-
tor detect the position of the permanent
magnets on therotor. For example, asthe
rotor movesthrough aspecific angleor
distance, oneof the sensorswill detect a
changefromanorth magnetic poletoa
south magnetic pole.

Atthispreciseinstant, currentis
switched to the next winding phase. By
switching current to the phasewindingsina
predetermined sequence, the permanent

magnets on the rotor attempt to chasethe
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Fig. 3-14: Schematic diagram of a brushless DC motor and control.
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Fig. 3-15: Phase current flow.

current. Thecurrentisalwaysswitched
before the permanent magnets catch up.
Therefore, the speed of the motor isdirect-
ly proportional to the current switching
rate. At any instant, two windingsare ener-
gized a atimewith thethird oneoff. This
combinesthetorques of two phasesat one
time, thusincreasing the overal torque out-
put of themotor.

Therotor consists of afour-pole per-
manent magnet and asmaller four-pole
sensor magnet. Asthe sensor magnet ro-
tatesit will activate aseriesof sensorslo-
cated 60° apart. The sensors can be photo
sensors, Hall effect devices, magnetoresis-
torsor other deviceswhich monitor the

Hall Sensor | Switches Phase
Cutput On Gurrent
A|B | C A B [+
00 [1]Q1]Q6 + |OFF ] —
ofoio| Q|05 + - |OFF
1 10| 0] Q3|05 |OFF| — +
1 1 01 Q3 |Q4 - |OFF | +
11111 1Q2 04| — + |OFF
0 i1 11 Q2| 06 |[QFF| + -
CW from Back End*
a
Hall Sensor | Switches Phase
Qutput On Current
AiB|C A
0 (1[1]Q3]Q5 |[OFF| - +
1 1 1[{0Qt]|Q5 + - |OFF
1 1 01 Q1| Q6 + |OFF -
1 /010)1Q2)Q6 |[OFF| + -
o lololaoalaqa|-[ + |OFF
—oJloliloaloal - JoFF] +
CCW from Back End.*
1 = High Voitage
0 = Low Voltage

b

Fig. 3-16: Commutation sequence:
a) clockwise (top), and b) counter-
clockwise (bottom).

position of the shaft and providethat infor-
mation to the controller.

Thecontraller logic circuitscontaina
binary decoder whichinterpretsthesignals
from the sensorsregarding the position of
the permanent magnet rotor. Thelogic cir-
cuit outputsaspecificaddresswhichtellsa
drivecircuit (Q, through Q,inFig. 3-14)
whichwindingsshould beenergized.

Therotation of themotor ischanged
withinthecontrol logicwhichinturnre-
versesthe phase energizing sequence. A
toggleswitchisusually provided to convert
thelogic from clockwiseto counterclock-
wise. Figure 3-16 showsthetruth tables
for both clockwise and counterclockwise
commutation.

Trapezoidal vs. Sinusoidal
Torque Properties: Timingof the
"on'and"off" switching of different phase
pairsisdetermined by the signalsemanat-
ing from the sensorsin the motor's commu-
tationcircuitry.

Trapezoidal torque characteristicsof the
phase pairs mean that fewer commutation
signa sarerequired than for amotor whose
phasesexhibit sinusoidal torque properties.
Thissmplifiesthe control design and mini-
mizesitscost, whileproviding amotor
torque output with low ripple properties.

Commutation circuitry isdesigned to
switch asthetorque output and the back
emf intheindividua phasepairsreachtheir
maximum (and most constant) level. This
producestheleast ripple effect on the out-
put torque and the lowest phase current
swing. Theresulting smooth output torque
makesit easier toimplement digital and
pulsewidth modul ation control techniques.

Advantages: Brushlessmotorsare
morereliable. They do not have commuta-
tor or brushesto wear out. The commuta-
tionisachieved through reliable solid-state
circuit components, making themideal for
applicationswheredowntimeiscritical or
wheredrive system accessisdifficult.
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Speed

Torque

Fig. 3-17: Typical speed / torque curve
for a brushless DC motor.

Brush sparking and associated RFI are
eiminated.

Brushlessmotorsare not sensitiveto
harmonicslike AC motors. Thebrush
noi se associated with brushtype DC mo-
torsand commutatorsisalso eliminated.

Brushless DC motors provide predict-
ableperformance because of their linear
characteristics. SeeFig. 3-17. They can
exhibit high starting torques, precise posi-
tioning capability and controlled accelera
tion and decel eration. And more power
can beachieved fromasmaller szemotor.

Brushlessmotors can bedesigned with
low rotor inertia. Thismeansthey acceler-
atemorequickly inlesstimeand offer less
power dissipation during thestop/ start
cycle. They arealso capable of operating
at high speeds sincethere are no mechani-
cd commutator limitations.

Disadvantages: Unlike conven-
tional DC motors, electronically commutat-
ed designs cannot bereversed by smply
reversing the polarity of the power source.
Instead, the order inwhichthecurrentis
fedtothefield coil must bereversed. Also,
duetolow frictioninherentin brushless
motors, excessive coasting may be aprob-
lem after the current hasbeen removed.
Specia damping circuitsor other devices
may be added to remedy thisfactor, but
cost will beadversely affected.

From acost standpoint, the electronics
needed to operate brushless DC motors
arerelatively more complex and therefore
more expensive than those used with con-

ventiona DC motors. Whileelectronically
commutated DC motorsare now closer to
being competitivewith conventional DC/
tachometer feedback units, they aretill
costly when compared with conventiona
DC/ SCR control drives.

Stepper Motors

Features:

* Continuousduty

e DC power supply

» Revershility at rest or during rotation
* Adjustable speed

* Normd starting current

Fig. 3-18: Stepper motor.

Design and Operation: The
widespread acceptance of digital control
for machineand processfunctionshasgen-
erated agrowing demand for devicesthat
trandatedigital commandsinto discrete
incremental motionsof known accuracy.
Theability tointerface stepping motors
with microprocessorsand/ or mini-com-
puter controlshas enhanced their applica
tion potentia (seeFig. 3-18).

Whileconventional AC and DC motors
operatefrom continuously applied input
voltagesand usually produceacontinuous
(steady state) rotary motion, stepper mo-
torsmovein discrete steps (increments).
Stepping occursin strict accordance with
thedigital input commandsprovided. At
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very low stepping rates, the stepping action
at themotor shaft may bevisible. At high
stepping rates, the shaft appearsto rotate
smoothly, likeaconventional motor. Step
error isnoncumulative. Theabsolute
position error isindependent of the number
of stepstaken. Final shaft positionis
predictablewithin amaximum error
determined by mechanical tolerances, and
from the motor’ sstatic torquevs. angular
displacement curve.

Although werefer to theangular posi-
tion of the stepper shaft asthe motor’s
“output,” therearemany applications
wherethisrotationisconverted to precise
linear motion, for example, by meansof the
lead screw or rack and pinion.

DC steppersaredividedinto three
principletypes, each havingits own
unique construction and performance
charecterigtics.

1) variablereluctance (VR),
2) permanent magnet (PM), and
3) PM hybrid.

Variable Reluctance: Generaly
alower priced drive, thevariablereluc-
tance stepper hasawound stator and a
multi-poled soft ironrotor. Thestepangle
(determined by the number of stator and
rotor teeth) variestypically from5to 15
degrees. Unlikethehybrid design, variable
reluctance steppershavereaively low
torqueand inertiaload capacity. They are,
however, reasonably inexpensiveand ade-
quatefor light load computer peripheral
applications. Operating pulseratesvary
over awiderange, depending upon the
specific design and construction of apar-
ticular motor.

PM Steppers: withstepangles
ranging from 5to 90 degrees, PM steppers
arelow to medium-priced unitswith typi-
cally slower step rates (100 steps/ second
for larger unitsand 350 steps/ second for
smaller ones). They usualy employ a

Fig. 3-19: 1) Hollow laminations,
2) Alnico permanent magnet, and
3) solid laminations.

wound stator withaPM rotor delivering
low torque. Step accuracy is=+10%.

PM Hybrid: ThePM hybrid stepper
combinesthe construction and perfor-
mance aspectsof both PM and variable
reluctancetype stepper motors. Both the
rotor and wound stator aretoothed. The
toothed rotor iscomposed of one or more
elementsknown as stacks. SeeFig. 3-19.
Each stack has both hollow and solid lami-
nations bonded together to form two cup-
shaped structures. A permanent magnet is
inserted in the space between thetwo
cups. Rotor stacksarethen fastenedtoa
nonmagnetic (usualy stainlesssted) shaft.

Theperimeter of each lamination has
multipleteeth with aspecific tooth pitch
(angle between tooth centers) depending
onthedegree of step required. Step angles
vary from 0.5to 15 degrees. See
Fig. 3-20.

Fig. 3-20: PM hybrid stepper tooth pitch.
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hybrid stepper motors.

When the cups are pressed on the shaft
toform astack, they are positionedin such
away that theteeth of onecup lineup with
theslotsof the other cup. Thetwo cups of
each stack are said to be offset from each
other by half of onetooth pitch.

Thestack configurationscanvary.
When more than one stack isused, non-
magnetic spacersareinserted between
stacksto prevent coupling. SeeFig. 3-21.

Without the spacer, the separate magnetic
structureswould combine, eliminating the
advantage of multiple stacks. With ade-
quate space between them, magnetic flux
will follow the path of least resistance
through the stator core, multiplyingthe
availabletorque by the number of stacks.
Thisconstruction givesthe PM hybrid
higher torque capacity (50 to 2000 + oz-
in.) with step accuraciesto +3%. See
Fig. 3-22.

Figure 3-23 showsacross-section of a
typical DC PM hybrid stepper with
toothed rotor and stator. When therotor is
inserted into the stator bore, only one pair
of stator poleswill lineup exactly, tooth-
for-tooth, with theteeth onasinglerotor
cup. Theremaining poleswill be out of
alignment by somefraction of atooth pitch.
Thismisalignment iswhat makesit possible
for astepper to develop torque. Most PM
hybrid steppershavefour phaseswhich are
bifilar wound, but other phase arrange-
mentsand multiplesareavailable.

When phasesare energized in aspecific
sequence, PM hybrid steppersdeliver spe-
cificangular output motions (steps) of
known accuracy, provided that system

Fig. 3-22: Flux path through rotor and stator.
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Fig. 3-23: Cross-section of a typical DC
PM hybrid stepper with toothed rotor and
stator.

inertiaand friction do not exceed accept-
ablelimits.

Each angular displacement endsina
well-defined position of magnetic attraction
called adetent position. These stable equi-
librium positions are created by the mag-
neticinteraction between the permanent
magnet rotor and the magneticfield pro-
duced by the energized phasewindings. As
themotor is stepped, the detent positions
shift around the entire 360° rotation. The
direction of rotationisdetermined by the
phase energization sequence.

PM hybrid designsoffer excellent speed
capability (11000 steps/ second and high-
er can be achieved. Becausethe step angle
isfixed by thetooth geometry and step
error isnoncumulative, the shaft position of
amotor loaded withinitscapacity isaways
knownwithin afraction of onestep. This
open-loop operation eliminatesthe need
for encoders, tachometersand other feed-
back deviceswhich add to system cost.

Advantages: Steppersare popular
becausethey can be used in an open-loop
modewhilestill offering many of thedesir-
ablefeatures of an expensivefeedback
system. Hunting and instabilities caused by
feedback loop sensitivity and phase shifts
areavoided.

Fig. 3-24: Typical torque vs. speed
(steps / second) for a PM hybrid stepper.

Dueto the noncumul ative nature of
stepper error, step motorsal so offer im-
proved accuracy. Thereplacement of less
dependable mechanical devices, suchas
clutchesand brakes, with step motorspro-
videsconsiderably greater reliability and
consistency. Predictableand consistent
performance coupled with reasonabl e cost
make the DC stepper an excellent posi-
tioning drive.

Disadvantages: Stepper motors
can bemadeto produce reasonably high
torques (2000 oz-in. or more). However,
they do havealimited ability to handleex-
tremely largeinertial loads. SeeFig. 3-24.
Since stepperstend to oscillate (ring) upon
stopping, some sort of damping meansis
usually required. Stepper motorsunfortu-
nately area so not very energy efficient, but
thisisthe pricethat must bepaid to
achievethetruly unique performance char-
acteristicsavailablefrom the stepper mo-
tor. Resonanceissometimesaproblem
that can beremedied by aspecialized elec-
tronic control design or by avoiding opera-
tion within the step rate rangesproneto
resonance. Refer to Chapter 8, Section
8.5. Most stepping motorsarefixed angle
devices(athough half angle stepping can
beachieved dectronicaly).
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Constant Horsepower: This
type of load absorbsthe same amount of
power regardless of the speed.

Variable Torque: Someloads
requiredifferent torqueat different speeds.

Load Inertia: Theloadinertiais
expressed as;

| = Mk?

whereM isthe massof therotating parts
andk istheradiusof gyration.

Acceleration Time: Thediffer-
ence between thefriction torquerequired
by theload and thetorque delivered by the
drivewill affect accelerationtime. Greater
accelerating torque decreasesthetime

required to get theload to full speed. It can
be expressed as:

— WK (nz - nl)

"= "308T,

where:

t = accelerating time (seconds)

n, = final speed (RPM)
= initial speed (RPM)
accelerating torque (Ib-ft.)
availablefrom thedrive
(Tdeveloped - Tfriction)
W = weight of rotating system (1bs.)
k = radiusof gyration (ft.)

r11
T
a
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Chapter 4

STAMDARD LEADS |
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Special Pur

In Chapters 2 and 3 we discussed the
electrical characteristicsof ACandDC
motorsand the basic methods of achieving
motor action with either AC or DC power.
From this, we determined that each type of
motor offerscertain advantages or disad-
vantageswhen applied to an application. In
some cases, thereisaconsiderable degree
of performance overlap from onemotor to
thenext, leaving cost asacriteriafor motor
section.

Most applications, if studied carefully,
will have parametersthat will be satisfied
moreeffectively by onetype of motor.
Thereareother criteriasuch as continuous
operation at very slow speeds, short duty
cyclesor hightorquerequirementswithina
limited mounting space, to namejust afew,
that can place very unusual demandson
fractional horsepower motors.

To meet theseuniquedesign criteria,
motor manufacturershave developed a
variety of special purpose motorsthat
exceed the specifications of many common
motor designs. In this Chapter wewill take
abrief look at some of these special
purpose motors.

nose Motors

4.1 FRACTIONAL
HORSEPOWER
GEARMOTORS

For low speed drive applications,
€lectric motor manufacturershave
developed compact and efficient integral
gearheads. When coupled with common
fractional horsepower (fhp) electric
motors, these gearheads provide speed-
reducing/torque-multiplying unitsof
exceptiond relighility. Inany application
which requires shaft speedss ower than
that of a“straight” motor, fhp gearmotors
canbeahighly desirabledternativeto
conventional belts, gearsand chains.

Gearmotorsfreetheorigina equipment
manufacturer of the burden of designing
externd reduction devices. They aso offer
origind equipment designersahighly-
engineered, field-tested, single-source
drivesystem.

Because gearmotorsarerated and selected
based on both the motor specificationsand
the gearhead specifications, they present a
uniquesituation. Therefore, gearhead de-
signand operationwill bediscussedin
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greater detail in Chapter 6 and the applica
tion and selection of gearmatorswill be
discussed in Chapter 7.

4.2 LOW SPEED AC
SYNCHRONOUS
MOTORS

Some applicationsrequirehhightorque
combined with rapid stop and start charac-
teristics. Low speed AC synchronous mo-
torsareappropriatefor applicationswhich
requiresix or more starts per minute. Since
themotor hasno significant current riseon
starting, thereisno additional heat risewith
repeated starts.

Unlikegearmotors, thereisno backlash
associated with low speed synchronous
motors. Asaresult, they areused in place
of gearmotorsin some applications. Most
low speed synchronous motorsare de-
signedto start typically within 1.5 cyclesof
theapplied frequency. Most low speed

synchronousmotorswill reach full synchro-
nous speed within 5 to 30 milliseconds.
SeeFig. 4-I.

Because of their rapid start characteris-
tics, careful attention must begivento
inertial loadsespecidly if theloadistobe
coupled directly tothemotor shaft. As
inertiaisincreased beyond acertain value,
theavailabletorquedecreases. Thisinertia
isdefined by the“kneg” inthetorquevs.
inertiacurveshowninFig. 4-2. Also,
operationwith lessthan minimuminertia
can sometimesresult in objectionable start-
up noiseor reduced availabletorque. The
use of gearing canincreasethe ability of
these motorsto moveinertia |oads. Speed
changegearing producesreflected | oad
inertiain proportion to the square of the
gear ratio. For example, a2to 1 reduction
from 72 RPM at the motor to 36 RPM at
theload reducesreflected inertia 4to 1,
and conversely, anincrease of speed at the
load to 144 RPM increasesreflected
inertia4to 1.
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Fig. 4-1: Typical starting characteristics for a low speed AC synchronous motor.
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Fig. 4-2: Typical torque vs. inertia curves for a low speed synchronous motor.
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Resilient couplingscanbeusedin
applicationswith highinertial loadsto
provide somefree shaft rotation so the
motor can start theload. A resilient
coupling should provide approximately five
degreesof rotational freedom beforefull
load isapplied. Standard coupling means
include rubber components, timing belts
and slack chains. On the other hand,
adding aresilient couplinginan application,
withlessthantheminimumrated system
inertiaconnected to the maotor, may reduce
theavailabletorque.

Low speed synchronous motorscan
usualy withstand stallswithout overheating
sincethestarting, full load and no-load
currentsare essentially the same. However,
themotor will vibratein prolonged stalled
conditions against asolid stop, which could
cause bearing damage over aperiod of
time. Thestall torque cannot be measured
in the conventional manner, becausethere
isno averagetorque delivered when the
rotor isnot in synchronization with the ap-
parent rotation of the stator magneticfield.

Low speed AC synchronous motors
decel eratefaster than conventional motors,
usually stopping withinarangeof 5° to 15°
after turn-off with no external inertia, de-
pending onthe RPM rating of the motor.
Application of DC to one or both motor
windingsafter removal of AC can produce
decel eration times one-tenth to one-twenti-
eth of those attainablewith aconventional
motor. Themotor position remainsel ectri-
cally locked after stopping.

4.3 TORQUE MOTORS

Torque motorsareavariation on con-
ventional induction and DC typemotors.
They aredesigned for duty in slow speed
and tensioning applications. Not only will
they deliver maximum torqueunder stalled
or “locked rotor” conditions, but torque
machinescan maintaina“stall” for

prolonged periods, allowing for thecon-

trolled tension essentia in such applications

asspooling and tapedrives.
Torquemotorsareespecialy useful in
threegeneral classesof operation:

1) Motor stalled with norotation
required. Torque motorswill operate
likeaspringinapplicationswhich
requiretension or pressure. They can
be easily controlled to changethe
amount and direction of force applied.

2) Motor shaft torotate only afew
degreesor afew revolutionsto
performitsfunction. Torquemotors
may be used to open or closeaswitch,
valveor clamping device. Inthissense,
they areused as* actuators.”

3) Theshaft must rotateamajor
portion or all of thecycleat a speed
much lower than that of a conven-
tional motor. Spooling and reel drives
may requiretorque motor characteris-
tics. Redl drivesmay also call for dow
speedsduring the* playback” mode,
and higher speedsfor short periodsina
rewind or “searching” phase.

AC torquemotorsare normally of the
permanent split capacitor (PSC) or
polyphaseinductiontype. SeeFig. 4-3.
Brush-type motors may al so be designed
to operate astorque motors. Thiswould
include shunt and permanent magnet

Fig. 4-3: Typical AC torque motor.
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designswhichrunon DC aswell asseries
wound torque motors capable of running
oneither AC or DC supplies.

Torque motor characteristicsare usu-
ally obtained by “deviating” from conven-
tional stator winding, rotor winding
(squirrel cage), rotor laminationand air
gap designs. Figure 4-4 showsthe sub-
stantially different speed/ torque curves
achieved in onebasic motor design
(frame) by changing one or more of the
above-mentioned design parameters.

Curve A isamotor designed for low
dip, high output running performanceand
ahigh breakdown of torque. By changing
one parameter, we can get performance
characteristicsindicated by curve B. By
meaking additional parameter changes, we
can obtain the characteristicsshownin
curve C, whichisvery nearly astraight
line (curve C approachesthe“idedl” for
torque motor service).

Becausethereisareductioninthe
power input, giving themotor prolonged
stall capability, thelocked rotor torquein
curve C must belower thanthat in the
other two curves. It iscommon practice
to operatetorque motorsat different lev-
elsof power input in gpplicationswhich
havewidevariationsintorque demand.
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Fig. 4-5: Family of speed / torque curves
for various input voltages

.For example, intapereel drives, high
speed isneeded for fast rewind while
relatively low speedsarerequired for
recording and playback.

Reduced output isusually obtained by
reducing the voltage applied to the motor.
Thismay be accomplished by avariable
ratio transformer, saturablereactor, silicon
controlled rectifier (SCR) supply, or inthe
caseof small motors, by aseriesresistor.
The output of atorque motor will be af -
fected by voltage changeinthe sameway
asconventional motors— by the square of
thevoltage, asshowninFig. 4-5. While
thecurvesinFig. 4-5arefor avoltage
reduction acrossthe entiremotor winding,
itissometimes advisableto reduce only the
voltage acrossthe main winding of aPSC
motor. Thiskeepsthefull linevoltageon
the capacitor and capacitor winding com-
bination so that torque stability at extremely
low operating speeds can be maintained.
When connected in thismanner, thetorque
can bevaried approximately in proportion
tovoltage.

Many torque applicationsrequirethat
themotor be driven against the normal
rotation of itsrotating field during aportion
of each cycle. Thereverserotation (resist-
ing) torqueisnormally never greater than
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stalled torque and will decreasedightly as
thereverse speed increasesfrom zero.

A typical tapereel application canbe
used to demonstrate thisrequirement.
When atapeisbeing wound from onereel
to another, resisting torqueisnecessary on
onereel motor to providetapetension.
Thevoltageisreduced onthe motor that
resistsbeing pulled againgt itsnormal
rotation to providethedesired tension on
thetape.

Thereareseveral specificdifferencesin
rating concepts between conventional in-
duction motorsand their torque motor
counterparts. An understanding of these
differencesisessential for proper applica
tion. In contrast to ordinary induction mo-
tors, torque motor input and output are
considered at locked rotor rather than op-
erating speed. Whileoutputisnormally
expressed as horsepower or watts, torque
motor output isdescribed astorque
(ounce-inches, ounce-feet, pound-feet or
newton-meters).

The speed rating of atorque motor is
either its“no-load” speed or the theoretical
synchronous speed if themotor isanin-
ductiontype.

Duty cycleratingsof torquemotorsare
alsoimportant, and should includetwo
fectors:

1) thepercentage of theduty cycleduring
which themotor may be*“stalled” at
rated voltage, and

2) themaximumtimeduration of thestall.

For example, if amotor hasa40% duty
and 30 minutetimerating, themotor can
be stalled for 40% of theentireduty cycle,
and the continuous stalled time cannot
exceed 30 minutes out of a 75 minute duty
cycle.

During theremaining 45 minutes, the
motor must be de-energized to permit the
heat generated during the stalled period to
dissipate.

Of course, theduty cycle of thismotor
could havemany other variations. If the
stalled timewas only three minutes, the
total cycle could beasshort as 7.5 minutes
(themotor will bede-energized for 4.5
minutes). A motor designed with atorque
sufficiently low to permit continuousstall,
and not exceed the maximum acceptable
temperature, would be rated 100% duty
and atimerating would be unnecessary.

In general, the best torque-to-watt ratio
isobtained inlow speed induction motors
(six or more poles). Therelationship of
motor polesto torque and speed isshown
inFig. 4-6. Having no commutator or
brushes, induction motorsarerugged and
requireaminimum of service. The perma-
nent split capacitor (PSC) motor isby far
themost popular in fractional and subfrac-
tional sizes. It operateson single-phase AC
and hasatorque-output-to-watt input ratio
that comparesfavorably withthe
polyphase motor under locked rotor con-
ditions.

Another advantage of the PSC motor as
atorque motor isthat it can be designed
with athree-wirereversiblewindingwhich
will permit it to be stopped, started and
reversed by asimplesingle pole/ double
throw switch. The shaded poledesign may
satisfy sometorque motor applications,
but itstorque-to-watt ratioislow, and it

2000

N

6

1600

1200

Speed

N

800

400

AN

Torque

Fig. 4-6: Speed vs. torque for various
numbers of stator poles.
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cannot bereversed.

Whilethe output of atorque motor is
usually taken fromtherotor shaft directly,
themator may have aspeed reducing
gearhead through which thetorqueisin-
creased by the mechanical advantage of
theratio minusthelossesin gearing. When
agearmotor isbeing considered, the gear-
ingtypeandratio arevery important and
must be chosenwith care. Thisisespecialy
trueif part of themotor’ sfunction requires
it to bedriven by theload, or if the opera-
tion requiresthe motor and load to be
brought to rest by bumping arigid stop.
Themechanical partsin agearhead must
be ableto withstand the shocks and stress-
esimposed by the application.

Sincethetorque motor operateseither
under astalled condition or at speedstoo
low to provide self-ventilation, itisimpor-
tant that amotor with amaximum torque-
to-watt ratio be used that will also satisfy
all of the other requirementsof the applica:
tion. If the operating temperature of the
torque motor chosen for an application
exceedssafelimits, and thereisno avail -
able spaceto accommodate alarger mo-
tor, the problem may be overcomeby pro-
viding additional coolingwithalow cost,
motor-blower unit. The use of the smaller
torque motor (with the blower addition)
may even resultinacost savingsover the
useof alarger motor.

A “fail-safe’ brakemay a so be used to
reduce temperaturein torque motor appli-
cations. Thiswould be applicablein cases
wherethe motor must lift aload to aspe-
cificlocation and holdit for an extended
period. Thebrake, connected in parallel
with the motor, would be applied by spring
pressurewhen power isremoved fromthe
motor. Thisactionwill keeptheloadin
position without any heat being generated

Cautions: Fromtheabove discus-
sionitisapparent that most torque motor
applicationsrequirethe use of asample

motor for testsin the machine before de-
termining fina specificationsfor the opti-
mum motor. Answersto the nine questions
bel ow should give the motor manufacturer
enoughinformation to supply asamplethat
iscloseto*“idea.” Thecustomer could
then adjust thevoltageto the sampleto
obtain the desired performance with mini-
mum input power. Temperaturetests
should &l so be performed in the equipment
under actual or simulated duty conditions.
Consultation with the motor manufacturer
should determinewhether modificationsor
resizingwill benecessary.

Criteriafor determining torque motor
applicationsare;

1) What istheavailable power (voltage,
AC or DC, phase and frequency)?

2) What isthetorque requirement and
duty cycle?

3) What arethe minimum and maximum
speedsand how long will themotor
operateat thevarious speeds?

4) Will themotor bedriven by theload at
any timeinthecycle?

5) Isabrakeor clutchto beusedinthe
drivemechanism?

6) Will themotor and load be brought to
rest by bumping arigid stop?

7) What mounting spaceisavailable?

8) Issurroundingair free of dust and
contaminantsor should themotor be
enclosed to protect against pollutants?

9) What istheambient temperature?

4.4 SWITCHED
RELUCTANCE
MOTORS

The switched reluctance motor isatype
of synchronousreluctance motor. Thesta-
tor and rotor resemblethat of avariable
reluctance step motors. SeeFig. 4-7.



Fig. 4-7: Typical switched reluctance
motor design.

Thestator of aswitched reluctance motor
may havethree or four phasesasdoesthe
step motor. Thereareno coilson therotor
which eliminatestheneedfor diprings,
commutatorsand brushes. Both the stator
and therotor of aswitched reluctance mo-
tor have salient poles.

Therotor isaligned when thediametri-
cally opposed stator polesare energized.
Two of therotor poleswill aligntothe sta-
tor poles. The other rotor poleswill be out
of aignment with theremaining stator
poles. When the next stator polepairis
energized in sequence, they attract thetwo
rotor polesthat are out of alignment. By
sequentialy switching the current from one
stator winding to the next, therotor contin-
ually rotatesin akind of “ catch-up” mode
tryingtodignitself with theappropriate
minimum rel uctance position of theener-
gized stator windings— thustheterm,
“switched reluctance.”

The switched reluctance motor provides
inherent characteristicsand control func-
tionsthat aredirectly equivalenttoDC
servo motors. Thetorque of the switched
reluctance motor isequal to the square of
thecurrent giving it excellent starting
torque. Motor direction can bereversed
by changing the current switching sequence
inthestator windings. Liketheir DC coun-

terparts, the brushlessdesign of switched
rel uctance motorssimplifiesmaintenance.

Switched reluctance motors cannot be
operated directly from athree-phase AC
supply or aDC source. They requirea
controller which addsto their cost. They
arealso capable of four quadrant opera-
tion, that is, both speed and torque are
controllablein both negative and positive
directions. For moreinformeation on motor
control, refer to Chapter 8.

Switched reluctance motorscan achieve
very high speedswhich may belimited only
by thetype of bearings used. Thismakes
themideal for high speed applications.
Ironically, their high speed operation caus-
esconsiderablenoisewhichisoneof their
disadvantages.

4.5 LINEAR
INDUCTION
MOTORS

Conventiond rotary motorsrequire
sometypeof rotary-to-linear mechanical
converter (lead screw, rack and pinion,
etc.) if they areused in applicationswhere
thefinal stageresultsinlinear motion. The
most obviousadvantage of linear induction
motors (LIMs) isthat they producelinear
motion directly without the need of atrans-
mission or conversion stage.

Theoperation of linear induction motors
canbemoreeasily understood if we start
withaconventiond rotary squirrel cage
motor, cut the stator and rotor along ara-
dial planeandroll themout flat. SeeFig. 4-
8. Therotor equivalent of thelinear motor
iscalled the secondary and the stator
equivaentiscalled the primary.

Figure 4-9 showsthat the primary con-
sistsof acoreand windings (multiple phas-
es) which carry current and producea
sweeping magnetic field aong thelength of
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Paritally Unrolled
Fig. 4-8: Basic linear motor construction

themotor. The secondary can be ashest,
plate or other metallic substance. Linear
motorscan havesingleor dual primaries.
Thesweeping actioninducescurrentsin the
secondary and thus createsthrust inagiven
direction depending on the direction of
current flow.

In contrast to arotary motor, either ele-
ment can bethe moving elementinalinear
motor. LIMscan haveafixed primary and
moving secondary or viceversa. Thisadds
totheir flexibility inawiderange of appli-
cations. The secondary and primary are
separated by asmall air gap, typically
0.015t00.045inches. Thisgapismain-
tained by using bearings, wheelsor mag-
neticlevitation.

Phase C

Phase A

Phase B

Fig. 4-10: Tubular or round rod LIM.

Theflat primary canberolledinthe
transversedirection creating acylinder into
which atube or rod-type secondary can be
inserted. SeeFig. 4-10. Thisisreferred to
asatubular or round rod linear motor.

Thrust
—_.»

l’\f\_/’\f\_/'\_/—\_/'\_/'\_/’\_/"

Completely Unrolled

An advantage of thistypeof linear motor is
that it has no end connectionsand can be
operated either horizontally or vertically.

Oneof thefactorsthat determinesLIM
performanceisthepitch-to-gap ratio of the
primary coils. It affectstheinput power
delivered to the secondary and the har-
monic content of the sweeping magnetic
flux. Ingeneral, alarger ratio trand atesinto
better performance sinceit meanslesshar-
monics. Flat LIMsareusually moreeffi-
cientthantubular LIMs.

The maximum speed of aLIM isdirect-
ly proportional to the operating frequency
and the pitch-to-gap ratio. Speedisvaried
by using avariablefrequency controller.

LIMsareidea for applicationssuch as
computer plottersand read head position-
ing units, drapery openers, X-ray camera
positioning and awidevariety of conveyor
gpplications.

4.6 DC AND AC
SERVO MOTORS

ServomotorsareavailableinbothDC
and AC types. Servo motorsarean inte-
gral part of aclosed-loop feedback control
system consisting of themotor, an amplifier

AU st

.

l'\_/’\_/'\_ﬂ_/—\_/—\_/'\_/'\_/’\_/"

Fig.4-9: Thrust developed by single (left) and dual (right) primary Iinéar motors.
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Fig. 4-11: Block diagram of a closed-loop control system.

which drivesthemotor, an actuator and a

feedback device.

A block diagram for aclosed-loop sys-
temusing aservo motor isshowninFig. 4-
11. Any changeinasystem’sload, amplifi-
er gain or other variablewill causethe out-
put of the system to deviatefrom the ex-
pected response. In the closed-loop sys-
tem, these variationsin output are moni-
tored, fed back and compared to arefer-
enceor desired input. The difference be-
tween thereference and the measured out-
put signal isadeviation. Thedeviationis
amplified and used to correct theerror.
Therefore, the closed-loop systemis self-
correcting. For moreinformation on motion
control systems, see Chapter 8.

Although servo motors show thebasic
performance characteristics of themotor
classestowhichthey belong (AC
induction, PM DC, etc.), they incorporate
specia design featureswhich makethem
uniquely suited to applicationsinvolving
feedback control. Because servo motors
must besensitivetoarelatively small
control signal, their designsstressreaction
tosmall voltagevariations, especialy at
darting.

Both DC and A C servo motors possess
two fundamental characteristics:

1) theoutput torque of themotor is
roughly proportional to theapplied
control voltage (whichthedrive
amplifier developsinresponsetoan
error sgnd), and

2) theinstantaneouspolarity of thecontrol

voltage determinesthetorquedirection.

J\_—Ll

Sensor

AC servomotorsareusedinthe 1/
1500 to /8 hp ranges. Beyond thisrange
AC motorsbecomevery inefficient and
difficult to cool. DC servo motorsare usu-
ally usedinhigher hpranges.

Direct-Drive Servo Motors:
Inapplicationswhere precise positioning
and speed control isrequired, adirect-
drive servo motor isoften employed. Di-
rect-drive servo motorsallow theload to
bedirectly coupled to themaotor which
eliminates backlash and wesar associated
with other coupling arrangements. Direct-
drive servo motorsare capable of achiev-
ing fast accel eration and have excellent
responsetimes.

Direct-drive servo motorsare usually
brushlessand provideall of the advantages
of brushlesstechnology. They may also
have built-in resolverswhich provide pre-
cise position monitoring and feedback con-
trol. Position accuracy in therange of 30
arc secondsistypical. For moreinforma-
tion on feedback devices, refer to
Chapter 9.

4.7 SHELL-TYPE
ARMATURE
MOTOR

Whilehardly anew idea (patentswere
granted for shell-typearmaturedesigns
near theturn of the century), shell-type
armature motors have benefited tremen-
doudly from advancesin polymer resin
technology. Whileearly armatureswere
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Fig. 4-12: Basic construction of a shell-type armature motor.

bonded with metal strapping (which con-
tributed to large eddy current losses), more
recent shell-type designsmakeuse of a
variety of bonding methodswhich do not
contributesignificantly to motor inertia
Theseinnovations have combined to pro-
duce motorswith extremely low inertiaand
high accel eration—-characteristicswhich
areuseful inmany servo applications.

Shell-typearmature motorsoperatein
much the sameway as conventional per-
manent magnet motors, with an oriented
PM field and commutation by spring-load-
ed brushes. Thefeature that makes shell
armaturemotorsuniqueisthehollow cylin-
drical armature composed of aseriesof
aluminum or copper coils(“skeins’) bond-
ed together in polymer resin and fiberglass
toformarigid, “ironless,” shell. SeeFig.
4-12. Becausethearmaturehasnoiron
core, it hasvery low inertiaand rotatesin
anair gapwith very high flux dengity.

Theunusua design characteristicsof the
shell-type armature motor contributeto
low inductance and low €l ectrical time con-
stant (Ilessthan 0.1 millisecond). Theab-
senceof rotating ironinthe shell-typear-
mature motor resultsinavery high torque-
to-inertiaratio, producing high acceleration
and quick responserequired in many posi-
tioning servo and incremental motion appli-
cations. Figure 4-13 showsthetypical
speed/ torque curvesfor ashell-typear-
maturemotor.

Theprincipal disadvantageto shell-type
armaturedesignsistheir thermal timecon-
stant (typically 20-30 secondsfor arma-
ture, and 30-60 minutesfor housing).
Without proper cooling and/or sophisticat-
ed control circuitry, thearmature could be
heated without warning to destructive tem-
peraturesin amatter of secondsduring an
overload condition.

Another difficulty isthetendency for
shell-typemotorsto exhibit audio noise
and output shaft “whip” at high speeds.
Likeprinted circuit motors, shell-typear-
mature motorsare of somewhat fragile
construction and should be operatedina
moreor lesscontrolled environment. Fur-
thermore, dueto the manufacturing tech-
niquesand degree of application engineer-
ing required for thistype of motor, they are
relatively expensive and tend to beem-
ployed only wheretheir unique perfor-
mance characteristicsarerequired.

% Rated Speed

Fig. 4-13: Typical speed / torque curves
for a shell-type armature motor.

4-10



,,,,,,

CORNERS)

341

Fsrso

3745
4 TAP:

S
E

.25 Mil

.0937/.0917 x 1.25 LONG¥'

SQUARE KEY

Basic Motor

(ACROS!

{ACROSS
BRUSHHOLDER

10-32,UNF-28 | \
2 EPTH
ON 2750105 BC.

Chapter

Construction

Electric motor design involves complex
calculations that take into account the
physical laws of magnetism and numerous
empirical factors in order to arrive atan
optimal combination of materials for use in
motor construction. A given motor design
is expected to deliver a range of specified
output torques and speeds while operating
within various physical, environmental and
cost constraints. Since the output of the
motor is determined by the characteristics
of'its magnetic circuits, the magnetic mate-
rials used in its construction are of primary
importance.

5.1 MAGNETIC
MATERIALS AND
MOTOR DESIGN

Electric machines are designed to con-
vert electrical energy into mechanical ener-
gy to perform work. The force necessary
to do this work is typically derived from
two or more magnetic fields set in opposi-
tion to each other. The strength of these

opposing fields relative to each other
determines the turning force or torque pro-
duced.

In Chapter 3 (Fig. 3-1¢), we learned
that if a current-carrying conductor loop is
suspended in an air gap atarightangletoa
magnetic field, and current flows in one end
and out the other, the forces that result
generate a torque. Since the force is par-
tially dependent on flux density, a change in
the permeability of the material used in the
field and armature core can alter motor
performance.

Practical motor design requires that
strong magnetic fields be produced and
distributed in a precise fashion across an
air gap which allows the movement of one
member relative to the other (Fig. 5-1).
While current flowing through isolated con-
ductors will produce a magnetic field, the
additional heat generated by the increased
current density needed to produce useful
flux levels results in practical limitations.
The most effective way to produce mag-
netic fields 15 to 20 times as strong as that
generated by conductors alone is to sur-
round them with a ferromagnetic material.
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Fig. 5-1: Cutaway of DC gearmotor
showing magnetic structure.

Electric motors may contain either a
stationary field or a rotating field. The actu-
al configuration depends on several factors:
the supplied current (AC or DC), the type
of commutation (mechanical or electronic),
and the source of the field and armature
flux (wound field or permanent magnet).

In electric motors, magnetic materials
are used in three ways:

1) to form the core around which electrical
conductors are wound,

2) to replace the coil structure as the
source of the magnetic field, and

3) to assist the return of magnetic flux to its
source.

Suitability for these tasks depends on
whether the material qualifies as “hard” or
“soft.” Soft magnetic materials, such as
iron, nickel-iron and silicon steels, magne-
tize and demagnetize easily with very little
energy loss when cycled. Soft materials
make excellent cores and flux return rings.

Hard magnetic materials, such as ferrite,
alnico and samarium cobalt, require more
energy to magnetize and demagnetize.

@) O

£

Hard materials (also called permanent

magnets) are used to replace wound coils
inmany applications.

Motor designs must take into account
all of the practical behaviors of magnetic
materials. In addition to the hysteresis loss-
es described in Section 1.2 (Basic Magne-
tism), alternating and cyclic magnetization
found in AC and DC motors and gearmo-
tors produces an unwanted by-product
called “eddy current effect” which can seri-
ously impair the performance of medium
and high speed motors.

Eddy currents are induced in the core
material itself and flow in a direction that
counteracts the primary flux change in the
core. To counteract this effect, the core
material can be divided into equal slices
(laminations), bonded together and electri-
cally insulated from one another as shown
in Fig. 5-2. When divided into laminations,
the flux in each represents only a portion of
the total and the maximum induced voltage
is correspondingly reduced. The greater
the number of laminations, the lower the
voltage and corresponding losses. Eddy
current loss becomes more significant in
high speed and high frequency applications,
since the eddy loss is found to increase in
proportion to the square of the frequency
of'the cyclic flux. Laminations, materials
selection and techniques which increase the
resistance of the eddy current path all help
reduce eddy current loss.

New magnetic materials offer opportu-
nities for more efficient motor design that
seemed unthinkable a decade ago. Neody-

o)
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Fig. 5-2: Half view of DC field and armature laminations (left) and AC stator and rotor

laminations (right)
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mium-ironboron and other alloys promise
magnets that are five times stronger than
common ferrite magnets. Amorphous soft
magnetic alloy ribbons can reduce core
losses by as much as 70% when substitut-
ed for silicon steel laminations. While both
soft and hard materials deliver a magnetic
flux to the air gap, the effects which govern
the behavior of each type of material make
it practical to treat each separately.

Soft Magnetic
Materials

Soft magnetic materials (iron, nickel-
iron and silicon steels) are very easy to
magnetize and demagnetize, a characteris-
tic which makes them ideal for use in
brush-type armature and field cores as well
as induction rotors and stators. Soft mag-
netic materials may also be used as struc-
tural elements or enclosures that either car-
ry flux between the source and load or act
as shielding.

When specifying soft magnetic materials
in motor design, factors such as mechanical
strength, machinability, corrosion resis-
tance, hysteresis loss, eddy current loss,
permeability and the impact on magnetic
properties of stamping or forming opera-
tions must be considered.

Figure 5-3 shows a comparison of the
hysteresis loops for three common soft
magnetic materials. Soft iron (Fig. 5-3a)
provides low hysteresis loss (the area with-
in the loop) with relatively high flux con-
ducting capability (permeability). Hard
steel (Fig. 5-3b) exhibits higher hysteresis
loss, but somewhat lower maximum per-
meability. Soft ferrites (Fig. 5-3¢) have
lower saturation and lower permeability,
but can be magnetized and demagnetized
very quickly, which makes them excellent
for use in equipment requiring quick re-
sponse time such as computer peripherals.
Figure 5-4 shows a further comparison of
soft magnetic materials.

a. Soft Iron

b. Hard Steel

+H

c. Soft Ferrite +B

-B

Note: B =Magnetic Flux Density
H =Magnetic Field Strength

Figs. 5-3a, b, c: Hysteresis loops for
three common soft magnetic materials.

Low Carbon Iron: The populari-
ty of low carbon iron as a core material
can be explained by its combination of very
high permeability, low coercive force, low
hysteresis loss, high saturation and low
cost. The maximum permeability of low
carbon iron ranges from 2 to 7.5 kilogauss
per oersted (kG/Oe). The low carbon lev-
el, however, reduces the material’s strength
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Maximum Coercive Curie $ Cost
Permeability Force Point Per
Material (G/Oe) (Oe) © Lb.
Low Carbon Iron 2,000 - 7,500 1.0+ 770 0.30-0.40
Ni-Zn Ferrite 2,500 - 5,000 0.2-0.5 140 - 280 5.00 - 12.00
Silicon Steels 5,000 - 10,000 | 0.5-1.0 740 0.40 - 1.00
Amorphous Alloys 500,000 0.01 415 35.00

Fig. 5-4: Comparison of soft magnetic materials.

and toughness. Iron cores are used prima-
rily in the manufacture of relays.

Iron-Silicon Alloys: Tron-silicon
alloys (silicon steels) contain nominally 1,
2.5 and 4% silicon. They were developed
to enhance both mechanical strength and
magnetic properties, and have been the
most common soft materials used in motor
core laminations. The trend is to minimize
the amount of iron-silicon used because of
cost. Many motor cores are produced
using cold rolled electrical steel with less
than 0.15% iron-silicon content. These
materials can also be optimized for maxi-
mum permeability and minimum core losses
by hot rolling, annealing and cooling them
rapidly. Oriented four percent silicon steels
may reach a maximum permeability of 55
kG/Oe.

Amorphous Alloys: Produced
by cooling molten metals before they can
form crystalline structures, these glass-like
materials combine ease of magnetization
with high strength and low melting points.
Amorphous materials may provide up to
70% reductions in core loss with significant
improvements in efficiency. In spite of their
many advantages, these materials exhibit
much higher hardness (brittleness) than
silicon steels and may require radically dif-
ferent motor lubrication techniques to be
used. Their characteristic brittleness when
annealed also makes them difficult to
machine.

Soft Ferrites: The most common
ceramic soft magnetic materials are made
from sintering the powders of iron oxides,
manganese, zinc and also nickel, cobalt
and cadmium. Ferrites may reach a maxi-
mum permeability of 600 kG / Oe.

Hard Magnetic
Materials

Since permanent magnets provide the
magnetic flux for either the rotating or sta-
tionary member of a permanent magnet
motor, they must provide a sufficiently high
flux density to satisfy machine require-
ments. In addition, they must retain this flux
in the presence of a demagnetizing field at
reasonably high operating temperatures.

Hard materials typically depend on co-
balt as an alloying element. Higher concen-
trations provide both a high energy product
(B x H) and high Curie temperature at
which a material loses its magnetic proper-
ties). With the introduction of high energy
rare earth products and neodymium-iron-
boron alloys, significant savings in motor
size and weight may offset the higher cost
ofthese materials. Figure 5-5 shows a
comparison of hard magnetic materials.

Magnetic Steels: Cobalt steel
(36% cobalt, 3 to 5% chromium, 3% tung-
sten, 0.85% carbon) is easily magnetized
and demagnetized. The addition of cobalt
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produst | Foree | memamence | Per:
Material (MGOe) (Oe) (G) Lb.
Carbon Steels 0.1 50 10,000 3.00
Alnico 2-10 600 - 2,000 6,000-13,000 12.00
Ferrites 3-5 1,600 - 2,400 | 2,000 - 4,000 1.40
%%%:ﬁium- 14 - 30 7,000 - 9,000 | 7,500 -11,000 | 90.00-160.00
Neodymium 26 - 40 9,000 - 15,000 | 10,000-13,000 | 90.00-115.00

Fig. 5-5: Comparison of hard magnetic materials.

significantly increases both coercivity and
the available energy product. Cobalt steels
are not commonly used due to their ex-
pense, lack of a domestic source of cobalt,
and their tendency to react to strong de-
magnetizing fields.

Aluminum-Nickel-Cobalt-Iron
Alloys (Alnico): Alloys of Al, Ni, Co,
Cu, Fe and Ti, alnico magnets are formed
either by powdered metal processes or by
casting. Alnico (alcomax in England) mate-
rials must be cooled at a controlled rate in
a strong magnetic field to develop their
outstanding magnetic qualities. These mate-
rials have a high flux density and are rela-
tively easy to magnetize and demagnetize.
Alnico is thermally stable and may be used
at high temperatures. However, it tends to
be extremely brittle and difficult to ma-
chine. Alnico is used extensively in stepper
motors and other applications requiring a
high performance coefficient (strength of
the magnetic field vs. breadth of the air gap
between magnetic poles).

Rare Earth-Cobalt Alloys:
Like many newer magnetic materials, rare
earth magnets are produced with pow-
dered metallurgy techniques. Alloys of co-
balt and samarium, lanthanum, yttrium,
cerium and praseodymium provide excel-

lent magnetic qualities and temperature
stability. A very high energy product allows
for compact magnet structures, excellent
resistance to demagnetization and good
temperature stability. Typically bonded to
rotor structures in brushless motors, these
materials are extremely costly even in small
quantities.

Neodymium-lron-Boron
(NdFeB): Instabilities in the supply of
cobalt have led researchers to substitute
neodymium in order to obtain an alloy ele-
ment which is both readily available and
provides the high coercivity of the rare
earth-cobalt magnets. Produced by
quenching molten alloy on the edge of a
rotating substrate disk, NdFeB alloys pro-
duce an energy product as high as 40
MGOe with a coercivity of 15 kOe. Al-
though they promise to be important new
materials in magnet design, neodymium
alloys have relatively low Curie tempera-
tures. With the addition of small amounts
(6%) of cobalt, Curie temperatures can be
raised to safe levels.

Ferrites: With more than 40% of'the
market for magnetic materials, ceramic
ferrites are the mature entry in the magnet
field. Developed after World War I1, these
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nonmetallic oxides of iron and other metals
are pressed in powder form to the shape
and size required, and are then heat-treat-
ed at temperatures between 1000°C and
1300°C. They are readily available and
inexpensive, exhibit high resistivity to de-
magnetization and show full magnetic sta-
bility at greatest maximum field strength.

5.2 BEARINGS

In order to meet the often severe condi-
tions of operation, a motor or gearmotor
must be equipped with correct bearings.
Since metal-to-metal contact during rota-
tion causes friction and heat, the type of
bearings used in a drive unit plays an es-
sential role in the life and effectiveness of
any driven machine.

Among the many considerations which
affect the choice of bearings are: speed
requirements, temperature limits, lubrica-
tion, load capacity, noise and vibration,
tolerance, space and weight limitations, end
thrust, corrosion resistance, infiltration of
dirt or dust, and of course, cost. Because
of the many factors which enter into bear-
ing selection, it is evident that one bearing
design cannot possibly meet all criteria and
the choice must represent the most desir-
able compromise.

There are two principle types of bearing
supports used in fractional horsepower
motors: sleeve (journal) and ball. Gear-
heads use sleeve, ball, tapered roller, nee-
dle thrust and drawn-cup full-complement
needle bearings. Figure 5-6 shows a repre-
sentative sample of bearing types. In addi-
tion, the table in Fig. 5-7 outlines the char-
acteristics of ball and sleeve bearings.

Sleeve (Journal) Bearings:
Sleeve or journal bearings are the simplest
in construction and therefore, the most
widely used bearing when low initial cost is
a factor. They are quiet in operation, have

Fig. 5-6: Typical bearing types used in
fractional horsepower motors and gear-
motors.

fair radial load capacity, and may be used
over a fairly wide temperature range.
Sleeve bearings also have virtually unlimit-
ed storage life if the motor is to remain
unused for extended periods. They show
good resistance to humidity, mild dirt infil-
tration and corrosion (when made of
bronze). Under light loads, static friction of
sleeve bearings is nearly as low as grease-
packed ball bearings (although it is higher
than oil-lubricated ball bearings).

The principle disadvantages of sleeve
bearings are their need for relubrication
and size. They are, by necessity, longer
than ball types, and in general, add some-
what to the overall length of the motor.
Sleeve bearings cannot be allowed to
run dry. An oil reservoir (or felt or similar
oil-retaining material) must also be incor-
porated into the end shield and the lubri-
cating oil periodically replenished.

A variation of the ordinary sleeve bear-
ing, the graphited self-lubricating bearing, is
made of solid bronze, with graphite-filled
inner recesses (often in the shape of two
figure eights). It may also employ graphite-
filled holes to conduct oil between the res-
ervoir and the inner bearing surface. The
bronze body of such bearings provides
strength and resistance to shock or vibra-
tion, while the presence of graphite helps to
form a lubricating film on the bearing
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Characteristics

Sleeve Bearing

Ball Bearing

limit 5000 RPM max.

Load:
Unidirectional Good Excellent
Cyclic . Good Excellent
Starting and Stopping Poor Excellent
Unbalanced Good Excellent
Shock Fair Excellent
Thrust Fair Excellent
Overhung Fair Excellent
Speed Limited by: Turbulence of oil. Usual | 20,000 RPM max.

Misalignment Tolerance | Poor (unless of the self- Fair
alignment type)
Starting Friction High Low
Space Requirements:
Radial Small Lar%?
Axial Large Sma
Damping of Vibration Good Poor
Type of Lubrication Oil Oil or Grease
Quantity of Lubricant Large Small
Noise Quiet Depends upon
quality of bearing and
resonsance of mounting.
Low Temperature
Starting Poor Good

High Temperature
Operation

Limited by lubricant

Limited by lubricant

Maintenance

Periodic relubrication

Occasional relubrication.
Greased bearings often
last the life of the
application without
attention.

Fig. 5-7: Comparison of ball and sleeve bearing characteristics.

surface, and prevents metal-to-metal con-
tact when the motor is stopped.

The graphite in the bearing will also act
as an emergency lubricant if the oil level is
allowed to run low. It should be noted,
however, that it is not safe to depend on
the graphite and allow the motor to run
dry. Graphited bearings will also usually
withstand higher operating temperatures
than ordinary sleeve bearings.

Oil-lubricated motors or gearmotors
should not be mounted in a vertical shaft
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configuration except for right angle
gearmotors designed for this purpose.
When the oil reservoir is mounted above
the motor, gravity may cause oil leakage
into windings, causing subsequent motor
failure and hazards to personnel. Although
generally specified for radial loads, sleeve
bearings can also be designed to cope with
thrust loads or angle mounting. For this
purpose, they may be supplied in the flange
or “spool” configuration. In place of the




flange, thrust forces may also be accom-
modated by a hardened steel ball and disc
at the end of the shaft (which can also be
adjusted to control lengthwise shaft play
and heavy thrusts with low friction).

Another type of self-lubricating sleeve
bearing is constructed from porous bronze.
The porous bronze sleeve bearing is oil-
impregnated and can be used with a felt
washer around its periphery to hold addi-
tional oil in suspension (eliminating the need
for frequent relubrication).

Porous bronze bearings are more com-
pact and offer more freedom from attention
than solid bronze bearings. Their porous
feature is achieved by powder metal fabri-
cating techniques. Porous bronze bearings
are often constructed to be self-aligning,
and to reduce friction and shaft binding.
The porous bearing is generally more eco-
nomical than the graphited or solid bronze
types and given proper design, will carry
loads as well.

