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Welcome to another course in the STEP 2000 @Siemens

Technical Education Program, designed to r
distributors to sell Siemens Energy & Automa oducts
more effectively. This course covers Basics o rives and
related products.

Upon completion of Basics of AC Dri u should be able to:
®  Explain the concept of forgeni ia, speed, and torque

®  Explain the difference @Work and power

®  Describe the cofstruction of a squirrel cage AC motor

® |dentify the &te information of an AC motor
necessary for ication to an AC Drive

® Desc e operation of a three-phase rotating magnetic
fiel\

° ::@a synchronous speed, slip, and rotor speed

cribe the relationship between V/Hz, torque, and
rrent

type AC drive

Describe features and operation of the Siemens
MICROMASTER and MASTERDRIVE VC

“
&
(} Describe the basic construction and operation of a PWM
°
°

Describe the characteristics of constant torque, constant
horsepower, and variable torque applications



This knowledge will help you better understand customer
applications. In addition, you will be able to describe products
to customers and determine important differences betwﬁ
products. You should complete Basics of Electricity b
attempting Basics of AC Drives. An understanding of@ of
the concepts covered in Basics of Electricity is required*for

Basics of AC Drives.
2 4

If you are an employee of a Siemens Energy omation
authorized distributor, fill out the final exam,téar-out card and
mail in the card. We will mail you a certifieat completion if
you score a passing grade. Good luck v@r efforts.

SIMOVERT is a registered tradema@emens AG.

National Electrical Manufacture ssociation is located

at 2101 L. Street, N.W., Was » D.C. 20037.The
abbreviation “NEMA” is@ander, d to mean National Electrical
Manufacturers Associati




Siemens AC Drives andTotally Integrated
Automation

L 4

This course focuses on several Siemens AC '@hich
include the MICROMASTER and MASTER C, which are
important elements of the TIA strategy.
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Totally Integrated Totally Integrated Automation (TIA) is more than a concept. Tl
Automation is a strategy developed by Siemens that emphasizes the

seamless integration of automation products. The TIA str
incorporates a wide variety of automation products su

as programmable controllers, computer numerical cor@
Human Machine Interfaces (HMI), and drives which are ily

connected via open protocol networks.

Network Level

Workstations, Computers
Applications in MIS,
Product Reporting

Management Level
(Ethernet)

Control Level i =
(Ethernet) gL [TH PLCs, PCs

Process and 1] : PLCs, PCs,

Field Level _ Drives, Valves,
(PROFIBUS-DP) o g )\ I/0 Blocks

PROFIBUS DP Anim aspect of TIA is the ability of devices to
communi with each other over various network protocols,
rnet and PROFIBUS DP. PROFIBUS DP is an
andard for a wide range of applications in various
uring and automation applications. Siemens AC drives
 _ cap easily communicate with other control devices such as
%qrammable logic controllers (PLCs) and personal computers
QD s) through the PROFIBUS-DP communication system and

ther various protocols.




Mechanical Basics

C)O
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In many commercial, industrial, and utility appli%is electric

motors are used to transform electrical ene echanical
energy. Those electric motors may be part of

or fan,
or they may be connected to some otherf echanical

equipment such as a conveyor or mix of these
applications the speed of the system émmed primarily by
its mechanical design and loading. reasing number of
these applications, however, it is ’er to control the speed

of the system by controlling th

f the motor.




Variable Speed Drives The speed of a motor can be controlled by using some type
electronic drive equipment, referred to as variable or adjustab
speed drives. Variable speed drives used to control DC m@
are called DC drives. Variable speed drives used to con
motors are called AC drives. The term inverter is also Used
describe an AC variable speed drive. The inverter is onl e
part of an AC drive, however, it is common practice to refer to
an AC drive as an inverter. ¢
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of t terminology associated with drive operation. Many
0 erms are familiar to us in some other context. Later in
the caurse we will see how these terms apply to AC drives.

o] 1] (b
Bef@gsng AC drives it is necessary to understand some
e



Force In simple terms, a force is a push or a pull. Force may be
caused by electromagnetism, gravity, or a combination of

physical means. O

Net Force Net force is the vector sum of all forces that act on an o@
including friction and gravity. When forces are applied in th
same direction they are added. For example, if two 10 |b forces
were applied in the same direction the net force would Be 20 Ib.