Ball Bearings: Ball bearings can
be used for virtually all types and sizes of
electric motors. They exhibit low friction
loss (especially when oil-lubricated), are
suited for high speed operation, and can be
used for relatively wide ranges of tempera-
tures. Ball bearings can also accommodate
thrust loads, and permit end play to be
conveniently minimized. Compared to
sleeve bearings, ball bearings require signif-
icantly less maintenance (especially if
grease-packed).

On the other hand, ball bearings are
slightly more expensive. Due to the nature
of'the rolling action, they will also tend to
be noisier than their sleeve bearing
counterparts. Ball bearing manufacturers
have developed special processing
techniques for ball bearings used in electric
motors. As a result, the difference in noise
levels of sleeve and ball bearings has
become minimal.

Since they are made of steel, ball bear-
ings are more susceptible to rust. Howev-
er, moisture access to the ball bearings can
be precluded by proper design techniques.
Grease-packed ball bearings may also
have a limited storage life (motors which
have been kept in storage for some time or
exposed to low temperatures may show a
tightening of the shaft due to lubricant hard-
ening). This factor may require that sleeve
bearings be chosen over otherwise more
suitable ball bearings in some instances. In
some cases, simply giving the motor some
warm-up time will “rejuvenate” the ball
bearing grease to a suitable condition. In
recent years, greases which have long stor-
age life have also been developed, but this
advantage has been gained at the expense
of limiting the rating at low temperatures.

Needle Bearings: In many gear-
heads, full-complement drawn-cup needle
bearings may be used as supports for the
gearshafts. This bearing type has a much
higher length-to-diameter ratio than caged
roller bearings and is generally lubricated
by the lubricant in the gearhead. Compared
with “pure” roller bearings, needle bearings
have much smaller rollers and the highest
radial load capacity of all rolling element
bearings.

Needle bearings must, however, be
used with a hardened steel shaft because
the shaft becomes the inner race of the
bearing. Maximum operating speeds are
also much lower than those for ball or pure
roller bearings. Their principle advantage
comes with their high-load-capability-to-
size ratio, providing the ability to support
relatively severe radial and overhung loads
in high torque, compact gearmotor drives.
Needle bearings are not suitable for motor
shafts chiefly because their noise levels
increase somewhat exponentially with
speed.

A variation, the needle thrust bearing, is
also used in gearmotor application (prin-
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cipally vertical shaft configurations). They
employ the same type of rolling elements
arranged like spokes emanating from a
central hub. Set in a wafer-like retainer,
needle thrust bearings can operate at rea-
sonably high speeds with high static and
dynamic load capacities.

Thrust Washers: 1tis common in
small motors and gearmotors for thrust
accommodation and/or tolerance adjust-
ment washers to be used in situations
where the thrust forces are light to moder-
ate. Such washers are made of many mate-
rials, some of them having self-lubricating
properties. Steel, nylon and graphite im-
pregnated materials are common. In noise-
critical applications, the nonmetallic materi-
als are favored.

5.3 BRUSHES

Since they form the vital link between
the power supply and the armature coils in
a DC motor, brushes have always been an
important consideration in DC and univer-
sal motor design. Viewed as a system, the
commutator and brushes act as a rotary
switching mechanism which distributes cur-
rent from the power supply to the desired
armature windings at the appropriate time.

Brushes must not only efficiently con-
duct line current to and from the armature
conductors. They must also resist destruc-
tion from voltages induced in the armature
coils undergoing commutation, and have
sufficient bearing qualities to minimize fric-
tion and wear at surface speeds which may
exceed 5000 ft/min. Almost all of the im-
portant limitations on brush performance
are in some way related to the dynamic
interface of brushes and the commutator.
For example, friction generated at high
speeds can cause sparking and noncon-
ductive films to be formed between the
brushes and the commutator if the brushes

are not properly matched to the motor type
and function.

While there is no magic formula for
selecting the most suitable brush grade for
a particular application, brush and motor
manufacturers work together to narrow the
choices from the many thousands of brush
grades and materials available. Their final
choice is based on the specific motor type
and actual application parameters (since
the commutation characteristics will vary
depending on how the motor is to be
applied).

A brush grade is considered to be ideal
for a given application if it meets the
following criteria:

1) long life,

2) minimum sparking,

3) minimum commutator wear,

4) minimum electrical and mechanical
losses, and

5) quiet operation.

Since there are only a few brush grades
that will deliver long life and proper
commutation in any given application,
proper brush selection is critical to motor
performance.

To minimize electrical losses, it would
seem reasonable to select brushes with low
bulk resistance and a low voltage drop
(contact drop) between the brush and the
commutator. This approach is appropriate
for low voltage motors where power-rob-
bing voltage drops cannot be tolerated.
However, it can cause excessive sparking
and commutator surface damage in motors
with high armature coil inductance. In these
situations, brushes with high resistance and
high contact drops will improve commuta-
tor and brush life by dissipating the energy
in the short-circuited commutator coils and
reducing the short-circuit current during
switching, thus improving the overall effi-
ciency. Mechanical factors such as com-
mutator surface speed, wear properties of
the insulation between the commutator
segments (flush or undercut), and brush
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dimensions must also be considered. Di-
mensions are particularly important be-
cause the cross-sectional contact area is
proportional to the amperage-carrying abil-
ity of a given brush material.

Other motor design details such as
winding type, current rating, ampere-turns
ratio and type of commutator can affect
brush selection in a number of specific
ways. For example, series motors often
operate more efficiently when designed
with a lower than usual ampere-turns ratio.
But, if a “normal” brush grade is used,
sparking will be more pronounced and the
commutator will become blackened and
burned. For low ampere-turns ratio mo-
tors, a harder grade of brush with a slight
cleaning action can be specified which will
effectively counteract this condition.

Application parameters like frequent
starting and stopping (or reversing), over-
load capacity, need for high efficiency, the
presence of vibration or the minimizing of
brush noise will all influence brush selec-
tion. In some cases requirements may be
contradictory, forcing a compromise in the
ultimate selection. For all practical purpos-
es, there are four popular groupings of
brush materials, covered below.

Carbon and Carbon Graph-
ite Brushes: Amorphous carbon
(which is relatively hard) and crystalline
carbon or graphite (which has good lubri-
cating qualities) are used in varying per-
centages in this brush classification. The
two materials are mixed and bonded to-
gether. Hard carbon and carbon graphite
brushes are particularly well-adapted for
use with motors having flush mica commu-
tators (where appreciable polishing action
is required to keep the mica flush with the
copper bars). Their high coefficient of fric-
tion, however, generally restricts their use
to slow speed motors having peripheral
speeds below an upper limit of approxi-
mately 4500 ft/min (1370 m/min).

In addition, the resistance of the carbon
and carbon graphite brushes limits their
current density to 35-45 amperes/in®(5.4
to 7.0 amp/cm?). This characteristic gener-
ally restricts the application of this brush
type to low current fractional horsepower
motors.

Electro-Graphitic Brushes:
The electro-graphitic brush is made by
subjecting carbon to intense heat
(2500°C). The conversion to crystalline
carbon or graphite is a physical (not a
chemical) change.

This group of brush materials has a low-
er coefficient of friction than the carbon
and carbon graphite class of brush and is
therefore better suited for use at higher
commutator peripheral speeds. The pre-
ferred average speed application is about
6500 ft/min (1980 m/min). This material is
less abrasive than carbon graphite. It is
also tougher, and has greater current densi-
ty capability, with 75 amp/in? (11.6 amp/
cm?) being fairly standard. The electro-
graphitic group of brush materials is most
often used to solve difficult commutation
problems.

Graphite Brushes: Natural
graphite is a mined product. Graphite
brushes, as a class, are characterized by
more polishing action than electro-graphitic
grades. Their frictional properties are usu-
ally very low and their characteristic soft-
ness gives them good sliding qualities,
adapting them for use at commutator pe-
ripheral speeds as high as 8000 ft/min
(2440 m/min).

Due to the ability to orient the flake
graphite during the manufacturing process,
this material’s specific resistance can be
maintained at a very high level in one direc-
tion and yet achieve a current density in the
range from 50-65 amp/in® (7.7-10.0 amp/
cm?) in the other direction. This feature
results in very favorable commutation
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characteristics because short-circuited coil
currents are limited during commutation,
while still providing a low resistance path
for the active motor current. Sparking and
noise are generally low with this brush
type. However, the softness, which pro-
duces quiet operation, also limits the life of
these brushes.

Metal-Graphite Brushes:
Metal-graphite brushes normally contain
copper and graphite in varying percentag-
es. The two materials are either mixed and
bonded together or the graphite is impreg-
nated with molten metal.

The most important characteristic of this
brush class is its extremely high current-
carrying capacity, varying almost directly
with the percentage of copper content (the
higher the copper content, the greater the
current-carrying capacity and the lower the
contact drop). A brush containing in excess
of 50% copper may have current-carrying
capacity greater than 100 amp/in® (15.5
amp/cm?). Normal speed limits are 5000
ft/min (1520 m/min).

The life of such brushes is relatively low
because of the wear properties of copper
brushes sliding on copper commutators.
Therefore, copper-graphite brushes are
usually employed only in high-current low-
voltage motors where no other brush
choice is possible.

General brush application guidelines
include:

1) Shunt-wound DC motors generally
exhibit better brush life than series
wound motors due primarily to their
lower average speeds. However, poor
commutation can result even with a
standard brush if resistance is inserted
into the shunt field to weaken the field
strength and increase motor speed. This
additional resistance alters the ampere-
turns ratio relationship of the field and
armature so that the armature coils are
commutated in a less favorable position

in relation to the magnetic flux. This
factor must be considered in alternate
brush selection.

2) Frequent starting and stopping
imposes challenges on brushes because
of'the higher starting currents involved.
This factor has a particularly pro-
nounced effect with high voltage shunt
motors. Also, starting friction consider-
ations play arole in performance.
Selection of a high contact-drop brush
(one with a voltage-drop of one volt or
more) may be more suitable.

3) Quietness of brush operation is
dependent primarily on the maintenance
of uninterrupted, smooth surface
contact between the brushes and the
commutator. Concentricity of the
commutator, brush spring pressure and
fit of the brushes in their brush holders
also relate to quietness. When quietness
is of prime importance, the normally-
used brush can be replaced with a
softer grade with enough spring
pressure to ensure adequate commuta-
tor contact.

4) Humidity levels affect brush wear.
Low wear rates are dependent upon
the formation of a conductive lubricating
film on the commutator. Applications
that are subjected to an environment of
extremely low humidity (high altitudes)
cause high brush friction and relatively
rapid brush wear because of insufficient
moisture to form the required film.
Special grades of brushes are available
and should be selected for low humidity
applications. High humidity, on the
other hand, may increase the electro-
lytic action on the brushes. To improve
commutation in high-humidity applica-
tions, brushes with a certain degree of
abrasiveness are normally specified.
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5) The presence of chemical fumes,

6

7

8

)

~

~

dirt or dust will also be a deciding
factor in brush selection. Recommenda-
tions for brush grades to be used in
environments subjected to those
contaminants usually include brushes
with some cleaning action. The use of
totally-enclosed motors also helps to
prevent contaminants from reaching the
commutator and brushes.
The nature of the commutator
surface affects brush operation.
Satisfactory service requires that a
smooth surface of uniform finish and
concentricity be maintained. A change
in the character of the commutator
surface, for any reason, is almost
certain to result in a noticeable effect on
brush and commutator system
performance.
Springs. The pressure exerted by
springs holding the brushes against the
commutator surface is an important
consideration in the total commutation
system. While specific spring composi-
tion details will not be discussed here,
there are three basic spring types in
general use:
a) Coil Type—Inexpensive and most
popular, but contact pressure
decreases as the brush wears,
because the spring exerts less
force as it uncoils.
Roll Type—Expensive, but
contact pressure is constant
throughout the life of the brush
due to the constant force exerted
by this spring type as it coils or
uncoils.
c) Lever Action Type—The
pressure exerted vs. distance
traveled curve of this spring type
falls somewhere in between the
two previously mentioned types.
Preventive Maintenance. The wear
rate of brushes is dependent upon many
parameters (armature speed, amperage

b

~

conducted, duty cycle, humidity, etc.).
For best performance, brush-type
motors and gearmotors need periodic
maintenance. The maintenance interval
is best determined by the user.

SAFETY NOTE: Always discon-
nect power to the motor before
inspecting or replacing brushes.
Follow instructions in motor
manufacturer’s documentation or
contact the motor manufacturer
before attempting preventive
maintenance.

Typical maintenance procedures
include:
( Inspecting brushes regularly for wear
(replace in same axial position),
( Replacing brushes when their length
is less than 1/4 inch (7 mm.),
( Periodically removing carbon dust
from commutator and inside the
motor. This can be accomplished by
occasionally wiping them with a
clean, dry, lint-free cloth. Do not
use lubricants or solvents on the
commutator. If necessary, use No.
0000 or finer sandpaper only to
dress the commutator. Do not use
solvents on a nonmetallic end
shield if the product is so
equipped.

In conclusion, the motor manufacturer
has considered many factors in specifying
the brushes for a particular motor design
and application. For this reason, it is im-
portant to replace worn brushes with the
original type (available from qualified ser-
vice centers).

5.4 INSULATION
SYSTEMS

An insulation system, as defined by the
National Electrical Manufacturers Associa-
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tion (NEMA) Standard MG-1, is “an as-
sembly of insulating materials in association
with the conductors and the supporting
structural parts” of a motor. The stationary
parts of a motor represent one insulation
system and the rotating parts make up an-
other.

Coil Insulation: All of the insulat-
ing materials that surround the current-
carrying conductors and their associated
turns and strands and which separate them
from the motor structure are part of the coil
insulation. These include: varnish, wire
coatings, encapsulants, slot fillers and insu-
lators, tape, phase insulation, pole-body
insulation and retaining ring insulators.

Connection and Winding
Support Insulation: All of the insu-
lation materials that surround the connec-
tions which carry current from coil to coil,
and which form rotary or stationary coil
terminals or lead wires for connection to
external circuits, as well as the insulation
for any metallic supports for the windings,
are considered part of the connection and
winding support insulation system.

Associated Structural
Parts: Slot wedges, spacers and ties for
positioning the ends of the coils and their
connections, as well as any non-metallic
winding supports or field coil flanges, make
up this insulation system.

Maximum Hot Spot
Insulation Temperature
Class
OC ()F

A 105 221
E 120 248
B 130 266
F 155 311
H 180 356
N 200 392
R 220 428
S 240 464
C Over 240 Over 464

Fig. 5-8: Maximum hot spot tempera-
tures Of insulation systems.

Insulation systems are rated by temper-
ature and divided into classes according to
the maximum operating temperature they
can safely endure for extended periods of
time. The four classes of insulation most
commonly found in motors are Classes A,
B, F and H. The table in Fig. 5-8 shows
the hot spot temperatures for these and
other classes of insulation systems.

The hot spot operating temperature is a
theoretical value. Under normal conditions,
amotor is operated at a temperature less
than the values shown in Fig. 5-8. Various
end-use standards for different types of
motors and controls use different methods
to measure the hot spot temperature for a
given insulation system.

5.5 ENVIRONMENTAL
PROTECTION

The environmental conditions in which a
motor will operate are critical factors to
consider when selecting a motor for a spe-
cific application. Some types of motors are
more suited for specific conditions than
others and some may perform well under a
variety of conditions.

In some applications, the service condi-
tions may constitute a hazard such as areas
where flammable vapors accumulate and
create an explosive situation. Another ex-
ample would be an application which re-
quires the motor to operate within a high
ambient temperature environment for pro-
longed periods, increasing the risk of fire or
motor failure.

NEMA has defined usual and unusual
service conditions for motors. They are
categorized by environmental and operat-
ing conditions as shown below:

Usual Environmental Conditions:

1) Exposure to ambient temperatures
between 0° and 40°C,

2) Operation at altitudes less than 3300 ft.
(1000 meters),
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3) Installation on a rigid mounting surface,

4) Installation in enclosures or areas that
provide adequate ventilation, and

5) Most V-belt, fan belt, chain and gear
drives.

Unusual Environmental and

Operating Conditions:
1) Exposure to:

a) combustible, explosive,
abrasive or conducting dust,

b) conditions which could
interfere with normal venti

lation,

¢) fumes, flammable or explo

sive gasses,

d) nuclear radiation,

e) steam, salt-laden air or oil

vapors,

f) very humid or very dry
conditions, radiant heat,
vermininfested areas, or
areas conducive to fungus
growth,

g) abnormal shock, vibration

or mechanical loading, and

h) abnormal axial or side

thrust applied to the motor
shaft.
2) Operating:

a) where there is excessive departure
from rated voltage or frequency,

b) where the deviation factor of the AC

source exceeds 10%,

¢) where the AC supply voltage is
unbalanced by more than 1%,

d) from an unbalanced rectified DC

supply,

e) where low noise levels are required,

f) at higher than rated speeds,

g) inpoorly ventilated surroundings,

h) under torsional impact loads,
repetitive abnormal overloads,
reversing or electric braking,

1) inastalled condition with any winding
continuously energized, and

j) aDC motor at less than 50% of rated

armature current for long periods of time.
Various definitions and classification of

motors have been defined by NEMA in
Standard MG-1 based on a motor’s ability
to withstand environmental conditions. A
brief summary of the environmental
protection classifications for fractional
horsepower motors and gearmotors is
presented here.

Open Motor: One which has venti-
lator openings so air can flow over and
around the windings for cooling.

Drip-Proof: An open motor with ven-
tilator openings that will prevent liquids and
solids dropped from an angle of 0° to 15°
from vertical, from interfering with its oper-
ation.

Splash-Proof: An open motor with
ventilator openings that will prevent liquids
or solids that strike the machine at any an-
gle of 100° or less from vertical, from in-
terfering with its operation.

Guarded: An open motor surround-
ed by screens, baffles, grilles, expanded
metal or other structures to prevent direct
access to live metal or rotating parts
through the ventilator openings.

Semiguarded: An open motor
with ventilator openings that are partially
guarded, usually on the top half.

Open, Externally Ventilated:
A machine which is cooled by a separate
motor-driven blower mounted on the ma-
chine enclosure.

Weather-Protected: Anopen
motor with its ventilating passages con-
structed to minimize the entrance of rain,
snow or other airborne particles.

Totally-Enclosed Motor: Mo-
tors that prevent the free flow of air from
the inside of the motor enclosure to the
outside.
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Totally-Enclosed, Nonventi-
lated: A totally-enclosed motor that is
not equipped with an external cooling
device.

Totally-Enclosed, Fan-
Cooled: A totally-enclosed motor
equipped with a separate external blower.

Explosion-Proof Motor: A
totally-enclosed motor which will withstand
an explosion of a specific vapor or gas
within its housing, or which will prevent
sparks or flashes generated within its hous-
ing from igniting a surrounding vapor or
gas.

Dust-Ignition-Proof: A totally-
enclosed motor which will not allow ignit-
able amounts of dust to enter the enclosure
and cause performance loss, or which will

not permit sparks or heat generated within
the motor enclosure from igniting dust or
other airborne particles which accumulate
around the motor.

Waterproof: Amotor which will
exclude a stream of water from entering its
enclosure from any angle.

Encapsulated Windings:
Usually a squirrel cage motor with random
windings filled with an insulating resin to
form a protective coating against environ-
mental contaminants.

Sealed Windings: Usually a
squirrel cage motor with an insulation sys-
tem that is protected from outside contami-
nants by using a combination of materials
and processes to seal the windings.
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4.8 PRINTED CIRCUIT
(PC) MOTOR

Liketheshell armature motor, printed
circuit (PC) motorsweredevelopedin
responseto theneed for low inertia, high
acceleration drivesfor actuatorsand servo
applications. Theironlessarmatureisagain
afeature, thistimein theform of acompact
disc-shaped coil operated in conjunction
withaPM field.

Theessential element of the PC motor is
itsunique disc-shaped armaturewith
stamped and laminated or “ printed” com-
mutator bars. SeeFig. 4-14. Thisnonfer-
rouslaminated disciscomposed of copper
stampings sandwiched between epoxy
glassinsulatinglayersand fastenedto an
axial shaft. Field flux inaprinted circuit
motor isprovided by either multipleor
ring-type ceramic permanent magnets, with

Printed Gircuit
Armature

Fig. 4-14: Basic stator and armature con-
struction of a printed circuit (PC) motor.

aflux return plateto completethe magnetic
circuit. The corresponding condensation of
field and armature assembliesgivesthe PC
motor asomewhat unique“ pancake”
shape.

The PC motor armature containsno
wound windings, and spring-loaded brush-
esridedirectly on the stamped or printed
conductors (sometimesreferred to asface-
commutation). Thisdesign variation pro-
videsrelatively low torqueripple (fluctua-
tionin motor torque) and rapid accelera-
tionuseful inmany servo applications.

Thecombination of low inertiaarmature
and resultant high accel eration makesthe
printed circuit desgn asuitabledrivein
someintermittent duty applications(posi-
tioning servos) where smoothness of
torqueisan advantage, and in velocity ser-
vo applicationswhere speed control within
asinglerevolutionisafactor. See
Fig. 4-15.

Speed

V3

Torque

Fig. 4-15: Typical speed / torque curves
for a printed circuit motor.

Sincethe current flow inadisc armature
isradial, the“windings’ arearranged
acrossarather largeradius. Thisradius
factor (moment of inertiaof adiscincreas-
es by thefourth power of disc radius) con-
tributes substantially to the moment of iner-
tiaof thearmature. In addition, there ative-
ly fragile construction of thethin PC arma-
tureusudly limitsitsapplicationto con-
trolled application conditions associ ated
with data processing and other sensitive
systemsequipment.
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Gearhead Construction

Thefunctionality and efficiency of apar-
ticular AC or DCtype gearmotor isafac-
tor of both the motor and the gearhead.
ThisChapter will focuson themechanica
aspectsof thevarioustypesof gearsand
gear trains, which areemployed in fraction-
al horsepower gearmotorsto control motor
speed and output torque.

6.1 GEARING

Over timeand because of varying appli-
cation demands, gearshaveevolved from

Driver
{imput) ]

Driven
[output)

Fig. 6-1a: External-toothed spur gears.

oneformto another. They can be
categorized into five basic types. spur,
helical, bevel, hypoid and worm. Gears
fecilitate power transmission by providinga
positive meansto engage the output of
machinedrives. Thedirection of rotation,
speed of rotation, output torque, environ-
mental conditionsand efficiency require-
mentsof aspecific application determine
which type of gear should be used.

Spur Gears: A typical spur gearis
showninFig. 6-1a. Itsteeth are cut paral-

Driver(

Fig. 6-1b: Internal-toothed spur gears.
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Fig. 6-2: Spur rack and pinion.

lel to the shaft axis. Spur gearscan be
external-toothed (teeth cut on the outer
edge) or internal-toothed (teeth cut onthe
inner edge, seeFig. 6-1b).

The pair of external-toothed spur gears
inFig. 6-lamakesup asinglereduction
stage. Theoutput rotation of such astageis
oppositetheinput rotation. When multiple
gear stagesare combined, larger speed
reductions can be achieved.

A single stagemade up of aninternal-
toothed “ring” gear and an external -
toothed spur gear produces an output rota-
tionthat isin the samedirection astheinput
(Fig. 6-1b). Ring gearsare employed

Fig. 6-3: Helical gears.

inplanetary gear trainswhichwill be
discussed inthe next section.

A specia spur gear configurationisthe
rack and pinion, wheretherack issmply a
flat bar withteeth cutinit, which meshes
withaconventional cylindrical spur gear.
SeeFig. 6-2.

Helical Gears: Hélical gearsare
similar to spur gearsexcept that their teeth
arecut at an angleto the shaft axis. See
Fig. 6-3. Several teeth make contact at any
point intimewhich distributestheload and
reduceswear. The noiseand vibration as-
sociated with spur gearsisal so reduced
withhelical gears.
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Fig. 6-5a: Straight bevel gears.

Helica gearshave morestringent lubri-
cation requirements because of theinherent
diding action between the gear teeth.
Thrust bearings may be needed to absorb
thesidethrust which helical gearsproduce.

Doublehdlical gears(two helica gears
mounted side-by-side on the shaft) and a
variation called herringbonegears (Fig. 6-
4) are sometimesemployed to eliminate the
net thrust load on the shaft. In both cases,
the sidethrusts produced by each gear
cancel each other.

Bevel Gears: Bevel gearsareem-
ployedin applicationswherean intersec-
tion of theinput and output shaft centerlines
occurs. Teeth are cut fromaconical or
angular surfaceand at an angle so that the
shaft axesintersect, usualy at 90°. See
Fig. 6-5a.

Bevel gearsareavailablein straight and
angular or “spird” cut versions. Straight
bevel gearsareusudly noisier than spiral
cut and create sidethrustswhich tend to
separate thetwo gears. Spiral bevel gears
function muchlikehelical gears. See
Fig. 6-5b.

Fig. 6-6: Hypoid gears allow shaft
clearance for additional support.
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Fig. 6-5b: Spiral bevel gears.

Hypoid Gears: Hypoid gearsare
similar to spiral bevel gearswith onemajor
digtinction. Theshaftstowhichthey are
connected do not intersect asin bevel gear
configurations. Thisalowsend bearingsto
beinstalled on each shaft for additional
support. SeeFig. 6-6.

Worm Gears: Worm gearshave
screw-likethreadsthat meshwith alarger
cylindrical gear. SeeFig. 6-7. It takes sev-
eral revolutionsof thewormto cause one
revolution of the gear. Therefore, awide
range of speed ratios can be achieved from
asinglestagereduction. Thewormisusu-
aly thedrivingmember dthoughreversible
worm gearsare available. An advantage of
worm gear drivesislesswear andfriction
duetoaninherent diding action. However,
the samedliding action decreasesthe over-
al efficiency of thesystem.

Fig. 6-7: Worm gear assembly.



Fig. 6-8: Comparison of parallel shaft gearmotors. On the left is an in-line shaft, on
the right is an offset configuration.

6.2 GEAR TRAINS

Theinherent characteristicsof gear
typeshave an overall effect onthe power,
efficiency and torqueratingsof adrive
when combined indifferent configurations.
Inthissection, we' |l takealook at how
variousgear trains can be used to adapt
fractional horsepower motorsto specific
gpplications.

Parallel Shaft Gear Trains:
Theterm*“ parallel shaft” appliesto gear
trainswith shaftsfacing the samedirection
asthe motor shaft. In other words, the axis
of thegear train shaft isparallel tothemo-
tor shaft axis.

Although the gear train shaftsare paral-
lel they can beeither in-linewith (concen-
tricwith) or offset from (parall€l to) the
motor shaft. See Fig. 6-8. The offset con-
figurationisgenerally more compact than
in-linedesignsbecauseit eliminatesthe
axial space needed for the bearing support
of theinboard end of the driveshaft. The
offset output shaft makesit possibletolo-
catetheshaftina3, 6, 9 or 12 o’ clock
position, providing greeter versatility in
mounting. The shaft |ocation, however,
may necessitate changing thelocation of ail
level andail fill plugs.

Fractional horsepower parallel shaft
gearmotors usually employ spur and/or
helical gearing. Bothtypesprovidehigh
efficiency withinasmall axial space. Spur

and helical gearscommonly provideratios
upto 6:1 per gearing stage. Spur gearingis
easier to manufactureand isthereforeless
expensive.

Besidesdlightly higher cost, helical gear-
ing often requires additional constructiona
featuresto accommodateitsinherent axial
thrust. Themagnitude of theaxial thrust
forcesisproportional to theload transmit-
ted and thetooth angle of thehelical gear-
ing. Because of thegreater overlapping or
“load-sharing” of helical gear teeth, the
transmission of power isusually smoother
and quieter with helical than with spur
gearing. Gear quietnessisal so dependent
upon rotational speed. Itiscommonin
parallel shaft gearmotorsfor high speed
stagesto be helical and slower speed stag-
esto be spur (for economy).

Theefficiency of spur or helical gearing
aloneisabout 97% per stage. Additional
lossesresult from bearing frictionand cir-
culation of lubricant. Theselosses, intypi-
cal fractional horsepower parallel shaft
gearmotors, reduce efficiency to about
92% per stage.

Right Angle Gear Trains: In
right anglegear trainsthe axis of the output
shaftisat aright angle (90°) to the motor
shaft axis. SeeFig. 6-9. They arefrequent-
ly used in applicationswhere spacere-
strictsthe use of parallel shaft gear trainsof
comparablestrength. Right anglegearmo-
torsareespecialy desirablewhereaverti-
cal output shaft isrequired.
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Fig. 6-9: Typical single reduction right angle gearmotor.

Right angle gearmotors can be config-
ured withvertical shaftswithout mounting
thegear train above the motor (an undesir-
able arrangement dueto therisk of gear
trainlubricant |eskageinto the motor).

Varioustypesof worm, bevel and spiral
bevel gearing areused inright angle gear
trainsfrom about /100 to 40 hp. Thecy-
lindrical wormisby far themost popular
typeusedinright angledesigns. Ratiosup
to approximately 72:1 per stagearecom-
mon infractional horsepower worm gear-
motors. Both single and double stagere-
ductionsare possible, and overall reduc-
tionsof over 2000:1 can beachievedin
two stages (with high single stage reduc-
tions). Because of thelimited reduction
possiblewith bevel gearing, itisnormally
used only when necessary to providean
output shaft at aright angle, but not offset
from themotor shaft axis.

Precision, smplicity andrdiability are
someof the benefits of usingworm and
spird bevel gearing. However, “ salf-lock-
ing” characteristicscan also beachieved.
Self-locking preventsexternal torque ap-
plied to thedriveshaft from “ backdriving”
themotor, and depends upon tooth angles
and the coefficient of friction betweenthe
worm and gear. Generally, worm gear sets

aresdlf-lockingif thelead angleislessthan
5°. Gearmotors may start out being self-
locking when new, but become non-sel -
locking asthe partswear in and efficiency
improves. The manufacturer should be
consultedif the self-locking featureisnec-
essary for positioning or hoisting applica:
tionsover thelife of themotor.

Because theworm and gear teeth are
under crushing (rather than cantilever)
loads and many teeth are usually in contact,
worm gears have higher resistanceto
shock loadsthan spur or helical gearing.

Thediding tooth action of worm gears
offersminimal noisein comparisonwith
spur and helical types. However, diding
tooth actionismoredifficult tolubricate
and, asprevioudy mentioned, lessefficient
thantherolling action of spur and helical
gearing. Thelower efficiency of worm
gearingismore pronounced in the higher
ratios. Worm gear efficiency also decreas-
eswith adecreasein speed. Itismost criti-
ca during starting conditionswherethe
torque multiplication may beasmuch as
20% lessthan under running conditions.
Thisfactor must be considered if the
torquesrequired by the application ap-
proach thegearmotor rating.

Thrust loadsare always present with
right anglegearing, and many right angle
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gearmotorsuserolling element bearingsfor
severeduty conditions. Right angle
gearmotorsasoimposereatively high
thrust loads on therotor shaft bearings,
which canbealimiting factor inoverall
gearmotor life. Spira bevel gearing has
different efficienciesdepending uponthe
direction of rotation. Thisshould be
considered if thetorquesrequired by the
application areclosetothegearmotor’s
maximumtorquerating.

Combination Gear Trains:
Some applications can benefit fromacom-
bination of parallel andright angle gear
trains. Thisisespecialy truein situations
wherelargereductionsarerequired and
spaceisat aminimum. Combination gear
trainsaccommodateright angleturnsinthe
driveand can often resultin areduction of
bearings and other system components.
Theright anglereductionisusually added
asthefirst or last stage.

Epicyclic Gear Trains: Anoth-
er typeof gear trainistheepicyclicor
planetary gear train. It iscomprised of
threestages:

1) acentra “sun” gear,

2) severa “planets’ which engagethesun
gear and rotate around it, and

3) alargering gear or “annulus’ which
surroundsthe entire assembly and
engagestheplanets.

Becausethe pointson therotating plan-
etstraceepicycloida curvesasthey turn,
theterm “epicycloida” isused. Theterm
“planetary” isa so applicable becausethe
rotating action of the entire assembly about
the central sun gear mimicsthe movement
of asolar system. Epicyclicgear trainsare
being used increasingly asactuatorsin ap-
plicationswheremoretorqueisrequired
fromasmaller drivetrain package. A typi-
cd applicationintheaviationindustry is
whereasmall motor must producehigh

torque output to control thewing flapson
anairplane. Epicyclicgear trainsarea so
used for differential systemsand applica
tionswherevery low reductionratiosare
required. Theinput, output and auxiliary
shafts can be connected to any of thethree
stagesto achievethe speed/torque require-
mentsof theapplication.

Epicyclic gear trainscan be configured
inthreearrangements:
1) planetary,
2) star, and
3) solar.

SeeFig. 6-10. The number of planet
gearsrequired dependson theratio de-
sired. Theratio also determinesthetype of
systemto be used. Each epicyclic gear
train configuration can befurther catego-
rizedas.
1)smple,

2) compound, and
3) coupled.

Thesmpleepicyclicgear train hasal-
ready been described in detail.

Compound versions consist of acom-
mon shaft with two planet members con-
nected toit. Coupled epicyclic gear trains
combinetwo or moresimpleepicyclic
trains so that two elementsof onetrainare
common to theother train.

6.3 GEARMOTOR
LUBRICATION

Both metallic and nonmetallic gearing
areusedinthegear trainsof small multiple
reduction gearheads. A nonmetallicgear is
often used in thefirst stagefor noisereduc-
tion and ametallic gear used in subsequent
stagesfor strength. For reliable servicelife,
both types of gear materialsmust be prop-
erly lubricated.

Long servicelife (10,000 hoursand up)
requiresafluidlubricant whichiscirculated
throughout the gearhead. Oilsor semi-fluid
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Fig. 6-10: Simple epicyclic gear trains: a) planetary (top), b) star (middle), and
c) solar (bottom).



greases provide the best combination of
Iubrication propertiesandisnearly dways
used in gearmotorslarger than 1/10 hp
designed forindustria applications.

Despiteitsadvantages, oil isnot lways
used insmaller fractional horsepower gear-
motorsbecause of sealing problems. Gear-
motorsunder 1/10 hp do not alwayshave
adequate surface areafor gasketsand
moreimportantly, may not have sufficient
power to overcomethefriction of acon-
tact seal ontherotor shaft. Therefore, in
many small fhp gearmotors, greaseisused
asacompromiseto achievelubrication
without oil leskage.

Shorter serviceintervalsarerequired
when greaseisused asalubricant, primari-
ly because of reduced lubrication circula-
tion. Thewear rate of gear train partsis
higher when greaseisused asalubricating
agent and the wear rateincreaseswith the
stiffnessof thegrease. Moderate service
life of approximately 2,000 hourscan be
achieved with greaselubrication.

Gearhead inefficiencies(frictiond loss-
es) are converted into heat. Because of
their inherent low efficiency, gearmotors
withworm or spiral bevel gearing require
careful attention becausetheir lubricants
reach higher operating temperatures.
Worm gear lubricantsgeneraly havehigh
viscosity and contain “ extreme pressure”
additivesaswell asother additives.
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Motor/Gearmotor
Selection and

Application

Until now we have concerned ourselves
with motor theory, operation and construc-
tion. But like any machine, motors never
operate under theoretically ideal condi-
tions. Therefore, when choosing a motor
for an application, specific information
about the tasks it is to perform must be
known and evaluated. Application parame-
ters such as speed, torque, drive train, duty
cycle, operating environment, safety re-
quirements, noise factors and thermal pro-
tection must all be evaluated against the
type of motor being considered and its
performance ratings.

This Chapter will focus on how motors
and gearmotors are rated and then discuss
various methods used to select and adapt
motors to meet specific environmental re-
quirements. With this information, the read-
er will have a better understanding of how
to choose the right motor for a given appli-
cation in order to assure efficient operation
and required service life.

7.1 MOTOR AND
GEARMOTOR
INDUSTRY
STANDARDS

In Chapter 5 on motor construction, we
discussed the various types of motors and
insulation systems as defined by the Na-
tional Electrical Manufacturers Association
(NEMA). NEMA has established the rat-
ing procedure for the U.S. motor industry
in order to ensure safe optimum operating
conditions for motors and generators.
NEMA standards, in part, conform to oth-
er industry standards established by the
American National Standards Institute
(ANSI), the Institute of Electrical and
Electronic Engineers (IEEE) and the Na-
tional Fire Protection Association (NFPA).



This standardization allows for maxi-
mum interchangeability between motor
types produced by different manufacturers.
Conformance to the standards assures the
motor customer that certain minimum
guidelines are in effect for products pro-
duced by member companies.

Other organizations have also estab-
lished standards for motor design to ensure
safe operation and conformance to local
electrical codes. In the United States,
Underwriters Laboratories (UL) develops
safety standards for motor enclosures,

thermal protectors and controls. Similar
standards have been established in Canada
by the Canadian Standards Association
(CSA).

In Germany, national standards are ap-
proved by the Deutsche Institute fiir Nor-
mung (DIN) in conjunction with the Inter-
national Electrotechnical Commission
(IEC). Additional safety test specifications
are also established by the Verband Deut-
scher Elektrotechniker (VDE).

The International Organization of Stan-

dardization (ISO) has also set standards

Organization Standard No. Scope

CSA C22.2 No. 100-M1985 Motors/generators - general

CSA C22.2 No. 77-M1988 Motors with inherent overheating protection

DIN 40-050 Motor enclosure protection

IEC 34-5 Motor enclosure protection

IEEE IEEE-Std. 1 Temperature limits in rating electric equipment

IEEE IEEE-Std. 43 Testing insulation resistance of rotating machinery

IEEE IEEE-Std. 112 Test procedures for polyphase induction motors
and generators

IEEE IEEE-Std. 113 Guide for testing DC machines

IEEE IEEE-Std. 114 Test procedures for single-phase induction motors

IEEE IEEE-Std. 115 Test procedures for synchronous machines

ISO ISO-R-1000 SI units and their use

NEMA MG-1 General motor/generator design and applications
standards

NEMA MG-7 Motion/position control - motors and controls

NEMA MG-10 Energy management - polyphase motors

NEMA MG-11 Energy management - single-phase motors

NFPA ANSI / NFPA 70-1987 National Electrical Code

UL UL-519 Impedence-protected motors

UL UL-547 Thermal protection for motors

UL UL-1004 Electric motors - general

Fig. 7-1: Common industry standards for electric motors.
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for international units of weight and mea-
sure, called the Systéme International
d’Unites or SI (metric) system.

Figure 7-1 lists various design and safe-
ty standards which apply to fractional
horsepower motors and gearmotors.

As mentioned previously, most stan-
dards organizations work with others to
assure a level of consistency and continuity
with their standards. It is beyond the scope
of'this Handbook to list every standard
that is applicable to electric motors. In
many cases, the ones listed in Fig. 7-1
contain references to other standards on
which they were based. A list of industry
associations and testing organizations is
also provided in the Appendix. Most of
these organizations publish an index of their
respective standards.

7.2 MOTOR AND
GEARMOTOR
NAMEPLATE
RATINGS

An electric motor or gearmotor name-
plate is an extremely important source of
information regarding the capabilities and
limitations of the machine. Care must be

exercised to operate electric motors and
gearmotors in conformance with the ratings
expressed on their nameplates.

In other words, the manufacturer will
indicate on the nameplate the conditions
under which it is felt the product can be
operated safely while giving optimum ser-
vice. See Fig. 7-2. Any variation from
these operating condition specifications
may cause damage to the motor or gear-
motor and create potential safety hazards
to personnel.

NEMA defines three basic classes of
electric motors for the purpose of rating:
general purpose, definite purpose and spe-
cial purpose. We will consider general pur-
pose motors first, since they constitute by
far the largest segment of electric motors.

Rating General
Purpose Motors

A general purpose motor is not restrict-
ed to any specific application, but is suit-
able for “general use” under usual service
conditions. Usual service conditions, as
defined by NEMA, were discussed in
Chapter 5, Section 5.5. General purpose
motors have standard ratings and provide
standard operating characteristics and con-
struction features.
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The Motors and Generators Standard
(MG-1), published by NEMA, defines the
various physical and performance charac-
teristics which apply to these motors.

A general purpose motor is designed to
develop a certain amount of power while
operating continuously within safe tempera-
ture limits. The basis for rating, therefore, is
arated power output within prescribed
winding temperature limits when operated
for an extended period of time under usual
service conditions.

The rated horsepower and speed
stamped on the nameplate are those values
nominally expected at rated power input.
Likewise, at the rated power input, the
nameplate temperature will not be exceed-
ed when delivering rated load.

The amount of output power that can be
developed in a motor is limited by the loss-
es in the motor, resulting from transforming
the electrical input into mechanical output.
These losses are exhibited in the form of
heat, and any attempt by the motor design-
er or user to increase the output of a motor
beyond practical limits will produce exces-
sive losses resulting in a temperature rise
beyond safe limits. Ifthe designed rated
load or established safe torque of a motor
is exceeded on an application, higher oper-
ating temperatures and / or premature fail-
ure will usually result.

Every motor has a maximum tempera-
ture limit dictated by the class of insulation
material used in the motor windings, and a
maximum ambient temperature listed on the
nameplate. These maximum limits should
not be exceeded. (See Chapter 5, Section
5.4.) For example, a motor with Class “A”
insulation is designed for a maximum con-
tinuous winding temperature of 105°C ina
maximum ambient temperature of 40°C.

Operation for prolonged periods in
overload conditions or high ambient tem-
peratures (above 40°C) will shorten motor
life. The rule of thumb is that for each 10°C
above the rated maximum temperature, the

life of the insulation system will be approxi-
mately halved.

Furthermore, prolonged operation at
excessive temperatures will have a detri-
mental effect on the mechanical compo-
nents not associated with the windings.
That is, the life of seal materials and lubri-
cants will be similarly decreased.

The output power capacity of a motor is
given on the nameplate in terms of horse-
power or watts and is the product of
torque, speed and a constant. The
formulas are:

Power (horsepower) =
torque (oz-in.) x RPM x 9.92 x 107

Power (watts) =
power (horsepower) x 746

Power (watts) =
torque (newton-meters) x
RPM x 0.105

Typical standard horsepower (watts)
ratings for fractional horsepower motors
are 1/20 (37.3), 1/12 (62.2), 1/8 (93.2),
1/6 (124.3), 1/4 (186.5), etc. Ratings be-
low 1/20 hp (37.3W) are sometimes clas-
sified as “subfractional” and are often rated
in millihorsepower (for example, 2 mhp
instead of 1/500 hp).

In addition to horsepower, the motor
speed is usually shown on the nameplate.
With horsepower (watts) and speed infor-
mation, the rated torque can be calculated
with the equation(s) above. Some standard
60 Hz thp AC motor speeds are: 3450,
1725, 1140 and 850 RPM. These are for
relatively constant speed drives. The corre-
sponding synchronous speeds for 60 Hz
AC motors are 3600, 1800, 1200 and
900 RPM.

If a motor has a gearhead, the output shaft
torque rating is usually expressed in terms
of torque and takes into account gearhead
efficiencies and motor and gear train capa-
bilities. With gearmotors, the motor horse-
power should be regarded as primarily a
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reference parameter, and the nameplate
safe output torque rating should not be
exceeded to assure personnel safety and
gearmotor life.

Generally, both AC and DC general
purpose motors will operate under slight
variations in power source voltage and
frequency (as described by NEMA), but
may not provide the output values defined
atrated voltage and frequency.

For some motors, NEMA also defines
other operating characteristics for each
horsepower and speed rating such as:
breakdown torque, starting torque, locked
rotor current and allowable speed
variations.

NEMA standards do not cover all con-
ditions or all motors, especially in the sub-
fractional ratings. In these cases, reputable
manufacturers make a practice of parallel-
ing as closely as possible the standards for
listed NEMA ratings.

General Purpose AC Motors: A
general purpose AC motor, as defined by
NEMA, is an open construction motor
with a service factor rating. The service
factor is a multiplier which is applied to
rated horsepower to establish a permissible
“overload” horsepower under defined con-
ditions (see NEMA MG-1 paragraph
14.36 et al.). The standard thp motor ser-
vice factors listed by NEMA range from
1.25 to 1.40. A motor with no service fac-
tor indicated on the nameplate is under-
stood to have a service factor of 1.0.

Most U.S. single-phase voltages are
115 and 230 V. Since the standard fre-
quency in the United States and Canada is
60 Hz, this value would be indicated on the
nameplate of all motors sold in those coun-
tries. In Western Europe, the nameplate
would list the European standard of 50 Hz,
usually at 220 or 240 V.

General Purpose DC Motors:
The basis for rating thp DC motors in-
cludes a “form factor” (ff) value. See

Chapter 8, Section 8.5. If the direct cur-
rent supplied to the motor is very close to
pure DC (low ripple), its form factor will
be 1.0. As ripple increases, the form factor
increases. A fractional horsepower DC
motor is not intended to be operated con-
tinuously from a power supply that produc-
es a form factor (at rated load) which is
greater than the rated form factor. The user
should also be aware that the form factor
of unfiltered rectified AC and SCR type
power supplies changes as a function of the
output torque and speed of the motor. Op-
erating a motor continuously at rated load
with a form factor greater than rated will
cause overheating and may have an ad-
verse effect on commutator and brush life.

DC motors are often used in variable
speed applications, which means they may
be called on to operate at speeds lower
than rated for extended periods of time.
There is no consensus among standards
organizations that a general purpose DC
motor should be capable of operating at
reduced speeds (particularly if equipped
with a ventilating fan), or at a standstill with
only the field energized, without excess
temperature rise. It is important, therefore,
that the user obtain from the manufacturer
information concerning the capability of the
particular DC motor under the aforemen-
tioned conditions.

In the past, common DC voltages were
115 and 230 V for motors operated from
low ripple (1.0 form factor) generator-type
power supplies. With the advent of efficient
solid-state devices, a 90 V armature and
100V field became popular for motors
operated from an unfiltered, full-wave rec-
tified 115 V supply. Similarly, a 130 V ar-
mature and 100V field are popular for
motors operated from filtered, full-wave
rectified controls. The form factor will de-
pend upon the particular motor and control
combination and may vary by
manufacturer.
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Rating Definite and
Special Purpose
Motors

The basis for rating definite and special
purpose motors is essentially the same as
for general purpose motors. That is, ratings
are based on developing a certain amount
of power while operating within safe tem-
perature limits (on specific power supplies)
to provide long or expected motor life. The
differences that do exist are due to differ-
ences in the types of applications.

For example, motor operation for defi-
nite or special purpose duty is not neces-
sarily assumed to be continuous, as in the
case of the general purpose motor; the
duty cycle may be intermittent. Also, the
output of a definite or special purpose mo-
tor is not necessarily expected to be a cer-
tain torque at a certain speed=starting
torque may be the most important require-
ment (for example, as in a torque motor).

Definite Purpose Motors: A
definite purpose motor is designed for use
in a particular type of application, or for
use under service conditions other than
usual. In some instances, definite purpose
motors have standard ratings and provide
standard operating characteristics and con-
struction features.

The NEMA Motor and Generator
Standard, MG-1, lists the performance and
construction requirements for certain defi-
nite purpose motors (oil burner motors, fan
and blower motors, sump pump motors,
instrument motors, etc.).

Allowable variations in voltage and fre-
quency, and the proper application of
belts, chains and gear drives, are also de-
fined for usual service conditions. Unusual
service conditions like those listed in Chap-
ter 5, Section 5.5 must be considered.

Special Purpose Motors: A
special purpose motor or gearmotor can

be considered a one-customer motor.
Special purpose motors are developed
when an OEM (original equipment manu-
facturer) defines the operating characteris-
tics or construction features of the required
drive such that a general purpose motor
cannot be used. Therefore, the motor sup-
plier must design a special motor to meet
the OEM design specifications.

A special purpose motor, unlike the
general purpose motor and definite pur-
pose motor, may not have standard oper-
ating characteristics or standard mechanical
features. It is designed for a particular cus-
tomer’s application, which has not evolved
to the point that an industry standard can
be written.

Although special purpose motors are
not usually catalogued, the basis for rating
remains much the same. The motor is again
designed to develop a certain output while
operating within safe temperature and
mechanical limits. Unique circumstances
may exist (for example, operating on an
intermittent basis). When applied intermit-
tently, a motor may be “beefed up” (a
much stronger winding provided without
the danger of overheating the motor). For
example, high starting torques and faster
motor response can be provided for servo
and torque motor applications not
previously obtainable under continuous
duty operation.

It should be noted that NEMA defines
the usual ambient service condition as a
maximum of 40°C. This is why 40° is used
for “maximum ambient” nameplate rating
purposes for general purpose motors. In
the case of definite and special purpose
motors, the maximum ambient may be only
25°C. The permissible temperature rise of
the motor can then be higher without ex-
ceeding the maximum recommended insu-
lation temperature. Thus, a stronger motor
can usually be supplied if it is known that
the ambient is less than usual. Conversely,
ahigher than normal ambient would restrict
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the motor output and may dictate a higher
class insulation system and special lubricant
and seal materials.

A special purpose motor may even be
designed for shorter than normal life, be-
cause the motor (as used in the equipment)
need not last longer than the equipment.
Also, it is sometimes more important to
satisfy other requirements such as size and
power output at the expense of long life.
The choice, of course, is determined by the
application after a careful review of all the
parameters with the customer.

IMPORTANT=Since definite and
special purpose motors are designed
for specific applications, they should
not be indiscriminately used on other
applications. They usually will give satis-
factory service only in the application for
which they were designed.

Rating fhp Gearmotors

Currently, there are no industry stan-
dards for fractional and subfractional
horsepower gearmotors. Consequently,
there has been a lack of agreement be-
tween manufacturers on gearmotor output
shaft speeds, mounting methods, life vs.
torque ratings and other criteria. Each
manufacturer uses a different set of rating
conditions.

Before any standard gearmotor ratings
can be established, certain conditions for
satisfactory performance must be set by
the manufacturer. These criteria consist of
application particulars and construction
features which will ultimately affect the life
of'a gearmotor.

Duty cycle, ambient temperature, appli-
cation load characteristics, gear materials,
and bearing and gearing lubricants all con-
tribute to the gearmotor’s actual life. When
comparing manufacturers’ ratings, one of
the most important factors (usually not
published) is expected gearmotor life at
nameplate rated load. Furthermore, the

design of the gearmotor involves material
and component selection that optimizes its
performance properties for a given appli-
cation. For example, a gearmotor rated at
60 Ib-in. of torque output, based on an
expected life of 500 hours, could be totally
unacceptable in an application which re-
quires 40 1b-in. torque load for 2000
hours.

Expected life is a function of gearmotor
design, manufacture and loading. However,
tests and experience have proven that the
type of gearhead lubricant is an important
variable in assigning a life expectancy to a
small gearmotor. Typically, grease-lubricat-
ed gearmotors are rated to perform satis-
factorily (under normal operating condi-
tions) for one year (2000 running hours).
Oil-lubricated gearheads are generally rat-
ed for satisfactory performance for 5,000
to 10,000 hours at nameplate torque. Also,
inrecent years, the use of greases ap-
proaching the consistency of oil have en-
abled gearheads to have a life expectancy
between 2000 and 8000 hours at rated
torque.

Gearmotor Output Torque
Rating: For standard gearmotors, the
torque rating shown by the manufacturer
represents a complete gearmotor rating
and reflects the capacity of the weakest
link or most limiting gearmotor component.
Some of the design limitations considered
are: motor input power, strength or wear
rating of the gearing, radial and / or thrust
capacity of the bearings, and rotor,
armature and shaft strengths. Obviously,
gearmotor torque ratings should not be
exceeded.

For some built-to-order gearmotor
applications, a manufacturer may incorpo-
rate nonstandard gear materials to provide
high shock load capacity on an intermittent
basis. In such instances, the nameplate
rating of the gearmotor will usually not be
increased above its rated value for
standard construction since the addition of
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nonstandard materials does not always
increase the long-term performance of the
motor.

Gearmotor Output Speed
Rating: The speed value shown on the
nameplate is established by one of the fol-
lowing methods:

a) For constant or relatively constant speed
motors (generally motors with 6% or
less speed regulation with respect to
load, such as: permanent split capacitor,
split-phase, polyphase or synchronous
types), the output shaft speed is deter-
mined by dividing the rated motor
speed by the gear ratio.

b) For variable speed motors (more than
6% speed regulation, such as: series,
shunt and induction motors with high
slip rotors), output speed rating is de-
termined as follows:

Case I: The gearmotor is “motor
limited”. In this case, the gearhead has
more than sufficient capacity to transmit
the rated motor torque. Rated motor
speed is divided by the gear ratio.

Case II: The “package’ is “gear-
head limited”. In this case, the gear-
head cannot transmit the full rated input
torque provided by the motor. The ac-
tual speed provided by the motor when
the gearhead is loaded to capacity is
determined experimentally.

Note: Allowance must be made for
seal friction if a seal is used on the
input side of the gearhead. After the
specific motor input speed required to
drive the gearhead at its capacity has
been determined (which will always be
equal to or greater than the motor’s
rated speed), it is then divided by the
gear ratio. It should be understood that
the speed at which a variable speed
gearmotor actually operates in a partic-
ular application is a function of the load
and its uniformity.

Hazards of Operating
at Other Than
Nameplate Values

Nameplate values stipulate the limits at
which a motor or gearmotor can safely
operate. To operate the motor either over
or under the nameplate rated limit can have
adverse effects on motor performance and
safety. Some of the restrictions and associ-
ated consequences of ignoring them are
listed below.

1) Do not operate motors at voltages
beyond = 10% of nameplate rating.
Higher voltages produce adverse
effects on motor temperature, noise and
vibration, operation of current-sensitive
relays, motor life and capacitor life, and
could create nuisance operation of
thermal overload protectors. Lower
voltages create starting problems with
current-sensitive starting relays and
could cause thermal overload protec-
tors, with internal heating coils, to trip at
winding temperatures which exceed the
maximum allowable limits.

2) Do not operate motors on a nominal
power source frequency other than
that specified on the nameplate. With
the exception of brush-type motors,
motor speed will vary directly with
frequency. While it is understandable
that original equipment manufacturers
would seek to design a machine that
operates on several different frequen-
cies, any decrease in speed due to
lowering frequency may have an
adverse effect on temperature and on
the proper operation of centrifugal
cutout switches and relays. At higher
frequencies, the torque capability is
reduced, and starting relays may fail to
engage the auxiliary winding.

Motor laminations (and the windings
installed in them) are specifically designed
for operation at nameplate frequency. For
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example, the laminations for 60 Hz motors
are considerably different than those used
for 400 Hz motors. Moreover, motor man-
ufacturers usually do not laboratory test at
frequencies more than 5% from that shown
on the nameplate. Since the amount and
type of noise and vibration emanating from
amotor will change directly with frequen-
cy, undesirable hum and other resonance
effects are quite likely with deviations from
nameplate frequency.

Dual frequency (50/60 Hz) motors can
be provided by manufacturers, usually at
output ratings lower than the standard for a
given frame size.

3) Do not drive a load in excess of
nameplate rating. Where nameplate
rating is in horsepower or watts, the
rated torque can be readily computed
by mathematical equations (relating
speed, torque and power). Overload
limitations also apply to gearmotors
where maximum gearhead torque is
shown. Technical assistance should be
requested from the manufacturer if
overloads are anticipated. Operation at
higher torque loads can result in lower
speeds, higher winding temperatures,
reduced life of windings, gears and
bearings, and nuisance operation of
thermal overload protectors. In many
cases, overloads can create hazards to
personnel. Noise and vibration also
increase with excessive loading.

4) Do not operate permanent split
capacitor motors at light loads. An
inherent characteristic of permanent
split capacitor motors is that they
generally run hotter at very light loads
than at rated loads. To prevent PSC
motors from running “too hot”, they
should be matched to the application
with respect to load.

5) Do not exceed nameplate ambient
temperature. Lack of air intake,
obstructions to the ventilation flow, and

excessive deviations from the nameplate
parameters will result in excessive
motor temperatures. Operating at
excessive temperatures will reduce the
motor life, and in general, result in
decreases in motor torque and speed.
High temperatures may also result in
nuisance operation of thermal overload
protectors, and motor start failures
where current-sensitive relays are
employed. These hazards can be
avoided by ensuring that the application
provides adequate ventilation for the
motor.

6) Do not indiscriminately change the
value of capacitance. This parameter
applies mainly to permanent split
capacitor motors. Motor start capaci-
tors, used with split-phase motors, are
normally specified to achieve maximum
starting torque and / or minimum locked
current and deviations are not usually
made by the user. Changing to a higher
value of capacitance will increase the
starting torque and in some cases,
speed. It can also introduce hazards
such as: higher winding temperatures,
shortened motor life, nuisance operation
ofthermal overload protectors, and
increases in the level of noise and
vibration. The voltage rating of the
applied capacitor must also be capable
of handling the voltage it experiences
during operation.

Problems may be encountered with
safety testing laboratories (UL, CSA, etc.)
if the applied capacitor differs from the
value specified on the nameplate. Always
obtain assistance from the motor manufac-
turer when evaluating the proposed devia-
tion and explore the possibility of changing
the nameplate rating or developing a more
satisfactory motor design.

7) Do not subject the motor to duty
cycles for which it was not designed.
Continuous (cont.) or intermittent (int.)
duty, as stamped on the nameplate,
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indicates the designed mode of
operation for the motor and is generally
based on the motor’s insulation system
class and the power (watts) that the
motor must dissipate as heat when
energized. Adverse effects can develop
from operating a continuous duty motor
in an application requiring a high rate of
starts and stops, or from operating an
intermittent duty motor continuously.

Generally, an adverse deviation in duty
will result in higher winding temperatures
with a shortened motor life and the possi-
bility of nuisance operation of thermal
overload protectors. Increased frequency
of starts could result in failure of electrolytic
motor start capacitors and a reduction in
the life of motor starting switches or relays.

In summary, a motor is designed to pro-
vide satisfactory operation and long trou-
ble-free life when operated in accordance
with its nameplate specifications. The mo-
tor user should develop an awareness of
the hazards that could result from any devi-
ation from these performance characteris-
tics, and if deviations are anticipated, the
motor manufacturer should be consulted.

7.3 NOISE AND
VIBRATION

Noise, quite simply, is objectionable
sound. The human ear responds to two
different characteristics of noise=volume
(loudness) and frequency (pitch). The noise
characteristic of most concern in motor
operation is frequency, since motor noise
can be very annoying (even at low volume)
when its frequency is irritating to the ear.
Objectionable vibration and noise differ
only in the way they are transmitted. Vibra-
tion is transmitted by the motor structure to
surrounding parts while noise is transmitted
by the surrounding air. The causes of
motor noise and vibration can be separated

into two general groups: mechanical and
electrical. We will discuss mechanical caus-
es first, since their effects are more
obvious.

Mechanical Noise

Mechanical noise is usually a result of
bearings, fans or gear trains. Some of the
noise is inherent and can be minimized but
not eliminated.

Another source of noise is the result of
unbalanced rotation. Most motor manufac-
turers take precautions to balance internal
rotating parts during production. The end
user must take precautions to assure that
motor loads are balanced. Besides noise,
unbalanced rotation can cause premature
wear of bearings and shafts which can
shorten motor life.

Dynamic Unbalance: Dynamic
unbalance is caused by the nonsymmetry of
the rotating member with respect to mass.
Lack of uniform wire spacing in a wound
armature, nonuniformity of rotor material or
attached fan assembly, or eccentricity of
the shaft can all cause relatively noticeable
unbalance. In fractional horsepower mo-
tors, balance can be corrected to within
thousandths of an ounce-inch by dynamic
balancing. Standard balance limits are es-
tablished by manufacturers based on motor
type, weight of the rotating member and
motor speed.

Special tolerance balancing is also pos-
sible, but seldom necessary, after other
noise and vibration-causing factors are
checked and corrected. An easy way to
check for dynamic unbalance, in some mo-
tors, is to bring the motor up to speed and
then disconnect it from the power source.
If vibration is still present during coasting,
the problem is likely to be mechanical dy-
namic unbalance.

Ball Bearings: Bearing noise is
very closely related to bearing speed and
preload. Preload refers to an axial force
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Fig. 7-3: Typical noise level vs. ball
bearing preload of a fhp motor.

applied to a ball bearing to eliminate “rat-
tling” of unloaded balls. This is commonly
achieved with spring washers of various
configurations which act as the bearing’s
outer race. The inner race is constrained
axially by the shaft shoulder. The amount of
preload necessary to produce minimum
noise levels is amazingly low (below two
pounds for most thp motor ball bearings).
Refer to Fig. 7-3. Noise-critical applica-
tions may require a preload feature consist-
ing of an adjustment screw to transmit the
axial force (preload) to the outer race of
the ball bearing. See Fig. 7-4. A locking
nut maintains the factory-set adjustment
screw position.

Even with carefully manufactured and
electronically inspected ball bearings, mo-
tor noise levels below 40 db are very diffi-
cult to achieve, and noise levels approach-
ing 60 db are not uncommon. The slightest
variations in ball bearing manufacture can
have significant effects on noise level. For
this reason, pronounced variations in noise
levels (10 db or more) between seemingly
identical motors is common.

Sleeve Bearings: Sleeve bear-
ings have much lower inherent noise levels,
making them the first choice if their load
and service limitations can be met. The
most frequent problem with sleeve bearing
construction is control of thrust washer

{
|

Fig. 7-4: End shield showing preload
adjustment.

noise. The intermittent scraping sound
from thrust washers is very difficult to con-
trol, and the use of a ball/thrust arrange-
ment is often specified where absolute min-
imum noise is required.

Since sleeve bearings require clearance
for proper operation (in contrast to pre-
loaded ball bearings), they are sensitive to
radial vibration, which is often experienced
with a powerful motor operated at or near
electromagnetic saturation, or with a high
degree of dynamic unbalance. Under these
conditions, and especially if high tempera-
ture thins the bearing oil film, “knocking” or
“pounding” will occur in the bearing. The
motor manufacturer will control shaft-to-
bearing clearance tolerances more closely
than normal when this condition is likely to
occur.

Fans: Fans can be a major source of
noise, even in low speed motors. Noise
from air movement is usually very low in
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frequency, at a point where the human ear
is less sensitive. However, the swish or
rumble of air passing through an exhaust
opening can be very annoying. High speed
fan design requires special attention to
avoid a siren effect, and the fan blades
must not be brought in close proximity to a
stationary surface.

NOTE: Noise-measuring equipment
should not be placed in direct line with
substantial air flow, to avoid erroneous
noise level readings.

Gear Trains: Gear trains may or
may not contribute to overall noise levels,
depending on the type of gearing and the
precision with which they were made.
Worm-type gearing, with its sliding contact
action, is normally considered noiseless. If,
however, it has a numerically low ratio with
high input speed, even slight deviations
from print tolerances can cause noise.

Helical gearing is also quiet because its
overlapping teeth produce a smooth trans-
fer of load from tooth to tooth. Spur gear-
ing noise is usually the most difficult to con-
trol, especially if maximum ratio per stage
of gearing is used. Under these conditions,
the small number of teeth in contact at any
one time causes a rather abrupt load trans-
fer and resulting noise. This type of noise is
worse under load, and generally increases
in intensity as the load is increased.

An important factor with all types of
gearing is the “backlash chatter” that can
occur at very light loads. At light loads,
even the slightest tolerance deviations in
precision-made gearing will cause very
slight momentary speed changes and re-
sulting noise. Loading the gearing more
heavily can eliminate the noise. Backlash
noise in very lightly loaded gear trains, es-
pecially in numerically low ratios, should be
considered normal. (In most cases the ap-
plied load is sufficient to load the gearing
beyond the backlash noise point.)

Electrical Noise
and Vibration

Although less obvious than their me-
chanical counterparts, electrical sources of
noise and vibration can be just as disturb-
ing. Most of the electrical sources of noise
must be minimized at the manufacturing
stage since they are directly related to the
construction and design of the motor rather
than its application.

Saturation: Over-saturation of
magnetic circuits is one of the most fre-
quent causes of excessive electrical noise
and vibration. The magnetic path of any
motor is designed to carry a certain amount
of flux without undue magnetic stress. If the
flux becomes excessive, it will not only
result in increased flux leakage, but sets up
excessive vibration-inducing stresses on the
weakest portion of its path (usually the
stator teeth) with a resultant increase in
electrical noise and vibration.

Distribution of Ampere
Turns: The quietness of motor opera-
tion is dependent not only on the strength
of the field flux, but also on how it is dis-
tributed in the air gap. The ideal distribution
is sinusoidal, with the windings (of induc-
tion motors) placed around the teeth of a
slotted stator so as to produce a sinusoidal
flux configuration. More stator teeth pro-
duce a more sinusoidal distribution pattern.

Permanent split capacitor type motors,
which employ two windings for a more
even flux distribution and a true rotating
field, are inherently quieter in operation
than split-phase start motors, running on
one winding with a pulsating field.

Air Gap: Theradial length of the air
gap in induction motors has an influence on
motor noise. The air gap in some motors
can be increased to reduce noise. In gener-
al, larger air gaps are not desirable, since
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Fig. 7-5: Half-view of field and armature
laminations of typical brush-type motor.

they will have an adverse effect on motor
efficiency. Larger air gaps for the purpose
of'noise reduction are restricted, therefore,
to applications that can tolerate less motor
output for a given motor volume.

Quieter operation of brush-type motors
can be achieved by increasing or tapering
off the air gap at the tips of the field poles.
See Fig. 7-5.

- £ R

Fig. 7-6: Half-view of stator and rotor
laminations of typical induction motor.

Number of Stator Teeth and
Rotor Conductors: There are only
certain ratios or combinations of stator
teeth and rotor conductors that will pro-
duce a quiet running motor. See Fig. 7-6.
However, combinations which are opti-
mum for quiet operation tend to sacrifice
motor efficiency or torque output. For this
reason (unless quietness is the most impor-
tant factor), motor designs will always be a
compromise between desirable motor
noise and necessary output and efficiency.

Salient Pole Effect: Reluctance
synchronous rotor cores are normally
flattened or “notched out.” The areas
where ferromagnetic material remains at
the outer diameter of the rotor are called
salient poles. During motor operation,

these poles become areas of relatively
concentrated magnetic force. The
concentrated magnetic force in the salient
poles makes such rotors more susceptible
to magnetic imbalance, and closer
tolerances must be maintained with regard
to rotor position, concentricity and other
magnetic symmetry considerations, in order
to maintain quiet operation of reluctance-
type synchronous motors.

By comparison, hysteresis synchronous
motors are inherently quieter because of
their nonsalient pole construction.

Number of Stator Poles: A
basic stator lamination design is usually
employed for all induction winding types of
a given fractional horsepower motor frame,
regardless of the specific operational speed
desired. This is dictated by the number of
stator poles wound into the stator lamina-
tion. The stator lamination geometry estab-
lishes the magnetic path for all winding
types and is usually optimized for the most
popular operational speed. Four-pole op-
eration is most common. For a given
horsepower output, when such a lamination
is employed, the magnetic noise is usually
less with a two-pole winding. When a four-
pole stator lamination is used for six-pole
operation, the higher flux density in the air
gap generates increased magnetic noise per
given hp output.

Frequency of Applied Volt-
age: Higher harmonics (multiples) of the
line frequency are generated by all induc-
tion motors and are taken into account
during lamination design. Conditions of
near saturation or over-saturation magnify
the harmonics and produce unwanted elec-
trical noise. In general, the higher the line
frequency, the more objectionable the
electrical noise generated by the harmon-
ics. At very low frequencies (below 25
Hz), harmonics may cause resonance ef-
fects in the motor frame, making it
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Fig. 7-7: Typical rotors: a) reluctance
synchronous (top), b) nonsynchronous
(middle), and c) hysteresis synchronous
(bottom).

necessary to use resilient mounting to
dampen the vibrations.

Skewing of Armature or Ro-
tor Cores: Quieter operation can be
obtained when the rotating core is skewed
as shown in Fig. 7-7. This permits the rotor
conductors or armature winding to enter
the magnetic field at an angle, reducing
sudden variations in the circuit reluctance
and minimizing vibration of the stator and
rotor teeth. There are, however, practical
limits to the angle of skew that can be used
because of difficulties encountered in rotor
or armature assembly. Consideration must
also be given to the fact that skewing
somewhat reduces the speed regulation
and efficiency of a motor.

Commutation and Am-
pere-Turns Ratio: Quiet operation
of'a brush-type motor is dependent upon
good commutation. To assure good com-
mutation in wound field motors, a proper
ratio of field ampere-turns to armature am-
pere-turns must be maintained. Motor
brushes must be designed to ride smoothly
and quietly, and hold sparking to a mini-
mum. Good commutation also depends on
the correct grade of brush material to per-

mit an even commutator film build-up on
the commutator and a resultant reduction in
sparking.

Armature Slots: The number of
armature slots of a brush-type motor has a
direct relationship to the motor’s noise lev-
el during operation. A large number of ar-
mature slots is considered preferable, with
an even number of slots being more condu-
cive to smooth and quiet operation.

Noise Control

In addition to measures taken by the
manufacturer to ensure that motors run at
minimum noise and vibration levels, there
are several noise reduction procedures that
can be followed by the motor user. The
general approach to noise reduction can be
divided into reduction of noise at its source
and reduction of the airborne noise level.

The overall study of motor noise and
vibration shows that in addition to the mo-
tor design itself, its use or application, its
mounting and the presence or absence of
sound absorbing or reflecting surfaces near
the motor, each affect the measurable level
of sound at the various frequencies gener-
ated by motor operation.

Reduction of Noise at Its
Source: Before attempting to reduce
noise “at the source” it is important that we
understand the relationship between fre-
quency and noise or vibration. This is
probably the most overlooked aspect in
noise reduction studies.

Low Frequency Disturbances=
Mechanical low frequency disturbance is
confined to rotor or armature unbalance
which occurs at the rotational frequency of
the motor. In the case of a 60 Hz, 1800
RPM motor, the rotational frequency is 30
Hz. This frequency is actually below the
normal hearing range. However, vibrations
generated by this frequency can excite au-
dible resonant frequencies in other parts of
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Fig. 7-8: Motor frame is coupled to
mounting brackets via resilient material.

the motor unless preventive measures are
taken.

The most effective approach to minimiz-
ing the effects of low frequency disturbanc-
es is to use resilient mountings and cou-
plings. See Fig. 7-8. Resilient elements
such as rubber, felt, cork or springs can be
placed under the feet or between the base
and body of the motor. The ideal mounting
is soft enough so that the natural frequency
of the motor and the support system is
lower than the minimum disturbing frequen-
cy. Because of other considerations (such
as deflection of the mounting under load),
the ideal mounting condition is not always
obtainable. In general, it is best to use the
most resilient mounting possible.

In those cases where vibration still pre-
sents a problem after resilient mounting,
adding weight to the motor assembly may
effectively reduce the vibration. For exam-
ple, doubling the weight of a motor assem-
bly can reduce the amplitude of the vibra-
tion by half.

An additional problem, often present in
portable equipment, is the use of thin sheet
metal panels as mounting surfaces. Thin
walled structures can act as diaphragms
with resulting “soundboard” effects. Some
trial and error in the addition of stiffening
members, or crimping, may be necessary
to solve problems of this type.

Electromagnetic
Disturbances

Ball Bearings,|
Fans, etc.

Fig. 7-9: Recorded vibration trace of a
typical fractional horsepower motor.
(1800 RPM at 60 Hz.)

Generally, electromechanically sourced
disturbances for a 60 Hz induction motor
are stronger at 120 Hz and usually negligi-
ble above 500 Hz.

High Frequency Disturbances =
The major sources of high frequency dis-
turbances (in the range above 500 Hz) are
caused by ball bearings and cooling fans.
Brush noise can also be a factor in brush-
type motors.

Ball bearing noise is usually the most
troublesome noise disturbance in induction
motors and almost always occurs in the
1000 to 4000 Hz range. See Fig. 7-9.
Usually selecting motors with sleeve bear-
ings will eliminate these problems provided
it is compatible with the load requirements.
Changing brush materials will help reduce
brush noise but this should not be done
without consulting the motor manufacturer.
See Chapter 5, Sections 5.2 and 5.3. Air-
borne noise in this frequency range can be
effectively lessened by the use of acoustic
deadening materials.

Reduction of Airborne
Noise Level: Anincrease in distance
between the noise source and the listener,
or merely changing the relative position of
the source with respect to the listener, can
serve to decrease the noise level.

Acoustical absorbing materials can be
used to control and reduce the noise level.
Such materials are very effective in
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reducing high frequency noise. However,
when acoustical absorbing materials are
used, care must be taken to ensure that
motor ventilation is not obstructed.

Almost any degree of reduction of air-
borne sound can be achieved through the
use of a “total enclosure” or a combination
of several enclosures. Although not as ef-
fective as total enclosures, barriers may be
used to shield high frequency sound.

It is important to note that motor heating
usually requires that total enclosures incor-
porate some means of ventilation. Carefully
designed ventilation ducts, lined with
acoustical material, will assure that the
sound reduction provided by the enclosure
will not be lost by sound transmission
through the ducts while motor heat is being
dissipated.

7.4 THERMAL
PROTECTION

Since motor overheating and possible
“burnout” of winding insulation materials is
amajor cause of motor failure, the effects
of'heat on motor parts have long been an
important consideration in the design and
construction of electric motors. No matter
how carefully they are designed and ap-
plied, temperatures over the maximum al-
lowed for a given insulation system may
occur under abnormal conditions (see Fig.
7-11). Therefore, in applications where the
load, line voltage, ambient temperature,
duty cycle, form factor, etc., are likely to
change and result in excessive motor tem-
perature, the addition of some type of ther-
mal protection device is advised.

Thermal protectors are available in a
wide variety of designs for specific func-
tions, but all employ some type of sensing
device which monitors motor temperature
and automatically switches the machine off
when a designated temperature level has
been reached. These temperatures are

based on the class of insulation used in the
motor. See Chapter 5, Section 5.4.

Thermal Protection
Devices

A motor properly designed for the max-
imum normal load requirements of a specif-
ic application will provide the user with the
desired motor life, safety and reliability, as
long as no abnormal condition arises to
increase motor heating. While the causes
for abnormal conditions such as increase in
the motor load, low or high line voltage,
contamination of lubricants, jamming of the
driven device, etc., are numerous, the end
result is the same=overheating and possi-
ble motor insulation breakdown. While the
breakdown of the motor insulation system
may result in immediate failure of the mo-
tor, the underlying cause=overheating= is
less detectable. This is especially true with
fractional horsepower motors, which are
usually “buried” or mounted within an ex-
ternal machine enclosure. Overheating for
prolonged periods will create degradation
of the insulation system, and bearing and
gear reducer lubricants as well. Both types
of degradation result in a reduction of nor-
mal motor life.

The National Electrical Code (NEC) is
one basis for determining whether thermal
protection is required. (UL, CSA, VDE
and other safety regulatory agency require-
ments are also factors.) The NEC dictates
that a separate overload device (thermal
protector) integral with the motor=or mo-
tor impedance protection=shall be pro-
vided for a continuous duty motor (one hp
or less) if the motor is:

a) automatically controlled,

b) manually started out-of-sight of
the motor,

¢) manually started and permanently
installed,
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d) manually started and over
125 volts, and

¢) manually started and operated on a
branch circuit where branch circuit
protection exceeds 20 amperes.

Intermittent duty motors are treated
separately. The reader should refer to the
latest edition of the Code to avoid any mis-
understanding of the subject. Other safety
controls are also considered in the Code.

As indicated by the NEC, there are
various means by which the motor can be
prevented from operating at excessive tem-
peratures. Current-sensitive fuses (usually
selected by the appliance or machine man-
ufacturer), special motor design to provide
high impedance (commonly referred to as
impedance protection), and the use of de-
vices that are sensitive to motor tempera-
ture or a combination of motor current and
temperature, can be used to give this addi-
tional protection.

Temperature-sensitive protectors or
thermostats commonly consist of a bimetal-
lic disc, which will cause a normally closed
set of contacts in series with the motor
winding circuit to open if temperature ex-
ceeds a specified level. The difference in
the rate of expansion between the two
metals, when exposed to heat, causes the
disc to change from a concave to a convex
shape with a snapping action (opening the
contact and de- energizing the motor).
These thermostats are capable of being
calibrated to specific temperatures, usually
within +5°C.

For motors operated from controls, the
bimetallic contacts will activate a logic cir-
cuit which disables the motor. The control
circuit may provide braking and may even
prevent the motor from being automatically
re-energized after cooling.

The type of thermostat commonly re-
ferred to as an “in-the-winding” or “on-
the-winding” protector is shown in Fig. 7-
10a. These types may be located in the
stator winding slot or winding end-turns.
The “on-the-winding” thermostat will auto-
matically reset when the motor has cooled
sufficiently. Certain appliances could result
in a safety hazard to the operator if auto-
matically re-energized. Therefore, they
should not be equipped with automatic
reset-type protectors.

A manual reset-type protector,
equipped with a reset button that must be
depressed before the motor is re-energized
(even though the motor has cooled), can
be mounted to the motor enclosure. The
primary limitation of temperature sensitive
protectors is that the mass of their enclo-
sures causes a “thermal lag” which pre-
vents the following of rapidly rising temper-
atures found under locked rotor conditions
in some motor types.

Motor manufacturers also employ pro-
tectors which are sensitive to both the mo-
tor current and temperature. These protec-
tors (Fig. 7-10b) are designed for place-
ment in the motor enclosure and are avail-
able in both manual and automatic reset
construction for single or three-phase mo-
tors. Basically, these protectors are similar

Fig. 7-10a: In-the-winding type thermal
protectors.

Fig. 7-10b: In-the-enclosure type thermal
protectors.
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to the thermostats, except that a heater coil
is placed in the proximity of the bimetallic
disc and connected in series with the disc
and motor circuit to rapidly activate the
protector under high motor overloads and
locked rotor conditions.

Therefore, in the application of a cur-
rent-temperature sensitive protector, it is
essential that consideration be given to the
motor operating current and temperature
(with respect to the ultimate trip tempera-
ture of the protector) and the locked rotor
current of the motor (with respect to the
short trip time of the protector). The avail-
ability of ultimate and short trip time curves

from protector manufacturers has greatly
simplified the proper mating of protector to
motor.

A successful mating is accomplished
through analysis of motor, application and
protector characteristics. Premature or
“nuisance” trip-outs of the protector during
normal operation are as intolerable (though
less damaging) as failure to prevent the
motor from reaching destructive tempera-
tures. It should be obvious that the proper
matching of a protector and motor is a
tailoring process involving a significant
amount of testing.

UL standards UL-519 and UL-547
define the locked rotor and running

UL Requirements
1. Maximum acceptable overload and locked rotor temperature limits
(thermocouple method).
A. Thermally Protected Motors (UL-547)
Maximum
Temperature
Class A Class B
1. Running Overload: 140°C 165°C
Max. Temp. * Max. Ave. Temp.
2. Locked Rotor: Class A Class B Class A Class B
a. Automatic Reset: o
1) During 1st hour 200°C 225°C
2) After 1st hour 175°C 200°C 150°C 175°C
b. ManuallyReset:
1) During 1st hour
or 10 cycle 200°C 225°C
(whichever is
shorter)
2) After 1st hour 175°C 200°C 150°C 175°C
*Multiple windings individually monitored.
B. Impedance-Protected Motors (UL-519)
Maximum
Temperature
1. Locked Rotor: Class A Class B
1) During 1st 72 hours 150°C 175°C
2) During 15 day test 150°C 175°C

Fig. 7-11: UL-acceptable overload and locked rotor temperature limits for thermally

protected and impedance-protected motors.
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overload temperature limits for impedance-
protected and thermally protected motors.
Refer to Fig. 7-11. These temperatures,
which represent maximum limits for motors
employing thermal protection, are higher
than those normally allowed for a particular
insulation class because they are only ex-
pected to occur for short durations under
abnormal conditions.

A motor properly designed to meet the
load requirements of an application would
normally operate under much lower tem-
peratures (based on its class of insulation).
The maximum acceptable continuous duty
temperatures are specified in either UL-
1446 for the type of insulation system em-
ployed or in the applicable end use stan-
dard for the specific product in which the
motor is being used.

Although we are still faced with the
threat of abnormal conditions attributed to
the causes mentioned earlier, plus the nev-
er-ending uniqueness of machine operators
in creating “improbable situations,” the use
of thermal protectors in motors will provide
greater assurance of safe, reliable opera-
tion and long life of electric motors.

7.5 ENERGY
MANAGEMENT

Proper selection, application and main-
tenance of electric motors is essential to an
effective energy management program.
With increasing shortages and higher costs,
energy management is becoming increas-
ingly important. It is crucial to mankind
from the standpoint of conservation of nat-
ural resources, energy independence and
energy availability. As part of a system,
electric motors play a significant role in
total energy consumption. However, they
cannot be considered alone and are only
one of many factors in the analysis of an
entire system.

Users and specifiers of electric motors
must now, more than ever, understand the
proper selection, application and mainte-
nance of drive components. Reprinted be-
low are excerpts from the NEMA Energy
Management Guide for the Selection
and Use of Polyphase Motors (NEMA
No. MG-10) and the NEMA Energy
Management Guide for Selection and
Use of Single-Phase Motors NEMA
No. MG-11). Contact NEMA for more
information.

Efficiency

The efficiency of a motor is the ratio of
its mechanical output to its electrical input.
It represents the effectiveness with which
the motor converts electrical energy into
mechanical energy. The efficiency of a mo-
tor is a function of the load, horsepower
rating and speed, as indicated below.

1) A change in efficiency as a function of
load is an inherent characteristic of
motors. Operation of the motor at loads
substantially different from rated load
may result in a change in motor
efficiency.

2) Generally, the efficiency of motors, as
measured at rated load, increases as the
motor horsepower rating increases.
That is, large motors are inherently
more efficient than small motors.

3) For the same horsepower rating,
motors with higher speeds generally
have a higher efficiency at rated load
than motors with lower rated speeds.
This does not imply, however, that all
apparatus should be driven by high
speed motors. Where speed changing
mechanisms, such as pulleys and gears,
are required to obtain the necessary
lower speed, the additional power
losses of the mechanisms may reduce
the efficiency of the system to a value
lower than that provided by a direct-
drive lower speed motor.
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A definite relationship exists between
the slip and efficiency of an induction motor
(the higher the slip, the lower the efficiency)
because slip is a measure of the losses in
the rotor winding. Under steady load con-
ditions, squirrel cage induction motors with
less slip should be used, if the application
permits.

Slip of an induction motor is expressed
(approximately) in the following equation:

NNL NFL
NNL
where: N,, = Full load speed
N,, = No load speed

The efficiency of a multi-speed motor at
each operating speed is somewhat lower
than that of a single-speed motor having a
comparable rating. Single-winding multi-
speed motors are generally more efficient
than two-winding multi-speed motors. Sig-
nificant energy savings may be possible by
operating at low speeds where possible,
and at high speeds only when necessary.

Motors which operate continuously or
for long periods of time provide a signifi-
cant opportunity for reducing energy con-
sumption. Examples of such applications
are processing machinery, air-moving
equipment, pumps and many types of in-
dustrial equipment. A small change in mo-
tor efficiency can make a significant change
in total energy consumed per annum, due
to the lengthy operating time.

While many motors operate continuous-
ly, some motors are used for very short
periods of time and for a very low total
number of hours per year. Examples of
such applications are valve motors, dam
gate operators and industrial door openers.
Thus, a change in motor efficiency would
not substantially change the total energy
consumed since very little total energy is
involved.

Viewed from a motor losses standpoint,
amodest increase of a few percentage
points in motor efficiency can represent a

% Slip = x 100

significant decrease in percentage of motor
losses. For example, for the same output,
an increase in efficiency from 75% to
78.9%, from 85% to 87.6% or from 90%
to 91.8% may each represent a 20% de-
crease in motor losses.

For two similar motors operating at the
same specified load but having different
efficiencies, the following equation can be
used to calculate the savings in operating
costs when using motor A rather than
motor B:

100 100
§=(0.740)(hp)(ON)(—- 1)

a b
where:

S =savings (dollars per year)
hp=horsepower rating of the specified
load
C=energy cost (dollars per kilowatt
hour)
N = running time (hours per year)
Ea = efficiency (in percent) of motor A at
the specified load
Eb=efficiency (in percent) of motor B at
the specified load

The equation applies to motors
operating at a specified constant load. For
varying loads, the equation can be applied
to discrete portions of the cycle where the
load is relatively constant for a reasonable
increment of time. The total savings are the
sum of the savings for each load-time
period. This equation is not applicable to
motors operating on pulsating loads or on
loads which cycle at rapidly repeating
intervals.

Motor Losses

An electric motor converts electrical
energy into mechanical energy incurring
losses which are described here in general
terms (for a more accurate explanation of
losses, see IEEE Test Codes 112 and
115). These losses are converted into heat,
causing the temperature of the windings
and other motor parts to rise.
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Electrical Losses (vary with
load): Current flowing through the motor
winding produces losses which are ap-
proximately proportional to the current
squared times the winding resistance (I°R).
Similar losses result from current flowing in
the squirrel cage of an induction motor.

Iron Losses (essentially in-
dependent of load): These losses
are confined mainly to the laminated core
of the stator and rotor. The alternating
magnetic field, essential to the production
of'torque in the rotor, causes hysteresis
and eddy current losses that increase with
frequency.

Mechanical Losses (inde-
pendent of load): Mechanical loss-
es occur in the bearings, fans and brushes
(when used). In open, low-speed motors,
these losses are small. However, they may
be appreciable in large, high-speed or to-
tally enclosed, fan-cooled motors.

System Efficiency

Since the system efficiency is the
combination of the efficiencies of all of the
components of the system, good energy
management requires a consideration of the
total system of which the motor is a part.
Typical factors to be considered are
covered below.

Motor Rating: The optimum motor
rating necessary to handle the load should
be determined. Where the load is constant,
the appropriate motor rating is readily indi-
cated. A close matching of motor and load
generally optimizes the economic consider-
ations. Moreover, the selection of a motor
rating adequate for the load is important to
avoid unnecessary losses which consume
energy and might overheat the motor. The
use of motors having an output rating ex-
cessively greater than the load causes a
reduction in the system power factor, with
resultant added losses in the distribution
system.

Application Analysis: When
the driven machine provides a widely vary-
ing load involving a number of stops and
starts, a careful analysis of the application
can result in savings in energy. Operating
conditions such as starts, plug stops, rever-
sals, some forms of braking, etc., all con-
sume energy at rates much higher than
when the motor is operating continuously at
arated load. When variable duty cycles
are encountered, two actions can be taken
to minimize energy usage. The firstis to
reduce the mass of the moving parts wher-
ever possible, because energy used to ac-
celerate these parts is proportional to the
mass or inertia.

Secondly, all aspects of the load should
be carefully analyzed. This should involve
consultation with the motor manufacturer
for recommendations. Motors which are
designed for high full-load efficiency may
not be suitable for applications involving
frequent starting, intermittent duty opera-
tion and repetitive pulse loading.

Process and Machinery: The
most efficient process and machinery
should be selected. Frequently, alternate
means are available for doing a job, and a
variety of machines often exist that are ca-
pable of performing the task. Once these
determinations have been made, the ap-
propriate motor rating and design type
consistent with system economics can be
specified.

First Cost vs. Long-Range
Energy Costs: For variable and
multi-speed drives, the first cost and long-
range energy costs should be carefully
evaluated because such systems vary
widely in first cost and in operating efficien-
cy, (i.e., the choice of multi-speed or ad-
justable speed motors as compared to
throttling control), or the choice of a high-
speed motor with speed reduction as com-
pared to a low-speed motor.
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Maintenance

Because the electric motor generally
needs little maintenance, it is often neglect-
ed. Proper care of the motor will prolong
its life and will conserve the material which
would be needed for replacement if it fails
prematurely. A basic motor maintenance
program requires periodic inspection and,
when encountered, the correction of unsat-
isfactory conditions. Among the items to be
checked during inspection are: lubrication,
ventilation and the presence of dirt or other
contaminants which form a heat transfer
barrier, alignment of the motor and load,
possible changing load conditions, belts,
sheaves, couplings, and the tightness of the
hold-down bolts.

Sometimes, additional friction develops
within the driven machine as aresult of a
dust build-up on the fan, wearing of parts,
misalignment of gears or belts, or insuffi-
cient lubrication in the driven machine.
These conditions cause the driven machine
to become less efficient by making the mo-
tor work harder, thus reducing system effi-
ciency and increasing energy consumption.

All motors should be provided with
proper overload protection at the time of
their initial installation. If the protective de-
vice should trip, the cause should be deter-
mined immediately. Increasing the trip rat-
ing of'the protective device should be
avoided because it may:

1) conflict with the National Electrical
Code,

2) permit overheating of the motor,
3) waste energy,

4) mask the problem, and

5) create hazards to personnel.

To ensure continued efficient operation
and long motor life, a regular schedule for
inspecting motors and driven equipment
should be established.

7.6 LOAD TORQUE
MEASUREMENT

In order to determine the size ofa
motor or gearmotor to optimally drive a
given machine, a host of variables must be
known. Perhaps the most significant of
these is the torque or turning force needed
to rotate the machine shaft from standstill
through the different stages of'its operating
cycle.

Torque requirements may vary depend-
ing on the machine. In some inertial load
devices, maximum torque is required at the
start to bring the machine up to speed,
while the necessary running torque is a
fraction of the starting requirement.

Other machines such as a printer may
start with no load applied, and at some
point later in the cycle, clutch in the maxi-
mum load. See Fig. 7-12. In this applica-
tion, the average torque must be sufficient
to drive the machine without noticeable
decreases in drive speed when peak loads
are seen by the drive. If the machine can
stop at peak load, the drive starting torque
must be sufficient to start the peak load.
Because these kinds of variations exist, one
must know starting and running torque as
well as peak loads occurring in the machine
cycle. In some cases it is not practical to
measure peak requirements, and average
running torque must be given.

Whenever possible, it is extremely use-
ful for machine designers to supply the mo-
tor manufacturer with load diagrams like
that illustrated in Fig. 7-12. Such load vs.
time graphs are valuable in selecting a

.=

Fig. 7-12: Load diagram for a machine
that starts at essentially no load, with
peak loads occurring later in the cycle.
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Machine
Shaft

Fig. 7-13: Simple string and pulley torque
measurement method. (Torque = force
reading on scale x radius of pulley.)

motor with the best set of performance
characteristics for a given application.

In making a final load requirement dia-
gram, it is important to consider not only
the load cycle itself, but any anticipated
changes that may occur over the life of the
machine. Most machines will tend to “loos-
enup” after a break-in period, while some
(particularly those in hostile environments)
may actually “tighten.” Obviously, the load
diagram should reflect the most demanding
torque condition of the machine.

NOTE: This discussion concen-
trates on the determination of torque
requirements. Other factors are impor-
tant in final drive selection, and the
Application Guidelines outlined in Sec-
tion 7.8 should be reviewed before the
final selection is made.

There are three principle means by
which torque can be measured:

1) the “string and pulley”

method,
2) the torque wrench method, and
3) the “test” motor method.

The String and Pulley Method:
Affix a pulley to the shaft of the machine to
be driven. See Fig. 7-13.

Fig. 7-14: Typical torque wrench.

Secure one end of a cord to the outer sur-
face of the pulley and wrap the cord
around it a few times. Tie the other end of
the cord to a spring scale (like those used
to weigh fish). Pull on the scale until the
shaft turns. The force, in pounds indicated
on the scale, multiplied by the radius of the
pulley (in inches) gives the torque or twist-
ing effort in pound-inches (if the scale is
read in ounces, the result will be in ounce-
inches).

Depending upon the application and if
used carefully, this method is often suc-
cessful in determining both starting and
running torque. The spring scale reading,
when the pulley begins to turn, indicates
starting force. If a long enough string can
be used, an indication of the average run-
ning torque can be obtained. When the
torque characteristics of the machine vary
in different parts of the operating cycle, the
starting torque must be determined at the
point where the motor or gearmotor will
“see” the highest resistance (torque) to
starting.

Torque Wrench Method: A
simple torque wrench can also be applied
to the shaft of the machine to be driven.
See Fig. 7-14. Turn the wrench as you
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Voltmeter

Fig. 7-15: AC motor or gearmotor with
adjustable autotransformer.

would an ordinary pipe wrench, and when
the shaft begins to rotate, read the value (in
ounce-inches or pound-inches) on the
torque wrench gauge. The observed value
represents the torque required to start the
machine.

This method is generally limited to
measuring starting torque or peak
torque since it is unsafe and difficult to
continuously rotate a torque wrench.

“Test” Motor Method: Both
AC and DC test motors or gearmotors can
be used to measure a machine’s starting
and running torque. This method requires
more time and instrumentation, but can be
well worth the expense in the long run. It is
the best way to optimally match the ma-
chine and drive unit, and is popularly used
for all high volume OEM applications.

Whether AC or DC drives are used, the
method is basically one of experimenting
with an “oversize” drive at reduced power
levels, recording the experimental readings,
and then bench-testing the drive to deter-
mine the torque that was being produced at
the recorded readings. The method is actu-
ally a variation of dynamometer testing a
machine (the test motor is, in reality, a sub-
stitute dynamometer).

AC Method: Use a torque wrench
or “string and pulley” to find the approxi-
mate size of the test motor or gearmotor

needed. An AC motor or gearmotor
whose rated output speed is close to the
desired “final” speed of the machine should
be obtained. Next, connect the AC drive,
powered by a variable autotransformer to
the load as shown in Fig. 7-15.

With a voltmeter connected to the line,
increase the voltage supplied by the au-
totransformer until it starts and accelerates
the load up to speed. (To check the speed,
use a tachometer or stroboscope.) Record
the starting voltage at all possible starting
locations of the device. Next, back off
slowly until the motor breaks down. Read
the voltage and supply the data and the test
motor (gearmotor) to the manufacturer.

DC Method: The DC method, uti-
lizing a permanent magnet DC motor, pro-
vides the experimenter with more latitude in
that the speed of the device can be varied.
This can be an advantage if the “final”
speed of the machine has not yet been de-
cided and experimentation is desired for
optimizing,

The DC method requires the measure-
ment of the test motor input voltage and
current once the desired operation of the
load is achieved. Speed of the DC motor is
proportional to voltage while torque is pro-
portional to the current. For maximum ac-
curacy, the actual test motor should be sent
to the manufacturer with the voltage, cur-
rent and speed information for dynamome-
ter testing. The minimum starting torque
should also be supplied.

7.7 MOTOR SIZING

While determining the maximum torque
requirement for a potential application is
important, many other performance char-
acteristics may affect machine operation at
different stages of the operating cycle.

The motor speed / torque curve should
be examined to determine if the load can
be started and accelerated to running
speed. When the time accelerate the load
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HOW TO READ A SPEED/TORQUE CURVE

Speed —j»

— Torque — P

NO LOAD SPEED - Speed developed with
no load applied.

FULL LOAD POINT - Rated operating
torque/speed.

MAXIMUM OR BREAKDOWN TORQUE - Once
— it is running, the maximum torque a motor will
develop without an abrupt drop in speed.

PULL-UP TORQUE - Minimum torque

— developed from start to point at which breakdown
occurs.

| STARTING TORQUE - Torgue developed when
motor is energized at standstili.

Fig. 7-16: How to read a speed / torque curve.

is a specified requirement, additional accel-
eration torque must be available in excess
of the needs to overcome friction. It is also
important to be sure that the motor select-
ed can cope with peak load requirements.
The curve shown in Fig. 7-16 contains the
basic speed / torque information for a typi-
cal AC squirrel cage, nonsynchronous
motor.

7.8 APPLICATION
GUIDELINES

Proper application of any motor or
gearmotor requires careful preliminary
planning. The factor which most often de-
termines the success or failure of a motor-
driven device is the initial care exercised in
matching the load characteristics of the
machine to be driven with the performance
characteristics of the motor to be used as
the driving member. A motor too large or
too complex is unnecessarily expensive to
purchase and operate, while a motor too
small may fail to drive the load under all
conditions to be met in the normal course
of the application.

The characteristics chart shown in Fig.
7-17 provides a good general guide to the
selection of a proper motor with respect to
electrical type, but many other factors must

be taken into consideration before the final
selection is made.

Unfortunately, some of the more impor-
tant factors are not always apparent and
may be recognized only by an applications
engineer having years of small motor design
experience.

Supplying Application
Data

Unnecessary communications, loss of
time, excessive development and experi-
mental costs, and repeated trial and error
can often be avoided if a machine designer
supplies the motor manufacturer with
complete application data before the
design of a driven machine reaches the
detailing stage. Figure 7-18 shows a typical
application data sheet provided by motor
manufacturers to assist product designers
in supplying all information necessary for
motor selection. Since this selection
process is critical, we will consider each
pointindividually.

1) Product to be Powered? What kind of
machine is it and what kind of work will
it be expected to do? (For example,
main drive for an office copier, reel
drive for a magnetic tape deck, etc.)

2) Estimated Quantity? Is the
production run to be large or small? This
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question is asked because the feasibility of

some alternative solutions may depend

upon the quantity projected.

3) What Does the Motor Drive? The
first question defines the end product.
This question determines how the motor
or gearmotor is related to the operation
of'the machine. The function of the mo-
tor may take on many forms. In its sim-
plest form, the motor may be directly
coupled to the load (as in a grinding
wheel in a lathe attachment). On the
other hand, the motor may be the main

source of power for several functions in
amachine via chains, gears, belts, etc.

4) Power Supply? Since the power avail-

able to a plant has, in most cases, al-
ready been installed, this is a fixed fac-
tor. Here it must be known if AC or
DC is to be used, and the line voltage
or voltages available. Furthermore, if
the source of power is AC, the fre-
quency and number of phases must also
be known. If the source of power is not
pure DC, the form factor must be
known. Sometimes there is a choice of
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Fig. 7-17: Motor characteristics chart.
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APPLICATION INFORMATION

Company
Address
City state Zip
Code

Name Title

Phone Number Date

This form has been prepared to assist you in supplying us with the basic information required to propose a trial
motor for your application. The success of the motor selected will depend upon the accuracy and completeness
of the information you supply.

1. Product to be powered:

2. Estimated quantity requirements: Initial order First year
3. What does motor drive?

4. Power supply: 115 VAC, 60 Hz (). Other
5. Fixed speed RPM. Allowable variation %.
6. Variable speed (universal or DC motors only) to RPM.

7. Direction of rotation viewing drive end of motor or gearmotor:
CW () CCW () Reversible (') Optional ()
8. Load requirements and conditions: Load data obtained from present practice ( ), estimated ( ), determined by
actual test (). If equipment was successfully driven by a Bodine or competitive motor, give complete
nameplate data.

a) Continuous load torque.
b) Intermittent load torque.
1) Maximum length of time at full load
2) No-load running time Average time at rest

3) Maximum momentary or peak torque
¢) Reversing service:
1) Maximum reversals per minute
2) Must motor reverse while rotating? () Or from rest? ()
d) Shock loads, if any. Describe

¢) Radial loading:

1) Directly applied type: Indicate (by sketch on next page, No. 20) magnitude, direction, and point of
concentration of loads such as initial belt tension, supported weight, etc. Show front and side views.

2) Reaction type: Indicate (by sketch on next page, No. 20) how motor is coupled to driven load, giving
pitch diameter of pinion, worm, sprocket or pulley, location on shaft, and direction of load. Show front
and side views.

f) Axial loading: What is magnitude and direction of load? (Show by sketch on next page, No. 20). If worm
drive is contemplated, include complete worm data.
g) Direct drive: If load is coupled directly to shaft, describe type of coupling employed

h) Is motor started under load? If so, what is starting torque required?
i) Is load of inertia (flywheel) type?
j) Is time a factor in bringing load up to speed?
9. Life expectancy of motor hours. (Motor life varies with operating and load conditions, and
duty. Normal duty is considered to be 8 hours per day, 5 days per week, or 2000 hours per year.)
10. How frequently will motor be serviced? (annually, quarterly, monthly, never)
a)lubrication
b) brushes
c¢) general cleaning

Fig. 7-18: Application data sheet (continued on next page).
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11. Space and weight limitations, if any
12. Motor mounting: Standard Floor ( ), Other ( ). Show by sketch (in space below, No. 20) if other than
standard floor mounting.

13. Temperature surrounding motor: Max. °F, Min.
°F
14. Ts equipment designed to provide adequate ventilation to motor? How?

15. What is the condition of the air surrounding the motor? (dusty, gritty, humid, acid, explosive, etc.)

16. Shaft end play restrictions
17. Shaft dimensions if other than standard

(If shaft features are complex, show by sketch.)
18. Electrical leads:

a) Bodine standard acceptable ().

b) Special material or length (). Describe

¢) Cord (). Describe, including type, length, plug or switch specifications, etc.

d) Terminal box ().
19. Give additional requirements not covered by the above data such as UL, CSA, sanitary, municipal or
military, braking, overload protection, degree of quietness, etc. (Describe fully)

20. Use this space for sketches as required.

Form 1478

Fig. 7-18: Application data sheet (continued from previous page).
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there is a choice of currents and volt-
ages. In situations involving unusual
voltages or voltage fluctuations, high
form factors, or unusual and varying
frequencies, special care must be exer-
cised in selecting a motor. The power
source, therefore, must be fully defined
and understood before proceeding.

5) Fixed Speed? Allowable Variation?

The answer to the first half of the ques-
tion will usually establish whether a mo-
tor or a gearmotor is required. The
variation allowable will establish the
speed constant required; that is, if the
motor is to be of synchronous or non-
synchronous type, or if tachometer
feedback or openloop control is
required.

6) Adjustable Speed? Universal (series

wound), brush-type DC or brushless
DC motors are usually indicated if ad-
justable speed is required. Brushless
DC motors offer excellent speed regu-
lation plus less maintenance and greater
torque-per-motor frame size than
brush-type DC motors. Series motors
can be adjusted over a wide speed
range by means of a rheostat, adjust-
able autotransformer or an electronic
speed control. However, due to loss in
torque with decrease in voltage, the
practical speed range is usually limited.
Shunt-wound motors and PM motors
used in conjunction with SCR or simi-
larly controlled power sources are bet-
ter suited for applications requiring rela-
tively constant (with respect to load)
but adjustable, speed over wide ranges.

7) Direction of Rotation? The National

Electrical Manufacturers Association
(NEMA) has established that the stan-
dard direction of shaft rotation for all
DC motors, all AC single-phase motors
and all universal motors shall be coun-
terclockwise when facing the end op-
posite the driveshaft.
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Most motor manufacturers have
adopted this designation, but some,
including the Bodine Electric Company,
have historically considered the direc-
tion of rotation of motor and driveshafts
to be that which is seen when looking at
the end of the shaft, and so indicate in
their literature.

Since there is inconsistency between
motor manufacturers, there is always
the possibility of misunderstandings
which can result in motors being wound
for the wrong direction of rotation. To
avoid this, when specifying the direction
of rotation of unidirectional motors or
gearmotors, always include a point of
reference. For example, in the case ofa
single-shafted motor, a typical specifi-
cation might read: “Rotation clockwise,
facing end of shaft,” or in the case of a
single-shafted gearmotor: “Rotation
counterclockwise, facing the end of the
driveshaft extension.”

Motors or gearmotors with multiple
shafts present special communication
problems. In these cases a point of ref-
erence should be the extension that is
depicted as “standard” on the catalog
dimension sheet. For example, in the
case of a motor, the specification might
read: “Rotation clockwise, facing exten-
sion at end opposite leads,” or in the
case of a gearmotor: “Driveshaft rota-
tion clockwise, facing end of left-hand
extension.” Use of the sketch space
under Item 20 in the application form
(Fig. 7-18) will help to alleviate any
possibility of error in complex cases.

8) Load Requirements and Conditions?

This question basically asks:
1) what is the power or torque
requirement, and
2) how is it determined.

It is quite possible that the design
engineer has determined the power
requirements analytically or by some



mechanical means, accomplishing the
latter by the string and pulley method
(Section 7.6) or by actually powering
the device with a test motor. If the load
were determined by use of a test motor,
it is probable that tests were run at rat-
ed voltage. There is always the possibil-
ity that the test motor developed more
power than was actually necessary for
the application and that a motor provid-
ing less power, and quite possibly less
costly, would be adequate for the
application.

This possibility can best be established
by employing a variable autotransform-
er and measuring the minimum voltage
required to start and drive the load. By
means of a brake test on the same or an
identical motor, one can then measure
the torque developed at the minimum
voltage and establish the magnitude of
the actual load under starting and run-
ning conditions. There is a tendency for
design engineers to specify their power
requirements in terms of horsepower.

It is better, in all cases, to establish
the power requirements in terms of
torque. This is especially true for
gearmotor applications.

8a-b) Continuous Load or Intermittent

Load? Once the magnitude of the
load has been determined, we are
ready to define the duty cycle as
continuous or intermittent. By defi-
nition, a motor which continues to
operate after it has reached normal
operating (steady) temperature is
operating under continuous duty
conditions. Conversely, one which
never reaches a steady temperature,
but is permitted to cool between
operations, is operating under inter
mittent duty conditions. Intermittent
duty motors are given a time rating
by the manufacturer. It can be seen,
then, that the subparts of question

8a) take on vital significance since the
answers determine the extent to which
heat generated under load will be dissi-
pated during the time the motor is oper-
ating at no-load or at rest.

8¢) Reversing Service? It might seem at
first that the only reason for this ques-
tion is to select the winding type. While
this is true, reversing service is also an
important factor in the mechanical life of
gearmotors, and in brush life of DC or
series wound motors.

The reply to this question must be
weighed with other information provid-
ed about the load to determine its rela-
tive importance. For example, if the
load is inertial and must be reversed, it
could produce excessive shock loads
on the gear train, possibly necessitating
a slip clutch on the output shaft to re-
duce the shock.

Basically, we should be concerned
with the frequency of reversals, and
whether the motor must reverse while
rotating or from rest. In connection with
the latter, there are some applications
where the design engineer may specify
“Motor must reverse in three seconds.”
Ifthis is specified, the inertia of the load
must also be given. (See 8i.) One
would then analyze feasibility of
reversing with different kinds of motors.
A sample motor may need to be built to
determine if the requirement could be
met.

8d) Shock Loads? 1t is important to
establish if shock loads exist in the
application. Although we all have an
intuitive idea of what shock loading is,
formulating a precise definition (without
resorting to mathematical terms) is
somewhat difficult, and long-term test-
ing by the customer of a drive may be
required to establish the suitability or
fitness of a drive for the application.
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Fig. 7-19: Typical applications imposing
axial and radial loads.

The important aspect of all common
definitions of “shock” is that they imply
adegree of suddenness and severity.
The combination of these two parame-
ters will have immense consequence in
determining the overall life of a drive
system. When describing a shock load
condition, it is imperative to state as
accurately as possible (in terms of time)
the degree of suddenness and (in terms
oftorque) the severity to which the
motor or primarily the gearmotor will be
subjected.

Running a drive against a stop is the
one most commonly thought of shock
condition. However, since shock
loading is a matter of degree, the
complete load requirements of the
application must be studied. Loads
which vary significantly and can be
classified as shock loads should be
described thoroughly (with a torque vs.
time diagram, if possible). Common
examples of more moderate shock
conditions would be clutched inertia
loads or cam loads. In the case of the
clutch, the amount of inertia and the
time of clutch engagement should be
reported on the application form. For
cam loads, a dimensioned sketch of the
cam on the reverse side of the form and
adescription of the load will greatly
assist the drive manufacturer.

Overhung Load
Distance From Hub

Tension 1 Tension 2

Fig. 7-20: Sketch illustrating a typical
overhung load application.

An important area not to be over-
looked is whether the load will be
braked or reversed, or both, when
driven by a gearmotor (especially one
with “self-locking” worm gearing). In
the case of inertial loads, such service
can result in severe shock if mechanical
protection devices are not employed.
The method of braking (including point
ofapplication) and reversal should be
described thoroughly.