101b 10 b>

If 10 Ib of force were applie
applied in the opposi
and the object would e

e direction and 5 Ib of force
, the net force would be 5 Ib

the direction of the greater force.
10 51b —_— 5lb

S,
m of force were applied equally in both directions, the net
() e would be zero and the object would not move.

(@)




Torque Torque is a twisting or turning force that tends to cause an
object to rotate. A force applied to the end of a lever, for
example, causes a turning effect or torque at the pivot po@

Torque (1) is the product of force and radius (lever distance). ( ,

Torque (1) = Force x Radius

L 4
In the English system torque is measured in -feet (Ib-ft) or
pound-inches (lb-in). If 10 Ibs of force we to alever 1
foot long, for example, there would be 104b- torque.

An increa or radius would result in a corresponding
increas que. Increasing the radius to 2 feet, for example,

resulti\lb-ft of torque.
@ Force

L 4

Radius 2 feet
\@ T = 20 Io-ft
Speed % An object in motion travels a given distance in a given time.

Speed is the ratio of the distance traveled to the time it takes to

rs travel the distance.
Distance
Speed = —Tme



Linear Speed The linear speed of an object is a measure of how long it takes
the object to get from point A to point B. Linear speed is usua
given in a form such as meters per second (m/s). For exampé
the distance between point A and point B were 10 meter
it took 2 seconds to travel the distance, the speed WOU|@
m/s.

L 4

—
} { Linear. oti%
A B

Angular (Rotational) Speed The angular speed of a rotating object is ;ﬁsurement of how

long it takes a given point on the ob ake one complete
revolution from its starting point. Afig speed is generally
given in revolutions per minute An object that makes ten

complete revolutions in one m r example, has a speed
of 10 RPM.

_—Starting Point \

Pivot Point Rotational Motion

Lo}

Acceleration An objec\ nge speed. An increase in speed is called

. Aeceleration occurs only when there is a change
in the for ting upon the object. An object can also change
igher to a lower speed. This is known as deceleration

O 10RPM —> 20 RPM 20RPM —> 10RPM

Q/ \ o N\



Law of Inertia Mechanical systems are subject to the law of inertia. The law
of inertia states that an object will tend to remain in its curr
state of rest or motion unless acted upon by an external f@
This property of resistance to acceleration/decelerations
referred to as the moment of inertia. The English syst@

measurement is pound-feet squared (Ib-ft2).

If we look at a continuous roll of paper, as it unwinds, e know
that when the roll is stopped, it would take in amount

of force to overcome the inertia of the ro t it rolling. The
force required to overcome this inertia c e from a source
of energy such as a motor. Once rollingj t per will continue

unwinding until another force acts % ng it to a stop.
™ Q

Friction A large amou@ce is applied to overcome the inertia of
r o start it moving. Because friction removes

the syst

energ a mechanical system, a continual force must
be ap eep an object in motion. The law of inertia is
still vali ever, since the force applied is needed only to
co e for the energy lost.

* esthe system is in motion, only the energy required to
Npensate for various losses need be applied to keep it in

\%otion. In the previous illustration, for example: these losses

Friction within motor and driven equipment bearings
e \Windage losses in the motor and driven equipment

%\i ° Friction between material on winder and rollers

1



Work Whenever a force of any kind causes motion, work is
accomplished. For example, work is accomplished when an
object on a conveyor is moved from one point to another. O

work is done. If an obj esttwice the distance, twice the

work is done. \
W=Fxd K
eg work, or work divided by time.

Work is defined by the pro uc@ net force (F) applied and
the distance (d) moved. If force is applied, twice the

Power Power is the

Power =




Horsepower

Power can be expressed in foot-pounds per second, but is o
expressed in horsepower (HP). This unit was defined in the
18th century by James Watt. Watt sold steam engines an@
asked how many horses one steam engine would replaee:

had horses walk around a wheel that would lift a weig@
found that each horse would average about 550 foot-pourds of
work per second. One horsepower is equivalent to 500 foot-
pounds per second or 33,000 foot-pounds per minute®
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The following % can be used to calculate horsepower
lb nd speed (RPM) are known. It can be seen

ula that an increase of torque, speed, or both will
ponding increase in horsepower.