The effect of shock loading on the
overall life of a drive system cannot be
overemphasized. Extreme care and
attention should be given to this portion
of the application information form.

8e) Radial or Overhung Loads? These
are loads which are applied in a direc-
tion perpendicular to the axis of the
shaft. These may be directly applied as
shown in Fig. 7-19, or reaction type as
shown in Fig. 7-21. Examples of the
first type are loads imposed by belt or
chain tensioning and loads created by
supported weights such as those found
in hoist applications. Examples of the
second type are loads which are devel-
oped when the shaft is coupled to the
load through belt or chain drives or
through external spur, helical, bevel or
worm gearing.
A sketch, like the one in Fig. 7-20,
should be used to describe the radial
loads to be expected in an application.
Figure 7-20 shows an application
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employing a belt and pulley coupling.
Given the torque at normal operating
speed (Item 8a of Fig. 7-18) and the
pitch radius of the driving pulley, the
driving force at the point of application
can be calculated as follows:

Driving force = torque + pulley pitch
radius

and,

Driving force = tension I - tension 2

The overhung load to which the driv-
ing shaft will be subjected is determined
by adding the total initial belt tension
applied in a direction perpendicular to
the axis of the shaft.

8f) Axial or Thrust Loads? These are
loads which are applied in a direction
parallel to the axis of the shaft. They
may be directly applied as shown in
Fig. 7-19, or the reaction type as
shown in Fig. 7-21.

Axial fans or directly supported turn-
tables and centrifuges are typical appli-
cations developing direct axial loads.
Reaction type thrust loads are typically
found in applications employing helical
or worm gearing to couple the motor or
reducer to the load.

In most cases, directly applied axial
loads are those developed in applica-
tions where the motor or reducer shaft
is vertical. In the case of plain motors, it
must be known whether the shaft will
be up or down, since the weight of the
rotor must be taken into consideration.
The thrust developed in gear reaction
loads is the product of the driving force
and the tangent of the external gear
tooth helix angle. It is necessary, there-
fore, for the designer to provide infor-
mation about the actual torque loading
and details regarding the external worm
or helical pinion in order for the axial
load to be calculated.

8g) Directly Driven Loads? Properly
aligned directly driven loads are those
which present only “pure” torque loads
to the motor or gearmotor driveshaft
and its bearings. Ifradial or axial loads
are present, they are carried instead by
bearings in the equipment being driven,
in which case the motor is usually cou-
pled to the load by means of a flexible
coupling to avoid alignment problems
or, in some cases, to reduce shock.

Couplings usually employed for direct-
ly driven loads include steel sleeve,
multi-jaw, jaw types with resilient in-
serts and universal joints. Each has its
own unique characteristics and knowl-
edge of'the type of coupling to be em-
ployed is of value in determining if the
motor will be properly applied.

8h) Is the Motor Started Under Load?
This section prompts a “yes” or “no”
answer, but in some unusual cases, it
might be answered “sometimes.” There
are many applications where the motor
normally “sees” little or no load at start
but, at certain points in the load cycle,
will experience maximum possible start-
ing load. For example, in an electric
typewriter application, the maximum
load condition normally occurs when
the carriage is being shifted. Should the
operator turn the machine off, or should
the power plug be inadvertently pulled
at this load point, the motor must be
designed to develop sufficient starting
torque to overcome the load when the
power is restored. For applications of
this type, it is useful to obtain informa-
tion as to load variations expected
throughout the operating cycle.

The answer to the second part of the
question (“If so, what is the starting
torque required?”’) should be a real
number expressed in oz-in., Ib-in., kg-

7-32



cm, n-m, etc. This can usually be deter- | 8i) Is Load of Inertia (Flywheel) Type?

mined by the string and pulley method. When the reply is “yes,” we should

(Refer to Section 7.6.) obtain information about the actual load
inertia or WR? (sometimes referred to
as WK?). If the information is

Datum

4 Cutput Shaft
¢ Motar Shaft

w2

Wr=ty-ta=T/R
Po=1] +t2 " = o0
P1 =0 (assuming perfect alignment}

Wt =T/R
Pg = Wy tan 2

Fg = w2+« Pg2 = Wi/t o Tan2 @
P = W Tan ¥

NOTE
If conditions do not permit exact measurements of t & t,, the following are generally accepted approximation
factors:
Chain: P = 1.0 W V-belt: P, = 1.5 W,
Timing belt: P) = 1.2 W, Flat belt: P, =2.5 W,
Gear: P = 1.2 W,

NOMENCLATURE

W, = Tangential force W = External gear tooth helix

P, = Overhung load (force) (zero for spur gear or chain drive)

P, = Separating load (force) — = External gear tooth transverse pressure angle

P, = Thrust load (force) o = angle of force W along line connecting shaft

R = Pitch radius (length) centers with respect to a defined datum line on a gearhead
T = Torque (force x distance) L = Distance from housing datum

t = Belt tension (force)

Fig. 7-21: Method for calculating overhung and thrust loads on gearmotors: a) for
driving belts and chains (top), and, b) for driving via external spur or helical gearing
(bottom).
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unavailable, it may be necessary to
send the device to the motor
manufacturer for testing.

Load inertia information is especially
important if a salient pole synchronous
motor is being considered as the rotary
power source. The reason is that the
“pull-in” to synchronism torque capabil-
ity of the motor must be great enough to
overcome the WR? or combined inertia
of the motor and the driven load.

8)) Is Time a Factor in Bringing the
Load Up to Speed? This relates mostly
to inertial loads which invariably use
more power to start and accelerate to
running speed than they do to keep
running at full speed. The torque re-
quired to accelerate the load from
stand-still to running speed varies in-
versely with the time allocated for ac-
celeration. Therefore, it is necessary to
know if there is any minimum time limit.
If so, the limit should be specified here.

9

~

Life Expectancy of Motor (Number
of Hours)? Life expectancy is extreme-
ly important in the selection of the best
and most economical motor or gearmo-
tor for the application. In addition to
supplying information about total life
expectancy in hours, it is important to
establish the number of starts and the
expected running hours over a given
period of time.

An example of manufacturer standards
for life expectancy under normal oper-
ating conditions are:

a) steady load with no shock,
b) continuous duty, eight hours
perday, five days per week,
¢) infrequent starts,
d) ambient temperature of 0°C to
40°C,
e) voltage to be within 10% of
nameplate rating, and
f) frequency to be within 5% of
nameplate rating.

In addition, altitude limits are some-
times specified or implied. The life of
most motors may be greatly affected by
any deviation from normal operating
conditions.

Temperature is particularly important,

as motor life expectancy is a function of

total temperature. Insulation, lubricant
and seals are all affected by tempera-
ture. This is illustrated by the following.

1) As a general rule, ball bearing or
gear lubricant life is halved for ev-
ery 25°F (approximately 14°C)
increase in temperature. Heat will
eventually degenerate most lubri-
cants and seals, leading to leakage,

increased friction and extra
maintenance.

2) Generally, the motor insulating life is
halved for each 10°C increase in
total temperature.

Therefore, it is apparent that tempera-

ture has a direct bearing on the life ofa
given motor. When considering life ex-
pectancy, we should cross-reference
the following application considerations
that directly affect the motor’s operating
temperature:

a) bearings,

b) lubricants,

c) duty cycle,

d) radial load,

e) axial load,

f) mounting,

g) enclosure,

h) ambient temperature,

1) ventilation, and

j) electronic controls.

10) How Frequently Will the Motor be
Serviced? Answers to this question in
conjunction with information concerning
life expectancy, duty and ambient tem-
perature are important in selecting the
best bearing and gear lubricant. Similar-
ly, brush selection, in the case of series
wound or DC motors, is dependent to
adegree upon the service anticipated. If
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cleaning is seldom or not expected, a
totally enclosed motor may be neces-
sary, depending on the environment.

11) Space and Weight Limitations? If
space is limited, this becomes a very
important consideration. Show the
maximum space envelope (using a

sketch) and indicate how and where the

load should be coupled to the motor or

driveshaft. The sketch should also show

any space restrictions caused by inter-
ference with other components.

In analyzing an application’s space
and/or weight limitations, the associated

cost elements must be recognized. Here

are a few general areas which might be
affected.

a) Where a reduction in speed is
needed, an integral speed reducer
motor should be considered. By
combining the motor and speed
reducer in one unit, cumbersome
and complicated speed reduction
transmissions can be avoided. This

alone may resolve the space
problem.

b) If space and weight for the motor is
figured too closely, a totally new
redesigned special purpose motor
may be required. This could involve
extensive engineering and special
tooling. One of the most frequent
application mistakes is to ignore the
potential need for more space to
accommodate a larger motor if one
is required at a later time.

¢) Ifthe design does not afford suffi-
cient motor ventilation to keep the
temperature rise within tolerable
limits, a larger and more expensive
motor may be required.

12) Motor Mounting? A sketch should be

used if standard mounting cannot be
adapted. The standard mounting Posi-
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tion is usually described in a dimension
diagram supplied by the manufacturer.

In the “standard” position, the axis of
the motor lies in a horizontal plane. For
gearmotors in standard mounting posi-
tion, the axis of the output driveshaft
also lies in a horizontal plane. The
choice of motor mounting may depend
on motor design, operating conditions,
space requirements and life expectancy.
Factors to be considered include:

a) sleeve vs. ball bearings,
b) oil vs. grease lubrication,
¢) ventilation,

d) care and servicing, and
e) special modifications.

In all sleeve bearing motor and/or
gearmotor applications, the mounting
must be specified. If the unit and/or the
output driveshaft is rotated from hori-
zontal to another position, almost with-
out exception a different lubrication
arrangement is required (sometimes at
additional cost).

The nature of the differences will de-
pend largely upon the choice of mount-
ing and/or whether the application re-
quires an oil-lubricated or grease-lubri-
cated gearmotor.

Special lubrication arrangements can
include new location of drain, fill, vent
and level indicators, or special oil seals.
Mounting the gearhead above the mo-
tor is not recommended and should be
avoided because of the risk of lubricant
leakage down into the motor if a seal
fails or wears out. Lubricant leakage
into the motor can cause motor failure
with additional hazards to personnel
and equipment.

13) Temperature Surrounding Motor?

This is the “ambient” temperature and
directly affects a motors life expectancy.



Most locations expose a motor to
the normal operating range (0°C to

40°C or 32°F to 104°F). Temperatures
above or below this range may create
lubrication problems in both motors and
gearmotors or insulation problems.

Temperatures lower than normal may
require special considerations in order
to provide adequate starting torque due
to stiffening of bearing and gear lubri-
cants. Also, a time lag may exist in
reaching operating speed, which could
affect the performance of the driven
equipment.

Temperatures higher than normal
present lubrication and sealing problems
because of viscosity changes in the lu-
bricant. In addition, the maximum oper-
ating temperature for the winding insula-
tion system is established on the basis
ofthe motor type and insulation class.

14) Is Equipment Designed to Provide

Adequate Ventilation to the Motor?
A motor in a suitable ambient tempera-
ture may still overheat if the equipment
confines the motor in such a way that its
generated heat cannot be dissipated.
The ambient temperature in close prox-
imity to the motor should never exceed
the nameplate value (normally 40°C).

A motor external to the equipment in a
suitable ambient temperature is exposed
to circulation of free air and normally
would have adequate ventilation. A
motor housed within the equipment
needs ventilation. Depending upon the
degree of confinement, circulating free
air may be provided from vents in the
equipment housing, or by forced venti-
lation.

15)What is the Condition of the Air Sur-

rounding the Motor? Dust, grit, hu-
midity and acid fumes can damage mo-
tors. Airborne particles may clog
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ventilation openings, preventing suffi-
cient heat transfer. Moisture and fumes
may deteriorate motor components.
The answer to this question helps define
the type of enclosure, environmental
treatment, shaft materials and lubricants
required.

Open, ventilated motors are suitable
for clean, dry locations where cooling
air is not restricted. Enclosed products
are suitable for dirty, damp locations.
For outdoor use, wash downs, etc.,
enclosed products must be protected
by a cover while still allowing adequate
air flow.

In open-type motors, sparking of
starting switches in AC motors so
equipped, and of brushes in commuta-
tor-type motors can be expected during
normal operation. In addition, open-
type enclosures may eject flame if the
insulation fails. Therefore, avoid placing
open-type motors, gearmotors, or con-
trols in the presence of flammable or
combustible materials.

Most totally enclosed products are
not explosion-proof. Explosion-proof
motors, gearmotors and controls should
be used for hazardous locations (flam-
mable/explosive gas, vapor, dust).
When dealing with hazardous locations,
an approved explosion-proof product is
the recommended approach. Excep-
tions are allowed by the National Elec-
trical Code. NEC and NEMA safety
standards should be studied thoroughly
before exercising this option.

Moisture increases the electrical
shock hazard. Open-type motors
should always be protected from
moisture. Totally enclosed motors will
reduce the hazard if all openings are
sealed.



16) Shaft End Play Restrictions? Stan-
dard “end play” (or axial shaft freedom)
of rotor (or armature) shaft and gear-
motor driveshaft is controlled by the
manufacturer during assembly. Some
typical end play specifications are as
follows.

On sleeve bearing supported shafts:

a) Soft spacing washers limit motor
and armature end play to within
0.005 to 0.020 inch.

b) Reducer driveshafts are limited to
within 0.005 to 0.020 inch end play
by means of hardened washers of
varying thickness.

On ball bearing supported shafts:

a) The ball bearings of rotors or
armatures are preloaded by means
of spring-type washers to provide
quiet bearing operation under cold
and normal operating tempera-
tures. This results in essentially no
free end play of the shaft unless a

sufficient axial force is applied.

b) The ball bearings of the secondary
shaft and the driveshaft of many
gearmotors are spaced to a mini-
mum of end play by flat steel
washers of various thicknesses as

required.

On needle bearing supported shafts:

a) In this type of bearing, the drive
shaft acts as the inner race of the
bearing and consequently is similar
in free end play to that of a sleeve
bearing. The sections of the shaft in
the journal area are hardened. End
play is typically limited to within
0.005 to 0.020 inch by means of

spacer washers.

In rare cases, requests are made for
more closely held end play than stan-
dard tolerance for sleeve bearing

supported shafts. Any limited end play
requirement would necessitate special
gauging fixtures for assembly and final
inspection checking. It is not practical in
production to space a sleeve bearing
assembly to zero end play. In subfrac-
tional horsepower motors, added fric-
tional losses resulting from a zero end
play tolerance could mean the differ-
ence between success and failure. Ad-
ditionally, within a short period of time
(providing the motor does not overheat
and fail), the washers or bearing faces
will wear away and end play will devel-
op regardless of precautions.

17) Shaft Dimensions if Other Than
Standard? This detail on the applica-
tion form. causes little or no problem
unless a designer wants a special fea-
ture such as a cross-drilled hole located
“x” inches from the bearing hub or cen-

tered to something less than up to .006

TIR. The normal method of dimension-

ing the location of a cross-drilled hole, a

cross-milled flat or the shoulder of a

reduced diameter on a shaft extension is

from the end of the shaft, and the nor-

mal tolerance is + 0.005 inch (0.196

mm). Ball bearing supported shafts

have no free end play and the normal

tolerance of the extension is = 0.032

inch (0.8 mm). When checking the

length of a sleeve bearing supported
shaft, the measurement should be made
with the shaft pulled out. Under these
conditions, the tolerance is the same as
above.

18) Electrical Leads? This item offers a
choice of connections from the motor to
the power source. Popular lead materi-
als generally consist of individually
tinned copper strands. Insulation is
polyvinyl chloride or x-linked. polyeth-
ylene. If the designer requires something
different, the number of strands and the
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type and color of insulation should be
included. Of course, the motor manu-
facturer’s standard leads are the most
economical choice.

19) Give Additional Requirements Not

Covered by the Above Data Such as
UL, CSA, Braking, Overload Protec-
tion, and Quietness.

Considering the unlimited application
possibilities involving small motors and
gearmotors, it would be impossible to
cover every application consideration in
one questionnaire. This space provides
information for any special requirements
not covered in the form. A continuation
sheet should be attached if needed. The
following comments apply to some of
the specific examples listed.

a) UL, CSA, etc. = Many applica-
tions require compliance with one
or more of these organizations’

standards. Their specific require
ments should be made known to
the motor manufacturer at the out
set. At times, there are charges to
the motor manufacturer for “third
party” approvals.

b) Braking = Frequently, the power
transmission must be braked or
stopped by some mechanical or

electrical means. Complete data de
scribing the method of braking re-
quired is essential (for example, fre-

overload relays, thermostats and
inherent overheating protectors. See
Section 7.4. Fuses and relays are
sensitive to motor current only. Ther
mostat devices, usually in direct con-
tact with motor windings, respond to
temperature only. Inherent overheat-
ing protectors respond to the total
heating effect whether it is caused by
temperature alone, current alone or
the combined effect of both. Caution
must be exercised if “automatic”
reset protectors are used = they can
reset without warning and be hazard-
ous to personnel.

d) Quietness - This is a complex

problem including both mechanical
and electrical design. See Section
7.3.

Although the foregoing is by no
means a complete analysis of all the
factors, it should provide a guideline for
motor selection. It should again be
stressed that the more time spent on this
planning phase to provide the motor
manufacturer with accurate, relevant
information about the device to be driv-
en, the easier it will be to match the
right motor to the application.

Applying fhp
Gearmotors

When gearmotors are specified, there

are many factors to consider in addition to
those mentioned previously. This is due to
the gearing and the effects it has on other
parts of the system.

quency of braking time required to
stop), and whether or not holding
torque must be present after the mo-
tor has been stopped.

¢) Overload Protection = This may
be a requirement of the testing or
standards writing organization (as
in No. 19a.) Four basic types of
overload protective devices are nor-
mally used with fhp motors: fuses,

Inertial, Reversing and
Overrunning Loads: Inertial loads
with high reduction ratios often produce
extreme torque multiplication between in-
put and output shafts.
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The motor and gearhead must be sized to
sustain the torque developed when starting
or stopping this type of load. Reversing an
inertial load should be avoided unless the
gearing is disconnected from the load, and
the load braked before reversal.

Overrunning loads can be inadvertently
imposed on the gearhead. For example,
power failure or disconnect on an elevating
device driven by a gearmotor can cause
the load to drive the gearmotor in reverse.
If backdriving of a gearmotor is contem-
plated, the manufacturer should be con-
tacted since many gearheads can be easily
damaged by backdriving.

Service Factors for Gear-
ing: Service factors are correction fac-
tors which compensate for nonstandard
load conditions and are applied to torque,
overhung and thrust load ratings of gearing.
These factors compensate for variable and
shock loads. The service factors are not as
well defined for gearmotors below approx-
imately 1/8 hp as they are for larger units,
and judgement should be exercised in their
application. Unfortunately, there is no com-
mon agreement among small motor and
gearmotor manufacturers to the magnitude
of various service factors.

Service factors, developed through ex-
perience, are useful for estimating the se-
verity of the actual duty, compared with
average duty. The service factors (Fig. 7-
22) as indicated for classes of service de-
fined, are provided as application guide-
lines. They should be multiplied by the uni-
form steady, or average torque of the load
resulting in “equivalent required torque:’

Equivalent required torque = service
factor x uniform steady torque.

Equivalent required torque should not ex-
ceed rated torque of the gearmotor.

Type of Load 8§ Hr. | 24 Hr.
Uniform Steady 1.0 1.5
Light Shock 1.5 2.0
Moderate Shock 2.0 2.5
Heavy Shock 2.5 3.0

Fig. 7-22: Service factors for various
types of loads.

Figure 7-21 provides formulas for cal-
culating overhung and thrust loads on gear-
motors. The following application guide-
lines also apply to the classification of load

type.

Uniform Load =A load which does
not vary appreciably during operation or
changes gradually. Blowers or chart drives
would be in this category.

Moderate Shock = A load which
varies significantly during operation or is
applied rapidly. Clutched loads of low
inertia or cam loads would likely be in this
category.

Heavy Shock = A load which varies
greatly in a relatively short time. Inertial
loads braked or reversed through nonlock-
ing gearing would be in this category.

Extreme Loads Not Covered = An
impact load or high speed, high inertial load
driven by self-locking gearing cannot be
covered by service factors and must be
referred to the motor manufacturer.

No matter how well a motor or gear-
motor is constructed, improper application
can result in poor performance or complete
failure. The foregoing illustrates the proper
approach in the evaluation of the load to be
driven by a motor or gearmotor. To aid in
the selection procedure, most manufactur-
ers can provide a selection worksheet
which serves as a convenient checklist for
both the customer application engineer and
the manufacturer.
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7.9 SAFETY

The use of electric motors and
generators is potentially hazardous. The
degree of hazard can be reduced by
proper design, selection, installation and
use, but hazards cannot be completely
eliminated. Hazard reduction is the joint
responsibility of the user, the manufacturer
of the driven or driving equipment and the
motor manufacturer.

Many motors, gearmotors and speed
controls are designed and manufactured to
comply with applicable safety standards,
and in particular with those issued by
ANSI, NEMA, UL and CSA. In addition,
many overseas standards are being fol-
lowed. In particular, IEC (International
Electrotechnical Commission) standards
are gaining influence.

Furthermore, many products are “third
party approved” with respect to construc-
tion. Motors, gearmotors and controls rec-
ognized by UL are designated with a code
on their nameplates. The use of codes is
unique to each manufacturer. Each manu-
facturer must be consulted as to the status
of'their “third party approval,” if any.

However, since even well-built appara-
tus can be installed or operated in a haz-
ardous manner, it is important that safety
considerations be observed by the user.
With respect to the load and environment,
the user must properly select, install and
use the apparatus. For guidance on all
three aspects, see Safety Standards Publi-
cation No. ANSI C51.1/NEMA MG-2*.

Selection

Before proceeding with the installation,
the user should review the application to
confirm that the proper drive has been

selected. This should be done after thor-
oughly reading and understanding Section
7.8 and all applicable safety standards. If in
doubt, contact the manufacturer.

Selections or application sugges-
tions made in this Handbook are in-
tended only to assist the reader. In all
cases, the reader is solely responsible
for determining a product’s fitness for
application or use.

Installation

Itis the responsibility of the equipment
manufacturer or the person installing the
motor to take diligent care in installing it.
The National Electrical Code (NEC),
sound local electrical and safety codes, and
when applicable the Occupational Safety
and Health Act (OSHA) should be fol-
lowed when installing apparatus to reduce
hazards to persons, other equipment and

property.
Inspection

Examine the motor for damage from
shipping before connecting. Do not attempt
to turn the output shaft of a gearmotor with
an externally applied torque arm.

Connection

Follow the nameplate for voltage, fre-
quency and phase of power supply. See
the accompanying wiring diagram for con-
nections and rotation (and capacitor, if
required). Make sure that the motor, gear-
motor or control is securely and adequately
grounded. Failure to ground properly
may cause serious injury to personnel.
(If the wiring diagram shipped with the
drive unit is lost or missing, contact the
manufacturer. )

*Standards Publication No. ANSI C51.1/NEMA MG-2 Safety Standard for Con-
struction and Guide for Selection, Installation, and Use of Electric Motors and Generators
is available from the National Electrical Manufacturers Association, 2101 L Street, NW,

Washington, D.C. 20037, USA.
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Wiring

For wire sizes and electrical connec-
tions, refer to the National Electrical Code
(NEC) article covering motors, motor cir-
cuits and controllers, and/or applicable
local safety codes. If extension cords are
used, they should be kept short for mini-
mum voltage drop. Long or inadequately
sized cords can cause motor failure, with

hard starting loads when current draw is at
its highest.

Before starting the motor:
1) Check all connections and fuses.

2) Be sure keys, pulleys, etc. are securely
fastened. Proper guards should be
provided to protect personnel from
hazardous rotating parts.

3) Other mechanical considerations include
proper mounting and alignment of prod-
ucts and safe loads on shafts and gear-
ing. Do not depend on gear friction to
hold loads.

When starting the motor:

1) Test-start the motor or gearmotor in an
unloaded state. (Because of possible
reaction torque, the drive should be
securely mounted when started, even
when unloaded.)

2) Ifthe drive unit does not start promptly
and run smoothly, disconnect it at once.

3) If you are unable to correct the prob-
lem, contact your purchase source or
the manufacturer, describing the trouble
in detail. Include the serial number, type
and other nameplate data. Do not dis-
mantle the product unless authorized by
the manufacturer; removing screws
voids many warranties.

Operating

The chance of electric shocks, fires or
explosions can be reduced by giving
proper consideration to the use of
grounding, thermal and overcurrent
protection, type of enclosure and good
maintenance procedures.

The following information supplements
the foregoing safety considerations. This
information is not intended to be all-inclu-
sive, and other applicable sections of this
Handbook as well as local and national
safety codes should be referenced and
understood before operating electric
motors.

1) Do not insert objects into motor

ventilation openings.

2) Sparking of starting switches in certain
AC motors, and of brushes in commu-
tator-type DC motors, can be expected
during normal operation. In addition,
open-type enclosures may eject flame
in the event of insulation failure. There-
fore, take all necessary precautions to
avoid, protect from or prevent the pres-
ence of flammable or combustible ma-
terials in the area of open-type motors,
gearmotors and controls.

3) When dealing with hazardous locations
(flammable or explosive gas, vapor,
dust), make certain that an approved,
explosion-proof or dust-ignition-proof
motor is specified.

4) When dealing with any environment that
is unusual such as high humidity, high
altitudes, low humidity, exposure to
weather, etc., make certain that the
proper motor has been specified. Refer
to Section 5.5 for environmental classi-
fications of motors.

5) Moisture will increase the electrical
shock hazard. Special care should be
exercised whenever moisture is present
to avoid electrical shock.

6) Products equipped with thermal protec-
tors are required to be labeled “
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Thermally Protected.” If severe over-
loading, jamming or other abnormal
operating conditions occur, such heat-
sensitive protectors operate to open the
electric power supply circuit. Motors/
gearmotors with automatic thermal pro-
tectors must not be used where auto-
matic restarting of the drive unit could
be hazardous, in that clothing or parts
of'the human body could be in electrical
or physical contact with a machine that
starts unexpectedly when the thermal
protector cools down. “Manual reset”
protectors or suitable electric supply
disconnect devices/procedures should
be used where such hazards could be
created.

7) Motors/gearmotors which employ ca-
pacitors can develop more than name-
plate voltage across the capacitor and/
or capacitor winding (depending upon
design). Suitable precautions should be
taken when applying such motors.

8) Abnormal conditions, such as cut-out
switch failure, or partial winding failure
due to overheating, etc., can, on rare
occasions, cause certain types of AC
motors / gearmotors to start in a direc-
tion reverse from normal. The chances
are highest when the motor’s rotor
“sees” arelatively light load. One-way
clutches or similar devices are advisable
if such a remote risk is not tolerable in
the intended application.

9) Some additional considerations in
applying speed controls include:

a) Chassis controls should be
properly guarded or enclosed to
prevent possible human contact

with live circuitry.

b) Individual manufacturer’s

specifications should be checked,

but in general, the ambient
temperature should not exceed

40°C (104°F) for encased-type
controls. For chassis-type

controls, maximum permissible

ambient temperature is usually 50°C

(122°F)

¢) As in the case of motors /
gearmotors, controls must be
properly grounded to prevent
serious injury to personnel.

Maintenance

Different motors require different types
of' maintenance and care. Specific mainte-
nance requirements are outlined in
Section 7.10.

For general safety purposes, however,
the area around an electric motor should
be kept free from dust and dirt or from
obstructions which could interfere with
proper ventilation.

In addition, before servicing motors or
gearmotors employing capacitors, avoid
any contact with the capacitor termi-
nals until it has been discharged. The
capacitor should be discharged in accor-
dance with safety instructions provided
with the motor. If instructions are not avail-
able, contact the motor manufacturer for
more information.

7.10 CARE AND
SERVICING

With the availability of new and better
insulating materials and the extensive use of
grease-lubricated (“lubricated for life”) ball
bearings, quality electric motors have be-
come more reliable and maintenance-free
than ever before. However, in order to
help obtain the best service from an electric
motor, a few helpful guidelines are given
below.

IMPORTANT: Before servicing or
working on equipment, disconnect the
power source. (This applies especially
to equipment using automatic restart
devices instead of manual restart de-
vices, and when examining or replacing
brushes on brush-type motors/gear -
motors.)
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Regular Inspection
and Maintenance

Small motors usually operate with so
little trouble that there is a tendency to ne-
glect them. Wherever possible, most mo-
tors should be inspected twice a year to
detect wear and correct any other condi-
tions which might lead to excessive wear or
premature failure. Special attention should
be given to the following common causes
of motor failure.

Changing Load Conditions:
Sometimes additional friction develops
gradually within the driven machine and
thus imposes an overload on the motor
which will cause overheating. Overload
conditions should be promptly corrected. It
is also important to protect motors with
properly rated fuses. If overloads are like-
ly, then an overload protector should be
specified when selecting the motor. See
Section 7.4, Thermal Protection.

Motor and Load Alignment:
When the motor shaft becomes misaligned
with its load, damage to both the shaft and
the bearings can occur. In some instances,
the driven machine may also be damaged.

Excessive Overhung
Loads: Belt and pulley and other similar
drives which subject the motor shaft to
radial (overhung) loads must not be adjust-
ed too tightly or placed too far out on the
motor shaft. Otherwise, they can cause
excessive bearing wear and/or shaft failure.

Excessive Axial Thrusts: Loads
and couplings must be connected so that
excessive axial pressure is not exerted on
motor bearings that will cause premature
failure.

Load Must Not Lock on Gear-
motors: A torque-limiting clutch should
be provided if there is a possibility that the
output shaft might be locked or jammed.

Such locking quickly builds up tremendous
forces within the gearhead, stripping gears
or damaging other components. If a fly-
wheel is necessary, consideration should
be given to attaching it to the high speed
motor shaft extension. If a flywheel or high
inertia load is used on a slow-speed gear-
motor shaft, it tends to keep the shaft turn-
ing after the motor has stopped, causing
the same effects on a gearhead as locking
the driven shaft.

Inadequate Wiring: When in-
stalling a new motor or transferring a motor
from one installation to another, it is advis-
able to check the wiring. Adequate wiring
(depending on the voltage, current, envi-
ronment and distance from the power
source) should be used to feed electrical
power to the motor. (Consult the National
Electrical Code.) Replacement of old, ob-
solete wiring will prevent future break-
downs and possible hazards to personnel.

Contamination: Next to over-
loading or abuse, contamination is proba-
bly the most common cause of motor fail-
ure. Ordinary dust and dirt can restrict
ventilation and coat motor windings, cutting
down on heat dissipation. This clogging can
lead to continuous overheating and eventu-
al insulation breakdown. Dirt can also
cause wear in such moving parts as
bearings.

Moreover, dirt which is electrically con-
ductive in nature can cause grounding or
shorting of motor windings. Contaminants
can cause additional problems in motors
having brushes and commutators or internal
centrifugal switches. Therefore, if it is not
possible to keep the motor reasonably
clean, a totally enclosed motor should be
considered.

Worn Brushes: Brushes are ex-
pected to wear, but they should not wear
excessively. The wear rate of brushes is
dependent on many parameters (armature
speed, amperage conducted, duty cycle,
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humidity etc.). For optimum performance,
brush-type motors and gearmotors need
periodic user-maintenance. The mainte-
nance interval is best determined by the
user. Inspect brushes regularly for wear.
Periodically remove carbon dust from the
commutator and inside the motor. This can
be accomplished by occasionally wiping
them with a clean, dry, lint-free cloth. Do
not use lubricants or solvents on the com-
mutator. [f necessary use No. 0000 or
finer sandpaper only to dress the commu-
tator. Do not use solvents on a nonmetallic
end shield or other motor parts if the prod-
uct is so equipped.

Whenever a brush is removed for in-
spection, care should be taken to put it
back in its original position. Changing brush
alignment or position will result in poor
contact between brush and commutator
surfaces. This can cause excessive spark-
ing with accompanying loss of power and
damage to both the commutator and
brushes. Brushes worn to a length less than
1/4 inch (7 mm) should be replaced with
the same brush type.

Rapid wear of brushes is a symptom of
trouble or misapplication. Rapid wear after
aperiod of successful commutation may
indicate that the commutator is badly worn.
Resurfacing of the commutator may be
necessary and should be performed by a
qualified service shop or returned to the
service department of the manufacturer.

Lubrication: Under normal operat-
ing conditions, the relubrication of sleeve
bearings, ball bearings and gearboxes
should be performed according to the
manufacturer’s recommendations. Under
more severe conditions (higher ambients or
increased exposure to contaminants),
shorter service intervals should be estab-
lished through frequent user-inspections. A
word of caution: excessive oiling can do
more harm than good if not restricted to a
specific area. Excess oil can contaminate

windings, commutators and internal
switches.

Ball Bearing Lubrication:
Ball and roller bearings require only small
amounts of lubricant. Calculations show
that 1/1000 drop of oil will lubricate all the
surfaces of a 10 mm bearing. For ball
bearing lubrication in electric motors,
grease is generally preferred over oil for
long maintenance-free service. This is due
to the availability of improved ball bearing
greases, simplified bearing housings and
elimination of the “human error factor”
which is frequently responsible for too
much, not enough or the wrong kind of
lubricant. Prelubricated bearings and the
elimination of grease fittings help improve
ball bearing life.

Premature bearing failures are caused
by one or more of the following conditions:

1) foreign materials from dirty grease or
ineffective seals,

2) grease deterioration due to excessive
temperature or contamination, and

3) overheated bearings resulting from over-
lubrication or overload.

Some danger signals are:

1) asudden increase in the temperature
differential between the motor and
bearing,

2) running a gearmotor at temperatures
higher than that recommended for the
lubricant. The rule of thumb is that
grease life is halved for each 25°F in-
crease in operating temperature, and

3) an increase in bearing noise, accompa-
nied by a bearing temperature rise, indi-
cating a serious bearing malfunction.

Sleeve Bearing Lubrication:
Lubricants are used with ball or roller
bearings to dissipate heat, prevent rust and
prevent foreign matter from contaminating
the bearings. Sleeve bearing lubricants, on
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the other hand, serve a different purpose.
The lubricant must actually provide an oil
film that completely separates the bearing
surface from the rotating shaft member and
ideally, eliminates metal-to-metal contact.

Because of'its adhesion properties and
its viscosity (or resistance to flow), oil is
“dragged” along by the rotating shaft of the
motor and forms a wedge-shaped film be-
tween the shaft and the bearing. See Fig.
7-23. The oil film forms automatically when
the shaft begins to turn and is maintained
by the motion. The rotational motion sets
up pressure in the oil film wedge which, in
turn, supports the load. This wedge-
shaped film of oil is an absolutely essential
feature of effective, hydrodynamic sleeve
bearing lubrication.

Oil
Film

Oil

Fig. 7-23: Oil film in a hydrodynamic
sleeve bearing.

Without it, no significant load can be
carried without subsequent high friction
loss, heat generation and resultant destruc-
tion of the bearing and / or shaft. When an
adequate oil film is maintained, the sleeve
bearing serves as a guide to accomplish
shaft alignment. If the oil film fails, the bear-
ing may function as a temporary safeguard
to prevent damage to the motor shaft and
other rotating members.

Good lubricants are essential to low
maintenance costs. Top grade petroleum-
based oils are recommended as they are
substantially noncorrosive to metal surfac-
es. They are free from sediment, dirt and
other foreign materials, and are stable with
respect to heat and moisture. Their perfor-
mance-to-cost ratio is very good.

An oil film consists of layers. The inter-
nal friction of oil, resulting from the sliding
action of these layers, is measured as vis-
cosity. The oil used should provide enough
viscosity to prevent wear and seizure at
ambient temperature, low speeds and
heavy loads for any given application. Rel-
atively light oils are recommended for use
with fractional horsepower motors since
they offer minimal internal friction, permit
fuller realization of the motor’s efficiency
and minimize the operating temperature of
the bearing.

High ambient and operating tempera-
tures have a destructive effect on sleeve
bearings lubricated with standard tempera-
ture range oils because the bearing oper-
ates at temperatures beyond the oil’s capa-
bility. Such destructive effects include re-
duction in oil viscosity, an increase in cor-
rosive oxidation products in the lubricant
and a reduction in lubricant quantity. Spe-
cial oils are available for high temperature
and low temperature motor applications.
The care exercised in selecting the proper
lubricant for the expected extremes in
bearing operating temperatures will have a
decided influence on motor performance
and bearing life.

Although sleeve bearings are less sensi-
tive to a limited amount of abrasive or for-
eign materials than ball bearings, good
maintenance practices recommend that oil
and bearings be kept clean. In very small
motors, dirty or insufficient oil can add
enough friction to cause the bearings to
seize (especially after cooldown). Frequen-
cy of oil changes will depend on local
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conditions. A conservative lubrication
and maintenance program should call
for periodic inspection of the oil level
and cleaning and refilling with new oil
every six months.

NOTE: Sleeve bearing motors may
tend to lose their oil film when stored
for extended periods (one year or
more).

Lubrication of
Gearmotors

Oil provides the best combination of
lubricating properties for gearmotors and is
nearly always used in 1/10 hp and larger
gearmotors designed for industrial service.
Long service life (over 10,000 hrs.) re-
quires a circulating fluid lubrication system.

All lubricants minimize friction, resulting
in lower heat generation and load support.
The fundamental characteristic of oil is its
free flow and constant presence at the
tooth surfaces of a gearhead during opera-
tion, thereby providing a consistent and
continuous lubricating film under load.

The lubricant used in parallel shaft gear-
motors (which usually employ spur or heli-
cal gearing) is relatively less critical than for
right angle worm-gear types. Usually, a
straight mineral oil suffices if the proper oil
level is maintained. Some thp gearmotors
use hydraulic-type oils to decrease gear-
shaft or journal wear.

Right angle gearmotors with worm or
other types of sliding contact gearing re-
quire careful attention because the lubri-
cants reach higher operating temperatures
due to lower inherent efficiency. (“Ineffi-
ciency” is converted into heat which is
aborbed by the lubricant.) Such lubricants
generally have higher viscosity and contain
protective additives.

Despite its advantages, oil is not
commonly used in smaller gearmotors
because of sealing problems. Smaller

gearmotors characteristically do not have
large gasket surfaces and may not have
sufficient power to withstand the increased
friction of a contact seal on the rotor shaft.
Therefore, grease is used as a compromise
in most small gearmotors under 1/4 hp
(186.5 watts).

When compared with oil, grease pro-
vides less consistent lubrication to the gear
teeth under load. Grease does, however,
provide flexibility in mounting and minimiz-
es the risk of leakage. Grease also elimi-
nates periodic visual oil level inspections.
The use of ““stiff grease” eliminates the
need for vent hole shipping plugs and their
subsequent removal at the final destination.
However, if a semi-fluid grease is used,
vent hole plugging will be required to pre-
vent leakage during shipment.

Grease requires a shorter service inter-
val, primarily because of reduced lubricant
circulation. Wear of the gear train parts is
invariably higher when grease isused as a
lubricant and the rate of wear increases as
stiffer greases are used. Moderate life (ap-
proximately 2,000 hrs.) can be achieved
with grease lubrication in a well-designed
gearhead enclosure.

Relubrication: Oil relubrication
under normal operating conditions primarily
involves maintaining the oil at a recom-
mended and indicated level. Loss of oil by
evaporation or leakage is minimal over long
periods of time under normal conditions
which lengthens the relubricating cycle for
an oil-lubricated gearmotor.

Relubrication periods for greaselubricat-
ed gearmotors are shorter and require
complete removal of the old lubricant in the
gear housing, proper cleaning of the resi-
due and replenishing with the recommend-
ed quantity and type of grease (manufac-
turer’s recommendation should always be
followed). With proper maintenance and
loading, life of the grease in the gearmotor
under normal conditions of operation can
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be appreciable. Manufacturers take
careful steps to match the lubricant
with the elastomers used in the oil
seals as well as the requirements of the
gearing and bearings in a particular
gearmotor design.

Operating Temperature: Lubricant
life in gearmotors is directly dependent on
temperature. Generally, within the normal
operating ranges, lubricant life doubles for
every 25°F decrease in temperature.

Gearmotors operating in high or low
ambient temperature ranges require special
lubricants or lubricating systems. Gaskets,
motor insulation and lubricant life may be
seriously affected by temperature ex-
tremes. When other than normal ambient
temperatures (0° to 40°C or 32° to

104°F) are expected, the gearmotor manu-
facturer should be consulted.

Mounting Considerations:
Distribution or circulation of gear housing
lubricant is critical to gearhead life. Splash
or special oiling gears are effective meth-
ods of oil lubrication. Grease cannot be
circulated in this manner, however. So in
cases where bearings and gears must be
lubricated with grease, felt wicks are often
used to transfer oil from the grease to the
bearings. In other designs, gears are
grease-lubricated and the bearings are ex-
ternally oillubricated.

Special applications which involve rotat-
ing a gearmotor about an axis, or tilting it
periodically, will require modified sealing
and venting arrangements to prevent lubri-
cant leakage. The special mountings, modi-
fied castings, additional oil seals or special
lubrication systems will add to the cost.
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Although someapplicationssmply usea
motor to drive aload at aconstant or rela-
tively constant speed (up to motor name-
platerating), most applicationsrequire
sometypeof control deviceto adjust mo-
tor speed, sometimesfrom zero to speeds
aboverated. Other situationsrequireve-
locity, torque and position control. The
typeand degreeof control capability
needed isdetermined by the application
and by the type of motor used.

Up tothispoint in the Handbook, we
have discussed motor theory, typesand
condructioninafairly straightforward
manner. When discussing motor controls,
however, it soon becomes obviousthat
thereisan extremely widerange of control
methods availabletoday, ranging in com-
plexity from the simple seriesrheostet to
sophisticated el ectronic controls. Therange
of controlscan be extended further with
theaddition of feedback transducerssuch
asencodersand tachometers, which allow
position and speed to be controlled quite
accurately.

Inaddition, refinementsin motor technolo-
gy such asbrushlessDC and improve-
mentsin stepper motor construction have
increased motion control optionseven

Chapter

further. Theseimprovementsarebeing
driven by industry demandsfor motion
control accuracy and by the need to devel-
op moretorquefrom asmaller motor
framesize. Asautomation and control sys-
temsincreasein number and complexity,
new demandsfor improved performance
will continueto be placed on motor and
control manufacturers.

Inthefollowing sections, wewill discuss
themany aspectsof motion control asthey
apply toavariety of control systemsand
motor types. Thereader should beaware
that choosing amotor control methodis
simply another form of problem solving.
The more specificsyou know about the
problem, thesimpler it will beto select a
control method.

Certain criteriasuch asthe power
source (AC or DC), thedegree of control
required, the system controller type, the
processyou need to control, and your
budget will al affect your decison. Anun-
derstanding of thesecriteriawill also allow
you to narrow your focuson aparticular
typeof motor and control very early inthe
process, making thedecision easier.



8.1 MOTION CONTROL
SYSTEMS

No discussion of motor controlswould
be completewithout abasic understanding
of thelarger world of motion control
systems. In order to select the most
appropriate motor and control method, the
designer must know what rolethe motor
will play inthetotal processcontrol
system. If thesystemiscontrolling a
number of Similar processes, suchasa
seriesof conveyorsthat transport a
relatively constant load on acontinuous
basis, then the motor sl ection and motion
control method may be quite straightfor-
ward. If the motor must drivevaryingloads
at aconstant speed, or at speedsthat must
be synchronized with other processes, or if
precisepositioning isneeded to performa
process, then motor and control selection
becomes more demanding.

In complex processcontrol systems, the
system control and the motor control must
be considered aswell astheinterface be-
tween thetwo.

Process Types

Process control systems, asthename
implies, areused to control processes. This
could beabatch process such asmixing
ingredientsin afood processing plant or
mixing chemicalsused in paint production.
Ineither case, aspecific number of individ-
ual stepsare performed to get abatch of
raw materials prepared for aprocessthat
isperformed on theentire batch.

Another type of processisthe continuous
processwhereraw materialsenter oneside
of asystem and afabricated or finished
product exitsthe other side. A web printing
pressisan example of acontinuouspro-
cess. Theblank paper isfed fromaroll
through the printer headswhereink is
applied, theninto anink dryer, andfinaly
through avariety of finishing machinesthat

fold, bind and cut the continuousweb into
finished printed booklets.

Discrete processing requires aseries of
precisely sequenced eventsto occur in
order to produce afinished product. A
cellular manufacturing operationwherea
pieceof raw metal stock isplacedina
meachinewhich sequentialy boresor drills
holes (on one or more axes), tapsthe holes
withvarying thread sizes, and performs
other similar functionsto produceafinished
subassembly isan exampleof discrete
processing.

Control System
Components

Most control systemsconsist of similar
functional elementsthat are used to regu-
latetheflow of materiasthrough the sys-
temand to control thetiming and sequenc-
ing of eventsor processes.

System Controller: Thesystem
controller providestheintelligencefor the
process control system. It may beapro-
grammablelogic controller (PLC), ami-
Croprocessor, an analog computer or a
seriesof relays. Itsprimary functionisto
act asthe system'’ stimekeeper and traffic
manager sothat all of thefunctionsoccur at
theright timeand intheright order.

Actuators: Electromechanical actu-
atorsconvert electrical power to some
form of physical action. Motorsare actua-
tors. They can accept acontrol signal and
move aconveyor belt to transport material
to thenext process. They canturn ashaft a
set number of degreesto position aprod-
uct for aspecific operation to be per-
formed onit. They can beused for inter-
mittent or conti nuous processes depending
on thetype of motor and the requirements
of theapplication. Other examplesof actu-
atorsare brakes, clutches, solenoids, re-
lays, vavesand pumps.
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Control

Motor
Fig. 8-1: Typical open-loop control system.

Actuator Controls: Actuator
controls(such asmotor controls) function
assystem controllersinvery smplesys-
tems. In more complex control systems
wherethe motor isone of many actuators,
themotor control isusually under the com-
mand of aseparate system controller.

Sensors: A variety of sensorsare
used in process control systemsto deter-
minethe status of each process. They are
used to measure vel ocity, position, weight,
volume, tension, temperature, pressure,
etc. They aretransducersthat convert a
physical property to an electrical signal
which can beinterpreted by the controller.
The sensor output causesthe controller to
trigger someform of actuator to begin, end
or interrupt aprocess.

Signal Interfaces: Sensors, ac-
tuatorsand controllersall operateona
variety of signa levelsand types. There-
fore, interfacesmust be employed to trans-
late signalsor boost signd levelsfrom one
deviceto another. For example, the output
of adigital computer must be converted to
ananalog signal beforeit canbeused by a
brushless DC motor control. Conversely,
the output of an anal og transducer must be
convertedtoadigital signal beforeadigita
computer can act onit. Thevoltageor cur-
rent levelsof sensor outputsare oftentoo
low to beinterpreted by acontroller, and
therefore need to passthrough anamplifier
stage before being processed.

Conveyor

Control System Types

Control system operationisusually di-
vided into two basictypes:
1) open-loop (no feedback), and
2) closed-loop (with feedback).

Thetype of system used dependsonthe
type of application and the degree of con-
trol needed to control the process.

Open-Loop Operation: Open-
loop control systemsdo not utilize feed-
back. In other words, theinput to the sys-
temisset at alevel to achievethedesired
output and the state of the output hasno
effect ontheinput. SeeFig. 8-1.

A simplemotor-driven conveyor trans-
porting boxesfrom onework areato an-
other, at aset speed, isan example of an
open-loop system. The speed isset by the
conveyor operator and will vary only
dightly depending ontheload. If aperson
at theend of the conveyor failsto remove
theboxesinatimely manner, the boxeswill
drop off the end of the conveyor. The mo-
tor speed will not adjust for variationsin
the output unlesssomeone physicaly re-
ducesthe speed or turnsthe power off.
The boxesdropping off the end of the con-
veyor (the output) have no effect onthe

motor speed (theinput).

Closed-Loop Operation: A
closed-loop system measuresthe output of
the processand feedsasignal back toa
junction point a theinput of the system
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Fig. 8-2. Typical closed-loop control system.

whereitiscomparedtotheinput signd.
Theinput definesthe desired outpuit.
Changesinload or component valuescan
causetheoutput to differ fromtheinput.
Thiserror signal causesthe output of the
systemto changein away that actsto
reducetheerror signal to zero.

A conveyor used in an automatic parts
inspection processisan exampleof a
closed-loop system. Sincethe partsmust
passthrough acamera'sfield of view at a
steady rate, thevel ocity of the conveyor
must be held constant. Refer to Fig. 8-2. A
tachometer, located at the drive output,
feedsback acontinuoussignal tothesys-
teminput that isproportional to thevel ocity
of the output shaft. Thisfeedback signd is
compared to areferenceinput signal. Any
variationintheoutput signal resultsinan
error signal which causesthe motor control
to alter the speed of the motor until the
error signal isreduced to zero.

Theaccuracy of suchasystemwill de-
pend on thecalibration and stability of the
input reference and the accuracy of the
transducer converting the output quantity
(velocity) to avoltagefor feedback pur-
poses. Theinput reference, feedback
transducer calibration and stability are not
includedin thefeedback loop, and asa
result, are not subject to theloop’s self-
reguletion.

Servo Control Systems: Ser-
Vo systemsare closed-loop systemsthat
follow avelocity, torque or position com-

i —

Conveyor

mand. Servo systemscan bedividedinto

three basi c types based on the type of in-

put signalsused to control the output.

1) TypeOresultsin aconstant position
output when aconstant input isapplied.

2) Type Lresultsin aconstant velocity
output when aconstant input isapplied.

3) Type2resultsinaconstant acceleration
output when aconstant input isapplied.

Varioustypesof system controllerscan
be used to improve the response of aservo
system by adjusting the error between the
output signal and theinput signal indifferent
ways.

1) Proportional (P) controllersadjust the
systemgain.

2) Proportional plus Integral (PI) con-
trollersadjust thegainand alsoincrease
thetype number of the system by one,
allowing other inputsto be accepted.

3) Proportional plus Derivative (PD)
controllersallow thegain and thetran-
sient response of the systemto be
changed.

4) The Proportional plus Integral plus
Derivative (PID) controller allowsthe
gain, systemtypeand transient re-
sponseto bechangedin order toim-
prove operation.

For detailed information on servo
control theory, thereader should consult
themany reference sourcesavailableon
thesubject.
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Motorsused in servo drive systems
must have certain performane characteris-
tics
1) linear speed/ torque characteristics,

2) smoothtorquedelivery,

3) rugged construction,

4) hightorque-to-inertiaratio,

5) hightorque-to-power input, and
6) low electrical time constant.

The performance requirementsof the
systemwill determinewhich of thesefea-
turesare necessary. However, linear speed
/ torque characteristicsaregenerally con-
sidered critical requirementsfor servo
gpplications.

8.2 MOTOR
OPERATING
CHARACTERISTICS

Motor controls can be designed to
regul ate speed, torque, velocity and
position. In some cases, accel eration and
decel eration time constants can also be
regulated. When motor velocity vs. torque
isplotted on+x and +y axes, it revead sthe
characteristic speed/ torquecurve. Inthis
discussion, velocity and speed are often

used interchangeably. If you refer to
Chapter 1, you'll recall that speedis
mathematically represented asthe absolute
vaueof velocity and therefore hasno
directional component.

Figure 8-3 showsthefour quadrants of
motor operation. Torque (T) isplotted on
the"x” axiswhileangular velocity (¢) is
plotted onthe“y” axis. Thedirection of
rotation (clockwise or counterclockwise)
determinesif apositive or negativetorque
or velocity isgenerated. Operating amotor
withinthesefour quadrantswill produce
various speed/ torque rel ationshipsthat
will facilitate varying degreesof motion
control. The designer needsto evaluatethe
degreeof control that isrequired by the
application early in themotor and control
sel ection processto determinewhich mo-
tor isbest suited for the application.

Different motorsand controlsexploit
various aspects of thefour quadrants better
than others. A motor which can operatein
all four quadrants offersmore control over
speed and torque and direction of rotation.
The down sideisthat amotor control sys-
tem, capable of four-quadrant operation, is
usudly codllier.

+ @
(CW)
® @
-T +T
{CCw) (CwW)
® @
(ccw)

-

Fig. 8-3: Four quadrants of motor operation.
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When selecting amotor control method,
itisoften advisableto discussthe control
aspectswith the motor or control manufac-
turer. Sometimes, solutions can be provid-
ed early inthe design phasewhich will save
considerableamountsof designtimeand
money, For instance, servo motorsare
designed for high performance applica
tions, which makesthem morecostly.
However, not all four-quadrant applica-
tionsrequire servo motor performance.
Therefore, asystem designer can often
savemoney if therequirementsof the ap-
plication can be met by aless costly motor
control system.

Single Quadrant
Operation

A typical speed/ torquecurvefor a
permanent magnet (PM) motor or brush-
lessDC motor isshowninFig. 8-4a. The
direction of shaft rotationisclockwise. By
convention, when amotor shaft turnsina
clockwisedirection, it deliverssome de-
greeof positivetorqueat agiven positive
velocity. These characteristicsare plotted
inthefirst quadrant of thegraph. A motor
operating inthefirst quadrantisdoing

+®
<

£ N\

cow) Viva¥a Ve | o

(COW)
il

work. Itisgenerating aforceto displacea
mass at acertain speed.

Two Quadrant
Operation

Figure 8-4b showsthe characteristics
for the same brushlessDC motor runningin
acounterclockwisedirection. Thevelocity
and torque are negative sincethedirection
of rotationisreversed. All motorsare
capable of first quadrant operation.
Reversiblemotorscan operatein thefirst
and third quadrants. Thissimply meansthat
they can provide positivetorqueat a
positivevelocity and negativetorqueat a
negativeve ocity.

Controlling Motors
with Linear

Speed / Torque
Characteristics

Motor design engineershavelearned
that controlling motor speed iseasier when
themotor exhibitslinear speed/torque
characteristics. A closelook at therela-
tionship between vel ocity and torque and
how certain motor designscan exploit their

+a
(G

NQF

Vi Vo Vg Vg oW

oW}
-0

Fig. 8-4: Typical PM or brushless DC motor speed / torque curves: a) forward direc-
tion, positive velocity, positive torque (left), and b) reverse direction, negative velocity,

negative torque (right).
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linear characteristicswill helpthereader to
understand why these motorsprovide
moreversatilecontrol capability.

In Chapter 1, Section 1.2, welearned
that force (F) on acurrent-carrying con-
ductorimmersedinamagneticfieldisa
product of themagnetic flux density (B),
the conductor’scurrent (1) and thelength
of theconductor (1):

F=BII [1]

A somewhat similar effect occurswhen
aconductor of length () ismoved with
velocity (v) through amagneticfield (B). A
voltage (V) appears between the ends of
the conductor according to therel ationship:

E=f01(va) di[2]

ThisformulareducestoE=BIv.Ina
motor, the effect of current on theforce
generated and the effect of velocity on
voltage occur together. Motionispro-
duced by applied current and agenerated
voltageisproduced by the resulting mo-
tion. The generated voltage (E) dwaysacts
to opposeand limit thenormal applied
current flow. Itisreferred to ascounter
emf or back emf.

Inrotating machines, the conductors
taketheform of coiled turns. Thetorque
developed oneach turn of such acoil is
often alternately expressed asthe product
of the current and therate of change of the
flux linkingtheturn. Therefore:

.dA
T=i a—e' [3]
where ismagneticflux linking
thewinding and 6 correspondsto thean-
gular displacement.

Similarly, thevoltage generated in each
turn of the coil may beexpressed asthe
rateof changeof flux linkagewith respect
totime.

SinceA isafunction of rotary position 6

Fig. 8-5: Equivalent circuit for a single
winding of a PM type or a brushless type
DC motor.

the equation may bewritten:

Figure 8-5 showsthe equivaent electric
circuit for one phase of aPM brush-type
DC motor. Thesamecircuit also appliesto
abrushlessDC motor. It isrepresented by
avoltage source (V) connected to aseries
combinationof R, (winding resistance),
L, (windinginductance), with shunt resis-
tance (R ) and avoltage source (E ) repre-
senting the counter emf. Theresistance
(R) isusudly of ahighenough valuethat
itseffect on motor operationisinsignificant
and can therefore be omitted fromthe
circuitmoddl.

Sincethenormal commutation function
connectseach phase or combination of
phasesin sequenceto thevoltage source
(V), thecircuit model for the overall motor
isrepresented by the samebasic circuit,
except for thefact that thecircuit values
may represent morethan onewinding “on”
at atime. Thecircuit model showsthat the
voltage generator (E ) actsin oppositionto
thenormally applied sourcevoltage (V).
Consequently, thecurrent flowinginthe
phasewill result from (V-Eg) acting across
theimpedancemadeup of R, and L.

Theequation for the motor equivalent
circuitiswritten:

di .
V= Lw-a-t- + R\NI + Eg [5]

For the steady state analysisand since
theinductance of thetypical motor isusual-
ly small enough that it can beignored, the
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Fig. 8-6: Speed / torque curve of either a PM brush-type or a brushless DC motor

using a simplified model.

above equation can bereduced to:
V=R, +E, [6]

or V=R, I+ Kw[7]

whereK_isafunction of turnsand magnet-

icflux. K, iscalled thevoltage constant. It

isaproportionality constant that relatesthe

generated voltage to shaft speed (0.

If themotor current (1) isconstant, a
proportional torqueisproduced:

T=K, I [§]

whereK, isafunction of turnsand magnet-
icflux. K, iscalled thetorque constant and
isaproportionality constant that relates
current to devel oped torque.

Solving thetorque equation for current
and substituting the resulting expression for
| inthevoltageequationyields:

V= IKRW" +Kw [9]

t

V>Vo>V3>Vy

Speed
()]

A Torque (T)

Fig. 8-7: Typical speed / torque charac-
teristic of either a PM brush-type or a
brushless DC motor.

Solving for wresultsinalinear equation
relating velocity (o) to the devel oped
torque(T):

vV R,T
kKK, 10
where
- KK, isthe slope
and

V. -
?lsthe axisintercept.
Theintercept correspondsto the oper-
ating point at which T =0 (noload).
Therefore:

Torqueat stall may besolvedinsimilar
fashion by setting w= 0.

Figure 8-6 showsaplot of the speed/
torque relationship. Both noload and stall
torqueareinfluenced equally by changesin
appliedvoltage (V). Increasing V shiftsthe
speed/ torque characteristic outward away
fromtheaxisinaparallel fashion. A given
motor will thereforedisplay parallel speed/
torque characteristics corresponding tothe
different applied voltagesasshownin
Fig.8-7.

Stal torque may beinfluenced indepen-
dently by adjusting theequivaent circuit
seriesresistance (R, ). Anincreasein
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Fig. 8-8: Effect on speed / torque curve
ofvarying R,

resistance hastheeffect of increasing the
slope of the speed vs. torque characteristic
whileno-load speed remai ns unaffected.
Figure8-8illustratesthe effect of changing
R,,- Themotor design variablesthat affect
K,and K tendto haveinterrelated effects
onthespeed/ torque characteristics. In
developing themodel for the speed/torque
characteristic we assumed that thewinding
inductance (L) wasnegligible.

A further examination of the speed/
torque equation revealsthat velocity («)
decreasesasthetorqueload (T) isin-
creased with voltage (V) held constant.
Thisisthe expected result, and istypical of
apermanent magnet DC motor. Similarly,
velocity (o) will increasewithincreasingly
applied voltageif thetorqueisheld con-
gant. Thisrelaionshipissignificantinthe
control of motor speed. Anincreasein
torqueload will decrease the motor speed,
but the speed can be corrected by asmall
increaseinthe applied voltage.

Speed control of PM brush-type and
brushless DC motorsisaccomplished by
adjusting the voltage applied to the motor.
Figure8-9illustrateshow aconstant speed
ismaintained by varying thevoltage. If the
load isheld constant, the speed (w) can
be maintained by applying aconstant volt-
age(V). Butif theload increases, asillus-
trated by the dashed line (L) and thevolt-
ageremains constant, the speed will de-
crease to w. In order to maintain the con-
stant speed (1), the voltage must be

Speed

Torque

Fig. 8-9: Controlling DC motor speed by
varying applied voltage.

increasedto V.. Likewise, if theload de-
creases(L,), thespeed will increase unless
thevoltageisreducedtoV . Witha
smooth steplessrange of voltage adjust-
ment, the motor may be operated at any
point (T,«) withintherated maximum
torque and rotor speed.

Speed
RPM

2500 |

100
Torque (Oz-in.)

Fig. 8-10: Typical speed / torque char-
acteristics for a 1/4 hp DC motor.

Rating Point: Figure8-10 showsa
speed/ torque characteristic curvefor a
typical 1/4 hp DC motor. Therating point,
inthisexample, correspondsto avoltage
of 130 VDC, atorque of 100 oz-in. and a
speed of 2500 RPM. Welearned earlier
that we can maintain aconstant speed by
increasing or decreasing thevoltage pro-
portionally to changesinload. Inthisex-
amplethevoltagelimitissetat VvV _ . Thisis
the maximum voltagethat can be applied to
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themotor for safe operation. It also estab-
lishesalimit onthe amount of torquewhich
canbedelivered at higher speeds, which
wewill illusrate next.

Regulated Speed: Many motor
applicationsrequirearegul ated speed over
avaryingloadrange. A conveyor applica
tion where aconstant speed must be main-
tained regardless of the number of itemson
theconveyor isan example.

Theoretically,aDC motor could main-
tainaconstant speed for any load if it had
anunlimited current and voltage source. In
reality however, every motor and control
hasacurrent and voltagelimit. In many
electronic controls, thecurrent limitisad-
justable, allowing for variabletorquein
addition to variable speed.

If the 1/4 hp motor in Fig. 8-10 was
attached to acontrol device, aseriesof
regul ated speed characteristic curvescould
be developed likethose showninFig. 8-
11. Thecurrent curve has also been added
to show the effectsof current limiting on
regulated speed.

(1]

Speed
PM
, Current Limit
t Setting
w, 4000 !
'
.
5 Current |
©y 2500 \7=-7F
0y 1500
: max
T
Tr

Torque

Fig. 8-11: Regulated speed curves for a
typical 1/4 hp DC motor and speed

control.

Thedashed verticd linerepresentsthe
current limit point for thismotor and con-
trol. Some controls provide atrim potenti-

ometer which allowsthispoint to be
adjusted. Adjusting thecurrent limitin-
creasesor decreasestheavailabletorque.

Theregulated speed curves show that
for arated speed (w) of 2500 RPM, this
systemiscapable of delivering above-rated
torque at aconstant speed up to apoint
near the current limit value. Just prior tothe
current limit value, the speed will start to
drop off sharply until it reachescurrent limit
at whichtimethemator will stall. Thede-
greeof drop off or dope of theregulated
speed curveisdetermined by thedesign of
themoator and control.

If the motor isoperated at aspeed low-
er than the rated 2500 RPM (w), it will
again deliver amaximum torqueup tothe
current limit point. At lower speedshow-
ever, itwill not requireasmuch voltage. At
higher than rated speeds (), the motor
speed will be affected by thevoltagelimit.
Itwill deliver aconstant speed until the
voltagelimitisreached. The speed will then
decrease at arate determined by the slope
of theV _ curveuntil it reachescurrent
limit, at whichtimethemotor stalls. The
regulated speed / torque curvesindicate
how much the speed will vary over agiven
torquerange.

Four Quadrant
Operation

Some applicationsrequireagreater
degree of motor control. For instance, the
motor may berequired to reversewhile
running, thusgenerating anegativetorque
whilerunning at apositivevelocity, or vice
versa. To accomplish this, amotor and its
control must be ableto operatein the sec-
ond or fourth quadrantswhereload torque
isinthedirection of rotation. Motorswith
linear speed/ torque characteristic provide
the best four quadrant operation. Servo
applicationwhichfollow avelocity, torque
or position command requirefour quadrant
operation to achieve optimum system
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Fig. 8-12: A typical DC motor in four quadrant operation.

response. That iswhy alinear speed/
torquerelationship isastrict servo motor
requirement.

Reversing Motor Direction:
Now that we have examined the control
theory of motorswith linear speed/ torque
characteristics, we can demonstratetheir
control capabilitiesby showing atypica
four quadrant application.

Figure8-12 showsalinear speed/
torque characteristic curvetypical of aPM
brush-typeaswell asabrushlessDC
motor. Sinceit isapplying apositivetorque
at apositivevelocity, the characteristicsare
plotted inthefirst quadrant. Point 1 onthe
characteristic curverepresentsthe
operating point for agiven load value.
Assumefor thisexamplethat the motor
runsconstantly and isbeing controlled by a

system controller. At certain pointsinthe
processthemotor must reversedirection
when it receivesthe command from the
controller. For smplicity of discussion, al
lossesdueto windings, hysteresisand
other physical propertiesare considered
negligibleinthisexample.

Attheinstant the motor receivesthe
reversecommand, the current direction will
switch to anegative value and the motor
will begin to operatein the second quad-
rant. In other wordsit will instantly beginto
generateanegativetorquewhilemaintain-
ing apositivevelocity represented by point
2onthegraph.

At point 2, the current isreversed and
theapplied voltageisreversed. The motor
isstill putting out apositivevelocity sothe
back emf, whichisafunction of velocity
andwhich normally limitsthe current, now
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becomes an additive component for the
timeit takesthe velocity to decay to zero
(point 3). Thiscan be seenif weanalyze
theequivaent circuit formula

V=R, +E,

Under first quadrant conditions, V and
R, areboth positivewhilethe E;
component isnegative. Therefore, E,
opposesthe applied voltage. When the
reverse command wasgiven, the polarity
of theapplied voltage and current were
both switched. The negative current
immediately beginsgenerating anegative
torque. However, therotor and shaft are
till turningwith apositivevel ocity. During
the period of timefrom point 2 to point 3
asthepositivevelocity isdecaying, the E,
component of theequationisstill negative.
Therefore, instead of opposing the applied
voltageand limiting thecurrent, E;
ingtantaneoudy aidsin developing
additiona torque. Althoughthistimeis
quite short, the motor control (if any) and
theload must be ableto tolerate the
instantaneousincreasein torqueat point 2.

Oncethevelocity decaysto zero at
point 3, the motor stalls. Because Eg isa
function of velocity whichisnow zero,
thereisno back emf until the current
generatesaforceinthe oppositedirection.
When the negative current exertsaforcein
the oppositedirection, theresulting
counterclockwise movement causes aback
emf to develop and the motor vel ocity
increasesinthenegativedirectiontoa
valuelimited by theload. Thisisrepresent-
ed by point 4.

Since quadrantsthree and four are mir-
ror images of quadrantsone and two,
whenthereversecommandisgivenagaina
similar seriesof eventsoccur in quadrants
four and one (represented by points5 and
6 onthegraph) until themotor againre-
turnstofull load speed.

Regenerative Drives: Whena

motor performswork, it dissipates power
intheform of heat and other losses. There
aretimeswhen themotor must maintaina
constant velocity or torquewhilebeing
aided by other physical forces. For exam-
ple, whenaconveyor onaninclinemoves
abox inan upward direction, itisperform-
ing work and normal lossesoccur. But
when the same conveyor isreversed and
thebox islowered, themotor isaided by
theforceof gravity and the massof the
box. Theinertiaof theload tendsto over-
haul the motor and puts power back into
the power supply.

Most motor control systemsdo not
offer regenerative capability. A control sys-
tem must be specifically designed to ab-
sorb or storethe additional power for a
timeuntil it can bedissipated. Theexample
givenearlier whereaswitchisthrownto
reverseaDC motor isanother example of
where power must be absorbed momen-
tarily by the control power supply. During
thefew seconds between thetimethe cur-
rent isreversed and the motor stalls, power
isbeing put back into the system because
thereisno back emf to limit the current.

8.3 MOTOR CONTROL
TYPES

Motor controls can bedivided into two
basic categories:

1) passivedevice speed controls, and
2) solid state controls.

Passive device controlsconsist of fixed
or variableresistors, or variabletransform-
ersthat are used to adjust the magnetic
field strength, voltagelevel sor other motor
characteristics (depending on the motor
type), in order to control motor speed.

Solid state control s utilize more complex
circuitscongsting of activedeviceslike
diodes, thyristors, transistors, integrated
circuitsand in some cases, microproces-
sorsto control motor voltage, power
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supply frequency, or to provideelectronic
commutation and thereby control motor
speed.

Electronically commutated motorsuse
logic circuitswhich devel op rotating mag-
neticfieldsby rapidly switching coil cur-
rentson and off. The on/off timing of the
logiccircuitsisusudly controlled by built-in
sensorsor specialized motor construction
featureswhich monitor rotor position.
BrushlessDC, switched rel uctance and
stepper motors use el ectronic commuta-
tion. They cannot be operated by smply
connecting themto apower source; the
control isrequired for proper operation.

Electronicaly commutated motorswith
the appropriate controlscan generally con-
trol position, direction of rotation and
torquein addition to speed. Usudlly, they
operatein closed-loop mode except for
stepper motorswhich operatein open-
loop mode because of their unique con-
struction. Theseelectronically commutated
motorswerediscussed in Chapters 3 and
4. Wewill examinethe control aspects of
these motorslater inthissection.

8.4 PASSIVE DEVICE
MOTOR
CONTROLS

The most economical motor speed
controlsuse passive devicessuch as
variableresistorsand transformersto
control motor electromagnetic characteris-
tics. These controlsare described bel ow
for both DC and AC motors.

Controlling DC
Motor Speed
The speed and torque of aDC motor

can bedescribed by thefollowing
equations:

R
RPM = k—2—2 2 [13]
)

T=Kg, [14]

where:
RPM = revolutions/minute
V, = armature voltage
|, = armature current
R, = armature resistance
@ = field flux
T = motor load or torque
k, K = constants
Equation [13] indicatesthat speed can
bevaried by changing any of thevariables,
V., R, or @ Consequently, there arethree
methods by which the speed of aDC mo-
tor can be controlled:

1) Field Weakening O Thefield flux (¢
in some motors can bealtered by
means of aseriesrheostat.

2) Armature Resistance Control [
Voltage acrossthe armature can be
changed by introducing variableress-
tancein serieswiththearmatureress-
tance (R ). Improved speed regulation
can beobtained by incorporating two
variableresistances, onein seriesand
onein parallel withthearmature.

Armature Voltage Control [ Voltage
acrossthearmature (V) can bevaried
through the use of acontrolled voltage
sourceto amotor with separately excit-
ed field and armaturecircuits.

Shunt-Wound DC
Motor Passive Speed
Controls

3

~

Let’sapply thethree basic methods of
speed control to thevarioustypesof DC
motors beginning with the shunt-wound

type.
Field Weakening Control: In

order to weaken thefield of ashunt-wound
DC motor, arheostat can be connectedin
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Fig. 8-13: Simple series field resistance
circuit and shunt-wound DC motor speed
/ torque characteristic.

serieswiththefield winding whilethear-
maturevoltageiskept at the“rated” or line
voltage(V, =V ).AsshowninFig. 8-13,
theintroduction of afield rheostat will per-
mit adjustment of field current from point X
(no additional resistanceand full field cur-
rent) topoint Y (maximum resistanceand
minimumfield current). Anincreaseinfield
resistancewill decressetheavailablefield
current and consequently, thefield flux (¢).
Theeffect of reducing thefield flux while
maintaining thearmaturevoltageisanin-
creasein motor speed. Therefore, field
control or “fieldweakening” will normaly
produce speeds above the base (rated)
speed. It should be noted, however, that
thefield can only beweakened withinlim-
its. Weakening the shunt-wound DC motor
field beyond acertain point canresultin
excessively high and unstable speeds. It
can asoresultin overhesting thearmature
ascan be seenfrom equation [2] inthat a
reduction of field flux (¢ will producea
corresponding increasein armature current
(1) inorder tomaintainagivenload (T).
Furthermore, with an excessively weak
field and ahigh armature current, the shunt-
wound DC motor will beincreasingly sus-
ceptibleto armaturereaction, excessive
brush arcing and | oss of breakdown
torque. To prevent this, the maximum per-
missiblelimit for thisspeed control method
isgenerally 150% of the motor’srated
basi ¢ speed. Furthermore, the maximum
load of the motor must be reduced when

Torque

Fig. 8-14: Simple series armature resis-
tance circuit and shunt-wound DC motor
speed / torque characteristic.

operating abovethe basic speed so that its
horsepower rating isnot exceeded.

Armature Resistance Con-
trol: Essentialy oppositeto thefield
weakening method, armature resistance
control calsfor avariableresistance con-
nected in serieswith thearmature, while
thefieldwinding isexcited at rated or line
voltage. SeeFig. 8-14. By referenceto
equation[13], if thevoltage acrossthe
armature (V) isreduced (by increasing
resistance), motor speed will decrease.
Therefore, armatureresistance control will
always reduce speed below the rated base
speed of themotor.

Asindicated inequation[14], anin-
creaseinload will resultinanincreasein
armature current which, inturn, causesan
increasein voltage acrossthe seriescon-
nected resistor. For thisreason, if the mo-
tor isstarted with no load at some setting
below the base speed and aload is subse-
quently applied, therewill beasharp drop
in motor speed and acorresponding 12R
power lossacrosstheresistor. Therefore,
the seriesresistor must have enough ca-
pacity to match theload current.

Using aresistor in serieswith either the
armatureor fieldisaso very inefficient and
isnot considered practical for most appli-
cations. Thismethod however, isrelatively
inexpensiveand will effectively control DC
motor speed both above and below the
base speed in someapplications.
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Shunted Armature Connec-
tion: Inavariation of thearmatureresis-
tance method, both seriesand shunt resis-
torsmay beused “intandem” toimprove
speed regulation characteristicsof aDC
shunt-wound mator by making the operat-
ing speed somewhat |ess susceptibleto
changesinload torque. Thisfactor may
become especially important in cases
wherethe precise nature of theload torque
isnot well known, yetitisdesirableto pre-
set the operating speed.

In the shunted armature connection
method, avariableresistor connectedin
paralel (shunt) with thearmature actsto
increasethe current through the seriesre-
sistance and thusreducethe difference
between the no-load and thefull-load cur-
rent. The seriesresistance may beused to
control armaturevoltageinthe sameway
aswith armatureresistance control. See
Fig. 8-15. Shunt resistorsalso assist dy-
namic braking and are, therefore, usedin
caseswhere ashunt motor isappliedtoa
load which must be braked.

@
Rsh  N—

Field DC

Rse

Fig. 8-15: Shunted armature speed ¢dn-
trol method.

Armature Voltage Control:
Therearetwo typesof armature voltage
control:

1) nonfeedback type, and
2) feedback type.

Thenonfeedback control consistsof a
field power supply and amanual ly adjust-
able armature power supply. As motor

load changes, speed regulationisequiva-
lent to theinherent regul ation of the motor
asshowninthe speed/ torquecurvesin
Fig. 8-16.

Increasing V

Rated Speed

m
o
a
o
O
Speed

Variable
DC

o] Torque

Fig. 8-16: Example of variable armature
voltage supply.

Thefeedback typeisasilicon controlled
rectifier control and will bediscussed with
solid state controlsin Section 8.5.

Permanent Magnet
(PM) Motor Passive
Speed Controls

Themotor equations[13] and [14] at
thebeginning of thissection can be applied
to apermanent magnet (PM) motor.
Notice, however, that aPM motor hasa
fixed field strength, and therefore, thefield
flux (f) cannot bevaried. Hence, thereare
only two methodsto control the speed of a
PM motor.

Armature Resistance Con-
trol: Thisisthe same method described
for shunt-wound motors. A variableresis-
tanceplaced in serieswith thearmature
canbevaried toincrease or decreasethe
voltageacrossthe armature and cause the
motor speed to change. SeeFig. 8-17.

Armature Voltage Control:
By increasing or decreasing thevoltage
supply to thearmature of aPM motor, the
motor speed can be adjusted. Voltage ad-
justment can be achieved through the use
of avariablevoltagetransformer.
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Fig. 8-17: Armature resistance control circuit for a PM DC motor and associated

speed / torque characteristics.

Series Wound
(Universal) Motor
Passive Speed
Controls

A serieswound motor issuitablefor
AC or DC operation and is capabl e of
supplying high starting torques, high speeds
and high outputs. The speed of aseries
motor can be changed by varying thevolt-
age acrossthe motor. Thiscan be achieved
by either using avariableresistor, avari-
ablevoltagetransformer (autotransformer)
or an electronic control.

Series Resistance Control: A
variableresistor or rheostat in serieswith
themotor will decrease the speed of the
motor at any load astheresistanceis
increased. In theory, the motor speed can
be adjusted to astandstill. However, due
to starting torquelimitations, armature
cogging and reduced ventilation, the
minimum speed isusualy limited to some
higher vaue.

A seriesresistor introducesavoltage
dropinthecircuit directly proportional to
thecurrent flowing. Thevoltage acrossthe
resistor, therefore, will increase asthemo-
tor isloaded (sincethe motor current will
increasewithload). It followsthat thevolt-
age acrossthe motor will decreasewith an
increaseinload and the speed will drop
morerapidly with load whenever aseries

resistor isused. Thehigher theresistance
value, the greater thedrop in speed asthe
load isincreased. Also, aseriesresistor
will haveitsgreatest effect onthestarting
torque of themotor sinceat starting, the
maximum currentisflowingandwill limit
themotor voltagetoitslowest value. The
minimum full-load speed at which aseries
motor will operateon AC with aseries
resistorisusualy limited by thestarting
torque availableto start theload with that
valueof resistance.

Typicaly onAC, the speed range of a
seriesmotor using avariable seriesresistor
will befrom 1.5:1to 3:1, depending upon
themotor. On DC, the speed range will be
increased because of theimproved
regulation and corresponding increasein
starting torque. Typica characteristic
curvesfor aseriesmotor areshownin
Figs. 8-18aand b.

Shunt Resistance Control:

A seriesmotor can also be controlled by
shunting an adjustableresistor acrossthe
armature. Thespeed rangeisusualy limit-
ed by thismethod because of theincreased
current passing through thefield coilsand
the corresponding heating effect. A wide
speed range may only beemployedif the
application hasavery intermittent duty
cycle.

Using the same motor asabove, typical
characteristic curvesareshowninFigs. 8-
18cand d. Although the speed rangeis
limited, thismethod of control improvesthe
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Fig. 8-18: Series wound motor passive device speed control methods: a) AC series
rheostat control, b) DC series rheostat control, c) AC shunt rheostat control, d) DC
shunt rheostat control, e) variable AC voltage control, and f) variable DC voltage con-

trol.

speed regulation of the motor and main-
tainsgood starting torque characteristics. It
isan excellent method for matching motor
speeds.

A combination of seriesand shunt resis-
torsissometimes used to obtain character-
istics between thetwo types of controls.

Variable Transformer Con-
trol: By using avariabletransformer to
vary thevoltage acrossaseriesmotor,
speed rangesof 4:1to 7:1 aretypical de-
pending uponthemoator. If afull-wave
bridgeisused to convert the output of the
transformer to DC, the speed range will be
increased because of improved regulation

and starting torque. Figures8-18eand f
show typical characteristic curvesfor the
motor used in Figs. 8-18a, b, cand d.

AC Motor Passive
Speed Controls

Oneof theprincipal characteristicsof
the ACinduction motor isitsability to
maintai n constant or essentialy constant
speed under normal voltage and load vari-
ations. Therefore, thistype of motor does
not lend itself to asimplemethod of speed
control over awiderange.
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Sometypes of |oads, however, make
practical somedegree of speed adjustment
if the proper motor and control meansare
chosen. First, it should be understood that
therearevariationsof conventional induc-
tion motorswhich are designed for the
express purpose of improved speed con-
trol. These motor typesmay employ
wound rotorswith variableresistance,
brush shifting meansand other special fea
tures. Thisdiscussion, however, will be
confined toinduction motorshavingthe
conventiond squirrel cage nonsynchronous,
reluctance synchronousand hysteresissyn-
chronousrotors.

The speed of an AC motor isrelated to
the power supply frequency (Hz) by the
equation:

RPM = @ [15]
where:
RPM = revolutions/minute
(nominal synchronous speed)
f = frequency (Hz)
P = number of poles

The above speed representsthe syn-
chronous speed of therevolving magnetic
field of the stator in anonsynchronous mo-
tor or the actual rotor speed of asynchro-
nousmotor.

Whileasynchronous AC motor rotates
at the exact speed defined by the above
formula, the nonsynchronous motor never
operatesat synchronous speed. Thediffer-
ence between the synchronous speed and
theactual speedisknown asrotor “dip”:

Sync. Speed - Actual Speed
Sync. Speed [15]

The magnitude of dip dependsupon the
rotor design, power input and motor |oad.
Asinthe case of the DC motor, the speed
of aninduction motor can be madeto vary
by changing any of thevariablesinthefun-
damental speed equation, such as:

Sip=

1) adjusting supply frequency,

2) changing the number of stator poles,
3) adjusting power input, and

4) controllingrotor dip.

Thechangein frequency method re-
quiresthe use of solid state driven power
suppliesand fallsin the category of solid
state controls, which will bediscussedin
Section 8.5.

Change in the Number
of Stator Poles

The pole-changing method (Fig. 8-19)
isaso suitablefor both synchronousand
nonsynchronousmotors, but hasthelimita-
tion of offering only afew speeds (usudly
no morethan four), which arewidely sepa-
rated from each other. By nature, the pole-
changing method requiresthat aportion of
thewinding beidleduring the operation of
oneor more speeds. Thisresultsin motor
inefficiency and aconsiderablereductionin
the output rating for any givenframesize.
Switching methodsfor pole-changing are
also expensive and complicated, making

(poadg moT)
Buipuip
Joyoeden

Main Winding

Buipuip
Joyoede)

(peads uBiH)

@
j Line
‘>

Fig. 8-19: Simplified pole-changing
circuit.

8-18



themethod useful inrelatively few
gpplications.

Changing Rotor Slip

Thechanging of rotor dipissimpler,
lesscostly and the most widely used tech-
niquefor varying thespeed of an ACin-
duction motor.

Therearethreetypesof nonsynchro-
nous motorsto which thismethod isbest
suited: shaded pole, permanent split capac-
itor and polyphase. Thelatter isnot widely
used infractional horsepower motor sizes.

NOTE: Dueto the sensitivity of the
centrifugal or relay starting switches,
therotor slip method should not be ap-
plied to split-phasestart and capacitor
start motor sunlessthe speed will nev-
er go low enough to engagethe start-
ing switch. If themotor isrunningat
reduced speed with the starting switch
closed, theauxiliary winding or switch
contactswould soon burn out.

To obtain the optimum speed control
effectivenessin gpplicationsemploying the
changeinrotor dip method, thefollowing
guidelinesshould befollowed:

1) Sincethe principleis based on chang-
ing the power input, it isimportant
to match the motor closely with the
load. Thiswill ensurethat with achange
of power input, anoticeable changein
speed will result.

2) The load should have a substantial
component of inertia. If theload is not
of thefan or blower type, it may be
necessary to add afly-wheel to provide
thisnecessary inertia. NOTE: A nonin-
ertial load cannot besatisfactorily
controlled by thechangein rotor
dlip method.

3) Itisadvisableto use arotor specifi-
cally designed and constructed for
high slip (high degree of slope of the
speed/ torquecurve). Thiswill aidin

obtaining the maximum speed change

for agiven changein motor power

input.

Thereare several waysto changethe
power input to an induction motor, and
thereby increase or decrease the amount of
dip. Listed below arethosewhich aremost
frequently used.

Series Resistance Method:
A variableresistor can beusedtovary
voltage acrossthewinding of aninduction
motor SeeFigs. 8-20aand b. Seriesresis-
tance can be used with either shaded pole
or PSC motors.

Variable Voltage Transform-
er Method: Thismethod may beused
inplace of aseriesresistor to reduce volt-
age acrossthewinding. It hasthe advan-
tageof maintaining substantially thesame
voltage under the starting condition when
thecurrent ishigher than during therunning

our|

Variable Resistor

RPM
2000

1500 §\§

1000

7
/

500

0 5 10 15 20 25

Torque
b (Oz-in.)

Fig. 8-20: a) Simplified series resistance
circuit (top), and b) change of motor
speed by series resistance method
(bottom).
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Motor

aun

Variable Transformer

Fig. 8-21: Variable voltage transformer
method.

mode. Thereisalso much lesspower lost
asheat than with aresistor. SeeFig. 8-21.
By reducing the voltage acrossthemain
winding of aPSC motor, full voltageis
maintai ned acrossthe capacitor winding,
providing more stable operation at |ower

&
Main Winding §
5:
® 2
- 3
o
\ 3
®—000
Variable
Transformer
Line
@
a
RPM
2000
1500
w\
\ \ N
1000 40V SSVYYSV 1 00V 115V
: \ \ \\ \
0 5 10 15 20 25
Torque
b (Oz-in.)

Fig. 8-22: a) Variable voltage transformer
method in a PSC motor (top), and b)
varying PSC motor speed by the variable
transformer method (bottom).

speeds. See Figs. 8-22aand b.

Shunt Resistance Method:
Also confined to the PSC motor, this
method hasbeen found to provide stable
speed infour-pole, 60 Hz motorsup to 1/
100 hp (7.5W) over arange from 1500
RPM down to 900 RPM with aconstant
torque output. See Figs. 8-23aand b.
With thismethod, it isnecessary tousea
highdiptyperotor.

Tapped Winding Method:
Thismethod ismost widely used in shaded
polefanmotors. Thechangeininputis
obtained by changing motor impedance
through the use of variousportionsof the
total winding. See Fig. 8-24. The number
of speedsisdetermined by the number of
tapsintroduced into thewinding. In addi-

; Main Winding o
Yeliow E
3 g
3 2
2 =
2 g
Yellow a
Line

job]

RPM
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1500

NN
)

1000
4 [ 8 10

500 \°\5K
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b (Oz-in.)

/7

P

o
IN)

Fig. 8-23: a) Shunt resistance method
(top), and b) change of PSC motor
speed by shunt resistance method (bot-
tom).
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Major Winding

High

Minor Winding

Fig. 8-24: Tapped winding circuit.

Winding Function Change
Method: Applicableonly tothe PSC
motor, thewinding change method can be
used in applicationsrequiring no morethan
two speeds. SeeFig. 8-25. Thefunctions
of themain and the capacitor (starting)
windingscan beswitched to provide“high”
and “low” speeds. High speed isobtained
when thewinding with fewer turnsisfunc-
tioning asthemain, whilelower speedis
achieved with thewinding with moreturns
functioning asthemain. Thisisan extreme-
ly efficient technique, but it doesrequire
that the motor winding be exactly tailored
totheload in order to providethe desired
two speeds.

8.5 SOLID STATE
ELECTRONIC
(ACTIVE) MOTOR
CONTROLS

Advancesin solid state el ectronicssuch
asV LSl technology aswell asimproved
manufacturing techniqueslikesurface
mount component technology haveled to
many improvementsin motor controls. The
continuing drivefor miniaturization hasled
to smaller controlswhich offer better per-
formance and greater reliability thantheir
predecessors. Many of these changeshave
also driven down the cost of controls.

Control system designersarediscover-
ing that an electronic control, when
matched with theright motor, can offer a
method.

Main Winding

Buipuip Jonoedes

Fig. 8-25: Winding function change

packagethat issmaller and just aseco-
nomical over thelifeof theapplication as
someof the earlier, less sophi sticated
controls.

Thissectionwill cover solid statecon-
trol of both DC and AC motors. Wewill
begin with the simpler speed controlssuch
as SCR and PWM and end with electronic
commutation controls.

Active vs. Passive
Control of DC
Motor Speed

In Section 8.4, you'll recall that the
speed of aDC motor can be varied by
changing any of thevariablesinthebasic

speed formula:

RPM = k- laRa

Passivedevicessuch asresistorsin-
creasethemotor circuit resistance, causing
increased power dissipationintheform of
heat. Thisadditional heat producesno use-
ful work and decreasesthe overall efficien-
cy of the system. With the devel opment of
semiconductors, it became possibleto vary
motor speed through voltage switching
rather than by adding resistanceto the
drivecircuit.

Instead of varyingthelevel of resis-
tance, switching amplifiersvary thetime
duringwhichfull linevoltageisappliedto
thearmature. Thenet effect isan average
voltagewhichisroughly equivadenttoa
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voltagelevel obtained by thevariableresis-
tance-typecontrol.

To see how these two techniqueswork,
think of two simplecircuits, eechwitha
light bulb, apower sourceand acurrent
control device. InFig. 8-26a, avariable
resistance controller isused. In Fig. 8-26b,
aswitchisconnected in serieswiththelight
bulb and power source. Inthevariable
resistance system, theresistor can beregu-
lated to control the current and produce a
lightintensity from 0to maximum rated.
= +

Tt

Fig. 8-26: a) Simplified variable resis-
tance control circuit (top), and b) switch-
ing circuit technique (bottom).

Intheswitching systemthereareonly
two possible states: “on” or “ off.” Tovary
thelight intensity, the switch may beturned
on and off many timesper second. Each
combination of on/off statesrepresentsone
cycle. Since semiconductor switching can
take placeat very high frequencies, theeye
perceivesan averageintensity somewhere
between off and maximum. Thelonger the
bulbisleftinthe*on” stateduring each
cycle, thebrighter thelight will seemto
glow.

Inasimilar fashion, semiconductors
vary motor speed by switching voltageto
themotor windingson and off very rapidly.
Thelonger thevoltageis®on”, the higher
theaverage voltage will be and concurrent-
ly, the higher theresultant motor speed.

Pure DC vs.
Rectified AC

Thequadlity of thedirect current and
voltage used to driveamotor hasasignifi-
cant effect onitsefficiency. Beforewedis-
cussthevarious solid state controlsused to
control DC motor speed, itisimportant to
review somebasic DC theory and to see
how DC motorsare affected by various
gradesof DC.

AC Rectification: Rectificationis
essentialy the conversion of dternating
current (AC) to unidirectional current
(DC). Itisthe most economical means of
generating DC, sinceit utilizescommercia-
ly available AC sources. However, the
degreetowhichthedternating currentis
converted will determinetheoverall effi-
ciency of themotor and control system.

A ssimplediode can be used for half-
waverectification. Full-waverectification
can be obtained by using two diodesina
center-tapped transformer circuit. A four-
diodebridgecircuit will also providefull-
waveoutput. Thesecircuitsareshownin
Fl 0.8 27

Half-Wave Rectifier

TR aNa

Center Tapped Transformer Rectifier
% o) + ) ap aaa

Full-Wave Bridge Rectifier

&x@ asalyaaa

O+ AC+O

Fig. 8-27: Typical half-wave (top) and
fullwave (middle and bottom) rectification
circuits employing diodes.

Later wewill seehow SCRsareused
to createfull and half-waverectificationin
DC motor controls. We can seefrom the

wave shapes (current diagrams) that rectifi-
cation providesunidirectional current, but
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not uniformor pure DC. Itisthemeasure
of departurefrom puredirect current that
can haveasignificant effect on motor
efficiency.

Form Factor: Formfactorisa
measure of departurefrom pureDC. Itis
defined asthe root-mean-square (rms)
vaueof thecurrent divided by theaverage
valueof thecurrent. PureDC hasaform
factor of 1.0 or unity. For half-waverecti-
fied current, theformfactor is1.57. For
full-waverectified current, theform factor
is1.11 when measured with aresistive
load.

Theformfactor isanimportant consid-
eration with motors designed to operateon
direct current. When operated from recti-
fied power vs. pure DC, theincreasein
motor heating for aconstant output isap-
proximately proportional to the square of
theform factor. For example, amotor op-
erating from half-waverectified DC current
will have approximately 2v2timesthe heat
rise of the samemotor operating on unity
formfactor DC.

To accommodatetheincreased heating
effect of high form factor current, continu-
ousduty applicationsgenerdly requirea
larger (and more costly) motor todrivea
givenload. Stated another way, adesigner
may save money by using alow cost, high
form factor speed control, only to sacrifice
much of thesavingsby using alarger motor
to keep the motor operating temperatures
withindesignlimits.

Highformfactor also meansthat ahigh
peak currentisrequired to maintain an
average current output for agiven power
requirement, thus contributing to rapid
brush and commutator wesr.

Filtering: Filtering methodsact to
“smooth out” therectified current or volt-
age waveform by meansof seriesinduc-
tanceand/or parallel capacitance. Theef-
fectsof filtering can beseeninthewave-
formsinFig. 8-28.

/ 3\

avg.;/ \/ \/ \

No Filtering
ms . e e
7 N s A ’ N

avg. vy vy \
! AN AN \

! v Y '

s 1 " L

Capacitor Filtering

Fig. 8-28: Filtered vs. unfiltered full-wave
rectification.

Thefilter capacitorsin Bodine controls
improvethearmature current form factor
to near unity (1.00), and also resultin high-
er averagevoltageavailablefor arelatively
wider range of speed control. The advan-
tagesof full-waverectificationwithfiltering
canbeseeninthechartinFig. 8-29.

Typical Feedback
Controller Speed
Type Form Factor Range
Half-Wave
Unfiltered. . ... 16-20........ 65%
Half-Wave
Filtered . ... .. 11-15....... 120%
Full-Wave
Unfiltered....1.1-16..... ... 80%
Full-Wave
Filtered . .. ... 10-11....... 130%

Fig. 8-29: Effects of various types of rec-
tification and filtering on form  factor.

SCR Phase Control of
DC Shunt and PM
Motor Speeds

Whilethe speed of ashunt-wound mo-
tor can be changed by varying either the
field or armaturevoltage, aPM motor’s
speed can bevaried only by changing the
supply voltagetoitsarmature. Some
contralsutilizethefield weakening method
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for shunt-wound motor speed control. This
isnot the preferred method however, since
changing thefield voltagedirectly affects
the output torque capability of the motor
and should only beused whererelatively
light loads are encountered. Changing the
motor armature voltage, on the other hand,
allowsfull torqueto be devel oped.

Most motor controllersfor thefractional
horsepower DC shunt-wound and PM
motorsusesilicon controlledrectifiers
(SCRs) asthe control element for varying
the power applied to the motor. The SCRs
control thearmature voltage and thus, the
motor’ s speed.

AnSCRisathree-terminal device
madefrom four layersof dternating Pand
N-type semiconductor materials. SeeFig.
8-30. It functionsasadiode (only con-
ductscurrent intheforward direction), but
will do soonly whenatrigger voltageis
appliedtoitsgate.

Oncean SCRisfired, thegatesigna
can be removed without stopping conduc-
tion. Conduction ceaseswhenthe positive
voltageisremoved from theanode. The
typica gatesignal requiredto activatean
SCRisabout two voltsand 10 milliamps
for threemicroseconds. Although these
valuesarerepresentativetrigger require-
ments, an SCR gate can tolerate much
higher power inputswithout damage.

Therectifying capabilitiesof SCRs

Anode

:}_

Gate

Z| UW|Z2|T

Cathode

Fig. 8-30: Function diagram and stan-
dard schematic symbol for a silicon con-
trolled rectifier (SCR).

make them popular in speed controls. They
can bedirectly connected tothe AC
sourceto formahalf-waverectifier without
AC-to-DC conversioncircuitry. When an
SCRisused torectify aternating current,
the point during the positive half cycle of
theinput current at whichtherectifieris
turned on can be adjusted by thetiming of
theapplication of thetrigger signal tothe
gate. At theend of the positive half cycle,
the SCRwill turn off asthe applied polarity
of thevoltagereverses. By controlling the
phaserelationship of thetrigger tothe zero
axiscrossing of thepositive half cycleof
alternating current, theamount of power
transmitted through the SCR can bevaried.
Thisiscalled phase control. Oneor more
SCRs can be used to provide phase-con-
trolled half-wave, full-waveor multiple-
phase control.

The combination of acounter emf sens-
ing element, atriggering unit whose phase
iscontrolled by the counter emf sensor,
and one or more SCRs constitutesabasic
feedback speed controller.

Half-Wave SCR Controls: In
ahalf-wave SCR motor control, the gate
signaling characteristicsof the SCR are
used for speed sel ection and as feedback
for compensation of load changes.

SCRY_/

AC >
(=

Fig. 8-31: Feedback control circuit using
the counter emf of the motor as the feed-
back control voltage.

Thecircuitillustratedin Fig. 8-31 uses
the counter emf of the motor asafeedback
control voltage (motor speedispropor-
tional to counter emf). Gatefiring occurs
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Fig. 8-32: Voltage waveforms of a half-wave SCR control. If motor speed decreases,
the SCR will automatically fire sooner in the cycle. The shaded areas are proportional

to the power delivery.

when thedivided fraction of the supply
voltage (devel oped at the center arm of the
potentiometer) exceedsthe counter emf
devel oped by themotor. At thismoment
and for theremaining portion of thehalf
cycle, theinput voltageisapplied tothe
motor. If themotor should slow down due
toanincreaseinload, the counter emf will
belower and the SCR will automatically
firesooner inthecycle (thusallowing the
SCRtobeonfor alarger portion of the
half cycle). Thevoltagewaveformsassoci-
ated with thiscontrol operation are shown
inFig. 8-32. With thiscircuit, the SCR can
be controlled only through the 0to 90
degreerange.

Half-waverectified SCR controls, while
inexpensive, do not operateamotor at its
full potential. For example, amotor operat-
ing from ahdf-waverectified DC current
will have approximately 2% timesthetem-
peraturerise of the same motor operating
onpureDDC. Sincemoator lifeisinversely
related to temperature, the motor will have
amuch shorter life. Thistemperatureriseis
directly related to theform factor discussed
earlier.

Full-wave SCR Controls:
Full-wave SCR control soptimizeamo-
tor’sperformance. They can be construct-
ed using two SCRswith acenter-tapped
transformer or asafull-wavebridgewhere
two of the diodes are replaced by SCRs.
See Figs. 8-33aand b.

By using full-waverectificationin con-
junctionwith filtering to smooth the recti-
fied current or voltage waveform, theform

%

SCR
AC

®

EAC—P{B

Fig. 8-33: a) Full-wave SCR control using
a center-tapped transformer (top), and
b) using a bridge configuration (bottom).

factor isimproved Sgnificantly. Refer to
Fig. 8-29for theeffectsof filteringonform
factor.

Likethehalf-wave control, thetiming of
the control signal of thefull-wave SCR
determinesthe*“firingangle’ (theelectrica
anglefromthezero crossing point whenthe
SCRfires). SeeFig. 8-34. When the SCR
isswitched on, current flowsto the motor
winding. Thepogtion of thefiringangle
determinestheaveragevoltageandinturn,
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Fig. 8-34: The effect of the firing angle
on the average voltage of a full-wave
SCR control.

the output speed. If the SCR firesearly in
thecycle, current flowsto thewindingsfor
alonger timeandtheaveragevoltageis
higher.

IR Compensation: Speed can
be maintained at anearly constant level
regardlessof changesin motor load with
theaddition of IR compensation. Whilethe
voltage developed by atachometer is
sometimes used as an output speed signal,
inmost controllersit isthe counter emf
generated by the motor that iscompared
with areference voltage to regul ate speed.

To compensatefor varying loads, the
applied armaturevoltage and armature
current (proportional toload) are sensed.
Thedifference (V-IR) isproportional to
motor speed. Thisvoltageiscompared to
thereference voltage established by the
externa speed setting potentiometer. The
differenceor error isused to automatically
increase or decrease the armature voltage
and thus, the motor shaft speed. If the con-
troller sensesacounter emf that islower
thanthereferencevoltage, it will increase
power to themotor. Thiswill increasethe
speed and the generated counter emf. This

actionwill continueuntil thedifferencebe-
tween the counter emf and thereference
voltage equalszero. If the counter emf ex-
ceedsthereference voltage, the controller
will decreasethe power to the motor.
Figure8-35illustratesan SCR speed
control consisting of acounter emf sensing
element, an emf phase-controlled triggering
unit and an SCR. Inherent motor charac-
teristicscombined with areflected load
makeitimpractica to achieveregulation
closer than about 1% using counter emf
and armature current asthefeedback sig-
nals. However, atachometer generator can
beincorporated asthefeedback element
to achieve speed regulation approaching
0.1%. In Chapter 9wewill discussfeed-
back devices such astachometer genera-
torsand encodersin greater detalil.

i

SCR v
AC ' O

Phase Back

Fé?)fceé- - Controlled (- EMF
Trigger Sensor

i

‘R
Sensor

Y |

Fig. 8-35: Interrelationship of elements in
a basic SCR feedback speed control.

Other Compensation
Techniques

In addition to providing feedback cir-
cuitry which adjusts output power to main-
tain constant speed asload varies, thefol-
lowing featurescanalsobeincludedina
well-designed SCR contral.

Line Voltage Compensation:
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AClinevoltagetypicaly variesby asmuch
as+ 10%. Since motor speed is propor-
tional to voltage, motor speed will fluctuate
asthelinevoltagevaries. Hence, itisim-
portant toincorporateline voltage com-
pensation circuitry featuresinthemotor
control to maintain speed settings.

Temperature Compensation: A
motor’sarmaturewinding resistance (R)
isnot alwaysconstant during itsoperation.
It risesand fallswith theambient and oper-
ating temperature and can cause control
instability. Selection of circuitry compo-
nentswith low temperature coefficientscan
hel p reduce speed changes caused by tem-
perature variations. However, sometem-
perature compensation devicesmust also
be builtinto the control circuit to sensethe
winding temperature and makeup for the
resistancevariationsdueto temperature
change.

Torque Limiting (Current
Limiting): Insomedriveapplications, a
limit must be placed on maximum torque
output. For example, awinding machine
may requirethat wiretension belimited to
amaximumto avoid breakage.

Since motor torque can be expressed
by theequation T = kla, torqueisdirectly
proportional to armature current. There-
fore, limiting the current to thearmature
alsolimitsthetorque. A controller witha
torquelimiting circuit can draw current up
to apreset value, after which themotor’s
speedwill “drop off.” Thenature of the
drop-off isdependent on control design,
initial speed, inertia, rate of torquein-
crease, etc.

Inadditiontomaintaining alimiting
torque, torque control isalso useful for soft
starting (controlled acceleration) of loads
that areessentidly inertial innature.

Surge Suppression: Anabnor-
mal voltage“ spike” can damagethe sensi-
tive componentsof acontroller. A transient

protector or surge suppressor should be
used to divert thevoltage surges. Thyrec-
torsand varistors are two devices com-
monly used for this purpose. Figure 8-36
showsavaristor usedinabridgecircuitto
protect acontroller’scircuitry.

-

;

Fig. 8-36: Surge suppression using a
varistor.

RFI Suppression: Any ingtanta-
neous changein voltage across an energy
storage network will resultintheemission
of RFI (radiofrequency interference). The
RFI that iscreated issimultaneoudly prop-
agated through theair and conducted
through the elementsof the system. Inthe
case of electronic motor controls, rapidly
changing voltage acrossacapacitor
through the use of an SCR or arcing at the
motor brushesmay resultin RFI which
may cause disturbancesin nearby electrica
apparatus.

RFI can be prevented from reaching
placesthrough the use of filtersfor the con-
ducted portion and shielding for the portion
propagated through theair.

Theshielding of electrical equipment to
prevent the propagation of RFI through air
isdifficult. Thisisbecausethe strength of
theRFI signal at any given distancefrom
the source depends not only on the
orientation of the RFI sourcewith respect
tothereceiver, but also on the amount of
amplification of RFI dueto theantenna
action of objectstowhichitisphysicaly
connected. For thisreason, shielding

[3]¢]
Output
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should beindividdually designed for each
gpplication.

Prevention of conducted RFI from
reaching and introducing noiseto the sup-
ply line can beaccomplished with afilter
placed between thelineand the control as

showninFig. 8-37.

O—

AC  ___ Capacitor ool
O

Fig. 8-37: Simple RFlI filter.

A simplefilter design consistsof anin-
ductance choke put in serieswith theinput
and abypass capacitor put acrosstheline.
Theimpedance of the chokeincreaseswith
increased frequency. Itsimpedanceisneg-
ligibleat 60 Hz but presentsahighimped-
anceat thefrequency of the RFI range,
which causes some portion of the conduct-
ed RFI to drop acrossit. Theimpedance
of the capacitor decreaseswith increased
frequency. Itisvirtualy anopencircuit at
60 Hz but almost ashort circuit at the RFI
frequency, and so some portion of the RFI
isshunted acrossit.

Pulse Width
Modulation Control of
DC Motor Speed

Pulsewidth modulation (PWM) circuits
usetransistor switchesinstead of SCRsas
voltage control devices. Thecircuitsare
similar intheir basicfunction. Inapulse
width modul ation control, aDC-to-pul se-
width converter convertsacontrol signal
voltageto an appropriate pulsewidth or

“firingangl€’ resultinginthecorrect
averagevoltagefor agiven desired speed
seting.

When thetransistor isswitched on, cur-
rent flowsinthewinding. Just likethe SCR
control, thefiringangleinaPWM circuit
(theelectrical angle betweenthestart of the
cycleandtheangleat which thetransistor
beginsto conduct) determinesthe average
voltageandin turnthe output speed. A
wider pulsewidthwill resultinahigher
averagevoltage. SeeFig. 8-38.

PWM Duty Cycle Control

) A Y A FE Y A _ Average
0 Voitage
1 cycle
50 us
[ A M G [ S [ . Average
Voltage
0
[ 1 cycle
50 ps

Fig. 8-38: Effect of pulse width on aver-
age voltage in a PWM circuit.

Figure 8-39 showsthat apower
amplifierisusedto amplify thecontrol
voltageto providetheactual drivecurrent,
whileafeedback circuit tracksthe
armaturevoltagelevel.

DC to Pulse Power

Width Converter  Amplifier

Voltage

Armature Feedback
Voltage

Fig. 8-39: Typical PWM control circuit.

PWM controls operatefrom pure DC
and require an external power supply with
ahighdegreeof rectificationand filtering.
Asaresult they can be costlier than SCR
controls.
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However, unlike SCRswhich can turn cur-
rent on but not off, transistorsare not de-
pendent on the negative cycleof theAC
sourcefor turning off thewinding current.
Becausethe PWM drive operatesfroma
pure DC source, therelationship between
pul sewidth and motor voltageislinear
(Fig. 8-40) and haslittlelag. Thisgives
PWM controlsthe quick response neces-
sary for many servo applications.

The pulserepetitionrate (cycledura-
tion) rangesfrom 1 2100 kHz, depending
on the characteristics of themotor and
application. Thetransistor’sability togen-
erateawiderangeof pulsewidthsgives
PWM controllersavery wide speed range
and precise control of peak motor current.

PWM Control

Max.

Output
Voltage

0 20 40 60 80 100
Duty Cycle
(%)

Fig. 8-40: Linear characteristics of a
PWM control.

Electronic
Commutation of
DC Motors

Some motorsare controlled through
€lectronic commutation. BrushlessDC and
DC stepper motors are exampl es of
€lectronicaly commutated motors. Both of
these motorswere described in Chapter 3.
Electronically commutated motors cannot
be operated by connecting themtoa
power supply. The control isrequired for

commutation (motor action) aswell asfor
speed, position and torque control. Inthis
section, wewill examinethetypesof
controlsused with brushlessDC motors
and stepper motorsand the effectsthey
produce on the motors.

Brushless DC Motor
Controls

Brushless DC motor controlsperforma
variety of functions. One primary function
of thecontrol iscommutation. Commuta-
tion takesplace by sequentialy switching
thecurrent in one or more stator phase
windingsto generatearevolving magnetic
field. Themagnetsintherotor cause motor
action by chasing therevolving magnetic
field generated inthe stator windings.