13






AC Motor Construction &

O

AC induction motors are commonly used in i striaI.
applications. The following motor discussign %nter around
three-phase, 460 VAC, asynchronous, mSN otors. An
asynchronous motor is a type of motor e speed of the
rotor is other than the speed of the rqtati agnetic field. This
type of motor is illustrated. Electro%lc stator windings

are mounted in a housing. Power ions, attached to the
stator windings, are brought o attached to a three-phase

are supplied for power conn . Three power connection
leads are shown in the ing’illustration for simplicity. A
rotor is mounted on supported by bearings. On
self-cooled motors, | ne shown, a fan is mounted on the

Nameplate

_— Housing

e

=—"K |5
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Nameplate The nameplate of a motor provides important information

necessary when applying a motor to an AC drive. The followin
drawing illustrates the nameplate of a sample 25 horsepowb

AC motor. c)

O SIEMENS O)

PE® 21 PLUS™ PREMIUM EFFICIENG
MILL AND CHEMICAL DUTY QUALITY INDUCTIO

ORD.NO.| 51-502-033 cooe | 017
TYPE | RGZESD FRAME
H.P 25 FAcTOn
AMPS. 56.8/28.4 VOLTS LOW VOLT.
R.PM. | 1750 HERTZ COM

C 7 5 6
DUTY | CONT. 40° C AMB. I7 Is Ig
N | F |vesen| B | Som | G [nomerhn9s.
SHEND | 50BC03JPP3 | One | 2JRP3

1 2 3
LA A 4
HIGH VOLT.
CONN.

O Siemens Energy & Automation, Inc. _ Little Ro R | M’LAJ%EAIN O

Connections This motor can be u&%SO VAC or 460 VAC systems. A

d
wiring diagram in esvthe proper connection for the input
power leads ltage connection is intended for use on
230 VAC wi aximum full load current of 56.8 Amps.The

high voltagesebnnection is intended for use on 460 VAC with a
maximu& ad current of 28.4 Amps.
Base Speed Base s the nameplate speed, given in RPM, where
the imotaer develops rated horsepower at rated voltage and
?r . It is an indication of how fast the output shaft will
&e connected equipment when fully loaded and proper
& ge is applied at 60 hertz. The base speed of this motor is
O 0 RPM at 60 Hz. If the connected equipment is operating at

ess than full load, the output speed will be slightly greater than
base speed.

@ It should be noted that with European and Asian motors and

many special motors, such as those used in the textile industry,
base speed, frequency and voltage may be different than
standard American motors. This is not a problem, however,

. because the voltage and frequency supplied to a variable speed
drive does not have to be the same as the motor. The supply
voltage to a variable speed drive has nothing to do with motor
voltage, speed or frequency. A variable speed drive can be set
up to work with any motor within a reasonable size range and
rating.



Service Factor

Insulation Class

A motor designed to operate at its nameplate horsepower
rating has a service factor of 1.0. Some applications may require
a motor to exceed the rated horsepower. In these cases a
motor with a service factor of 1.15 can be specified. Thesschvice
factor is a multiplier that may be applied to the rated powen A
1.15 service factor motor can be operated 15% higher thaf the
motor’'s nameplate horsepower. Motors with a service factor of
115 are recommended for use with AC drives. It is imPportant
to note, however, that even though a motor hés a,service factor
of 1.15 the values for current and horsepowerat the 1.0 service
factor are used to program a variable speed dhive.

The National Electrical Manufacturers®Asseetation (NEMA)

has established insulation classes to,megt motor temperature
requirements found in different gferatiig environments. The
four insulation classes are A, B,"f,and™H. Class F is commonly
used. Class A is seldom used. Before a motor is started, its
windings are at the tem@erature of the surrounding air. This is
known as ambient temperature. NEMA has standardized on an
ambient temperaturé ®w40% C, or 104° F for all motor classes.

Temperature risesin thegnotor as soon as it is started. The
combination of amBient temperature and allowed temperature
rise equals the'makicnum winding temperature in a motor. A
motor with"€lass Efinsulation, for example, has a maximum
temperdturefrise of 105° C. The maximum winding temperature
is 145%C (40° ambient plus 105° rise). A margin is allowed for a
point at the,center of the motor's windings where temperature
is highegr.ihis is referred to as the motor's hot spot.