Theon/off switching of phasecurrentis
afunction of rotor position. Rotor position
isdetermined by sensorslocatedinthe
motor itself. Therotor positioninformation
isfed tothecommutation logiccircuitsin
the control which determinesthe correct
firing sequence of thetransistorsthat sup-
ply current to thewindings. Sincethecur-
rentisswitched just beforethemagnetsin
therotor dignwiththemagneticfield gen-
erated inthe stator, and sincethe current
switchingisgoverned by therotor position,
therotor never catchesup with thefield.
Brushless DC matorsrun at higher speeds
than PM DC motors becausetheir speedis
not limited by thefrictional componentsof
mechanical commutation, but by thevolt-
agelimit of thecontrol circuit and motor
windings

Trapezoidal vs. Sinusoidal
Characteristics: BrushlessDC mo-
torscan exhibit either trapezoidal or sinu-
soidal torque characteritics. Itisthear-
rangement and type of windingsaswell as
thephysical characteristicsof the stator
and rotor that determine whether amotor
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Fig. 8-41: Overlapping torque waveforms of a sinusoidal DC motor being driven as a

generator.

will producetrapezoida or sinusoida
waveforms.

Theback emf of aDC motor aways
followsthe waveform which amotor pro-
duceswhenitisexternally driven. In other
words, asaresult of the motor’s construc-
tion, thewaveformwhichit produceswhen
itisrunlikeagenerator determinesthe
characteristics of the back emf. Thecom-
mutation cycleand ultimately thetorque
output are dependent on the back emf. The
shape of thewaveform, therefore, isim-
portant. Thereisconsiderabledifference of
opinion among motor manufacturersasto
whichwave shapeisbetter.

Figure 8-41 showstheoverlapping
torquewaveformsof an externaly driven,
three-phase DC motor with sinusoidal

Torgue
{CW)

characteristics. From the curvewe can see
that torqueisafunction of rotor position. If
youfollow asinglewaveformyou'll see
that minimum torque occurswhen the
waveform crossestheaxis. It then
progressesto amaximum torquevalue
beforereturning to astate of stableequilib-
rium. Theback emf waveformfollowsthis
same path. Peak torque at constant current
occurswhen the back emf peaks. There-
fore, inabrushless DC motor, by sensing
therotor position and timing the commuta-
tion circuits so that the phase coilsare
turned on near thetop of the back emf
waveform, wewill generateatorqueripple
output similar tothewaveform shownin
Fig. 8-42.

{CCW)

Fig. 8-42: Torque ripple of a sinusoidal brushless DC motor.
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Fig. 8-43: Output waveforms of a DC motor with trapezoidal characteristics.

Thetorque output hasaconsiderable
amount of ripple. Thiscould bereduced by
increasing the number of motor phasesand
thuscommutating on shorter cycles. This
approach adds considerable cost to the
control sincemoretransistorsand logic
circuitsare needed for commutation.

Another way to reduce the amount of
rippleisto construct the motor to produce
atrapezoidal characteristic waveform. Fig-
ure 8-43 showsoverlapping torque wave-
formsof an externally-driven trapezoida
DC motor. Noticethat the tops of the
waveformsareflat by design. Therefore, if
the commutation takes place at or near the
top of thewaveform, thereislessripple
thanwith thesinusoidal design. Thisisrep-
resented by the bold lineat thetop of the
waveformsinFig. 8-43.

Ingeneral, motorswith sinusoida out-
putsareeasier to construct and therefore,
lesscostly. However, they generate con-
siderably moretorqueripple. High accura
cy sinusoidal controlsin combinationwith
high resol ution position sensorscan pro-
ducevery smooth torque outputsfroma
sinusoida motor. However, the additional
control circuitry and sensorsadd to the
cost of the system.

Brushless DC motorswith trapezoidal
characteristicshaveflat torque curvesand
lend themselvesto digital and pulsewidth
modul ation control techniques. Thecon-
trolsfor trapezoidal characteristic motors
aremore cost-effectiveto producethan
thosefor sinusoidal motorshaving thesame

number of phases. Figure 8-44 showsthe
rel ationship between the variouswave-
formsof athree-phase brushlessDC motor
withtrapezoidal characteristics.
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Fig. 8-44: Waveform relationships in a
three-phase brushless DC motor with two
phases energized and one off at all
times.
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Brushless DC motors can be used as
servo motors depending on the application.
They are capable of four quadrant opera-
tion and devel op considerably moretorque
per framesizethan their PM DC counter-
parts. Most brushlessDC controlsprovide
variablecurrent limiting. Acceleration and
deceleration responsetimesareusually
adjustable.

Stepper Motor
Controls

Stepper motorscan carry out extremely
varied patternsof precise movements. Po-
sitionisdetermined by the number of steps
takenin either direction of rotation. Veloci-
ty isdetermined by the step rate. To pro-
duce the same sequence by other means
might involvemore expensive apparatus
(resolvers, tachometer generators, €tc.)
and considerably more system mainte-
nance. Perhapsthe most distinct advantage
of stepper motorsisthat they can perform
avariety of complex operationswitha
noncumul ative unloaded step error of 3%
to 5% maximum of onestep.

Thebasic function of any stepper con-
trol, no matter how simpleor complex, is
to provide the meansof directing astepper
motor to compl ete aspecific sequence of
steps. Stepping isaccomplished through
the sequential energization of themotor’s
phases. The heart of any stepper system,
thedriver, isthedevicewhich actually con-
ductscurrent from the power supply to the
motor windings. Thisisaccomlishedvia
power transistors (represented by switches
inFig. 8-45). Therearethreeprinciple
typesof stepper drivers:

1) SeriesR (alsoknownasL/R),
2) chopper, and
3) hilevel.

Each can be configuredin unipolar and
bipolar modeswhichwill beexplained later
inthissection.

To prevent motor overheating, each

Fig. 8-45: Simplified representation of a
stepper motor drive scheme.

power driver circuit usesadifferent meth-
odto limit current beyond the specified
maximum for themotor. Thedifferencesin
system performance arereflected inthe
timerequired for each driver typeto bring
the stepper motor up tofull current, and
the shape of their phase current vs. time
curves.

Series R (L/R) Driver: Thesim-
plest, least expensive stepper driver isthe
SeriesR (or L/R) driver. Inthisscheme,
resistorsare connected in serieswith the
motor windings. SeeFig. 8-46. Thesere-
sigtorslimit themaximum winding current
to asafeoperating level by addingtothe
divisorintheformula:

| = V
i R R Wnding
Theelectrical timeconstant for current
riseis

series

L

Motor
RSE(ies + RMnding

To get adequate high speed perfor-
mance, winding current must riseand de-
cay quickly. Thisisaccomplished by using
high resistance seriesresistorsto minimize
thetime constant, and correspondingly,
high power supply voltagesto attain ade-
quatelevelsof current. Sinceasignificant
amount of energy isdissipated asheat in
theresistors, SeriesR driversarelimited to
applicationswhich cantolerate additiona
hest and relatively low system efficiency.
Advantagesof SeriesR arelow initial cost,
systemsizeand smplicity.
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Fig. 8-46: Simplified representation of Series R drive scheme and associated wave-

forms.

Chopper Driver: With chopper
drivers, external resistorsare not used to
limit themaximum flow of current. Limited
only by therelatively smdl windingresis-
tance, current would tend to riseto an un-
safelevel. To prevent this, the chopper
driver will turn off thevoltage acrossthe
windingswhen current reachesapreset
maximum. SeeFig. 8-47. Thedriver then
monitorscurrent decay, until it reachesa
minimum level at whichit reappliesthe

Instead of apureexponential curve,
chopper drivers produce asawtooth
shaped current waveform liketheone
showninFig. 8-47. Sincechopper drivers
do not dissipate energy through seriesre-
sistors, itispractical toincreasevoltagefor
much higher horsepower output. Theon-
and-off chopping action maintainscurrent
at safe operating levels. Thehigh supply
voltagesused by thesedrivesallow chop-
per driversto reach maximum currents

voltagetothewindings. v much faster than SeriesR drivers.
I
) - &
= -
Current Current |
Sensing Sensing |
ZANEVAN BN ZN .)Vm

vm

QU 1

1

Fig. 8-47: Simplified representation of chopper drive scheme and associated wave-

forms.
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Fig. 8-48: Simplified representation of bilevel drive scheme and associated wave-

forms.

Theoneoperationa characteristicinher-
entin chopper circuitsthat may cause
problemsin someapplicationsistheten-
dency for oscillating current to produce
system resonances at certain frequenciesor
motor speeds. Vertical dipson the speed/
torque curverepresent narrow speed rang-
esinwhichthetorquedipsunexpectedly.
These resonance effects can be diminished
and sometimeseliminated by using elec-
tronic compensation circuitry.

Bilevel Driver: Rather than chop-
ping current at aprescribed maximum,
bilevel driversswitch between two sepa-
rateinput voltagelevels. SeeFig. 8-48. To
bring themator windingsrapidly upto

maximum current, arelatively highvoltage
(typically above24 V) isinitialy applied.
Oncethedesired operating level hasbeen
reached, thedriver quickly switchestoa
much lower maintenance voltage (typicaly
under 10V).

Thisdual voltage approach providesthe
rapid acceleration whichisnot possible
withaSeriesR design, whileminimizing
some of theresonance effectsfound inun-
compensated chopper drivers. Theprinci-
pledisadvantages encountered with bilevel
driversare the added expensefor switches
or transistorsand the dual power supply
needed to deliver thetwo voltagesused by
the scheme.
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Unipolar vs. Bipolar
Modes

Each of threedrivecircuitsused in step-
per motor applicationscan be configured
into three basic modes:

1) unipolar,
2) bipolar series, and
3) bipolar paralléel.

Each mode has advantages and disadvan-
tagesintermsof cost and performance.
SeeFig. 8-49. Inthe unipolar mode, two
of thefour windingsare energized at any
giveninstant, and current flowsin only one
direction through eechwinding. The
sequenceinwhichthewindingsare
energized determinesthedirection of shaft
rotation. In bipolar operation, al windings
areon simultaneoudly. Rotationispro-
duced by changing thedirection of the
phase current in thewindings. No matter
which method isused, therotor “ sees” the

samechangesin direction of magnetic flux
inthe motor stator.

Unipolar Circuits: Unipolar
drivecircuitsaregenerally smpler, more
reliableand lessexpensive. They require
only four drivetransistorsand asingle
power supply. Thoughthey deliver some-
what lower torquefor agiven power input
at low speeds, they usually produce higher
torquesat higher speeds.

Bipolar Circuits: withbipolar
circuits, asmany aseight power transistors
or four power transistorsand adual power
supply are needed. Thisadds cost and
vulnerability tofailure. But whenhigh
torque and very low speedsare application
requirementsand there are constraintson
motor size, abipolar driver may bethe
most desirabledternative. Sinceall four
phasesare energized at any giveninstant,
thebipolar circuit generatesastronger
magneticfield, delivering moretorqueto
dothework.
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Under static or low speed conditions,
bipolar driverscan increase torque output
by 20% to 40%. When connected in par-
allel, effective phaseresistance and induc-
tancearereduced by half. Thisallowscur-
rent per phaseto beincreased to 140% of
the*two-phaseon” unipolar rating. When
connected in series, the effective number of
winding turnsisincreased, sothe series
bipolar circuit makes moreefficient use of
thewindings. Voltage acrossthewindings
can beincreased, whilekeeping current
low (70% of the*“two-phaseon” unipolar
rating). In some casesthispermitslessex-
pensive power suppliesand drive compo-
nentsto be used.

Stepper Motor
Performance

Stepper motors operatein either of two
Speed ranges:

1) error-free-start-stop (EFSS), and
2) sew.

Thiscombination of two operating rang-
esisuniqueto the“stepping” design. For
eachincrement inthe phase energization
seguence, the stepper motor takesapre-
ciseknown angular step. Asmentioned
earlier, therotor followsthe established

magnetic field through aseries of detent
positionsoneat atime, with anoncumula-
tive unloaded step error of no morethan
3% to 5%, provided the speed and accel -
eration capabilitiesof themotor arenot
exceeded.

If an application requiresthat the motor
get from position“a’ toposition“b” as
quickly aspossible, astepper motor must
be carefully accelerated or “ramped” from
itslow to high speed rangeor it will lose
synchronismwiththemagneticfield. Just as
aninterna combustionenginewill stall if
accelerated too quickly, “racing” astepper
will causeit to act unpredictably. Ina
typical application themotor may be
commanded to“ramp” betweenlow and
high speed ranges many times, and each
timethe shape (sope) of theramp will be
animportant factor in maintaining step
accuracy.

Operating Speeds: Theterm
EFSS (error-free-start-stop) isused to
describethe stepper’slow speed operating
region. In EFSS, the motor phasesare
switchedrelatively dowly, usually nofaster
than 1500 steps per second (even slower
with larger motors). The maximum EFSS
rateis dependent on load torque and load
inertia. SeeFig. 8-50. Inthe EFSSregion,
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Fig. 8-50: EFSS and slew curves for a 34 frame single-stack stepper. Dashed lines
are EFSS curves for zero, one and four times the stepper motor’s rotor inertia.
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the motor can be started and stopped in-
stantaneously without losing steps. If one
or two phasesareleft on, therotor will
stop at the exact detent position corre-
sponding to those phases.

Slew Speed: Thehigh speed area
of operationin astepperiscaled theslew
region. Herethewindings can be se-
quenced quickly (up to 20,000 steps per
second with the smallest stepper motors).
If the sequenceis suddenly stopped while
themotor isoperatinginthesew region,
inertiawill causetherotor to go beyond the
desired holding position by at least four
stepsand possibly more.

Inorder to reach theslew region, the
motor must first be started in EFSSand
carefully accelerated to thedesired dew
speed. Then after rotating aparticular num-
ber of stepsat the higher step rate, the
motor must be“ ramped down” or decel er-
ated to asuitable EFSS speed beforeit
can be stopped at thedesired position. In
thisway, “ramping” alowsusto dramati-
caly reducetraversetime.

By startingin EFSSand thenramping
up to slew, we can run for most of the
traverseat the higher dew speed, and still
cometo acomplete stop at the desired
point without losing (or gaining) steps. Of
course, the shape of therequired velocity
profileisdependent on theability of the
motor to accel erate theload.

Operational Limita-
tions

Therearecertaininherent regionswithin
which astepper motor will not provide
stable operation. At both the natural fre-
quency of themotor, and the mid-frequen-
Cy resonanceregion, stepper motorsmay
oscillatenaisily, losestepsor even gtall.

El ectronic and mechanica meanscan be
used to compensate for these effects, and
they do present an added dimension to be
considered inthe application process.

Low-Frequency Resonance:
Thelow-frequency resonanceregion of a
stepper motor isusually anarrow band
centered between 80 and 200 steps per
second (sps). Inthisregion, the motor load
must contain somefriction, either inherent
or added by the user, to assure stable op-
eration. Althoughitispossibleto calculate
with some certainty theamount of friction
required, system performance should al-
waysbeverified by actua testing.

Mid-Frequency Resonance:
Mid-frequency resonanceistheterm used
to refer to aregion within the mid to upper
stepping ratesinwhich thereisasteep
drop-off inavailabletorque. Inthisarea,
motor performanceisextremely erratic and
stalling can occur. Oncethisregionis
passed, normal operation resumes. The
actua location and width of themid-fre-
guency resonanceregion isdependent on
thetype of control, the power supply volt-
age and the motor load conditions. How-
ever, speed/ torque curves provided by
the manufacturer usually indicate probable
unstable areas. Although continuous opera-
tioninresonanceareasisnot possible
without sometype of damping, steppers
can operate at these speeds momentarily
during acceleration and decel eration.

Sinceresonanceisafunction of motor
design, load characteristicsand control
circuitry, it can often be avoided, compen-
sated for or even eliminated by avariety of
techniques.

Ramping/J |If operation beyond the
mid-frequency resonance region meets
application requirements, it may be possi-
bleto rampthroughit by properly matching
motor to load. Since steppersare normally
used in processeswhich require frequent
accel eration and decel eration, the effects of
resonance can generally be overcome.

Electronic Antiresonance Techniques
OVariouselectronic methodsareavailable
to minimizeresonance effects. A common
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andrelatively inexpensivetechniqueisto
“half-step” the motor by energizing the
windingsalternately oneand two at atime.
Themotor takestwo half stepsto advance
afull step angle. Thisproduces smoother
shaft rotation with reduced resonance
effects.

When extended mid-frequency opera-
tion isunavoidable, more sophisticated
antiresonancecircuitry isneeded to elec-
tronicaly dampentheinstabilitiesthat cause
resonance. Contact themotor manufac-
turer for moreinformation.

Mechanical Dampersi] Several me-
chanical methods may be used to success-
fully overcomethe effects of resonance.
Viscousinertia, ferro-fluidic and eddy cur-
rent dampersall operate ontheprinciple
that asacrificein therate of acceleration
produced by adding inertiaproducesin-
creased momentum to cancel out oscilla
tionintheresonanceregion.

Viscousinertiadampersare coupled to
the stepper motor shaft oppositetheload.
A damping rotor rotatesin afixed housing
filled with aviscousfluid. Oncethemotor
isbrought up to speed, theinertiasetsup
an added momentum which dampsthe
oscillationsin theresonant area. Ferrofluid-
ic damperscreateinertiain anonmagnetic
housing filled with magnetic particles. Ener-
gy isabsorbed by theinteraction of inertia,
mass and housing. Eddy current devices
substitute acup made from conductive
materia (usualy duminum) forinertiaand
fluid. Asthe shaft rotates, eddy currents
arebuilt upintheauminum cup. The
damper then actslikeafrictiondragon
shaft rotation and resistsdeviation from
operating velocity.

Oscillation (Ringing): Another
control system characteristic which canbe
afactor in positioning applicationisthe
tendency for stepper rotorsto oscillate or
“ring” when the pulsetrainisstopped. See
Fig. 8-51. Theringing effect usudly lasts

time (10 ms/div)

Fig. 8-51: Oscillation or “ringing effect” in
an undamped stepper with no load.
no longer than afew hundred milliseconds.
If thisposesaproblem, thereare severa
waysto damp stepper motor systems.
Motor plugging circuitsmakeit possible
to electronically damp oscillation by “ back-
stepping” the stepper motor so that the
rotor isat zero velocity when it reachesthe
desiredfinal position. With delayed last
step damping, the EFSSrateis selected so
that therotor overshootsthe next to last
position and reachesthefinal detent with
zerovelocity. It canthenbeheld withlittle
or no oscillation. Either method effectively
reduces motor oscillation. SeeFig. 8-52.

1,898

time (10 ms/div)
Fig. 8-52: Damped stepper response
with no load attached.

If electronic dampingisnot applicable
because system parametersvary (friction
load or inertia), viscousinertiaor friction-
type dampers attached directly to the mo-
tor or load are excellent substitutesfor
€lectronic damping circuits.

Inertia: Inertiaplaysanimportant
rolein stepper applications. To obtain de-
sired operation, theload inertiamust be
within the capability of themotor control
system to accel erate and decel erate. Too
much |oad inertia can cause the motor to
losestepsor stall during acceleration. If
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thereisinsufficient load inertia, the width of
theresonance region may betoo large.

To determinewhether or not inertiawill
poseaprobleminanapplication, first con-
sult the motor control performance charac-
terigtics. If theintended operationiswithin
acceptabledesign guidelines, inertiashould
be manageable. If thedesired stepping rate
iswithin the midfrequency regionandthe
load system cannot bealteredtoalow a
different stepping rate, moreinertiamay be
added, or electronic means may be em-
ployedto arrive at abalanced combination
of motor, load and control.

8.6 SOLID STATE
ELECTRONIC
(ACTIVE) CONTROL
OF AC MOTORS

Advancesin AC motor control have
been slower to evolvethan thosefor DC
motors. Asaresult, AC motorshave been
dlow to shaketheir image as constant
speed drives. Nevertheless, progressis
being madein many aress. Adjustablefre-
quency AC drivesare becoming more
prevaent evenfor motorsin thefractional
horsepower range. Thesedrivesoffer pro-
grammability of functionssuch aspreset
speeds, resonance compensation, and ac-
celeration and decel eration rate control.
Some sophisticated controlscombinevolt-
age and frequency control withinthe same
unit. Other control swith specialized mem-
ory chipsallow for keyboard-programma-
ble, motor air gap flux adjustments.

It isbeyond the scope of thisHandbook
to cover al of thelatestinnovationsin elec-
tronic AC motor controls. However, famil-
iarization with some of the basic solid state
control methodsisnecessary.

Change in Frequency
Method

Asmentioned earlier, oneway to
control AC motor speed isby changing the
power supply frequency. Thisisbased on
the speed formulafor AC motors. The
speed of an AC motor isrelated to the
power supply frequency (Hz) by the
equation:

120 f
RPM = P
where:
RPM = revolutiongminute
(nominal synchronous speed)
f= frequency (Hz)
P = number of poles

Changeinfrequency hastheadvantage
of providing stepless speed changesover a
relatively widerange, and may beused
with either synchronousor nonsynchronous
induction motors. The synchronous motor
hasthe obviousadvantage of following the
speed adjustment called for by the contral.
Thenonsynchronousmotor, eventhough it
develops moretorque per framesize, will
dipinspeed fromthecontrol setting de-
pending upon motor load. Themgjor dis-
advantage encountered with thismethodis
therelatively high cost of thefrequency
changing power supply.

With anincreasing number of manufac-
turersmaking three-phase adjustablefre-
quency drives, thethree-phase motor is
gaining popularity in adjustable speed ap-
plications. Thisisparticularly truewhere
ruggedness, reliability and low maintenance
arerequirements.

Polyphase Power Supplies:
Small motorswound for operationwith
two-phase power supplies seem to be best
suited for adjustable frequency applica
tions. Thesemotorswill provide perfor-
mance similar to three-phase designs, but
the two-phase adjustabl e frequency power
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Fig. 8-53: Ideal speed / torque curves of
a polyphase motor operated from an
adjustable frequency drive (V,>V,>V,
and Hz,> Hz, > Hz)).

supply ismorepractical. Small two-phase

motors can be optimized to operate over a

range of 10to 120 Hz by proper voltage

adjustment. Thevoltagemust beincreased
asthefrequency isincreased in order to
compensate for the changein motor reac-

tance. SeeFig. 8-53.

One of two basic techniques are used to
obtain adjustablefrequency power:

1) Sx Sep Method0This method is
named for the shape of thewaveformit
generates. SeeFig. 8-54. Linevoltage
isrectifiedtoan adjustable DC level.
Thisvoltageisthenfedinto aninverter
which producesan alternating square
wavevoltage. At low motor speeds, the
six step inverter can produce pul sations
of torqueand speed, called cogging.

Fig. 8-55: Typical PWM voltage wave-
form.

Six stepinvertersalso produce harmon-
icsin the output waveform which cause
motor heating without contributing to
motor torque.

2) Pulse Width Modulation (PWM)[J
With PWM, linevoltageisrectifiedtoa
constant potential DC voltage. ThisDC
voltagelevel isfedintoaPWM inverter
which generatesaseriesof short pulses
at varyingwidthstoyield thevoltage,
frequency and harmonicrelationship
desired. SeeFig. 8-55. Theaverage
voltageisdetermined by thewidth of
the pulse (widefor high average voltage
and determined by therateat which
polarity isreversed (whichismuch
smaller than the pulserate, so thereare
many pulsesper cycle).

One disadvantageisthat PWM
inverters produce high frequency minor
currentsat the pulserepetition frequen-
cies. Therapid high voltage pulsescan
also produceinsul ation stresses, and
noise and vibration problemsin motors.

Thereareseveral variations of these
two techniques. Sincethey produce non-

Fig. 8-54: Typical six step voltage waveform.
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sinusoida waveforms, they cause addition-
al motor heating which may requirethat the
motor be derated from the output that is
obtainablefrom apuresinewave.

Small polyphase motorsare often rated
for dua frequency (50/60 Hz) useat a
singlevoltagelevel. Thesemotorswill run
hotter on 50 Hz than 60 Hz becausethe
input will be higher on 50 Hz and their abil-
ity to self-regulatewill be reduced dueto
thereduction in speed to approximately 5/
6 of the 60 Hz speed.

Single-Phase Power Sup-
plies: Onsingle-phase power supplies,
split-phase start or capacitor start motors
areleast suitablefor dual frequency opera-
tion. Itisdifficult tofind astarting relay
suitablefor dual frequency operation.
When acentrifugal cut-out switchisused
instead of arelay itisdifficult to obtain the
correct operating speed. Inaddition, if a
60 Hz split-phase motor isdesigned to
operate closeto itstemperature and mag-
neticlimits, then operation on 50 Hz will
not be satisfactory sincethe current and
wattswill increase excessively and themo-
tor will overheat. Thiscould even occur at
no load.

The permanent split capacitor (single-
phase power supply) motor presentsa
problemin adjustable frequency operation
over arange of frequencies. Thisisprima
rily because the capacitor value should be
decreased with anincreasein frequency
and viceversa. However, when specificaly
designed for the purpose, the permanent
split capacitor motor isthe best choicefor
operationinthe narrow frequency range of
50to 60 Hz.

When thefrequency ischanged from 60
to 50 Hz, the currentinthemainwinding
will increase and the current in the capaci-
tor winding will decrease so that thetotal
current may actually remain approximately
the sameregardless of thefrequency. Gen-
erally speaking, any PSC motor can be

wound sothat it will accommodatethe
sameinput power at 50 or 60 Hz.
However, adual frequency, constant
voltage design sacrifices power output
compared with single-phaseversions.
Therefore, for agiven framesize, optimized
dual frequency motorswill havelower hp
ratingsthan singlefrequency motors.

Vector Control of
Induction Motors

AC motorshavelong been used as
constant speed driveswhiletheir DC coun-
terparts have been employed in numerous
variable speed and positioning applications.
Thisphenomenonisduetothe DC motor’s
inherent adaptability to variable speed
techniquesand itslinear speed/torque
characteristics.

Thisadaptability isafunction of DC
motor construction and the ability to con-
trol torqueand motor field flux indepen-
dently. Welearned earlier that by weaken-
ing themagneticfield of aDC motor, the
field current isalso weakened and conse-
quently, the back emf isreduced. If the
armaturevoltageisheld constant while
weakening thefield flux, motor speedin-
creases. DC motorsbecomevery unstable
at high speedsdueto brush arcing and
armature reaction. Therefore, high speed
DC motorsrequire special constructionto
overcometheseinefficiencies.

AC motorswhich have no brushesand
morerugged construction have been un-
suitablefor variable speed applications
becausetheir torqueand field flux arein-
terrdlated. Any changeineither onewill
causeacorresponding reactioninthe oth-
er. Vector control (or field-oriented con-
trol) alowsindependent control of anin-
duction motor’sfield flux and rotor current
to achievelinear torque characterigticslike
those of DC motors. To do that, the motor
control must regul atetheinstantaneous
meagnitude and phase of the stator currents
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or voltagesin order to develop alinear
relationship between torqueand dip fre-
quency. Thisinvolvesnumerouscal cula-
tionsand a gorithms. Although vector con-
trol techniques have been known for some
time, they have only become cost-effective
with recent advancesin microprocessors
andintegrated circuit technology.

Theingtantaneousangular position of
thefield flux vector rotating at synchronous
speed must beknown for accurate vector
control. Thiscan bemeasured (direct vec-
tor control) or it can be estimated from the
computed dipwhichisbased ontherotor
time constant, Tr (indirect method). The
rotor time constant isafunction of rotor
resistance and inductance and can vary
significantly fromitsnomina vaue depend-
ing on operating conditions. Itiscritical that
Tr betuned correctly. If itisn’t, the cal cu-
lated dipwill bein error and consequently
sowill thefield flux vector. If the estimated
Trisnot matched to actual Tr, field orien-
tation will belost and the actua torquewill
differ from the expected torque. A popular
method for calculating Trisby using the
inverse Gammaform model equivaent
circuit, but that isbeyond the scope of this
Handbook. It sufficesto say that vector
controllersrequireextensive processing
power in order to achieve effectiveresults.

Machinetool spindledriveshave bene-
fited from the use of vector controlledin-
duction motors. They can be operated at
higher speedsthan thyristor-controlled DC
motorsfor increased application perfor-
mance and they requireless maintenance,
both of which often justify the cost of the
controls.

Switched Reluctance
Motor Control

The switched reluctance motor was
described in Chapter 4. It possesses
qualitiesof both AC and DC motors. The
switched rel uctance motor hasbeen

receiving moreattentionin recent yearsas
avariable speed drivefor the samereasons
that vector control of induction motorshas
grownin popularity: faster processorsand
decreasing cost of building and implement-
ing contrals.

But unlikeinduction motorswhich area
stapleintheindustry, switched reluctance
motorsare not widely used nor understood
by designers. Therefore, thereisconsider-
able controversy over the methods of con-
trolling switched rel uctance motors, espe-
cidly inservo systemsor four quadrant
operation.

Sincethey possessAC motor qualities,
they requiresignal processingin order to
compensatefor inherent nonlinear proper-
ties. Control algorithmsareneeded to
smoothirregularitiesfromthemotor aswell
asfromtherotor position feedback devic-
esthat arerequired. A considerable degree
of wave shaping isalso required onthe
input side of these motors.

Rotor positionisacritical factorin
controlling aswitched rel uctance motor.
Transducersfor measuring positionand
current add considerable cost to the
system. Although thereare severa
methodsfor estimating therotor position,
they are cumbersome and can often create
undesired effects.

8.7 MOTOR CONTROL
ENCLOSURE
STANDARDS

Somemotor controlsareprovidedin
separate enclosuresfor simple applications
wherethe motor speed iscontrolled
manually or wherethemotor control is
used asastand-alonedevice. Other times,
amotor control issimply oneelement of a
more complex motion control system and
ismountedin alarge central equipment
enclosurewith other process control
equipment. Inthelatter applications, the
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manufacturer may providethe control
without an enclosure,

Motor control enclosures, likemotors
themselves, arerated and tested against
safety criteriaestablished by variousthird
party standards organizationssuch asthe
National Electrical Manufacturers Associa-
tion (NEMA) and Underwriters L aborato-
ries(UL). Designing to these standardsis
voluntary and complianceto standardsisat
themanufacturer’sdiscretion. When acon-
trol enclosure meetsvariousthird party
standards, end-usersare assured of certain
safety and operating characteristics.

Standard UL-508 coverssafety design
requirementsfor industria control equip-
ment enclosures. UL-50 covers cabinets,
cut-out boxesand junction boxes. NEMA
has al so established standardsfor industrial
control equipment enclosuresto meet a
widerangeof applications.

A brief overview of NEMA enclosure
typesisgiven below. If additional informa-
tion or specific detail sare required about
motor enclosure standards, the reader
should contact the various standards orga-
nizationsandindustry associationslistedin
Appendix 1.

NEMA Type 1: Thistypeof enclo-
sureissuitablefor indoor general applica-
tionsunder normal atmospheric conditions.
Type 1 enclosures protect usersfrom
touching the equipment and protect the
control fromfdlingdirt.

NEMA Type 2: Thisisagenera
purposeindoor enclosurewith drip shield
protection to protect the control fromfall-
ingliquidor dirt. Itisnot intended to pro-
tect against dust or internal condensation.

NEMA Type 3: Theseenclosures
arefor outdoor use and provide some
protection from windblown dust, rain and
moisture. They a so protect the control
from externd iceformation. They will not
protect against internal condensation or

idng.

NEMA Type 3R: Thesameas
Type 3, thisenclosure only protectsagainst
falingrain, deet and external iceformation.

NEMA Type 3S: Also the same as
Type 3, thisenclosure meets additional
provisionsfor operating externa controls
whenice-laden.

NEMA Type 4: Theseenclosures
arefor indoor or outdoor use and protect
against windblown dust and rain, splashing
water and forcefully directed water froma
hose. They do not protect against internal
condensationor icing.

NEMA Type 4X: Thesameas
Type4, thisenclosure provides added
protection against corrosion.

NEMA Type 6: Theseenclosures
arefor indoor or outdoor useand can
withstand temporary submersioninwater
at alimited depth.

NEMA Type 6P: Thesameas
Type6, thisenclosure a so hasthe ability
to withstand submersion for prolonged
periods.

NEMA Type 11: Theseenclosures
areintended for indoor or outdoor use and
protect against corrosiveliquidsand gases.
They can be submergedin oil for added
protection against fumesand gases.

NEMA Type 12: Theseenclosures
arefor indoor use and provide adegree of
protection against dust, falling dirt and
dripping noncorrosiveliquids.

NEMA Type 13: Theseenclosures
arefor indoor use and provide adegree of
protection against dust, spraying water, oil
and noncorrosive coolant.

NEMA Type 7 (Class |,
Groups A, B, Cand Dindoor):
Theseenclosuresareintended for hazard-
ousareasasdefined by the National Elec-
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trical Code. They meet explosion, hydro-
static and temperaturetests.

NEMA Type 9 (Class I,
Groups E, Fand G indoor):
Theseenclosuresareintended for usein
Class|| hazardous areas as defined by the
National Electrical Code. They also pro-
tect against theingressof dust.

Inadditiontolocal standards, aninter-
national classification system hasbeenes-
tablished by the International Electrotechni-
ca Commission (IEC) toratethesedling
effectivenessof electrical equipment enclo-
sures. | EC-529 utilizesan a pha-numerical
system. SeeFig. 8-56. Theletters“ 1P’
stand for “Ingress Protection” and arefol-
lowed by two numerical digitswhichindi-
cate degrees of protection against solid
objectsand moisture.

Thefirst digitindicatesthe degree of
protection that theenclosure offersagainst
solid object entry:

0- No specid protection.

1- Protection from solid objectslarger
than 50 mm.

2 - Protection from solid objects not

greater than 80 mminlength and 12

mm in diameter.
3 - Protection from entry by objects
greater than 2.5 mm in diameter.
4 - Protection from objectsgreater than
1.0mm in diameter.
5 - Protection from dust.
6 - Dust-tight.

The second digit indicatesthe degree
of protection that theenclosure offers
againg moisture:

0- No specia protection.
1 - Protection from dripping water.
2- Protection from vertically dripping
water.
3 - Protection from sprayed water.
4 - Protection from splashed water.
5 - Protection from water jets.
6 - Protection from heavy seas.
7 - Immersion protection.
8 - Continuous submersion protection.
| EC-529 does not cover mechanical
damage, explosionsor harsh environmental
conditionssuch ashigh humidity or corro-
svefumes.
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Chapter

P Amplifier

Feedback Loop

Tachometer

Feedback Devices

In Chapter 8, we explored theworld of
open and closed-loop motion control sys-
tems. We concentrated on motorsand their
associated controlsand how they can be
operated in either of thetwo modes.
Closed-loop motion control systemsde-
pend on feedback transducersfor the
speed and position error signalswhich reg-
ulate the system’sfunctions. Open-loop
systemsmerely requireaninput signal to
initiate sometypeof action.

Sensorsand feedback transducers pro-
videinformation which the motor or system
controller usesto stop, start, speed up,
slow down or reverseamotor’sdirection
of rotation. Sensorsusually monitor the
object or material being processed. They
include photoel ectric sensors, viscosity and
flow sensors, temperature sensorsand
thermocouples, ultrasonic sensors, limit
switches, force and torque transducers,
and strain gauges.

In closed-loop systems, these devices
measure aspecific characteristic of the
processand send acorresponding signal
back to controller toinitiate someform of
actuator control. For instance, when an

object tripsalimit switch, the controller
may send astop signal to amotor, shutting
down the process. A flow sensor monitor-
ing fluid pressure can providethe neces-
sary feedback to cause amotor to open or
closeavalve.

Feedback transducersgenerally monitor
the characteristic of thedrivetrainfor
changesdueto load variationsor driveshaft
position. Thesearethetypesof controls
whichwewill examineinthis Chapter.
They includetachometer generators, en-
coders, resolvers, synchrosand magnetic
sensors. Accuracy of resolution, dynamic
response, noise characteristic, temperature
stability, environmental conditionsand cost
all play arolein deciding which feedback
device should beemployedin aspecific
gpplication.

When considering pricevs. perfor-
mance, it must be stressed that the accura-
cy of theerror signal cannot exceed the
capability of thefeedback device. Itisim-
portant to weigh price/ performance deci-
sionscarefully, especidly if anapplication
hastight control tolerances.
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Fig. 9-1: Typical motor speed control feedback loop employing a tachometer.

9.1 TACHOMETER
GENERATORS

A tachometer generator isan electro-
mechanical feedback transducer that gen-
eratesan anal og voltage output directly
proportional totheangular velocity at
whichitisdriven. Tachometersmay be
usedinsimpleapplicationsto provide
speed readout signal swhich are monitored
onameter and calibratedin RPMs. They
area so used to deliver feedback signalsin
speed control systemsor in velocity damp-
ing systemsin position control. High per-
formancetachometersare usualy specialy
designed for servo applications. Inless
demanding Situations, however, certain
types of DC motors can act astachome-
tersby being driven mechanically to gener-
atethedesired feedback signal. Figure 9-1
showsatypical feedback control system
loop employing atachometer generator.

Tachometers can be separate devices
or integral partsof amotor design. Ta-
chometer-motor combinationsmay consist
of amotor winding and tachometer winding
onthesamearmatureor they may utilize
separate windings connected on acommon
shaft. The common armaturetype hasthe
disadvantage of magnetically couplingthe
tachometer and motor windings, making it
unsuitablefor somehigh performance ser-
vo applications. Brushlesstachometersare
dsoavailable.

Tachometer designfollowsthesame
basic rulesof DC motor design, except
that certain critical requirementssuch as
output voltagelinearity, low voltageripple
and temperature stability must bemain-
tained for feedback signal accuracy.

9.2 ENCODERS

Encodersare position and motion sens-
ing devicesthat produceadigital signal
which can beeasily interpreted by asystem
controller or microprocessor. Thereare
twodistinct types:

1) rotary encoders, which sensethe
movement or position of drivetrain
componentsrotating about an axis, and

2) linear encoders, which sense position or
velocity of anarmmoving parallel toan
axis.

Rotary Encoders

Most drivetrains produce someform of
rotary mation. All motors, except for linear
motors (Chapter 4), arerotary drives. In
order to accurately control certain pro-
cesses, the exact angular position of aro-
tating drivetrain must be known. Encoders
arefeedback transducersthat sense angu-
lar displacement.

Most rotary encodersare availablewith
optica or magnetic-typedetecting ele-
ments. A contact-typehasfound limited
usein some applicationsand laser-type
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Fig. 9-2: Typical optical rotary encoder.

encodersare used in many robotic applica-
tions. Rotary encodersfall into two differ-
ent categories.
1) incrementa, and
2) absolute,

depending ontheir construction and the
typeof output signal they generate.

Optical Rotary Encoders: Optical
encoders use the same basic components
regardless of whether they are absolute or
incremental innature. A light source, usual-
ly anLED (light emitting diode), isused to
passlight through dotsin arotating code
whedl. Thelight transmissionisinterrupted
by the pattern on the codewheel. Thelight
isdetected by aphotoel ectric diode
mounted oppositethelight source. A signa
processor acceptsthesignalsfromthe
photoel ectric diode and may convert them
into binary or another code such asgray-
scale code. Figure 9-2 showsatypical
optical encoder configuration.

Thephysical characteristicsof the code
disk and theresulting output signal separate
theincremental encoder from the absolute
type. Theincremental encoder passesa

beam of light through aseriesof smdll dits
on astationary mask and anidentical pat-
tern on arotating disk. The photo diode
detectsapulsed light sourcedueto the
alternate opening and closing of thedlits
resulting fromtherotating disk. Thelight
pulses can be counted to obtain theangular
position, but to obtain directioninformation
asecond stageisrequired.

Incremental encoderscan providetwo
channelsof output pulses, displaced by 90
electrical degrees, knownasan*“A quad
B” output system. SeeFig. 9-3. Thedirec-
tion of rotationisdetermined from the oc-
currence of the edges of the A and B pulse
trains. An A transition (O to 1) occursbe-
foreaB transition during onedirection of
rotation, and viceversafor theother direc-
tion. Asthe shaft rotatesthrough the null
point, areference pulseisgenerated.

Incremental encodersprovidenoindi-
cation of shaft position upon power-up.
They must berotated through the null point
or provideamarker pulsein athird chan-
nel in order to obtain areference position.
Thisre-initidization or resetting of thesys-
tem must be performed after apower in-
terruption. Strong electrical interference
can also cause miscounting. They are con-
Sidered volatilepositionindicatorsand are
best suited for short cycle and rate applica
tions.

Absolute optical encodersusesimilar
components except for the coded pattern
ontherotating disk. SeeFig. 9-4. The
absolute encoder disk pattern providesan
individual codefor each position. Because

Encoder #1

Fig. 9-3: “A quad B” output from an incremental rotary encoder.
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Fig. 9-4: Optical rotary encoder coded disks: a) incremental type (left), and b) abso-
lute type (right).

no two codesarealike, the exact position
isadwaysknown at start-up evenif the
system position was moved during apower
outage. They are preferred in robotic ap-
plicationswhere zeroing several axescan
cause considerable production delay or
where personal injury might occur if an
erroneous position was detected.

Absolute encodersmay providevery
high resolution and accuracy. They are
more expens vethanincremental optica
encodersand may produce outputsin three
standard codes: binary, binary coded digit
(BCD), or gray code. They areavailablein
single-turn and multiturn configurations.

Single-turn absol ute encoders produce
aunique“word” output for each position
over 360°. If the shaft rotatesmorethan
onefull turn, however, the positioninfor-
mationwill repeat and the actual position
cannot be determined unlessthe shaft turns
are counted. Multiturn absol ute encoders,
on theother hand, are equipped with gear
trainswhich keep track of the number of
shaft turns. They produce aunique“word’
output corresponding to the shaft location
and the number of turns.

Magnetic Rotary Encoders:
A typical magnetic rotary encoder isillus-
tratedin Fig. 9-5. It consists of arotating
magnetic disk or drumwith magnetic

domainsrecorded at selected pitches. The
degree of magnetic pitch definestheangu-
lar position. A magneti zation system, Simi-
lar to that used in conventional magnetic
recording equipment, isused to saturate
the permanent magnet materia onthero-
tating disk. Theangular position of thedisk
issynchronized to thecharging pulsesso
that an entirearray iswritten during one
revolution. Thedisk isprogrammable, al-
lowing for customization and changes.

Magneto
Resistors

Read Head

Magnetic Disk

Fig. 9-5: Typical magnetic rotary encoder
operation.

9-4



A magneto-resistive sensor, which
changesitsresistivevaueunder theinflu-
enceof therotating magneticfield, detects
the magnetization on therotating drum and
producesacorresponding output signal.

Magnetic rotary encoders provide good
stability under varying temperatureranges,
havelow power requirementsand offer
good resolutioninasmall packagesize.

Linear Encoders

Insomemotion control applications,
linear encodersare preferred over acom-
bination of rotary encodersand |ead screw
arrangements. A linear encoder consists of
ascanner and aglassor steel tape scale
(depending on thelength of theunit) which
isfixedtoasupport. Thefixed scalefunc-
tionsmuch likethe coded disk in arotary
encoder. Thescanner containsalight
source, photocellsand an additional gradu-
ated scaleor reticle. SeeFig. 9-6.

-

Light —
Source = Sensor
Reticle g
L=
Scale

Fig. 9-6: Typical optical linear encoder
operation.

Light isprojected through the openings
onthereticleandthefixed scaleandis
detected by photosensors. Thefixed scale
modul atesthelight asthe scanner moves
and produces sinusoidal photosensor out-
putsin quadrature (phase shifted by 90°).
These outputsare compared to areference
voltage and combined to producetwo

symmetrical squarewave outputsin
quadrature. The squarewavesarethen
counted toindicate speed and direction.

Linear encodersmay beused very ef-
fectively in precision applicationssuch as
ingpection tables, microlithography tools
and printed wiring board drilling machines.
They are subject to error because of the
signal processing that takesplace. Care
must beexercised in mounting thescale.
Therearesevera rulesof thumbfor error
correctioninlinear encodersand the manu-
facturer should be consulted to determine
thedegree of error which an application
may inflict and how to minimizesuch errors
beforealinear encoder isselected and
ingtaled.

Resolvers and
Synchros

Resolversand synchrosare analog out-
put position transducers. Both resolvers
and synchroslook likesmall AC motors
andfunctionlikerotating transformers. The
output voltages of aresolver and synchro
areuniquely related to theinput shaft angle.
They provideabsol ute positioning over the
full 360° shaft rotation.

A resolver usualy hasasingle-winding
rotor and two stator windings positioned at
right anglesto oneanother. Therotor is
excited by an AC referencevoltagewhich
inturniscoupled tothe stator windings.
SeeFig. 9-7a. Therelationship between
the output voltage of aresolver and aref-
erenceinput voltage (V SINaui) isderived
fromthefollowing:

V(S,t0'S) =V SINut SING
V(S,t0'S) =V SINut COS8

A resolver-to-digital converterisre-
quired to convert the anal og resol ver out-
put to two digital signalsthat are 90° out of
phase. Thesedigital outputsarerequired
by the system controller and areadirect
representation of theinput shaft angle ().
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Fig. 9-7: Comparison of transducers: a) resolver (left), and b) synchro (right).

ThesynchroisrepresentedinFig. 9-7b.
It consistsof three stator windingsina
Wye configuration. Therelationship be-
tween input referencevoltageV SINui
and the synchro output voltagesis.

V(S,t0S) =V SINat SIN®
V(S,10S) =V SINut SIN(B + 120°)
V(S,t0S) =V SINut SIN(B + 240°)

A Scott T transformer isneeded to con-
vert thethree 120° out-of-phase analog
signalsinto two 90° signalssothat are-
solver-to-digital converter can beused to
generatedigital Sgnals.

Sincesynchrosand resolversaretrans-
formers, they haveinherent signd isolation
and minimizeelectrica interference.

Another advantage of synchrosand
resolversisthat thereisno signal process-
ing performed at thedrivetrain aswith
encoders. Theresolver or synchro can be
positioned wherethe angle needsto be
measured whilether-to-d converter can
belocated in the cabinet with the controller
or processor. Thismakes synchrosand
resolvershighly suitablefor harsh manufac-
turing environmentswhereelectrica inter-
ferenceand temperaturefluctuationscould
degrade an encoder signal.

Magnetic Pick-ups

A typical magnetic sensorisshownin
Fig. 9-8. Thesensing element consistsof a
wire coiled around apermanent magnet.

M agnetic sensors detect the motion of
moving ferrous objectsthat comewithin
their magneticfield. When positioned near
amoving gear, they will senseeach tooth
asit cutsthroughthemagneticfield. The
changeof flux through thecoil resulting
from the passing ferrous object generatesa
voltageat thecoil terminals.

Magnetic pick-upsare capableof rela-
tively highresolution and can sensevery
small objects. When used to senserotating
shaft speed, the output of the sensor must
be converted to RPM s by an anal og-to-
digital converter. They are particularly suit-
ed for hightemperature applicationssince
they contain no solid state componentsand
they arehighly shock-resistant.

- — - P

Fig. 9-8: Typical magnetic pick-up.
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They do not perform well at
extremely slow speeds because they
depend on the rate of change of flux
from one ferrous object to the next. At
slow speeds, the output voltage drops
below tolerable levels.

A variation of themagnetic pick-upis
theeddy current sensor which detectsfer-
rous and nonferrous objects. Eddy current
sensorsare not assimple as magnetic pick-
upsbecausethey requirean oscillator and
other circuitry in order to provide an output
voltage. They do functionwell at extremely
low speeds because they are not depen-
dent ontherate of flux changelikethe
magnetic pick-up.
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Rotor

Clutches and
Braking Techniques

Inmany applications, itisdesirableor
necessary to acceleratethedrivenload
smoothly from rest or to engage two inde-
pendent drivetrainsin order to transfer
power from oneto the other. It often be-
comesnecessary to bring adrivenload
down from itsoperating speed to zero
speed (standstill) morerapidly thanthe
normal coast time experienced whenthe
motor ismerely disconnected fromits
power source. Smooth acceleration, or the
transfer of power from onedrivetrainto
another, isaccomplished with clutches.
Decelerationisaccomplished by braking
techniques.

Clutchesand brakesarequitesimilarin
functionality and method of operation. The
basic differenceisthat in clutch applica
tions, both drivetrainsarefreetorotate. A
brake, ontheother hand, isaclutchwith
onemember held stationary. Infact, the
functiondity issosimilar that, for some
applications, clutchesand brakes can be
combinedintoasingleunit called aclutch-
brake.

Inlessprecise applications, €l ectrome-
chanical brake assembliescan becostly. In

these situations, dynamic braking can often
be used to provide acost-€ffective method
of quickly reducing the speed of thedriven
load. WE Il first ook at el ectromechanical
clutchesand brakesand their actuation
methods. Thenwe'll discussthevarious
dynamic braking methodsfor both DC and
AC motors. Many of the clutchesand
brakesthat will be discussed havelimited
or no useinfractional horsepower motor
applicationsbut areincluded so that the
reader will have abetter understanding of
the scope of clutch and braketechniques.

10.1 ELECTRO-
MECHANICAL
CLUTCHES AND
BRAKES

Electromechanical clutchesare catego-
rized by both the techniques used to en-
gageor stop theload aswell asby their
method of activation.
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Thetechniquesinclude:

1) friction,

2) electromagnetic, and
3) mechanical lock-up.

Friction Techniques

Thistype of clutch or brake usesthe
friction devel oped between thetwo mating
surfacesto engagethetwo drivetrainsor
stop theload. One surfaceis made of met-
al andtheother consistsof ahighfriction
compositionmateria.

Disc Type: Thistypeof clutch or
brake consistsof afriction plateand adisc.
Figure 10-lashowsasimpleplatestylein
which oneplateispressed against the oth-
er. Thefriction created by their contact
causesone of two thingsto happen:

1) inthecase of aclutch, both plateswill
turnor,

2) if oneplateisheld stationary asina
brake, the other platewill stop when
contactismade.

Quiteoften acaliper arrangement is
used for braking. SeeFig. 10-1b. The
pinching action of the caliper against the
rotor makesthisavery effective braking
technique. Caliper disc brakesrequirehigh
activation pressure and dissipate heat much

Caliper

v

Driven
Plate

Drive
Clutch
Piate

Fig. 10-1: Typical disc type clutch or
brake mechanisms: a) plate type (left),
and b) caliper type (right).

- >

Drum Shoes

Fig. 10-2: Typical drum type clutch-
brake.

better than plate stylediscs. They area so
sdf-cleaning.

Drum Type: Drumtypeclutches
and brakeshave cylindrical shaped surfac-
esmounted on acommon axis. SeeFig.
10-2. Thefriction shoeseither expand out-
ward to contact the machined surface of
therotating drum or they can contract in-
ward to engage arotating shaft. Asbefore,
if both shaftsrotate, the contact resultsina
clutchaction. If thedrumisstationary, the
shoesprovidebraking action.

Thecontraction typeisespecially suited
for high cyclic operation because centrifu-
gal force causesrapid withdrawal of the
shoeswhen released. Drum clutchesand
brakestransmit hightorque.

Cone Type: Conetypeclutches
and brakes are across between disc and
drumtypes. They providethe benefits of
light engagement forcesand high torque
transfer but are difficult to disengage. Con-
sequently, they arerarely used.

Electromagnetic
Techniques

Clutchesand brakesemploying
electromagnetism areclassified as
nonfrictiontype. They areusedin
gpplicationsrequiring variabledip. They
utilizetheprinciplesof eectromagnetic
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Fig. 10-3: Eddy current type clutch-
brake.

attraction to cause engagement or tore-
duceload speed by adjustable dlip.

Eddy Current Type: Eddy current
typeclutchesare used in adjustabl e speed
applications but cannot be operated at zero
dip. Asbrakes, they have no holding
power and are used primarily for drag
loads. They haveatendency to run hotter
than the other el ectromagnetic typesand
sometimesrequireadditional cooling
methods.

Eddy current type clutchesand brakes
consist of astationary field coil, aninput
drum and acoupling poleassembly which
functionsasan output rotor. Refer to
Fig. 10-3.

A coil setsupamagneticfield, linking
theinput drum with the output rotor. Eddy
currentsinduced intheinput drum createa
new magnetic field whichinteractswiththe
magnetic field in the output rotor. A result-
ing coupling torqueiscreated whichispro-
portional tothe cail current.

Fig. 10-4: Hysteresis type clutch-brake.

Hysteresis Type: Thistypeof
clutch provides constant torquewhich can
providevarying degreesof dipaslong as
the heat dissipating capacity of theclutchis
not exceeded. Torqueistransmitted by
hysteresiseffect. Torqueisindependent of
speed, except at high speeds. Itisalsoa
linear function of the control current except
at low currentsand near magnetic satura-
tion. Asaresult, precise control can be
achieved with hysteresistype clutchesand
brakes.

A coil ontheinput rotor generatesa
magneticfieldintherotor and thedrag
cup. Refer to Fig. 10-4. Torqueistrans-
mitted through the drag cup because the
hysteresiseffect inthe drag cup causesthe
drag cup flux to change at aslower rate
than therotor flux. Hysteresistype clutches
and brakesare used quite oftenin fraction-
al horsepower motor applications.
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Input Output

Fig. 10-5: Typical magnetic particle type
clutch-brake.

Magnetic Particle Type: The
input disc of amagnetic particleclutch-
brakeislocated within the output housing.
SeeFig. 10-5. The space between thedisc
and thehousing isfilled with magnetic par-
ticles. An electromagnet surrounds both the
input and output housings. Energizing the
electromagnet causesthemetallic particles
toformarigid bond between thetwo
housingsand transmit torquefrom oneto
the other.

Theamount of particlebondingiscon-
trolled by thecurrent flow andisdirectly
proportional tothetorque. Thetorquedip
can beadjusted by varying the current flow
inthecoil of theelectromagnet. These
typesof clutchesand brakesareuseful in
variable speed tensioning and positioning
gpplications.

Mechanical Lock-up
Techniques

Mechanical lock-up techniquesapply to
clutchesonly and usedirect mechanical
connections between theinput and output
componentsto transmit torque. Operation
of mechanical lock-up devicesusually re-
quires speed, aspeed differential between
input and output components, or aspecific
rotational direction. Many use centrifugal
force, wrapping action or wedging action
tolock thetwo memberstogether, and are
sometimes considered to be self-activating.

Square Jaw Type: A squarejaw
clutchisshowninFig. 10-6. Thesquare
teeth of one member mate with the cut-
outson the other member to providea
positivelock-upwhich cannot dip. Itis
limited to low speeds (under 10 RPM)
because of itsnondip characteristics.