180° 180° 180° 180°

1608 — 160° — 160° — —l 160°:| 115
140° — 140° — 140° — [}| — 140° —
120° — 120° —[I| —”—110°  120°— 120° —
100° —— s =—=}5° 100° — 100° —— R 100° —— ||| 125°
80° — 80° — ||| goe go° — ||| 105 80° —
60° —||| 60° 60° — 60° — 60° —
40° — ||| 40° — ||| 40° — [l 40° — |||
20° — 20° — 20° — 20° —
0° — 0°— 0°— 0° —
® ® ® ®
Class A Class B Class F Class H
60° C Rise 80° C Rise 105° C Rise 125° C Rise
5° C Hot Spot 10° C Hot Spot 10° C Hot Spot 15° C Hot Spot

The operating temperature of a motor is important to efficient
operation and long life. Operating a motor above the limits of

the insulation class reduces the motor’s life expectancy. A 10°
C increase in the operating temperature can decrease the life
expectancy of a motor as much as 50%.

17



NEMA Design

Efficiency

Converting KW to HP

The National Electrical Manufacturers Association (NEMA) has
established standards for motor construction and performanc
The nameplate on page 20 is for a motor designed to NEM
specifications. NEMA B motors are commonly used with
drives. Any NEMA design (A, B, C, or D) AC motor will werk
perfectly well with a properly sized variable speed drive.

AC motor efficiency is expressed as a percentage. It is aft
indication of how much input electrical energy i verted to
output mechanical energy. The nominal effi is motor

is 93.0%.
Motor manufacturers may also use ki %/) instead of

lo
horsepower.

To convert KW to HP use the folloWwing equation:

HP = 1.341 x KW @
HP =24



Developing A Rotating Magnetic Field

OO

A rotating magnetic field must be developed jimthe stgtor of
an AC motor in order to produce mechani al@n of the
rotor. Wire is coiled into loops and place:‘jN In the motor
housing. These loops of wire are referr he stator
windings. The following drawing illus

ree-phase stator.
Phase windings (A, B, and C) are place ° apart. In this

example, a second set of three-phas dings is installed. The
number of poles is determlned how many times a phase
winding appears. In this exa ch phase winding appears

two times. This is a two- oI . If each phase winding
appeared four times it four pole stator.

he windings. The magnetic field developed in a phase winding

Magnetic Field E en AC voltage is applied to the stator, current flows through
t

\Q)

epends on the direction of current flow through that winding.
The following chart is used here for explanation only. It assumes
that a positive current flow in the A1, B1 and C1 windings result
in a north pole.

Current Flow Direction
Winding .. .
Positive Negative
A1l North South
A2 South North
B1 North South
B2 South North
C1 North South
C2 South North

19



It is easier to visualize a magnetic field if a time is picked when

no current is flowing through one phase. In the following
illustration, for example, a time has been selected during W)‘@
phase A has no current flow, phase B has current flow in

negative direction and phase C has current flow in a pos@
direction. Based on the above chart, B1 and C2 are south s
and B2 and C1 are north poles. Magnetic lines of flux leave the
B2 north pole and enter the nearest south pole, C2. Madhetic
lines of flux also leave the C1 north pole and e e nearest
south pole, B1. A magnetic field results indix he arrow.

B2 C2
Resultant Magnetic Field

] o
Magnetic Lines OF Fl

A
Current Flow In A itive D @ 0

2

N

/

|
|
|
|
|
|
|
|
At
|
: CurrentfFlowaAt Zero
|
B [ t Fl A Negative Direction
|
|
|
Start\

of flux lines (@) the magnetic field produces is
al to the voltage (E) divided by the frequency (F).

/




Synchronous Speed

If the field is evaluated in 60° intervals from the starting point
it can be seen that at point 1 the field has rotated 60°. Phase
C has no current flow, phase A has current flow in a posi
direction and phase B has current flow in a negative di R
Following the same logic as used for the starting poing
windings A1 and B2 are north poles and windings A2 a 1

are south poles. At the end of six such intervals the magnetic
field will have rotated one full revolution or 360°. *

! - \
c2 B2 ‘ c2 B2 J c2
B1 C1 ] B1 c1 9 B1
A A |
2

A
Bz
C1
]
A2 A2
| ‘C2
C1 B1
(51
A2

>

es the frequency (F), divided by the number of poles (P).

@eed of the rotating magnetic field is referred to as
\%ﬁ hronous speed (Ns). Synchronous speed is equal to 120

_ 120F

NS b

If the applied frequency of the two-pole stator used in the
previous example is 60 hertz, synchronous speed is 3600 RPM.

120 x 60
T2

NS = 3600 RPM

NS

21



Rotor Construction

()O
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The most common type of rotor is the “squirrel e" rotor.

The construction of the squirrel cage rotor igre ent of
rotating exercise wheels found in cages of M ts.The
rotor consists of a stack of steel laminatio ith‘evenly spaced
conductor bars around the circumferen onductor bars

are mechanically and electrically conngctedywith end rings. A
slight skewing of the bars helps tor udible hum. The

rotor and shaft are an integral par

“\“\\\\T\T\\\{\/\/\ﬁf\/\
\\%
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Rotating Magnet There is no direct electrical connection between the stator

and the rotor or the power supply and the rotor of an inducti
motor. To see how a rotor works, a magnet mounted on té
shaft can be substituted for the squirrel cage rotor. Wh

the stator windings are energized a rotating magnetic@

is established. The magnet has its own magnetic field t
interacts with the rotating magnetic field of the stator. The north
pole of the rotating magnetic field attracts the south gole of

the magnet and the south pole of the rotatin netic field

attracts the north pole of the magnet. As ng magnetic
field rotates, it pulls the magnet along caasingyit to rotate. This

type of design is used on some motor referred to as a
permanent magnet synchronous mo

Rotation of a The sq ﬁ@ age rotor of an AC motor acts essentially the
Squirrel Cage Rotor same‘as t agnet. \When a conductor, such as the conductor
bars No or, passes through a magnetic field a voltage
(emf]i uced in the conductor. The induced voltage causes
c w in the conductor. The amount of induced voltage (E)
S ends on the amount of flux (®) and the speed (N) at which

onductor cuts through the lines of flux. The more lines of
%u , or the faster they are cut, the more voltage is induced.
\ ertain motor constants (k), determined by construction also
O affect induced voltage. These constants, such as rotor bar shape
and construction, do not change with speed or load.

Q>‘Z)
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Current flows through the rotor bars and around the end ring.
The current flow in the conductor bars produces magnetic
fields around each rotor bar. The squirrel cage rotor become

an electromagnet with alternating north and south poles.
magnetic fields of the rotor interact with the magnetic figlds
of the stator. It must be remembered that the current an
magnetic fields of the stator and rotor are constantly changing.
As the stator magnetic field rotates, the rotor and shaft féllow.

Slip There must be a relati ce in speed between the rotor

and the rotating magm d. The difference in speed of
ic fi xpressed in RPM, and the rotor,

the rotating magnetig fi

expressed in RPMai wn as slip.

Slip is nece muce torque. If the rotor and the rotating
magnetic @ ere turning at the same speed no relative
motion ist between the two, therefore no lines of flux
would b “and no voltage would be induced in the rotor.
Slip is de @ dent on load. An increase in load will cause the

rot w down or increase slip. A decrease in load will
‘cause. the rotor to speed up or decrease slip. Slip is expressed

§ ercentage.
0/0 slip = NS R 100

® For example, a four-pole motor operated at 60 Hz has a

synchronous speed of 1800 RPM. If the rotor speed at full load
were 1750 RPM, the slip is 2.8%.

% Slip = W x 100

% Slip = 2.8%






Locked RotorTorque

Locked Rotor Current

Pull Up Torque

Breakdown Torque

Full-Load Torque

Full-Load Current

NEMA Classifications
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NEMA Rotor Characteristics

The National Electrical Manufacturers Associatioas(NEMA)
classifies motors according to locked rotor terquesand current,
pull up torque, breakdown torque and percent'slip™n addition,
full-load torque and current must be considergd when
evaluating an application.

Most NEMA terms and concepts apply tegnotors operated
from 60 Hz power lines, not variahle speed drive operation. In
following sections we will see hew an,AC variable speed drive
can improve the starting and opefation of an AC motor.

Locked rotor torque, alge,referred to as starting torque, is
developed when the rotonis Keld at rest with rated voltage and
frequency applied. This'eondition occurs each time a motor is
started. When rated®ltage and frequency are applied to the
stator there is a hriéfyamount of time before the rotor turns.

Locked roter currents also referred to as starting current. This
is the currenttaken from the supply line at rated voltage and
frequency Withthe rotor at rest.