Fig. 10-6: Square jaw clutch.

Spiral Jaw Type: Becauseof its
sloped surfacedesign (Fig. 10-7), the spi-
ral jaw clutch offerssmoother running en-
gagement than the squarejaw type. It can
be engaged at speeds up to 150 RPM.
However, it hasatendency to freewheel,
and canonly runinonedirection. Revers-
ing thedirection of rotationwill cause
disengagement.

Fig. 10-7: Spiral jaw clutch.
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Fig. 10-10: Wrap spring clutch.

Toothed Type: Toothed clutches
combinethe benefitsof electrical, pneu-
matic or hydraulic actuation with positive
mechanical lock-up. They can be engaged
at speeds up to 300 RPM. See Fig. 10-8.

Fig. 10-8: Toothed type clutch.

Sprag Type: A spragtypeclutch
hasaninner and outer racewith spragsin
between. SeeFig. 10-9. Because of their
shapeand size, they wedge themselves
between the raceswhen rotation occursin
the proper direction. Thewedging action
locksthetwo racestogether and transmits
torque from one shaft to the other. They
areunidirectional.

Fig. 10-9: Sprag type clutch.

Wrap Spring Type: Thistypeof
clutch usesacoiled spring to attach one
shaft to the other. Rotationin onedirection
tightensthe spring around the output shaft
and transmitstorque. Rotation inthe other
direction uncoilsthe spring and rel easesthe
output shaft. Refer to Fig. 10-10.

Roller Ramp Type: Rollersdid-
ing on theramped surfaces of ahub provide
themeansof transmitting unidirectiona
torquein thesetypesof clutches. SeeFig.
10-11. When actuated, the clutch causes
theroll cageto positiontherollsat thetop
of theramp and engage the hub and deeve.
Whenthe clutchisdisengaged, theroll cage
forcestherollsdown theramp away from
thedeeve.

Fig. 10-11: Roller ramp clutch.

Actuation Methods

Therearefour basic methods used to
actuate clutchesand brakes:
1) electromagnetic,
2) mechanicd,
3) pneumatic, and
4) hydraulic.
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Electromagneticisthe primary method
of actuationinfractional horsepower appli-
cations becauseit offersthe most control
and flexibility. The other methods of actua
tionwill bediscussed for compl eteness, but
they areusually reserved for specific appli-
cation or higher horsepower motors.

Before choosing an actuation method,
the applicationsengineer should ask
several question:

1) How muchtorqueisneeded?

2) What isthe best available engagement
method?

3) Doestheapplication requireelectronic
or remote control ?

4) How much responsetimeisneeded?

5) Arethereany specia environmental
requirementsthat must be satisfied?

6) What istheduty cycle?

7) What are the temperature requirements
of theclutch or brake?

8) What isthe maximum operating speed
of thesystem?

9) What space or weight requirements
must be satisfied?

10) What arethe servicelifeand mainte-
nancerequirements?

Based onthisinformation, the best
choice of clutch or braketype and actua-
tion method can be determined.

Electromagnetic Actuation:
Extremely fast cycling ratesareachievable
through electromagnetic actuation. Its
torquerangeislimited, compared to hy-
draulic and pneumatic actuated clutches
and brakes.

Fractional horsepower motor applica-
tionsoften involve someform of automatic
operationinvolving electrical commands.
That iswhy dectrical actuationismore
commonintheseapplications. Electrica
actuation alsoworkswell inremote

applicationswhereit would bedifficult,
impractical or too expensivetorunthe
piping or tubing required for the other
typesof actuation.

A typical eectricaly actuated clutch or
brakeisshowninFig. 10-12. Onehalf
consistsof an armature attached to the
drivemotor or input shaft. Theother half is
an electromagnet embedded inaniron shell
and covered with afriction pad. When
voltageisapplied tothecoail of theelectro-
magnet, it attractsthe armature and engag-
estheclutch. If both componentsturn free-
ly, theunit functionsasaclutch. If oneis
held stationary, braking action takes place.

Electromagnetic clutchesand brakes
can haverotating or stationary coils. Rotat-
ing coil types(Fig. 10-12a) usedliprings
and brusheswhich can cause sparking,
making them unsuitablefor explosveamo-
spheres. Thestationary field typewitha
fixed cail (Fig. 10-12b) eliminatesthis
problem.

Thesimplest typeof electrica actuator
consistsof aplug-in modulewhich con-
vertsAC linevoltageto DC and useson/
off switching circuits. More sophisticated
controlsinclude solid state moduleswith
integra time delayed outputs. Someare
equipped with torque adj ustment controls
for soft startsand stops.

Pneumatic Actuation: Air ac-
tuation methodsare commoninindustrial
applicationsinvolvinglarger horsepower
motors. Compressed air suppliesare
readily availableinmostindustrial settings.
Pneumati ¢ actuation requires piping or tub-
ingaswell aspressureregulators, filters,
[ubricators, control valves, exhaust valves
and mufflersto control variousaspects of
the pneumatic system. This support equip-
ment and the associ ated costs and mainte-
nancethey requirearethe main disadvan-
tagesof pneumatic actuation systems.
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Hydraulic Actuation: Hydraulic
actuation providesfast responseand
smooth engagement when control valves
areused to control hydraulic pressure.
Hydraulic pistonscan deliver hightorque
requirements needed to operate heavy-
duty clutchesand brakes. Like pneumatic
actuation systems, the piping and associat-
ed control mechanismsarethemaindis
advantages.

Mechanical Actuation: Thisis
thesimplest and least expensiveform of
actuation. Mechanica actuation depends
on human strength to depressapedal or
movealever, soforceislimited to about
751bs. Thislimitstorquetransmission and
cyclingrates. Mechanical actuationis

A

Rotating
Electromagnet

Armature

usualy reserved for vehiclesandindustria
equipment likecranesand hoists.

Centrifugal clutcheswhich engagewhen
amotor reachesapredetermined speed
arealso examplesof mechanical actuation.
Centrifugal clutchescannot be controlled
externaly, however.

10.2 DYNAMIC
BRAKING

Motorsshould not coast morethan a
few shaft rotationsafter being de-
energized. If theapplication requires
precise braking, electromechanical brakes
and clutcheslikethoseprevioudy
discussed should beused. Inlesscritical
applications, dynamic braking techniques
can beemployed.

B

Stationary
Electromagnet

Armature

Fig. 10-12: Electromagnetic clutch: a) rotating coil (left), and b) stationary coil (right).
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Dynamic braking isachieved by atering
the connectionsto the maotor with or with-
out theaid of an auxiliary power source,
depending on the motor type (DC or AC).
In either case, the motor actslikeagenera
tor and thekinetic energy of the motor and
thedrivenload isused to exert aretarding
forceto slow theforward rotation of the
motor.

DC Motors

Varioustechniques are used to accom-
plishdynamic brakinginfractional horse-
power DC motorsand gearmotors. Each
will beexplainedin detail.

Shunt-Wound Field DC Mo-
tors: Perhapsthe easiest motor to dy-
namicdly brakeisthe shunt-woundfield
motor. A shunt-wound motor isaDC
brush-typemachinewith field and armature
connected in parallel acrossaDC power
supply. SeeFig. 10-13. Theinteraction of
themagneticfield set up by thefield wind-
ing and thecurrent flowing inthearmature
conductors producestorque or normal
motor action.

-€————— DC Voltage ——————3]
Shunt Wound Field
PM Field
||
| l
A
Braking
Resistor
A
g o—r—alo{» )
Start Stop
I
1

Fig. 10-13: Dynamic braking circuit for
four-wire shunt-wound motor or two-wire
PM motor.

A counter electromotiveforce (cemf) is
generated in the conductors of any arma-
turerotatinginamagneticfield. Whilethe
unit operates asamotor, the cemf opposes
thelinevoltageand limitsthecurrentinthe
armaturewinding to avaluejust sufficient
to supply adequate output shaft power
requirements. Brakingissimply accom-
plished by disconnecting thearmaturefrom
the power source and placing either ashort
or current limiting resistor acrossthearma-
tureterminalswhilethefield coilsremain
energized.

Attheinstant thisisdone, therotation
will continue because of theinertiaof the
armatureand itsdriven|oad. Thearmature
rotatinginamagneticfieldwill continueto
havevoltage (cemf) generated init that will
be proportional toits speed and the
strength of themagneticfield. Thearmature
circuit whichisnow closed by ashort or
current limiting resistor will haveacurrent
flowinginit oppositetothat originally pro-
duced by the power source.

Thereversal of current will producea
torque oppositeto theoriginal motor action
and themotor will begintoreverseitself.
However, during thereversing process, the
speedintheforward directionwill berap-
idly reduced and so will the voltage gener-
ated inthearmature. At the point of rever-
sal or zero speed, thegenerated voltageis
zero. Themotor stopsat thispoint sinceno
current can flow and no torqueis generat-
ed to continuethereversing process. The
motor hasbeen dynamically braked.

Therateof braking iscontrolled by the
vaueof theshunting resistor. A small resis-
tancewill alow alargeamount of current
flow and, sincethereversing or braking
torqueisproportional to the current, the
motor and load will stopinaminimum
amount of time. Someresistanceisusually
recommended to limit the severity of the
braking action, especially with gearmotors.
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NOTE: Thefield winding should be
disconnected from the power source
after themotor stopsunlessthefield is
meant to be connected continuously
acrossthelineat standstill.

Permanent Magnet Field DC
Motors: Dynamic braking of PM mo-
torsisaccomplished inthe sameway as
the shunt motor with some additional ad-
vantages. The shunt motor cannot be dy-
namically braked to astopintheevent of a
power failure because afield voltage must
be present to generate the braking action.

With apermanent magnet (PM) mator,
apower failurewill not affect themotor’s
braking capability becauseitsmagnetic
field (apermanent magnet rather thana
coil) isnot affected by apower outage. A
normally closed relay or smilar device
acrossthearmaturewill automatically func-
tionin caseof apower failure, shorting the
armature’ sterminalsand initiating the brak-
ing action. Thisinherent characteristicis
important, for example, onreel drivesto
prevent unwanted spillage of tape.

Figures 10-13 and 10-14 apply to PM
field motors (except that theshunt fieldin
Fig. 10-13 should bereplaced by aper-
manent magnet field). Figure 10-14illus-
tratesthe use of electronic componentsto
achievedynamic brakinginaunidirectiona

|«€———— DC Voltage

Stop
O
Transistor Base
Emitter Resistor O Run
A
Braking !
Resistor 7—‘—;
PM
Field

Fig. 10-14: Dynamic braking circuit for a
unidirectional two-wire PM motor.

Fig. 10-15: Dynamic braking circuit for a
four-lead series wound motor operated
from a DC source. This may not function
properly if the motor is operated from an
AC source.

PM motor application. Thediodebiases
thetransistor off intherun mode. When the
armature no longer draws current fromthe
line (brakemode), thetransistor will con-
duct because the polarity of thearmature
cemf isoppositetothelinevoltage.

Series Wound Motors: Univer-
sal (AC/DC) or serieswound motors may
bedynamically braked in severd different
ways. One method that appliesto afour-
lead serieswound motor isquitesimilar to
that described for the shunt-wound motor.
SeeFig. 10-15. Theonly differenceisthe
addition of resistancein serieswiththe
much lower resistanceof thefield circuit to
prevent excessive heating during frequently
repeated or extended braking cycles. This
method isnot generally successful whenthe
motor ispowered by AC asthe motor
tendsto continue running without braking
because of repulsion motor behavior.

A three-lead, reversible serieswound
motor can bevery conveniently braked by
simply connecting thearmature acrossthe
opposite set of field coils. See Fig. 10-16.
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Field 1

Field 2

Fig. 10-16: Simplified dynamic braking
circuit for a three-wire series motor.

It should be noted that the serieswound
motor schemeshowninFig. 10-16is“self-
excited” sinceit brakesthe motor without
the need for any external source of power.
However, because of the self-excited fea-
ture, braking by these methodsislesscon-
sistent or reliable than the schemes pre-
sented for the shunt or PM motorsinFigs.
10-13 and 10-14.

Compound Wound Motors:
A compound wound motor, having charac-
teristicsof both ashunt and aserieswound
motor, can be braked by:
1) ashunt or seriesbraking circuit,
2) aself-excited serieswound braking
circuit, or
3) acombination of both.

However, because of the slower speed
of the compound wound motor, the shunt-
wound braking circuitispreferred.

Plugging as a Means
of Braking
Reversing amotor by reversing the

power to thearmaturewhilethefieldre-
mainsconnectediscalled “plugging.” This

technique can be used to brake amoator if
the power to the motor isremoved at the
point when the armature passesthrough
zero speed initsattempt to reverseitself.

Pluggingismore severethanthebraking
methods described earlier becausethe
voltageacrossthearmature (in the case of
ashunt motor) and acrossthe entire motor
(inthe case of aseriesmotor) isapproxi-
mately twiceitsnormal valueat theinstant
of reversal. Thegenerated voltageinthe
armatureisadded tothelinevoltagefrom
full speed downto zero. Under normal
running conditions, the generated voltage
(cemf) opposesthelinevoltage.

Plugging isnot awaysrecommended as
ameansof braking. Inwound field motors,
for example, the braking torque generated
isnolonger proportiond tothehigharma-
turecurrent whichisdrawn. Excessive
armature heating and brush arcing occur
without theadvantage of significantin-
creasesintorque.

Inthe case of PM motors, the coercive
force of the magnetsmay be exceeded,
causing aresultant decreasein magnet
strength. If plugging iscontemplated, the
motor manufacturer should be consulted to
establish motor limitations.

Other Considerations

Relays, switchesand electronic devices
showninFigs. 10-13 through 10-16 are
meant to suggest only some of thepossible
waysof braking the motorsdiscussed.

Beforeusing relays, switchesand con-
tactorsin DC circuits, check that the de-
viceshaveaDC rating of sufficient capaci-
ty. Itisalsoimportant during the braking
action that these devicesbe equipped with
“break beforemake” contacts. Overlap-
ping of the breaking and making functions
can cause problems.

Some applicationsrequirethat the hold-
ing torque be continued after the motor has
stopped rotating. Of thebraking circuits
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described, the only one capabl e of
providing areasonable holding torquefor a
wound field motor isthecircuitin Fig. 10-
13. Permanent magnet motorshave
inherent holding. Thestrength of both
dependsupon thed ot effect of the
armature.

Thenatureof theload isoften avital
factor in dynamic braking applications.
Caution must beexercised inapplying
motorswhich areto be dynamically braked
or plugged. Insuch applications, high
currentsand dynamic mechanical forces
aregenerated during the braking period.
For safety reasons, thethermal and
structural capabilitiesof thedrivesystem
should not be exceeded. Dynamic braking
of highinertiatypeloadsrequireadditional
consideration because of themechanical
and thermal strainswhich canbeinducedin
both the motor and other associated torque
transmitting components.

Whiletemperatureriseisimportantin
thenormal operation of amotor, itiseven
moreimportant inthe dynamic braking of
themoator. Sincethebraking torques
generated with some schemesare higher
than normal running torque, the energy
which themotor must dissipaterises
correspondingly.

Brush life can be expected to decrease
when thefrequency or duration of dynamic
brakingissubstantial. Specia brushesare
usudly required.

AC Induction Motors

Wewill restrict thisdiscussion to those
AC motorswhich utilizeanonenergized
rotor typically found insmall maotors. In
most cases, thismeanssomeform of a
squirrel cagerotor except for the capacitor
hysteresistypewhich usesapermanent
magnet typerotor. In most cases, no
distinctionwill be drawn betweena
synchronous and anonsynchronous motor
sinceany braking method discussed usualy

will beapplicablefor either versonina
particular windingtype.

Ingeneral, AC motorsaredynamically
braked by removing the AC power from
themotor and substituting DC. When this
isdone, themotor isvery similar totheDC
shunt motor described earlier. The stator,
withDC applied, issmilar tothefield
winding of ashunt motor and the squirrel
cagerotor issimilar to ashorted armature
inthe braking mode. In essence, the motor
now actslikeaDC generator with ashort-
circuited armature.

Theélectrical output of the generator
hashigh circulating currentsin the shorted
rotor bars. Themechanical input of the
generator isthekinetic energy of therotor
and the connected load. Thisrotational
energy isdissipated intheform of heat (in
therotor) when the motor isquickly
brought to astop. The source of DC for
braking purposes can vary from batteries
and highly filtered supplies, tofull waveand
half-wave sources. DC may a so be sup-
plied by acharged capacitor. The choiceis
dependent on economics and the degree of
braking required. Pure DC isbest but
moreexpensiveto providethan rectified or
nonpure DC.

Whether oneor all of amotor’swind-
ingsareused to brake, itisalso aquestion
of economicsand power supply availabili-
ty. “Plugging” may also be used to brake
AC motors. Again, plugging consistsof
reconnecting the motor (whilerunning) so
that it wantsto reverseitself. However, at
zero speed (beforethe motor canrotatein
the oppositedirection), the power isre-
moved. Thismethod islimited tothose
motorswhich are capable of reversing
whilerunning.

A third method of braking small AC
motors, called “capacitor shorting,” is
limited to permanent split capacitor (PSC)
motorsof thehighdlip nonsynchronousand
hysteresissynchronoustypes. The
procedureisto short the capacitor, placing
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Fig. 10-17: Dynamic braking circuit for
shaded pole motor.

both the main and the capacitor windings
directly acrossthe ACline. Thismethod
eliminatestherotating field atedwith
these motorsand itstorque producing ca-
pabilities. Thetwowindings (mainand ca-
pacitor) must beidentical for the capacitor
shorting method to be effective.

Shaded Pole Motors: A shaded
polemotor isnormally unidirectional with
only onestator winding connected to the
ACline. Theonly way todynamicaly
brakethismotor typeisto apply some
formof DCinplaceof AC. SeeFig.10-
17. Because of low motor impedanceon
DC, voltagemust beremoved immediately
after braking (unlessthe DCislow enough
that it won't overheat thewinding). An
acceptable continuously applied power
level for braking can be obtained from the
motor manufacturer.

Split-Phase Motors: Motors
with split-phasewindingsemploy centrifu-
gally operated switchesor starting relays

~——
DC

Run

Brake Stat _ Centrifugal
Wi

dg. Switch or Relay

Fig. 10-18: Dynamic braking circuit for a
split-phase motor.

which serveto“cut out” or disconnect the
startingwindingsfrom thee ectrica supply
when themotor has come up to 75% of
running speed. To prevent burnout, starting
windingsareintended to be connected to
thelinefor no morethan afew seconds.

Sinceitisnot normally recommended
that these motors bereversed whilerun-
ning, theonly feasibleway todynamicaly
brake asplit-phase motor isto apply some
formof DCinplaceof ACasinFig. 10-
18. Again, because of low motor imped-
ance, the DC voltage should belessthan
the AC. Thebraking voltage should be
removed immediately after braking, since
thedropinspeed will causethe centrifugal
switch or the start winding relay to recon-
nect the starting winding.

Aneélectrolytic starting capacitor, in se-
rieswith the starting winding, isrecom-
mended for thistype of operation, sinceit
would overcomethe starting winding heat-
ing problem by blocking the DC power
(the capacitor would also tend to provide
additiona startingtorqueon AC).

®
AC Voltage. OC Voltage

Run

Brake  Auxiliary
Winding Capacitor

Fig. 10-19: Dynamic braking circuit for
permanent split capacitor motor using
main winding only for braking.

Permanent Split Capacitor
Motors (including hysteresis
synchronous): Several different
braking methods can be considered for
permanent split capacitor (PSC) motors.
DC can, of course, beapplied. Figure 10-
19 showsthat the capacitor will prevent
theauxiliary winding from being used for
braking because the capacitor blocksthe
flow of DC. In order to usethe second
winding, athree-pole or three-contact
switch must beused to provideeither a
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Brake
DC Voltage

Run

AC Voltage

[ ] o

Capacitor

Winding Capacitor

Main
Winding

Fig. 10-20: Dynamic braking circuit for
permanent split capacitor motor using
windings in parallel for braking.

Run Brake
AC Voltage
@® DC Voltage
[ o
Capacitor .
Winding Capacitor
1€
Main
Winding
Rotor

Fig. 10-21: Dynamic braking circuit for
permanent split capacitor motor using
windings in series for braking.

parale or aserieswinding arrangement as
showninFigs. 10-20 and 10-21.
The*“plugging” method can aso beused
on permanent split capacitor (PSC) motors
which can bereversedwhilerunning. This
isusually restricted to nonsynchronous
designsusing ahigh diprotor andto hys-
teresissynchronous motors. Plugging can
be accomplished by reversing either wind-

Brake

30 AC Voltage DC Voltage

AC Voltage

Fig. 10-22: Dynamic braking circuit for
permanent split capacitor motor using
capacitor shorting method.

ing. However, themainwindingispre-
ferred to avoid high voltage problemsas-
sociated with the capacitor.

On small motors (approximately 1/75
hp or smaller), the* capacitor shorting”
method can be used when themainand
capacitor windingsareidentical. Aswith
plugging, “ capacitor shorting” isnot appli-
cabletolow dip nonsynchronous motors
or reluctance synchronous motors. Asthe
sizeof themotor increases, thisbraking
method becomes|esseffectiveand there
may beatendency to “creep” or to contin-
uetorotatelowly at somevery low
speed. The capacitor shorting methodis
illustrated in Fig. 10-22.

Three-Phase Motors (Poly-
phase): A three-phase motor may be
dynamically braked by applying DC or by
plugging. For aWye or aDelta-connected
motor, thebraking circuitisshowninFig.
10-23. In order to plug athree-phase mo-
tor for braking purposes, twoinput leads

or

Fig. 10-23 Dynamic braking circuit for three-phase motor.
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Run

— e

Brake

Charging
Rectifier
Current
Limiting
Resistor
Brake
Capacitor

AC Voltage

Fig. 10-24: Dynamic braking by capacitor
discharge method.

must bereversed. At the point of zero
speed, themotor isdisconnected from the
ACline.

The DC Supply

All AC motor types can be braked by
applying DCtothewindings. It was stated
earlier that pure DCismoreeffectivethan
rectified AC. It should be noted that some
motors (PSC type) may continueto rotate
at very low speed if braked by ahalf-wave
supply. Theeffectivenessof any combina-
tion cannot aways be predicted, so some
trial and error tests should be conducted to
establishthebest circuit for each applica-
tion. In some cases, DC may be merely
supplied by thedischarging of acapacitor.
Figure 10-24 shows how acapacitor may

Fig. 10-25: Parallel shaft gearmotor
(helical and spur gearing) with inertial
load on output shaft.

be charged during normal running and then
used to supply the DC voltage necessary
to stop themotor in the braking mode.

Other Considerations

Holding torque must be considered with
AC motors. AC motorsarenot very effec-
tiveat holding theload after bringing the
speed down to zero. The best holding
characteristicsare provided by reluctance
synchronous motors. Because of their con-
struction characteristics, reluctancetype
rotorswill tend to lock into preferred posi-
tions. Of course, if any of themotorsdis-
cussed areenergized to maintain holding
power, theelectrical input must below
enough to prevent winding and lubricant
overheating.

Gearmotors

Gearmotors must be given specia con-
sideration, particularly if they areto be
used todynamically brakeinertia |oads.
Because of the high kinetic forcesgenerat-
ed, gearing and other machine elements
may be damaged if not selected and ap-
plied properly.

Itisimportant to remember that the
gearhead of agearmotor ispositioned be-
tween theinertia load and themotor’sro-
tor. Becauseaninertia load “wantsto
keep onrolling” and backdrive agearhead
after thenormal forward driving power is
removed, both theinertiaof themotor’s
rotor and an external inertial |oad can sub-
ject thegearhead componentsto dynamic
stressesthat exceed their design capabili-
ties. Therefore, the dynamic braking of
gearmotorsdrivinginertial loadsmust be
carefully analyzed.

When considering thedynamic braking
of external inertia loads, itisuseful to cal-
culate the effect of theload as seen at the
output shaft of the gearhead. Figures 10-
25and 10-26 show inertial loads (fly-
wheels) directly connected to gearmotor
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Fig. 10-26: Right angle worm gearmotor
(two stages of worm gearing with inertial
load on output shaft).

output shafts. Itisalso possiblefor consid-
erableinertiato be“seen” by the gearhead
in gpplicationsemploying pulleysand belts
(or sprocketsand chains) inthedrive sys-
tem. If the output shaft isnot directly cou-
pled to thedriven load (with speed altering
elements separated from the gearhead), it
will benecessary to calculatetheequivalent
inertiaat the gearhead driveshaft using
Equation1inFig. 10-27.

Equation 1 showsthat speed reductions
beyond the driveshaft reducetheinertia
seen by the gearhead output shaft. Speed
increases have the opposite effect accord-
ing to the square of the speed ratio. Equa-
tion Lisuseful for analyzing the effects of
speed changes dueto gears, beltsor chain
drives coupled to the gearmotor output
shaft. Equation 2illustratesthe calculation
of inertiafor smplediscsliketheflywheels
showninFigs. 10-25 and 10-26.

Estimating Torque During
Dynamic Braking: If agearmotor is
requiredto dynamically brakeaninertia
load fromfull (normal) speed inaspecified
period of time, one must consider whether
the gearhead would be capabl e of absorb-
ing the stored kinetic energy of theinertia

load during the braking period (as opposed
toitsnormal function of transmitting the
torque necessary to drivetheload).

Equations3aand 3bin Fig. 10-27 pro-
videuseful approximationsfor analyzingthe
effectsof inertial loadswhen considering
dynamic braking of gearmotors. Equation
3aisageneral equation, while Equation 3b
approximatestheexternal braking torque
requiredto bring thesystemtorestinthe
period (ds) after theelectrical power is
disconnected from themotor (but dynamic
braking not yet applied). Equation 3ais
derived by assuming that thekinetic energy
of amechanical system, driven by agear-
motor, uniformly deceleratesandiscon-
verted into work done (dissipated energy).
Inaddition, Equation 3bignorestheinertia
of gearhead components and does not
consder additional dynamicloadingim-
posed dueto gearing backlash, or system
misdignmentsandinefficiencies.

Notethat Equation 3b showsthat two
inertial componentsare of major
congderation:

WK ?x R? (internal inertia)
and
WK?, . (external intertia)

Whentheinterna inertiacomponentis
significantly larger thantheexternd inertia
component, itisfeasibleto dynamically
brake theload through the motor winding.
However, if theexternal inertiacomponent
islarger thantheinternal component, the
load should be externally braked or
clutched.

If theinternd inertial componentin
Equation 3bisdisregarded, it isapparent
that for agiven output speed, theinertiaof
theexternal load (WK?, ) and the braking
interval (ds) havegreat torquemultiplying
possibilitiesthat can befed into the gear-
head. A gearmotor which performsac-
ceptably at itsrating when driving aload
forward can easily fail dueto excessive
loading impaosed during dynamic braking

10-15



Equation 1: [WKZ](IdS) = [WKZ](IS) N,

Nlds
\Where:
[WK?] (e = inertiaof the external load as seen by the driveshaft at its speed.
[WK?], = inertiaof theload at itsdriven speed.
ws = Speedof thedriveshaft (revolutions/ minute)
N = gpeed of theload (revolutions/minute)

Equation 2: [WK?]_=weight (Ibs) x

[radius(inches)] 2

2
where:
[WK?, =inertiaof solid cylinder or disc rotating about its own axis
NOTE: Many handbooks provide formulasfor calculating the
inertia of other geometric shapes.
Equation 3:
) () NS (o ¢ o [OWKEXRY + WK J (N,
" T 573@,) ' o 221,185 (8 )
where:
T, = indicated torquerequired to bring the gearmotor driveshaft to rest
during braking (Ib-in)
I, = inertiaof teentire mechanical system as seen by the gearmotor
driveshaft
WK? = internal inertiacontributed by the motor’srotating member (rotor or
armature) (Ib-in?)
R = ratioof thegearmotor’s gearhead
WK? = inertiaof the external |oad seen by the gearmotor driveshaft
(Ib-in?).
N, = gearmotor driveshaft speed (RPM)
A, = driveshaft revolutionsduring the braking period

221. 185 = A constant associated with inch system with inch system units.
Note: If Sl unitsare used (newtons and metersinstead of pounds of
force and inches), the constant becomes 5,615.
*When R =1, Equation 3b appliesto nongeard motor.

Fig. 10-27: Formulas for calculating the effects of inertial loads on gearmotors.

(i.e., thebackdriving torque caused by an
inertial load can exceed theforward driving
torque and be beyond the capability of the
gearhead).

Consider what happenswhen agear-
motor isforced to dynamically brakea
relatively high externd inertid load. An
externd inertial |oad on agearmotor tends
to“backdrive’ the motor through the gear-

head. Becausetheelectrical braking torque
appliedtotherotor isresisting rotation, an
amost instantaneoustorsional binding ef-
fect occursinthegearhead. Under this
condition, themotor windingisunableto
absorb dl of the stored kinetic energy of
therotating load and theremainder must be
absorbed by thetorsion and deflection of
thevariousgearhead members, including
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theaxia movement and bending of the
motor’srotor (thegearhead, in effect, be-
comesamechanica spring).

Theamount of energy absorption of
each of the gearhead membersinvolvedis
afunction of their respectivestiffness.
Therefore, the stored kinetic energy of the
load must be dissipated or absorbed by the
gear teeth, intermediate gearshafts (if more
than one stage), prel oad washers, the
driveshaft and gear housing. Moreover,
someof thekinetic energy isdissipated as
heat, dueto friction from such sourcesas
therotor and gearshaft bearingsdidingin
their bores.

Considerations with Spur
and Helical Gearing: Thistypeof
gearingiscommon to parallel shaft orin-
line (concentric shaft) gearheads. Infhp
gearmotors, such gearheadstypically have
recess action type gearing which provides
advantageswhen driven forward, but of -
fersrelatively greater frictional resistance
than standard gearing when driven back-
wards. Theresistanceto backdriving mani-
festsitself asalocking effect. It followsthat
theamount of resistanceto backdriving
increaseswith the number of stages of
gearing. Gearheadswith many helical and
spur stages offer considerableresistanceto
backdriving.

Special Considerations with
Worm Gearing: Dynamic braking of
gearmotorswith worm gearing presents
additiond considerationsthat do not exist
with spur or helical gearing. A primary
condition peculiar toworm gearingisthe
possibleself-locking effect. (“ Self-locking”
isaterm that describesan inherent charac-
teristic of certain worm gearsthat prevent
them from being backdriven. Thesow
speed shaft cannot bedriven by an applied
force.) Inworm gearmotors, self-lockingis
acharacteristic of higher gear ratios (typi-
caly greater than 15:1).

Itispossiblethat during dynamic brak-
ing, gearing that isnormally non-salf-lock-
ingwill lock. Thiscan occur whenthelead
angleof theworm gear inthelower ratios
issuchthat during dynamic braking, the
frictioninthe gearing increasesto the point
where self-locking occurs. At the moment
of locking, the contacting gear teeth and
other gear train parts must dissipatethe
energy of theload. For applicationswhere
the braking forces exceed the shear
strength of the gear teeth, failurewill occur.
Braking forcesdightly under the shear
strength of thegearsand other partswill
not show up asimmediatefailure, but can
severely shorten gearmotor lifethrough
fetigue.

General Guidelines for High
Inertia Gearmotor Applica-
tions: Dynamicbraking of highinertial
loads on gearmotorsrequiresthat the ener-
gy beabsorbed or stored inthe various
gear train parts, which act like springs. A
significant decreasein the stressesimposed
on these parts can be effected by utilizinga
torsionadly resilient coupling (theeffectis
that of atorsional spring) or clutching that
disconnectsor limitsthetransmitted torque.
Protection of the gear train memberscan
also be accomplished by stronger gearhead
parts, or by reduction of external inertiaor
load speed.

A good general ruletofollowin
applying dynamic braking to gearmotorsis
to use the minimum power for braking
necessary to obtainthe desired results. If it
isrequired that themaximum allowable
coast isto be held to 90 degrees at the
driven shaft, it would be unwiseto apply
dynamic braking that limitsthecoast toa
much lesser amount.

For the samereason that temperature
riseisan important consideration under
normal operating conditions, itiseven
morecritical when dynamic brakingisap-
plied. If dynamicbrakingisrequired at
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frequent interval s, operating temperature of
thegearmotor and itslubricantswould be
higher than that of anondynamic braking
applicationwith thesameload. Itisbetter
tolimitthebraking soit will not exceed the
allowabletemperaturerise of thewinding
or gear lubricant.

Adheringtotheseguidelinesresultsina
cooler running, more service-free gearmo-
tor, and placeslower stresseson thegears
and other mechanical components affected
by dynamic braking.

10.3 EVALUATION
OF DYNAMIC
BRAKING
METHODS

Inthe majority of motor and gearmotor
applications, thedynamic braking capabili-
ty of themotor isnormally not the deter-
mining factor inthemotor selection. Volt-
age, frequency, speed, torque, etc. are
usualy moreimportant considerationsin
establishing whether the motor should be
anAC or DC motor, or one of the particu-
lar typesof AC or DC construction.

Under these circumstances, obvioudly,
oneacceptsthe braking capability that the
particular motor offers. Thisgeneraly pre-
sentsno problem sinceall winding types
and most of the dynamic braking methods
described substantialy reduce the stopping
time and satisfy themgjority of theless
critical braking applications.

For example, a1700 to 1800 RPM
NEMA 42 framemoator (approximately
4.5" diameter) typically would coast from
40to 120 revolutionswhen the power is
removed without theaid of dynamic
braking. With dynamic braking, therotor
would cometo astop within oneto six
revolutionswith noload attached (except
for gearing). Any load would, of course,
reducethestopping timeif it werefrictiona

innatureand would increaseitif it were
highly inertia.

The previoudy mentioned range of
stopping timeswithout dynamic braking
may seem excessive, but itisbasedona
number of different motor types, each of
approximately the same horsepower level.
Thiscriteriaresultsin differencesinrotor
lengthsand constructionwhich, along with
thedifferencesinwindings, providesan
even wider stopping rangewhen dynami-
caly braked.

Asmight be expected, asmaller motor
would stop morerapidly than alarger mo-
tor. A 1700 to 1800 RPM 32 frame motor
(approximately 3.5" diameter) would typi-
caly stopin about half thetimetaken by
thelarger 42 frame motor, or 20 to 60
revol utionswithout dynamic braking and
0.5to 3revolutionswith dynamic braking
(at noload but with gearing included).

Sincethetimeto stop arotating partis
directly proportiond toitsinertia, the
smallest possible motor should be used to
drivetheload wherefast brakingisde-
sired. Motorswith centrifugal switchesand
high density rotors should beavoided
(sincetheir relatively higher inertiain small
motorsmay besignificant).

Although wehavelimited our discusson
to stopping time using aspeed of 1700to
1800 RPM, it should not beforgotten that
thekinetic energy of arotor isproportional
to theinertiatimesthe speed squared.
Therefore, the speed of therotor should be
kept to aminimum for best braking results.
(High speed serieswound motorsare par-
ticularly difficult to brakerapidly and con-
sgently.)

When using induction-typemotors, the
additiona braking torque generated by
using ahigh resistancerotor over alow
resistancerotor, or areluctance synchro-
nousover anonsynchronoustype, should
be considered when fast braking isdesir-
able. Also, thereluctance synchronous
motor will provide someholding torque, a

10-18



criteriawhich might not be satisfied by any
other motor type. The holding torquedif-
ference between anonsynchronousinduc-
tion motor and asynchronousrel uctance
induction motor may beasmuch as10:1
with continuous DC applied.

There appearsto beadefinite advan-
tageto using an AC induction motor over a

Percent of
Rated Speed
Braking Mode
{Continuous DC Applied
o Main Winding)

Running
Mode

50

-300 -200 -100 ©0 100 200 300

Percent of Rated Torque

Fig. 10-28: PSC motor speed / torque
curves.

DC shunt-wound motor whichistracesble
to the braking torque generated by each.
Comparison of Fig. 10-28 with Fig. 10-29
will illustrate the basic differencesbetween
aPSC motor and a shunt-wound motor
(both of the same hprating).

InFig. 10-28, thefirst (right-hand)
quadrant representsthenormal running
characteristic curve. The second (left-
hand) quadrant showsthenormal braking
characteristic. Sincethe AC motor hasa
high braking torque closeto zero speed, it
tendsto be “ snubbed down” to astop
quitenicely, whereasthe DC motor (Fig.
10-29) will tend toloseitsbraking force as
the speed isreduced and tendsto coast
more. Theareaunder the curvedivided by
the operating speed representsthe average
braking torque.

In some cases, the split-phase motor
(Fig. 10-30) may not brake asquickly as
the PSC motor (compare Fig. 10-28 with
Fig. 10-30) eventhoughitsgenerated
braking torqueisashigh or higher than
thatof apermanent split capacitor motor.

Percent of
Rated Speed

100

Running Mode

Braking Mode 50
(Shorted Armature)

=300 -200 -100 G 100 200 300

Percent of Rated Torgue
Fig. 10-29: Shunt motor speed / torque
curves.

Thereason appearsto betheresult of
differencesinrotor inertia

Asmentioned earlier, whenusinga
split-phase motor, it isadvisableto usea

Percent of
Rated Speed

Running Mode
Braking Mode
(Continuous DC

Applied to Motor) 50

1 1 o i 1

-500 -400 -300 -200-100 0 100 200 300 400 500
Percent of Rated Torque

Fig. 10-30: Split-phase motor
speed / torque curves.

starting capacitor in serieswith thestarting
switchandwindingtolimit the DC braking
current and prevent overhesating of the
starting winding and destructivearcing at
the starting switch contacts.

Although the serieswound motor can
befurnishedinasmaller package than oth-
er motor typeswith the same horsepower,
it doesnot brake as consistently asother
motor typesbecause of itshigher operating
speed (high kinetic energy) and limited
braking power available by thenormal
regenerative method.

The capacitor discharge method, de-
scribed earlier, isonly effectiveonsmall
subfractiond induction motorsdriving low
inertial loads, since areasonably sized ca-
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Current
Limiting
Resistor
Run

AC Voltage
[ ]

Rectifier

Brake
Brake

’l\ Capacitor

Fig. 10-31: Braking by half-wave with
capacitor discharge.

pacitor hasonly alimited amount of stored
energy to dynamically brakeor counteract
thekinetic energy of themotor and itsload.
Frequently, acapacitor isusedin con-
junctionwith adiodeto providea“combi-
nation” half-wave and capacitor discharge
braking circuit to eliminate the shortcom-
ingsof each. Used by itself, the capacitor
haslimited energy to releasewhilethe half-
wave brake by itself may causeaPSC
motor to rotate slowly after its speed has
been brought down fromitsoriginal level.

Main
Winding

-T000

AC Voltage

Capacitor
Winding

Fig. 10-32: Half-wave braking of a PSC
motor.

Figure 10-31isatypical capacitor/half-
wave braking circuit that may beusedin
placeof full wave or pure DCto provide
dynamic braking almost equivaent tothe
|atter. The slow rotational speed experi-
enced with aPSC motor after theinitial
braking period with half-wave DC can
often be eliminated by bypassing the motor
capacitor in the braking mode asshownin
Fig. 10-32.

10-20



Appendix 1

List of Associations and Standards Organizations

Most motor and control manufacturers design their products to conform to a variety of
safety standards. For convenience, a partial list of these standards organizations and asso-
ciations is given below. Specific standards are referenced throughout the Handbook. If
the reader wishes to obtain more detailed information about a specific standard, the ap-
propriate agency or association should be contacted directly.

American National Standards Institute (ANSI)
1430 Broadway
New York, NY 10018

American Society of Testing and Materials (ASTM)
1916 Race Street
Philadelphia, PA 19103

Canadian Standards Association (CSA)
179 Rexdale Boulevard
Rexdale, Ontario, Canada MOW 1R3

Electronic Industries Association (EIA)
2001 Pennsylvania Avenue, NW
Washington, DC 20006-1813

Institute of Electrical and Electronic Engineers (IEEE)
345 East 47th Street
New York, NY 10017

International Organization for Standardization (ISO)
1 Rue de Varembe
1211 Geneva 20, Switzerland

Mechanical Power Transmission Association
1717 Howard Street
Evanston, IL 60201

National Electrical Manufacturers Association (NEMA)
2101 L Street, NW
Washington, DC 20037

National Fire Protection Association (NFPA)
Batterymarch Park
Quincy, MA 02269

Underwriters Laboratories Inc. (UL)
333 Pfingsten Road
Northbrook, IL 60062



Appendix 2
Troubleshooting fhp Motors

IMPORTANT: Before servicing or working on equipment, always disconnect
the power source. This applies to all equipment, but special attention should be given
to thermally protected equipment using automatic restart devices, control equipment which
is under the control of external logic circuits, or brush-type motors and gearmotors when
the brushes are being examined or replaced. All of these situations present a higher poten-
tial for shock hazard or for injuries which might occur due to unanticipated mechanical
motion.

Before attempting to service any motor, read the manufacturer’s warranty in-
formation. In many cases, service by unauthorized persons will void the warranty.
If an external examination cannot determine the cause of the problem, always
consult the manufacturer before examining internal parts.

The motor environment should be cleaned regularly to prevent dirt and dust from inter-
fering with ventilation or clogging moving parts. Refer to Chapter 7 for information on the
care and servicing of motors and gearmotors. Refer to Chapter 5 for motor environmental
protection information.

Before servicing motors or gearmotors employing capacitors, always discharge the
capacitor by placing a conductor across its terminals before touching the terminals with
any part of your body. Failure to discharge the capacitor could result in electrical shock.

In many cases, easy-to-detect symptoms will indicate exactly what is wrong with a
fractional horsepower motor. However, since general types of motor trouble have similar
symptoms, it is necessary to check each possible cause separately. The accompanying
table (on page A-3) lists some of the more common ailments of small motors and the like-
ly causes.

Most common motor troubles can be checked by a series of inspections or basic mea-
surements. The order in which these tests are performed are a matter of preference, but it
is advisable to perform the easiest first.

In diagnosing troubles, a combination of symptoms will often point to a specific source
of trouble. For example, if a motor will not start and yet heating occurs, there is a good
likelihood that a short or ground exists in one of the windings.

In the case of brushless motors, a symptom exhibited in the motor may actually be
caused by a problem in the control. External motion control circuitry often associated with
motor control systems can also be a source of problems. It is always wise to check the
connections between system components first before attempting to isolate internal motor
or control problems.

Centrifugal starting switches are occasionally the source of thp motor problems. These
switches have a finite life and can wear in many ways depending on their design and use.
Open switches will prevent a motor from starting. When stuck in the closed position, the
motor will operate at slightly reduced speed and the start winding will overheat quickly.
Other problems can be caused by oxidized or out of alignment contact points on the
switch. It is important to remember that any adjustment of the switch or contacts should
be made by the manufacturer or an authorized service representative.

Because of the wear effects of brushes and commutators, commutated motors require
more maintenance than nonbrush types. The wear rate of brushes is dependent upon
many parameters (armature speed, current, duty cycle, humidity, etc.). For optimum per-
formance, brush-type motors and gearmotors need periodic user-maintenance. Refer to
Chapter 5 for information on maintaining brushes.
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Appendix 3
Helpful Shortcuts

Resistor Value Codes

The color code adopted by the Electronic Industries Association is used to standardize
the markings on resistors so that their resistance value can be determined. The color band
system is the the most common marking method.

The first color represents the first significant digit of the resistor value. The second col-
or represents the second significant digit. The third color corresponds to a power of ten
multiplier. Quite simply, it represents how many zeros to add after the significant digits. A
fourth color is used to indicate the tolerance of the resistor. The body-end dot and body-
end band systems are also used.

Resistor Color Codes
Color Digit Multiplier Tolerance
Black 0 1 +20%
Brown 1 10 +1%
Red 2 100 +2%
Orange 3 1000 +3%
Yellow 4 10000 Guaranteed Minimum Value
(-0/+100%)
Green 5 100000 +5%
Blue 6 1000000 +6%
Violet 7 10000000 +121/2%
Gray 8 0.01 +30%
White 9 0.1 +10%
Gold — 0.1 +5%
Silver — 0.01 +10%
No Color — +20%

ist | Significant
2nd ] Digits

1st | Significant
2nd | Digits
Multiplier *

' Tolerance m
J \ Multiplier

Tolerance

@ Resistors with black color Body-End-Dot System

are composition,

noninsulated.

® Resistors with colored
bodies are composition,
insulated.

® Wirewound resistors have
the 1st digit color band
dauble width.

1st | Significant
[ 2nd J Digits
: ZI‘:.ﬂul‘ciplier
Tolerance

Band System

Body-End-Band System



Left-Hand Rule for Electromagnetism

This rule is helpful in remembering the principle of electromagnetism used in electric
motors and for determining the direction of current flow in relation to magnetic field and
conductor motion. Bend your left hand in the shape shown in Figure A3-1. The thumb
points in the direction of force on a conductor. The first finger points in the direction of the
magnetic field, north to south. The second finger points in the direction of current flow.

Direclion of Force Direction of Direction of Direction of
on a Conductar Magnetic Field Magnetic Field Conducior Mation

N = < /
VNN 2N

~ e d
\ Direction of emf
Direction of or Generaled
Cument Flow Current Flow
Fig. A3-1: Left-hand rule for electro- Fig. A3-2: Right-hand rule for
magnetism induction.

Right-Hand Rule for Induction

This rule helps you to remember the relationship between current flow and magnetic
fields in a generator. See Fig. A3-2. The thumb points in the direction of conductor mo-
tion. The first finger points in the direction of the magnetic field and the second points in
the direction of the emf or generated current flow.

Determine surface speed in feet per minute (sfm) for a given spindle speed
and work (or tool) diameter by multiplying ~ of the speed by the work or tool diameter.
For example: For a lathe running 400 rpm and a 3" work diameter, what is the sfm? An-
swer: ~ 0f 400 rpm = 100. 100 x 3" =300 sfm.

When you want to select a speed to give a desired surface speed, divide desired sfm
by work or tool diameter and multiply by 4. For example: You want 300 sfm for a 3"
work diameter. To find machine speed: 300 + 3" =100. 100 x 4 =400 rpm.

The correct wrench size for nuts and bolts doesn’t have to be found by trial
and error. To pick up just the tool you need, you merely have to remember that the right
wrench is almost always 1° times the nominal thread size of the bolt or nut. For example:
A 1°” bolt takes a /” wrench (°” x 17 = 7).

Equivalent hardness. In the most commonly used portions of scales, Brinell
hardness numbers equal approximately 1/10th of the equivalent hardness indicated on the
Rockwell “C” Hardness Scale. Multiply Rockwell “C” numbers by 10 to get the approxi-
mate Brinell equivalent. For example: 50 RC x 10 =about 500 Br. 350 Br + 10 =about
35RC.

Find spur-gear DP (diametral pitch) by measuring the number of times two
pitches will fitin 3" on a scale, and halve it to produce the pitch. Measure halfway be-
tween the teeth at about the middle of the tooth depth. Disregard small departures to ar-
rive at an even answer. (Standard pitches in the size normally encountered are whole
numbers from about 4 diametral pitch through 40 DP.)

Determine exact pitch diameter of any standard spur gear without so
much as touching the gear in question. Simply count the teeth and divide by the diametral
pitch.
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Appendix 4
Motor Application Formulae

T =torque or twisting moment (force x moment arm length)

T =3.1416

N =revolutions per minute

hp =horsepower (33,000 ft-Ibs. per minute); applies to power output
J =moment of inertia

E =input voltage

I = current in amperes

P =power input in watts

T(lb-in.)x N
hp =
63,025
hp=T (0z-in.) x N x 9.917 x 10-7 = approximately T (0z-in) x N x 10
hp x 746
P = EI x power factor =
motor efficiency

Power to Drive Pumps:

gallons per minute x total head (including friction)
hp =

3,960 x efficiency of pump
where:
approximate friction head (feet) =
pipe length (feet) x [velocity of flow (fps)]” x 0.02

5.367 x diameter (inches)
Efficiency = approximately 0.50 to 0.85

Time to Change speed of Rotating Mass:

J x change in rpm

Time (seconds) =
308 x torque (ft-1b.)

where:
weight (Ibs.) x [radius(feet)]”
J (disc) =
2
weight (Ibs.) x [outer radius(feet)]” + (inner radius in feet)”]
J (rim) =

2
Power to Drive Fans:
cubic feet air per minute x water gauge pressure (inches)
hp =

6,350 x efficiency
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Ohm’s Law:
volts

amperes =
ohms

Power in DC Circuits:

Watts = volts x amperes
volts x amperes

Horsepower =
746
volts x amperes

Kilowatts =
1000
volts x amperes x hours
Kilowatts hours

1000
Power in AC Circuits:

volts x amperes
Apparent power: kilovolt-amperes (KVA) =

1000
kilowatts
Power factor =

kilovolt-amperes
volts x amperes x power factor

Single-phase kilowatts (Kw) =
1000

volts x amperes x power factor x 1.4142

Two-phase Kw =

1000
volts x amperes x power factor x 1.7321
Three-phase Kw=

1000

Geometric Formulae:
n=3.1416

D = diameter
nD”
Area of circle = ——
4
Area of sphere = D"
Tt D=
Volume of sphere = ——
6
Area of triangle = ° altitude x base
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Appendix 5

PROPERTIES OF MATERIALS

Coefficient Electrical Pounds
Pounds . .
Per of Conductivity per
Gallon Melting Expansion % Pure Cubic

Liquid Element Symbol | Point °F per °F Copper Inch

Acetone 6.6 Aluminum Al 1215 .0000133 64.90 .098
Alcohol (100%) 6.8 Antimony Sb 1167 .00000627 4.42 239
Ammonia 7.4 Beryllium Be 2345 .0000068 9.32 .066
Benzene 6.4 Bismuth Bi 520 .00000747 1.50 354
Benzol 74 Cadmium Cd 610 .00000166 22.70 313
Carbon Tetrachloride 133 Chromium Cr 2822 .0000045 13.20 258
Castor Oil 8.1 Cobalt Co 2714 .00000671 17.80 322
Gasoline 6.1 Copper Cu 1981 0000091 100.00 323
Glue Liquid 10.7 Gold Au 1945 .0000080 71.20 697
Hydrochloric Acid 9.4 Iron Fe 2795 0000066 17.60 284
Kerosene 6.7 Lead Pb 621 0000164 835 409
Lard Oil 7.7 Magnesium Mg 1204 .0000143 38.70 .063
Linseed Oil 7.8 Mercury Hg -38 — 1.80 489
Machine Oil 7.5 Molybdenum Mo 4748 .00000305 36.10 368
Paints 10.3-13.5 Nickel Ni 2646 .0000076 25.00 322
Shellac 7.5 Platinum Pt 3224 .0000043 17.50 774
Sodium Silicate 12.0 Selenium Se 428 0000206 14.40 174
Sulphuric Acid 153 Silver Ag 1761 .0000105 106.00 .380
Tung Oil 7.8 Tellurium Te 846 0000093 I 224
Turpentine 73 Tin Sn 450 .0000124 15.00 264
Varnish-Insulation 7.0 Tungsten W 6098 0000022 31.50 .698
Water 8.34 Vanadium v 3110 - 6.63 205
Zinc Zn 787 .0000219 29.10 258
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Appendix 6

Temperature Conversions
°C ¢ °F
N

The numbers in italics in the center column refer to the temperature, either in Celsius or
Fahrenheit, which is to be converted to the other scale. If converting Fahrenheit to Cel-
sius, the equivalent temperature will be found in the left column. If converting Celsius to
Fahrenheit, the equivalent temperature will be found in the column on the right.

-100 to 30 31to71 72 to 212 213 to 620 621 to 1000

C F C F C F C F C F
=73 -100 -148 -0.6 31 87.8 222 72 161.6 | 104 220 428 332 630 1166
-68 =90 -130 0 32 89.6 f228 73 1634 | 110 230 446 338 640 1184
-62  -80 -112 06 33 9141233 74 1652 | 116 240 464 343 650 1202
57 =70 -94 1.1 34 9321239 75 167.0 | 121 250 482 349 660 1220
-51 <60 -76 1.7 35 950 | 244 76 1688 | 127 260 500 354 670 1238
46 -50 -58 22 36 96.8 | 25.0 77 170.6 | 132 270 518 360 680 1256
-40 40 40 28 37 986 | 256 78 1724 | 138 280 536 360 690 1274
2344 -30 22 33 38 1004 f 26.1 79 1742 | 143 290 554 371 700 1292
289 -20 -4 39 39 1022 f 26.7 80 176.0 | 149 300 572 377 710 1310
-178 -10 14 44 40 1040 | 272 81 177.8 | 154 310 590 382 720 1328
-172 0 32 50 41 1058 | 27.8 82 179.6 | 160 320 608 388 730 1346
-172 1 338 56 42 107.6 | 283 83 1814 | 166 330 626 393 740 1364
-16.7 2 356 6.1 43 1094 ] 289 84 1832 | 171 340 644 399 750 1382
-16.1 3 374 6.7 44 1112294 85 1850 | 177 350 662 404 760 1400
-156 4 392 72 45 113.0 f 30.0 86 186.8 | 182 360 680 410 770 1418
-150 5 410 7.8 46 1148 ) 30.6 87 188.6 | 183 370 698 416 780 1436
-144 6 428 83 47 116.6 ) 31.1 88 1904 | 193 380 716 421 790 1454
-139 7 446 89 48 1184 31.7 89 1922 | 199 390 734 427 800 1472
-133 8 464 9.4 49 1200 | 322 90 194.0 | 204 400 752 432 810 1490
-128 9 482 10.0 50 122.0 { 328 91 1958 | 210 410 770 438 820 1508
-122° 10 50.0 10.6 57 1238 [ 33.3 92 197.6 | 216 420 788 443 830 1526
-11.7 11 518 11.1 52 1238 | 339 93 1994 | 221 430 806 449 840 1544
-1l 12 536 11.7 53 1274 | 344 94 2012 | 227 440 824 454 850 1562
-106 13 554 122 54 1292 ] 350 95 203.0 | 232 450 842 460 860 1580
-100 14 574 128 55 131.0 [ 35.6 96 204.8 | 238 460 860 466 870 1592
94 15 59.0 133 56 132.8 [ 36.1 97 206.6 | 243 470 878 471 880 1616
-89 16 608 13.9 57 1346 | 36.7 98 2084 | 249 480 896 477 890 1634
-83 17 62.6 144 58 1364 | 37.2 99 2102 | 254 490 914 482 900 1652
-7.8 18 644 150 59 1382 | 37.8 100 212.0 | 260 500 932 488 910 1670
-72 19 662 15.6 60 140.0 || 43 110 230 266 510 950 493 920 1688
-6.7 20 68.0 16.1 61 1418 | 49 120 248 271 520 968 499 930 1706
-6.1 21 698 16.7 62 143.6 [ 54 130 266 277 530 986 504 940 1724
-56 22 716 172 63 1454 [ 60 140 284 282 540 1004 510 950 1742
-5.0 23 734 17.8 64 1472 [ 66 150 302 288 550 1022 516 960 1760
44 24 752 183 65 149.0 | 71 160 320 293 560 1040 521 970 1778
39 25 710 189 66 1508 | 77 170 338 299 570 1058 527 980 1796
33 26 788 194 67 152.6 | 82 180 356 304 580 1076 532 990 1814
28 27 80.6 20.0 68 1544 | 88 190 374 310 590 1094 538 1000 1832
22028 824 206 69 1562 ] 93 200 392 316 600 1112
-7 029 842 21.1 70 158.0 | 99 210 410 321 610 1130
-1 30 86.0 217 71 159.8 | 100 212 414 327 620 1148
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Appendix 7

Sl (Metric) Conversion Table

SI Unit Imperial/Metric to SI SI to Imperial/Metric
Length meter (m) 1 inch =2.54 x 10°m 1 m =39.37 inches
1 foot = 0.305 m = 3.281 feet
1 yard = .914m = 1.094 yards
Mass kilogram (kg.) 1 ounce (mass) = 28.35 x 10-kg. 1kg = 35.27 ounces
1 pound (mass) = 0.454 kg. = 2.205 pounds
1 slug = 14.59 kg. =168.521 x 10 “slug
Area square meter 1 sq. in. = 6.45 x 10-n? 1 n? = 1550 square inch
(nt) 1sq. ft. =0.93 x 10'n? = 10.76 square feet
1sq. yd. =0.836 m? = 1.196 square yard
Volume cubic meter 1 cu.in.=16.3 x 10°n? 1 m* =6.102 x 10“ cubic inch
(n?) 1 cu. ft. = 0.028 m? = 35.3 cubic feet
Time second (s) same as Imperial/Metric same as Imperial/Metric
Electric Current ampere (A) same as Imperial/Metric same as Imperial/Metric

Plane Angle

radian (rad.)

1 angular deg. = 1.745 x 10?
rad.
1 revolution = 6.283 radians

1 radian = 57.296 angular
degrees

Frequency

hertz (Hz)

1 cycle/sec. =1 Hz

1 Hz =1 cycle / second

Force (f)

newton (N)

10z ()=0.278 N
11b. (f) =4.448 N

1 kilopond = 9.807 N
1 kgf=9.907 N

1N =3.597 oz. (f)
=0.225 Ib. ()
=0.102 kp
=0.102 kgf

Energy (Work) joule (J) 1 btu=1055.0617 1J =9478x 10 * Btu
1kwh=3.6x10-6J =2.778 x 10 7 kwh
1 watt/sec.=11J =1Ws
1 kcal =4186.8J =2.389x 10 ** kcal
Power watt (W) 1hp=746 W 1W=1341x103hp

Qty. of Electricity

coulomb (C)

same as Imperial/Metric

same as Imperial/Metric

Density

1 gauss =10+ T

emf volt (V) same as Imperial/Metric same as Imperial/Metric
Resistance ohm(@ ) same as Imperial/Metric same as Imperial/Metric
Capacitance farad (F) same as Imperial/Metric same as Imperial/Metric
Inductance henry (H) same as Imperial/Metric same as Imperial/Metric
Magnetic Flux weber (Wb) 1 line = 10® Wb 1 Wb = 10% lines
1 Mx=10"* Wb =10 °®lines
1Vs=1Wb =1Vs
Magnetic Flux tesla (T) 1line/in?=1.55x10°T 1 T=6.452x 10 lines / in?

=10 * gauss

Linear Velocity

meter / second
(m/s)

1inch/sec. =2.54x 102m/s
1 mph =1.609 km /s

1 m/s=39.37 inches / second
= 3.281 feet / second

Linear Acceleration

meter / second®
(m/s?)

1 inch/second = 2.54 x 10“*m/¢

1 m/s?=39.37 inch / second
= 3.281 feet / second

0

Torque newtonmeter 1 Ib-ft. =1.356 N °m 1N °m = 0.738 lb-ft.
(N°m) 1 0z- in. = 7.062 x 10°N °m = 8.851 Ib-in.
1kilopondmeter = 9.807 N °m =0.102 kpm
11b-in.=0.113 N°m =141.61 oz. in .
Temperature degree Celsuus F=(°Cx9/5)+32 °C = (°F-32) x 5/9
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Appendix 8

Typical Gearmotor Construction

1. Screw, Shroud (.164-32 X .25 thread forming)
2. Shroud

3.Ring, Fan Retaining

4. Fan

5. Nut, Case Holding Screw (.190-32 X .12 thread
hex)

6. Gasket, Aluminum

7. Shield, Front

8. Insulator, Actuator Starting Switch (when required)
9. Switch, Actuator Starting (when required)

10. Screw, Actuator Starting Switch (when required)
11. Washer, Belleville

12. Washer, Steel Spacing (.81 1.D.)

13. Washer, Steel Spacing (1.121.D.)

14. Bearing, Ball

15. Ring, Retaining (external)

16. Actuator (when required)

17. Rotor

18. Ring, Retaining (internal)

19. Bearing, Ball

20. Ring, Retaining (bowed, external)

21. Ring and Stator (wound complete)

22. Pin, Nameplate

23. Nameplate

24. Bushing, Threaded

25. Shield, Rear

26. Screw, Gear Housing Holding (.190-32 X .44
thread forming)

27. Screw, Case Holding (48R4-5N) (.190-32 X 4.88)
27. Screw, Case Holding (48R5-5N) (.190-32 X 5.44)
27. Screw, Case Holding (48R6-5N) (.190-32 X 5.91)
28. Seal, Rotor

29. Plug, Breather Hole

30. Housing, Gear

31. Worm

32. Nut, Worm Lock

33. Gasket, Gear Housing End Cap

34. Cap, Gear Housing End

35. Screw, Gear Housing End Cap (.164-32 X .38
thread forming)

36. Screw, Gear Housing End Shield (.190-32 X .56
thread forming)

37. End Shield, Gear Housing (extension end)

38. Seal, Driveshaft

39.“0” Ring

40. Washer, Thrust (nylon)

41. Washer, Thrust (steel)

42. Key

43. Gear and Driveshaft

44. Screw, Oil Level

45. Gasket, Oil Level Screw

46. End Shield, Gear Housing (nonextension end)
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Appendix 9

Horsepower/Watts vs. Torque Conversion Chart

Power at 1125 rpm at 1200 rpm at 1425 rpm

hp watts 0z-in. mN °m oz-in. | mN °m 0z-in. mN °m
1/2000 373 4482 3.1648 4202 2.9670 3538 2.4986
1/5000 497 5976 42198 15602 3.9560 4718 3.3314
1/1000 746 .8964 6.3297 .8403 5.9341 7077 4.9971
1/750 995 1.1951 8.4396 1.1204 7.9121 9435 6.6628
1/500 1.49 1.7927 12.6593 1.6807 11.8681 1.4153 9.9942
1/200 3.73 4.4818 31.6483 4.2017 29.6703 3.5383 24.9855
1/150 4.97 5.9757 42.1978 5.6022 39.5604 47177 33.3140
1/100 7.46 8.9636 63.2966 8.4033 59.3406 7.0765 49.9710
1/75 9.95 11.9514 84.3955 11.2044 79.1208 9.4353 66.6280
1/70 10.7 12.8051 90.4238 12.0048 84.7723 10.1093 71.3872
1/60 12.4 14.9393 105.4944 14.0056 98.9010 11.7942 83.2850
1/50 14.9 17.9271 126.5933 16.8067 118.6812 14.1530 99.9420
1/40 18.7 22.4089 158.2416 21.0083 148.3515 17.6912 124.9276
1/30 24.9 29.8785 210.9887 28.0111 197.8020 23.5883 166.5701
1/25 29.8 35.8542 253.1865 33.6133 237.3623 28.3060 199.8841
1/20 37.3 44.8178 316.4831 42.0167 296.7029 35.3825 249.8551
1/15 49.7 59.7570 4219775 56.0222 395.6039 47.1766 333.1401
1/12 62.2 74.6963 527.4719 70.0278 494.5047 58.9709 416.4252
1/10 74.6 89.6356 632.9662 84.0333 593.4058 70.7649 499.7102
1/8 93.3 112.0444 791.2078 105.0417 741.7572 88.4561 624.6377
1/6 124.3 149.3926 1054.9437 140.0556 989.0096 117.9415 832.8503
1/4 186.1 224.0889 1582.4156 210.0833 1483.5146 176.9123 1249.2755
1/3 248.7 298.7852 2109.8874 280.1111 1978.0195 | 235.8830 1665.7006
12 373.0 448.1778 3164.8312 | 420.1667 2967.0292 353.8246 2498.5509
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Power at 3600 rpm at 5000 rpm at 7500 rpm

hp watts 0z-in. | mN °m oz-in. | mN °m oz-in. | mN°m
1/2000 373 3361 2.3736 2923 2.0640 2801 1.9780
1/5000 497 4482 3.1648 3897 2.7520 3735 2.6374
1/1000 746 6723 4.7473 5846 4.1280 5602 3.9560
1/750 995 8964 6.3297 7794 5.5041 470 5.2747
1/500 1.49 1.3445 9.4945 1.1692 8.2561 1.1204 7.9121
1/200 3.73 3.6613 23.7362 2.9229 20.6402 2.8011 19.7802
1/150 4.97 4.4818 31.6483 3.8972 27.5203 3.7348 26.3736
1/100 7.46 6.7227 47.4725 5.8458 41.2804 5.6022 39.5604
1/75 9.95 8.9636 63.2966 7.7944 55.0405 7.4696 52.7472
1/70 10.7 9.6038 67.8178 8.3511 58.9720 8.0032 56.5148
1/60 12.4 11.2044 79.1208 9.7430 68.8007 9.3370 65.9340
1/50 14.9 13.4453 94.9449 11.6916 82.5608 11.2044 79.1208
1/40 18.7 16.8067 118.6812 | 14.6145 | 103.2010 14.0056 98.9010
1/30 24.9 22.4089 158.2416 19.4860 | 137.6014 18.6741 131.8680
1/25 29.8 26.8907 189.8899 | 233832 | 165.1216 | 22.4089 158.2416
1/20 373 336133 | 2373623 | 292290 | 206.4020 | 28.0111 197.8020
/15 49.7 44.8178 | 316.4831 389720 | 2752027 | 37.3482 | 263.7359
/12 62.2 56.0222 | 395.6040 | 487150 | 344.0034 | 46.6852 | 329.6699
1/10 74.6 67.2267 | 474.7247 584580 | 412.8041 | 56.0222 | 395.6039
1/8 93.3 84.0333 593.4058 73.0725 516.0051 70.0278 494.5049
1/6 124.0 112.0444 | 7912078 | 974300 | 688.0068 | 93.3704 | 659.3398
1/4 186.5 168.0667 | 1186.8117 | 146.1449 | 1032.0104 [ 140.0556 | 989.0097
1/3 249.0 224.0889 | 1582.4156 | 194.8599 | 1376.0136 | 186.7407 | 1318.6797
12 373.0 336.1333 | 2373.6234 | 2922899 | 2064.0203 | 280.1111 | 1978.0195
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Power at 3600 rpm at 5000 rpm at 7500 rpm

hp watts 0oz-in. | mN °m oz-in. | mN °m oz-in. | mN°m
1/2000 373 2017 1.4242 1687 1.1868 .1461 1.0320
1/1500 497 2689 1.8989 2241 1.5824 .1949 1.3760
1/1000 746 4034 2.8484 3361 2.3736 2923 2.0640
1/750 995 5378 3.7978 4482 3.1648 3897 2.7520
1/500 1.49 8067 5.6967 6723 4.7475 .5846 4.1280
1/200 3.73 2.0168 14.2417 1.6807 11.8681 1.4615 10.3201
1/150 497 2.6891 18.9890 2.2409 15.8242 1.9486 13.7601
1/100 7.46 4.0336 28.4835 33613 23.7362 2.9229 20.6402
1/75 9.95 5.3781 37.9780 4.4818 31.6483 3.8972 27.5203
1/70 10.7 5.7623 40.6907 4.8019 33.9089 4.1756 29.4860
1/60 124 6.7227 47.4725 5.6022 39.5604 4.8715 34.4003
1/50 14.9 8.0672 56.9670 6.7227 47.4725 5.8458 41.2804
1/40 187 10.0840 71.2087 8.4033 59.3406 7.3073 51.6005
1/30 24.9 13.4453 94.9449 11.2044 79.1208 9.7430 68.8007
1/25 29.8 16.1344 113.9339 | 13.4453 94.9449 11.6916 82.5608
1/20 37.3 20.1680 1424174 | 16.8067 118.6812 | 14.6145 | 103.2010
/15 49.7 26.8907 189.8899 | 22.4089 | 158.2416 19.4860 | 137.6014
1/12 622 33.6133 | 237.3623 | 28.0111 | 197.8020 | 24.3575 172.0017
1/10 74.6 40.3360 | 284.8348 | 33.6133 | 2373623 | 292290 | 206.4020
1/8 93.3 504200 | 356.0435 | 42.0167 | 296.7029 | 36.5392 | 258.0025
1/6 124.0 67.2267 474.7247 56.0222 395.6039 48.7150 344.0034
1/4 186.1 100.8400 | 712.0870 | 84.0333 | 593.4058 [ 73.0725 | 516.0051
1/3 249.0 134.4533 | 949.4494 | 112.0444 | 791.2078 | 97.4300 | 688.0068
12 373.0 201.6800 | 1424.1740 | 168.0667 | 1186.8117 | 146.1449 | 1032.0102




Power at 3600 rpm at 5000 rpm at 7500 rpm

hp watts 0z-in. | mN °m oz-in. | mN °m oz-in. | mN°m
1/2000 373 .1401 9890 .1008 7121 0672 A747
1/5000 497 1867 1.3187 1345 9495 .0896 6330
1/1000 746 2801 1.9780 2017 1.4242 1345 9495
1/750 995 3735 2.6374 2689 1.8989 1793 1.2659
1/500 1.49 5602 3.9560 4034 2.8484 2689 1.8989
1/200 373 1.4006 9.8901 1.0084 7.1209 6723 4.7473
1/150 4.97 1.8674 13.1868 1.3445 9.4945 8964 6.3297
1/100 7.46 2.8011 19.7802 2.0168 14.2417 1.3445 9.4945
1/75 9.95 3.7348 26.3736 2.6891 18.9890 1.7927 12.6593
1/70 10.7 4.0016 28.2574 2.8811 20.3453 1.9208 13.5636
1/60 12.4 4.6685 32.9670 3.3613 23.7362 2.2409 15.8242
1/50 14.9 5.6022 39.5604 4.0336 28.4835 2.6891 18.9890
1/40 18.7 7.0028 49.4505 5.0420 35.6044 3.3613 23.7362
1/30 24.9 9.3370 65.9340 6.7227 47.4725 4.4818 31.6483
1/25 29.8 11.2044 79.1208 8.0672 56.9670 5.3781 37.9780
1/20 373 14.0056 98.9010 10.0840 71.2087 6.7227 47.4725
/15 49.7 18.6741 131.8680 | 13.4453 94.9449 8.9636 63.2966
1/12 62.2 23.3426 164.8350 16.8067 118.6812 11.2044 79.1208
1/10 74.6 28.0111 197.8020 | 20.1680 | 142.4174 13.4453 94.9449
1/8 933 35.0139 247.2524 25.2100 178.0218 16.8067 118.6812
1/6 124.0 46.6852 | 329.6699 | 33.6133 | 2373623 | 22.4089 158.2416
1/4 186.1 70.0278 494.5049 50.4200 356.0435 33.6133 237.3623
1/3 249.0 93.3704 | 6593398 | 672267 | 4747247 | 44.8178 | 316.4831
12 373.0 140.0556 | 989.0097 [ 100.8400 | 712.0870 [ 67.2267 | 474.7247
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Power

at 10,000 rpm

hp watts oz-in. | m N°m
1/2000 373 .0504 3560
1/1500 497 0672 4747
1/1000 746 .1008 7121
1/750 .995 1345 9495
1/500 1.49 2017 1.4242
1/200 3.73 5042 3.5604
1/150 497 6723 4.4743
1/100 7.46 1.0084 7.1209
1/75 9.95 1.3445 9.4945
1/70 10.7 1.4406 10.1727
1/60 12.4 1.6807 11.8681
1/50 14.9 2.0168 14.2417
1/40 18.7 2.5210 17.8022
1/30 24.9 3.3613 23.7362
125 29.8 4.0336 28.4835
1/20 373 5.0420 35.6044
1/15 49.7 6.7227 47.4725
1/12 62.2 8.4033 59.3406
1/10 74.6 10.0840 71.2087
1/8 93.3 12.6050 89.0109
1/6 124.0 16.8067 118.6812
1/4 186.0 25.2100 178.0218
13 249.0 33.6133 [ 237.3623
12 373.0 50.4200 | 356.0435
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Appendix 10

Specific Resistance of Metals and

Alloys at Ordinary Temperature

Specific Relative Conductance
Substance Resistance (% Of Annealed Copper)

Alumi 99.57 2.828 60.97
Brass 6.00-9.00 28.70-19.10
Cobalt, 99.8% 499.7000 1%2
Constantan . .
Copper, annealed 1.7241 100.00
Copper, pure 1.692 102.00
Silver (18X) 30.00-40.00 5.70-4.30
Iron, 99.98 10.00 17.24
Wrought Iron 13.90 12.40
Lead 22.00 7.80
Mercu 95.80 1.80
Molybdenum 5.10 34.00

ickel 7.80 22.10
Nichrome 100,00 1734
Platinum 10.00 17.24
Silver 1.62 106.40
Tungsten 5.40 31.90

Source: U.S. Bureau of Standards




Appendix 11

NEMA Motor Frame Dimensions

Standardized motor dimensions have been established by NEMA for all base mounted
and NEMA Type C face mounted motors which carry a NEMA frame designation (42-
365U). Since this is a small motor handbook, only 42-56 frames have been listed. It
should be noted that NEMA does not define dimensions for motors smaller than 42.

All dimensions listed below have been excerpted from NEMA Publication No. MG-1
and are shown in inches. As of this writing, metric dimensions are under consideration but
not yet finalized. The latest information can be obtained from NEMA.

N-W
Base - —
Mount
ES
NEMA
Type C e T =
Face
Mount
i-l—AH—b g- i
BR—= —
| b D R R
Base Mount or NEMA Type C Face Mount &
NEMA H ES
Frame D* E 2F BA Slot u N-W R Min. S
42 2.62 1.75 1.69 2.062 0.28 3750 1.12 0.328 — flat
48 3.00 2.12 2.75 2.50 0.34 .5000 1.50 0.453 — flat
56 3.50 2.44 3.00 2.75 0.34 6250 1.88 0.517 1.41 0.188
NEMA Type C Face Mount Only
BF
NEMA BB BD BD No. Tap
Frame AH Al Min. Max. Max. Holes Size
42 1.31 3.75 3.0 0.16 5.00 4 0.25-20
48 1.69 3.75 3.0 0.16 5.62 4 0.25-20
56 2.06 5.88 4.5 0.16 6.50 4 0.375-16

*Dimension D will never be greater than the above values on rigid mount motors, but it may be
less so that shims up to 1/32" thick may be required for coupled or geared machines.
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Appendix 12

International Voltage and Frequency Standards

As companies expand into global markets, there is an increasing need to understand
specific regional issues that may differ from country to country. One area that motor appli-
cation developers must be aware of is the voltage and frequency standards which specific
countries have adopted. Failure to comply with these varying standards can cause severe
damage to motors and their associated controls.

The following table and accompanying socket patterns are designed to assist you in
determining the appropriate voltage and frequency for a given country. The list is based on
information obtained from “Electric Current Abroad,” 1991 edition, published by the
U.S. Department of Congress.

Every attempt has been made to assure accuracy. However, standards do undergo
periodic review and revision. Therefore it is important, in specific situations, to confirm the
data in this table with the end-user’s requirements.

Voltage
Fre(ﬁlency
Country (Hz) Single-Phase | Three-Phase

Afghanistan 50 220 380
Algeria 50 127/ 220 220/ 380
American Samoa 60 120 /240 240/ 480
Angola 50 220 380
Antigua 60 230 400
Argentina 50 220 380
Aruba 60 115/127 220
Australia 50 240 /250 415/440
Austria 50 220 380
Azores 50 110/220 190/ 380
Bahamas 60 120 208 /240
Bahrain 50 230 400
Bahrain 60 110/220 240
Bangladesh 50 220 440
Barbados 50 115 230
Belgium 50 220/ 230 380 /400
Belize 60 110/220 220/ 440
Benin 50 220 380
Bermuda 60 120 280 /240
Bolivia 50 115/220/230 | 230/ 380 /400
Botswana 50 231 400
Brazil 60 127 /220 220/ 380
Brunei 50 240 415
Bulgaria 50 220 380
Burkina Faso 50 220 380
Burma 50 230 400
Burundi 50 220 380
Cambodia 50 120 /208 208 /308
Cameroon 50 127 /220 220/ 380
Canada 60 120 230/ 600
Canarzlllslands 50 127 /220 220/ 380
Cape Verda, Republic of 50 220 380




Voltage

Frequency
Country (Hz) Single-Phase Three-Phase

Cayman Islands 60 120 240
Central African Republic 50 220 380
Chad 50 220 380
Channel Islands 50 230/240 400/ 415
Chile 50 220 380
China, People's Repub. of 50 220 380
Columbia 60 110/ 120/ 150 220/280/260
Commonwealth of 50 220 380
Independent States — — —

(former USSR) — — —
Comoros 50 220 380
Congo, Republic of 50 220 380
Costa Rica 60 120 240
Cote d'lvoire 50 220 380
Cyprus 50 240 418
Czechoslovakia 50 220 380
Denmark 50 220 380
Djibouti, Republic of 50 220 380
Dominica 50 230 400
Dominican Republic 60 110 220
Ecuador 60 120/ 127 208 /220
Egypt 50 220 380
El Salvador 60 115 230
Equatorial Guinea 50 220 NA
Ethiopia 50 220 380
Faeroe Islands 50 220 380
Fiji 50 240 415
Finland 50 220 380
France 50 110/127 /220 220/220/380
French Guiana 50 220 380
Gabon 50 220 380
Gambia, The 50 220 380
Germany, Fed. Republic of] 50 220 380
Ghana 50 230 400
Gibralter 50 240 415
Greece 50 220 380
Greenland 50 220 380
Grenada 50 230 400
Guadeloupe 50 220 380
Guam 60 110/ 120 220/208
Guatemala 60 120 240
Guinea 50 220 380
Guinea-Bissau 50 220 380
Guyana 50 & 60 110 220
Haiti 50 & 60 110 220
Honduras 60 110 220
Hong Kong 50 200 346
Hungary 50 220 380
Iceland 50 220 380
India 50 220/225/230/300 | 440/450/400/600
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Voltage
Frequency
Country (Hz) Single-Phase | Three-Phase
Indonesia 50 127 /220 220/ 380
Iran 50 220 380
Iraq 50 220 380
Ireland 50 220 380
Israel 50 230 400
Italy 50 127 /220 220/ 380
Jamaica 50 110 220
Japan 50 & 60 100 200
Jerusalem 50 220 380
Jordan 50 220 380
Kenya 50 240 415
Korea 60 110/220 220/ 380
Kuwait 50 240 415
Laos 50 220 380
Lebanon 50 110/ 220 190/ 380
Lesotho 50 220 380
Liberia 60 120 208 /240
Libya 50 127 /230 220 /400
Luxembourg 50 220 380
Macao 50 200 346
Madagascar 50 127 /220 220 /380
Madeira 50 220 380
Ma{orca 50 220 380
Malawi 50 230 400
Malaysia 50 240 415
Maldives 50 230 400
Mali, Republic of 50 220 380
Malta 50 240 415
Man, Isle of 50 240 415
Martinique 50 220 380
Mauritania 50 220 220
Mauritius 50 230 400
Mexico 60 127 220
Monaco 50 127 /220 220/ 380
Montserrat 60 230 400
Morocco 50 127 /220 220/ 380
Mozambique 50 220 380
Namibia 50 220/230 380/400
Nepal 50 220 440
Netherlands 50 220 380
Netherlands Antilles 50 127 /220 220/ 380
Netherlands Antilles 60 120 220
New Caledonia 50 220 380
New Zealand 50 230 400
Nicaragua 60 120 240
Niger 50 220 380
Nigeria 50 230 415
Norway 50 230 230
Okinawa 60 100/ 120 200/240
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Voltage
Frequency

Country (Hz) Single-Phase Three-Phase
Oman 50 240 415
Pakistan 50 220 380
Panama 60 110/ 115/120 | 220/230/240
Papua New Guinea 50 240 415
Paraguay 50 220 380
Peru 50 & 60 110/220 220
Phillipines 60 110/ 115 220/230
Poland 50 220 380
Portugal 50 220 380
Puerto Rico 60 120 240
Qatar 50 240 415
Romania 50 220 380
Rwanda 60 230 400
St. Kitts and Nevis 60 230 400
St. Lucia 50 240 416
St. Vincent 50 230 400
Saudi Arabia 60 127 220
Senegal 50 127 220
Seychelles 50 240 240
Sierra Leone 50 230 400
Singapore 50 230 400
Somalia 50 110/220/230 | 220/230/440
South Africa 50 220/230/250 | 380/400/430
Spain 50 1277220 220/ 380
Sri Lanka 50 230 400
Sudan 50 240 415
Suriname 60 127 220
Swaziland 50 230 400
Sweden 50 220 380
Switzerland 50 220 380
Syria 50 220 380
Tahiti 60 127 220
Taiwan 60 110 220
Tanzania 50 230 400
Thailand 50 220 380
Togo 50 127 /220 220/ 380
Tongo 50 240 415
Trinidad and Tobago 60 115/230 230/ 400
Tunisia 50 127 /220 220/ 380
Turkey 50 220 380
Uganda 50 240 415
United Arab Emirates 50 220/230 400/ 415
United Kingdom (England) 50 240/ 480 240/ 415
United Kingdom (Scotland) 50 240 415
United Kingdom (Wales) 50 240 415
United Kingdom 50 220/230 380 /400

(Northern Ireland) — — —

Urugua 50 220 220
United States of America 60 1157230 208 /230/460
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Voltage

Frequency

Country (Hz) Single-Phase Three-Phase
USSR (see commonwealth) — — —
Venezuela 60 120 240
Vietnam 50 120/127/220 | 208/220/380
Virgin Islands (American) 60 120 240
Western Samoa 50 230 400
Yamen Arab Republic 50 220/230 400
Yugoslavia 50 220 380
Zaire, Republic of 50 220 380
Zambia 50 220 380
Zimbabwe 50 220 380

Information in this chart was compiled from “Electric Current
Abroad,” July 1991 Edition of Commerce.
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Glossary of Terms

Acceleration: Thetimerate of change of velocity; i.e., therate at which velocity is
changing, expressed asradians per second (radians/sec?). One shaft revolution =2p
radians. See Torque-to-InertiaRatio.

Air Gap: The space between the rotating and stationary members of an electric motor.

Alternating Current (AC): A flow of electricity which changesdirection on acontinu-
ouscycleor frequency. It reachesamaximum in onedirection, decreasesto zero, then
reversesto reach amaximumin the oppositedirection.

Ambient: For air-cooled rotating machinery, ambient isthe air which surroundsthe mo-
tor.

Ampere: Theunit of electrical current or rate of electron flow. A voltage drop of one
volt across one ohm of resistancein aclosed-loop electrical circuit causesoneampere
of current to flow.

Ampere Turn: Themeasure of magnetomotive force produced by acurrent of one
ampereinacoil consisting of oneturn.

Angular Velocity: Angular displacement per elapsed unit of time (usually seconds), for
example: degrees/second or radians/second.

Armature: Thewound moving element in an electromechanical device such asagenera-
tor or motor.

Armature Reaction: Theinteraction of the magnetic flux produced by current flowing
inthearmaturewinding of aDC motor with themagnetic flux produced by thefield
current. The reaction reducestorque capacity, and can aff ect commutation and the
magnitude of the motor’sgenerated voltage.

BCD: Anacronym for Binary Coded Decimal. A coded direct binary conversion of the
decimal integersfrom Othrough 9. Thisconversionisshowninthefollowing table:

Decimal Binary Coded Digit (BCD)

Interger Bit 4 Bit 3 Bit 2 5 Bit 1
0 0 0 0 j 0
i 0 0 0
2 0 0 1 0
3 0 0 1 1
4 0 1 0 0
5 0 1 0 1
6 0 1 1 0
7 0 1 1 1
8 1 0 0 0
9 0 0 1

Backlash: Inamechanica systemwhere onedeviceisconnected to another by acou-
pler, gear, screw, etc., the motion permitted between one devicerelativeto theother is
called backlash.
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Back emf: Thevoltage produced acrossawinding of amotor dueto thewinding turns
being cut by amagnetic field whilethemotor isoperating. Thisvoltageisdirectly pro-
portional to rotor velocity and isoppositein polarity to the applied voltage. Sometimes
referred to ascounter emf.

Bifilar: Furnished or fitted with two windingswhich are wound simultaneously asone.

Bilevel Drive: A dual voltagedrive used to overcomethe effects of step motor induc-
tance.

Binary: Thebase 2 numbering system consisting of only 0'sand 1's.

Bipolar Drive: A drivewhich reversesthedirection of current flow through awinding,
thuseliminating theneed for bifilar windings.

Braking Torque: Thetorquerequired to bring amotor down from running speedtoa
standstill. Thetermisalso used to describethe torque devel oped during dynamic
braking conditions.

Breakdown Torque: The maximum torque amotor will develop, at rated voltage,
without arelatively abrupt drop or lossin speed.

Brush: A pieceof current conducting materia (usually carbon or graphite) whichrides
directly on the commutator of acommutated motor, and conducts current fromthe
power supply to thearmaturewindings.

Buffer: Thepart of astep motor trandator circuit which storesincoming pulsetrains.

CMOS: Anacronym for Complimentary Metal Oxide Semiconductor. CMOS construc-
tionisusedinintegrated circuit production and is characterized by low power con-

sumption and high speed.

Capacitor: A devicewhich stores el ectricity, blocksthe flow of direct current, and per-
mitstheflow of aternating current. Inan AC circuit, acapacitor causesthe current to
lead thevoltageintime phase.

Center Ring: Thepart of amotor housing which supportsthe stator, field core or per-
manent magnet arcs.

Centrifugal Cut-out Switch: Anautomatic mechanism used in conjunctionwith
split-phase and other types of induction motorswhich opensor disconnectsthe start
winding when therotor hasreached apredetermined speed. Activated by centrifugal
force, the cut-out switch will reconnect the start winding when the motor speedfalls
below acertainlevel. Without these devices, the start winding would be susceptibleto
rapid overheating and subsequent burnout.

Chopper Driver: A circuit which limitscurrent to the motor by switching the current
off whenit reachesacertainlevel, and switchesit on again when current decaysto a
lower level. Theswitching rateistypicaly 2to 20kHz.

Clock: A circuit which generates periodic signalsat regular intervals. Clock circuitsare
used in step motor tranglatorsto control the step rate of the motor.

Closed-Loop System: A systeminwhichthe output isfed back for comparison with
theinput, for the purpose of reducing any difference between input command and out-
put response.
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Cogging: A term used to describe nonuniform angular velocity. It refersto rotation oc-
curringinjerksor incrementsrather than smooth continuousmotion. Coggingisvery
apparent at low speeds. It isdueto theinteraction of the armature coil asit entersthe
magnetic field produced by thefield coilsor permanent magnets. Thearmaturetends
to speed up and low down asit cutsthrough thefields during rotation.

Commutator: A cylindrica device mounted on the armature shaft and consisting of a
number of wedge-shaped copper segmentsarranged around the shaft. These segments
areinsulated from the shaft and from each other. The motor brushesride on the pe-
riphery of the commutator, and el ectrically connect and switch thearmature coilsto the
power source.

Compliant Coupling: A coupling which alowslimited freedom of movement prior to
transferring torque from theinput shaft to the output shaft.

Conductor: Any material such ascopper or aluminum, which offerslittleresistanceto
theflow of electric current.

Coupling Angle: Themechanical degreerelationship between therotor and the rotat-
ing electrical fieldinamotor. While present in both synchronousand nonsynchronous
AC motors, itisusually of concernin synchronousapplications. At noload, therotor
polesline up exactly with thefield poles, and the coupling angleisconsidered to be
zero. When aload isapplied, thelines of force coupling therotor with the stator field
arestretched, causing therotor tofall behind thefield. Themechanica angleby which
therotor lagsbehind thefieldiscalled the coupling angle. The coupling anglewill con-
tinuetoincreasewith load until it reachesthe* pull-out” point. Themaximum angle
whichispossibleprior to pull-out isdependent on the motor type and rotor design.

Damping: Theinhibition of oscillationin asystem by electrical, magnetic or mechanical
means.

Data Buss: A set of electrical signalswhosefunctionshave been predefined to accom-
plish adatatransfer between two or moredevices.

Distributed Pole: A motor hasdistributed poleswhenitsstator or field windingsare
distributed in adjacent sl otslocated within thearc of the pole.

Duty Cycle: Therelationship between the operating and rest time of amotor. A motor
which can continueto operate within thetemperaturelimitsof itsinsulation system,
after it hasreached itsnormal operating or equilibrium temperature, isconsidered to
haveacontinuousduty rating. A motor which never reaches equilibrium temperature
but is permitted to cool down between operationsisoperating under intermittent duty
conditions.

Dynamic Unbalance: A vibration-producing condition caused by nonsymmetrical
weight distribution of arotating member. Thelack of uniform wire spacinginawound
armature or casting voidsin arotor or fan assembly can causerelatively high degrees
of unbalance.

EFSS: Acronym for Error-Free-Stop-Start. The range of motor speedswhere astep-
per motor can start or stop without losing or gaining steps.

Eddy Current: Locaized currentsinducedin aniron core by aternating magnetic flux.
These currentstrand ateinto heat osses. Minimizing eddy currentsisanimportant fac-
tor in magnetic coredesign.
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Efficiency: Theratio of mechanical output to electrical input isthe measure of amator’s
efficiency. Itistheeffectivenesswith which amotor can convert electrical energy into
mechanica energy.

Electrical Coupling: When two coilsare situated so that some of the flux set up by
either coil links some of theturnsof the other, they are said to be electrically coupled.

Electrical Degree: A unit of time measurement applied to alternating current. One
completecycle= 360 electrical degrees. Onecyclein arotating machineisaccom-
plished when therotating field movesfrom one poleto the next pole of the same polar-
ity. Thereare 360 el ectrical degreesin thistimeperiod. Therefore, in atwo pole ma-
chine, there are 360 degreesin onerevolution, so the electrical and mechanical de-
greesare equal . In amachinewith morethan two poles, the number of electrical de-
greesper revol ution isobtained by multiplying the number of pairsof polesby 360.

Electrical Time Constant: Theratio of inductanceto resistance, sometimescalled
theL/R timeconstant.

Electromotive Force (emf): A synonymfor voltage, usually restricted to generated
valtage.

Electronic Commutation: Theuseof logic circuitry to control phase current switch-
inginamotor such asabrushless DC motor control system. Thelogic circuitry elec-
tronically performsthe samefunction asamechanical commutator. Electronic commu-
tation eliminatesthe need for brushesin DC motors.

Electronic Interface: Thecircuitry which matchessignal voltage and/or current levels
between two dissimilar devices.

Encapsulated Winding: A motor which hasitswinding structure completely coated
withaninsulating resin such asepoxy. Thistypeof constructionisdesigned for more
severeatmospheric conditionsthan the normal varnished winding.

Encoder: Anelectromechanical feedback device connected to ashaft which deliversa
pulse output proportional to the motion of the shaft. Depending on the construction, an
encoder canindicate either shaft position or rel ative shaft motion.

End Play: Inherent axial motion of the motor shaft under load, dueto tolerance build-up
inmotor construction and bearing prel oad system.

End Shield: Thepart of the motor housing which supportsthe bearing and actsasa
protective guard to theelectrical and rotating partsinsidethe housing. It may also be
referred to asthe end bracket or end bell.

Excitation Current: A termusually applied to the current in the shunt field of amotor
resulting from voltage applied acrossthefield.

Excitation Sequence: In stepper motors, the sequencein which the motor phases
(windings) areenergized. Thissequence of individua phase excitation establishesboth
direction and step size (full or half steps). A specific excitation sequenceisrequired for
eachtypeof driveemployed (unipolar or bipolar) aswell aseach step sizerequired.

Farad: A unit of measurefor electrica capacitance. A capacitor hasacapacitance of
onefarad when apotentia differenceof onevolt will chargeit with one coulomb of
energy.
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Feedback: Thereturn of asignal from the output of acircuit toitsinput for the purpose
of comparing theoutput with areference signal. Thisisdoneto automatically compen-
satetheinput to maintain adesired output condition. See Closed-L oop System.

Ferromagnetic: A material with high magnetic permeability or onewhichimposeslittle
resistanceto magnetic orientation of itsmolecular structurein the presence of amag-
neticfield. Such materialsasiron, steel and nickel areferromagnetic substances.

Field: A term commonly used to describe the stationary (stator) member of aDC motor.
Thefield providesthemagnetic field with which themechanically rotating (armature)
member interacts.

Field Weakening: Theintroduction of resistancein serieswith the shuntwound field of
amotor to reduce the voltage and current which weakensthe magnetic field and there-
by increases motor speed.

Flux: Themagnetic field whichisestablished around an energized conductor or perma-
nent magnet. Thefieldisrepresented by flux lines, creating aflux pattern between op-
positepoles. Thedensity of theflux linesisameasure of the strength of the magnetic
fidd.

Form Factor: A figureof merit whichindicatesto what degreerectified current departs
from nonpulsating or pure DC. Pure DC hasaform factor of 1.0. A large departure
from unity form factor increasesthe heating effect of the motor and reducesbrush life.
Mathematicaly, form factor istheratio of theroot-mean-square (rms) value of the
current to the average current or Irmg/l av.

Fractional Horsepower Motor: A motor with acontinuousrating of lessthan one
horsepower.

Frequency: Therateat which aternating current reversesitsdirection of flow, mea
suredin hertz (Hz). 1 Hz= 1 cycle per second.

Friction (Coulomb): A force of constant magnitude and independent of velocity
which opposestherel ative motion of two surfaces. A constant minimum torqueisre-
quired to overcomefriction and produce motion.

Friction (Viscous): A forcewhich opposestherelative motion of two surfacesandis
dependent on therel ative vel ocity of the surfaces, dueto the viscosity of thefluid me-
dium separating them.

Full Load Current: Thecurrent drawn when the motor isoperating at full load torque
and full load speed at rated frequency and voltage.

Full Load Torque: Thetorque necessary to produce rated horsepower at full load
speed.

Full Step (Two Phase On) Drive: A modeof operation inwhich thewindingsof a
stepper motor are energized in sequence, maintai ning two windings (phases) inthe
“on” stateat any onetime.

Galvanometer: Anextremely senditiveinstrument used to measure small valuesof cur-
rent and voltageinan electrica circuit.

Gearhead: Theportion of agearmotor which containsthe actual gearing for converting
therated motor speed to the rated output speed.
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Generated Voltage: A voltage produced whenever conductorsof electric current cut
acrosslinesof magnetic force, asinamotor being driven asagenerator.

Gravity Load: A load whichisproduced by gravitational force. A gravity load isseen
by the motor asaninertia load plusaunidirectional torque.

Grounded Motor: A motor with ashort circuit between any point initselectrical cir-
cuit and its connection to ground.

Half-Step Drive: A mode of operation inwhich one and two phases of astepper mo-
tor aredternately energized in aparticular sequence, resulting in step angles one-hal f
that of afull step drive. The motor shaft rotates at one half the speed of full step opera-
tionat agiven pulserate.

Heat Loss: Lossesdueto resistancetake theform of heat which hasto be dissipated
intotheair or surrounding cooling medium. Heat lossisasoreferred to as|?2R loss
becausethe current squared, multiplied by the resistance, will yield the heat lossvaue
inwetts.

Holding Torque: See Static Torque.

Home Position: A known position to which asystem (astepper motor or incremental
encoder) can be set to establish astarting position or reference point.

Hybrid Stepper Motor: A motor combining the properties of both variablereluctance
and permanent magnet stepper motor designs. Therotor includesacylindrical magnet
captivated within two soft iron-toothed cups. The magnet provides part of the operat-
ing flux of themotor.

Hysteresis Loss: Theresistance of amaterial to becoming magnetized (magnetic ori-
entation of molecular structure) resultsin energy being dissipated and acorresponding
loss. Hysteresislossinamagnetic circuit isthe energy expended to magnetize and de-
magnetizethecore.

Impedance: Thetota oppositionacircuit offerstotheflow of aternating current at a
givenfrequency. Itisthevectoral sum of thecircuit’ sresistance and reactance.

Impedance Protection: A motor whichisdesigned so that it limitscurrent toavalue
lessthan that which would result in overheating under al operating conditions, espe-
cialy locked rotor conditions, issaid to beimpedance protected.

Indexer: The part of astepper motor control system which commandsthe motor to
rotate through aspecific predetermined number of steps.

Inductance: The property of acircuit which opposesany change of current because of
themagnetic field associated with the current itself. Theunit of inductanceisthe henry.
When acurrent changing at the rate of one ampere per second induces avoltage of
onevolt, theinductance of the circuit isone henry. Inductance causes current tolag the
voltageintimephase.

Inertial Load: A load (flywheel, fan, etc.) which tendsto cause the motor shaft to con-
tinueto rotate after the power hasbeen removed. If this continued rotation cannot be
tolerated, somemechanical or electrical braking must be applied.

Inertial Load-Reflected: Theinertiaof theload as seen by the motor when driving
theload through agear reducer or other speed changing system.

G-6



Insulator: A material which tendsto resist theflow of electric current such asglass,
paper, rubber, etc.

Integral Horsepower Motor: Intermsof horsepower, amotor builtin aframe hav-
ing acontinuousrating of one horsepower or more. Intermsof motor size, anintegral
hp motor isusually greater than 9 inchesin diameter, althoughit can beassmall as6
inches.

Line Voltage: Voltage supplied by the commercial power company or voltage supplied
asinput tothedevice.

Locked Rotor Current: Steady state current taken from the linewith therotor at
standdtill (at rated voltage and frequency).

Locked Rotor Torque: The minimum torquethat amotor will develop at rest for all
angular positionsof therotor, with rated voltage applied at rated frequency.

Logic Circuit: A circuit which exchangesand processesinformationin theform of bi-
nary digita data.

Magnetomotive Force (mmf): Themagnetic energy supplied with the establishment
of flux between the poles of amagnet. Magnetomotiveforceisanal ogousto electro-
motiveforceinanelectriccircuit.

Mechanical Degree: Themore popular physical understanding of degrees; i.e., 360
degrees = 1 revolution.

Microprocessor: Thecontrol and calculating portion of asmall computer system that
isintegrated into asinglechip.

Mini-Stepping: Theprocessof electronically subdividing theinherent step sizeof a
stepper motor into smaller increments.

Natural Frequency: Thefrequency at which asystemwill oscillatefrom rest position
when displaced by amomentary force. Stepper motor operation at anatural frequency
isunstable. Thisinstability may be overcomeby adding frictional torqueto thesystem.

Open Circuit: Any break inacurrent path, inan electrical circuit, which causesanin-
terruption of current flow.

Open-Loop System: A control systeminwhich no feedback path exists. The output
has no affect on theinput, asin aclosed-loop system.

Overhung Load: A load which exertsaforce on the motor shaft perpendicular to the
rotational axisof theshaft. Also called radial load.

Overshoot: Motionwhichisbeyond the commanded position. For astepper motor,
overshoot isthe maximum or minimum peak displacement shownonasinglestepre-
sponse curve, and isusually dimensioned as apercent of one step.

Phase: Inmotor terminology, phaseindicatesthe spatial relationship of windingsand the
changing valuesof recurring cyclesof AC voltage and current. The positioning of the
windingsinamotor (or phaserelationship) causesdissimilaritiesbetween any given
winding voltageand current at any giveninstant. Each voltageor current will lead or
lagtheotherintime.
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Phase Displacement: Mechanical or electrical angle by which phasesin apolyphase
motor are displaced from each other. It a so appliesto themechanical or electrical
angle by which the main winding and the capacitor or start winding aredisplaced inan
induction motor.

Plug Reversal: Reconnecting amotor’swindingsto reverseitsdirection of rotation
whileitisrunning. Pluggingisavery severemethod of reversing and should be used
with extreme caution. Other methods of mechanical or dynamic braking should be
used.

Polarities: Termssuch aspositive, negative, north and south, which indicate the direc-
tion of current and magnetic flux flow in electrical and magnetic circuitsat any instantin
time.

Polarized Motors: Special motorsconsisting of hybrid coreswhich are partially squir-
rel cage (reluctancetype) and partially permanent magnet. Polarized motorscan lock
into synchronismin adefinite rel ationship to the stator poles. Two-pole polarized mo-
torshave only onelock-in position, whilefour-pole polarized motors have two lock-in
positions 180° apart. (Standard rel uctance type synchronous motors have as many
lock-in pointsasthere are polesin the motor.)

Potentiometer: A variableresistor which, when connected in serieswith amotor, can
be used to adjust the amount of voltage availableto the motor and thereby adjust the
speed of themotor.

Power Factor: A measurement of the time phase difference between the voltage and
thecurrentinan AC circuit. It isrepresented by the cosine of the angle of thisphase
difference. For an angle of 0°, the power factor is 100%, and the voltage/ amperes of
thecircuit areequal tothewatts.

Primary Winding: Thewinding of amotor, transformer or other electrical device
whichisconnected to the power source.

Programmable Controller: A solid statedigital logic devicewhich allowspro-
grammed instructionsto control electromechanical devicesinamotion control system
viaproperly timed switch actuations.

Pull-In Torque: Themaximum frictional load amotor iscapable of bringing to synchro-
nous speed from astandstill. Fhp synchronous motor ratings are based on pull-in
torque measurements.

Pull-Up Torque: The minimum torque developed by an AC mator during the period of
accel eration from zero to the speed at which breakdown occurs. For motorswhich do
not have adefinite breakdown torque, the pull-up torqueisthe minimum torque devel -
oped during the process of getting up to rated speed.

Pulse: Anélectrica signal of unusually short duration and often squarein shape.

Rated Speed: The speed which amotor devel opsat rated voltage with rated load
applied.

Reactance (Inductive): Thecharacteristic of acoil, when connected to alternating
current, which causesthe current to lag the voltage in time phase. The current wave
reachesits peak |ater than the voltagewave.

Rectifier: Anelectronic circuit which convertsalternating current to direct current.
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Reluctance: Thecharacteristic of amagnetic material which resiststheflow of magnet-
iclinesof forcethroughthematerial.

Residual Torque: Theholding or restoring torque of anonenergized stepper motor
(al windings open) which tendsto restore the rotor to adetent position. Sometimes
referred to as detent torque.

Resilient Mounting: A suspension system or cushioned mounting designed to reduce
thetransmission of normal motor noiseand vibration to themounting surface.

Response Time: Thetimerequired for astepper motor toinitially reachitsnext com-
manded position.

Resonance: Inopen-loop stepper systems, aspeed rangein which alow frequency
velocity oscillation occursaround thenominal speed. It growsinamplitudeuntil the
rotor velocity can no longer follow the command pul setrain, and themotor stalls.

Rotor: Therotating member of aninduction motor, stepper, brushlessDC or switched
rel uctance motor.

Rotor Inertia: The property of therotor which resistsany changein motion. Theinertia
isafunction of rotor massand radius squared, and isexpressed as 0z-in./sec2** or
gm-cm2.

Salient Pole: A motor hassalient poleswhenitsstator or field polesare concentrated
into confined arcsand thewinding iswrapped around them (as opposed to distributing
theminaseriesof dots).

Silicon Controlled Rectifier (SCR): A semiconductor devicewhich blocksavolt-
ageappliedtoitineither directionwhenitisinitsnormal state. It will conductinafor-
ward directionwhen asignal of the proper amplitudeisappliedtoitsgate. Once con-
duction begins, it continueseven if the control signal isremoved. Conductionwill stop
when theanode supply isremoved, reversed or reduced sufficiently inamplitude.

Secondary Winding: The secondary winding of amotor (i.e., squirrel cagerotor
conductors) isonewhich isnot connected to the power source, but which carries cur-
rentinduced init throughitsmagnetic linkage with the primary winding.

Semiconductor: A solidor liquid having aresistive value midway between that of an
insulator and aconductor. Typica semiconductor materia saregermanium, silicon,
selenium and | ead sulfide. Thesematerial sare used to manufacture active el ectronic
devicessuch astransistors, diodes, SCRs, and integrated circuits (ICs), which are
used extensively inmotion control systems.

Settling Time: Thetimerequired for astepper motor to reach and remain within +5%
of asingle step, after commanded to take asingle step.

Service Factor: Inmotor applications, it isafigure of merit used to adjust measured
loadsin an attempt to compensate for conditionswhich are difficult to measureand
define. Typically, measured |oadsare multiplied by servicefactors (experiencefac-
tors), and theresult isan “ equivalent required torque” rating of amotor or gearmotor.

Shaft Run-Out: Thevariationin distance between the surface of ashaft and afixed
point outside the shaft through one shaft revolution.
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Short Circuit: A defectinanelectrical circuit which causespart of thecircuit to be
bypassed. Thisfrequently resultsin reducing the resistance to such an extent that ex-
cessivecurrent flowsin theremaining circuit and resultsin overheating and subsequent
burn-out.

Skew: Thearrangement of laminationson arotor or armatureto provideasdlight diago-
nal pattern of their d otswith respect to the shaft axis. This pattern helpseliminatelow
speed cogging effectsinan armature and minimizesinduced vibrationinarotor.

Slew Range: The speed range through which astepper motor may be operated using
accel eration and decel eration control, without losing or gaining steps.

Slip: Thedifference between the speed of therotating magnetic field (whichisalways
synchronous) and the rotor in anonsynchronousinduction motor. Slipisexpressed as
apercentage of synchronous speed. It generally increaseswith anincreaseinload.

Starting Current: Amount of current drawnwhen amotor isinitialy energized. It usu-
ally exceedsthe current required for running.

Starting Torque: Thetorque or twisting force delivered by amotor wheninitially ener-
gized. Starting torqueisoften higher than rated running torque.

Static Torque: Thetorqueunder locked rotor conditions, when one or two of the
phase windings of astepper motor are excited with asteady state DC current. Static
torque variesasthemotor shaft isrotated through one step or morein either direction.

Stator: That part of aninduction motor, stepper, brushless DC or switched reluctance
motor which doesnot rotate.

Step Accuracy: Themaximum deviation of astepper motor from true position under
no-load conditions. Step accuracy isnoncummulativein astepper motor; i.e., the max-
imum deviation from true position isnever morethan themaximum single step devia-
tion.

Step Angle: Theanglethrough which astepper motor shaft rotatesto takeasingle
step. For Bodine stepper motors, the step angleis 1.8°.

Step Rate: Theratein steps per second at which astepper motor iscommanded to
operate.

Synchronous Speed: The speed of therotating magnetic field set up by an ener-
gized stator winding. In synchronous motors, therotor locksinto synchronismwiththe
field and issaid to run at synchronous speed.

Tachometer: A small generator normally used asavel ocity sensing device. Tachome-
tersare attached to the output shaft of DC motorsand typically used asfeedback de-
vices. Thetachometer feedsitssignal to acontrol which comparesit tothereference
signa. Thecontrol then adjustsitsoutput accordingly to regul ate the speed of the mo-
tor to within apredefined tolerance.

Thermal Protection: Motorsequipped with devicesto disconnect the motor windings
fromtheline during overheating are said to bethermally protected.
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Thermocouple: A temperature sensor containing ajunction of two dissimilar materials
which generatesaminute voltagein proportion to itstemperature. Such devicesmay
be used asasignal sourcefor control equipment to indicate overheating conditions.

Thrust Load: A load which appliesaforceto the motor shaftin adirection parallel to
theshaft.

Time Constant: Thetimeinterval inwhich avariable (whichisafunction of time)
reaches 63% of itsmaximum val ue.

Torque: Thetwisting force of amotor or gearmotor shaft, usually expressed in ounce-
inches or newton-meters. Torque = force x distance.

Torque-to-Inertia Ratio: Theratio of availabletorqueto theinertiaof therotor. The
ratio T:Jisproportional to theaccel eration the motor can achieve. Thegreater thera-
tio, the greater themotor’ saccel eration capability.

Translator: Theportion of astepper motor control which translatesaclock signal into
the proper excitation sequenceto operate the motor.

Unipolar Drive: A driveinwhichwinding current flowsin onedirectiononly.

Voltage: Theforcewhich causescurrent toflow inan electrical circuit. Analogousto
hydraulic pressure, voltageisoften referred to aselectrical pressure.

Voltage Drop: Thelossencountered acrossacircuit impedance. Thevoltage drop
acrossaresistor takestheform of heat released into theair at the point of theresis-
tance.

Watt: The amount of power required to maintain acurrent of oneampere at apressure of
one volt. One horsepower = 746 watts.
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