Pull up tarque is the torque developed during acceleration from
stant to the point breakdown torque occurs.

Breakdown torque is the maximum torque a motor develops at
rated voltage and speed without an abrupt loss of speed.

Full-load torque is the torque developed when the motor is
operating with rated voltage, frequency and load.

Full-load current is the current taken from the supply line at
rated voltage, frequency and load.

Three-phase AC motors are classified by NEMA as NEMA A,
B, C and D. NEMA specifies certain operating characteristics
for motors when started by applying rated voltage and
frequency (across the line starting). A NEMA B motor, for
example, typically requires 600% starting current and 150%
starting torque. These considerations do not apply to motors
started with an AC drive. NEMA B design motors are the most
common and most suitable for use on AC drives.



NEMA B Speed and Torque

Q
&)\' e
&

A graph similar to the one illustrated below is used to show
the relationship between motor speed and torque of a NE

B motor. When rated voltage and frequency are applied t
motor, synchronous speed goes to 100% immediately.

rotor must perform a certain amount of work to overc@we
mechanical inertia of itself and the connected load.

Typically a NEMA B motor will develop 150% torque t6 start the
rotor and load. As the rotor accelerates the relative difference in
speed between synchronous speed and d decreases
until the rotor reaches its operating spe perating speed
of a NEMA B motor with rated voltage, {ir ncy and load

is approximately 97% (3% slip) of syfehrombus speed. The

amount of slip and torque is a func@oad. With an increase
in load there is a corresponding j aseé in slip and torque. With

a decrease in load there is a coffesponding decrease in slip and
torque.

/S

own Torque

JAN

A\
2 \\
xe)
©
(o]
g \
E Pull U‘p Torque
X
‘ /2

Full-Load Torque

—— Slip

0 10 20 30 40 50 60 70 80 90 {100

% Synchronous Speed !
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Starting Current When a motor is started, it must perform work to overcome
the inertia of the rotor and attached load. The starting current
measured on the incoming line (IS) is typically 600% of full-l¢
current when rated voltage and frequency is first applied te
NEMA B motor. Stator current decreases to its rated valle as
the rotor comes up to speed. The following graph applies 16

“across the line” operation, not variable speed drive operation.
L 4

700 \@
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Electrical Components Of A Motor

OO

Up to this point we have examined the operation of a:
AC motor with rated voltage and freque % Many
applications require the speed of an AC?& ary, which
is easily accomplished with an AC drive, ever, operating
a motor at other than rated voltage and fréguency has an
effect on motor current and torque..In r to understand

how a motor’s characteristics ca we need a better
understanding of both AC mot@&c drives.

The following diagram r re(e& simplified equivalent circuit
of an AC motor. An und of this diagram is important
in the understandin h AC motor is applied to an AC
drive.

Vs Line volt@ed to stator power leads

Rs Stator g€Sistahce

Ls S r@e inductance

IS S current

ap or magnetizing voltage
etizing inductance

3
E Airg
LM
IM netizing current
R
0

tor resistance (varies with temperature)
tor leakage inductance

@ Working or torque producing current

:
I

)

Stator Circuit T Rotor Circuit

Air Gap Between

Rotor And Stator

Where Flux () Is
Developed

29



Line Voltage

Magnetizing Current

Working Current

Stator Current

Voltage (Vs) is applied to the stator power leads from the AC
power supply. Voltage drops occur due to stator resistance (Rs
The resultant voltage (E) represents force (cemf) available t

produce magnetizing flux and torque. O

Magnetizing current (IM) is responsible for producing
magnetic lines of flux which magnetically link with the rotor
circuit. Magnetizing current is typically about 30% of ratéd
current. Magnetizing current, like flux (®), is pr ional to

voltage (E) and frequency (F). \

= E
M= 2nF v 0
The current that flows in the r gand produces torque is

referred to as working currént orking current is a function
of the load. An increase in | ses the rotor circuit to work
harder increasing work nt (Iw). A decrease in load

decreases the work ther circuit does decreasing working
current (Iw). &
urrent that flows in the stator circuit.

Stator current (IS)is
Stator CUEQ‘ easured on the supply line and is also

referred t e current. A clamp-on ammeter, for example, is

frequen to measure stator current. The full-load ampere

rating o% eplate of a motor refers to stator current at

rated v% requency and load. It is the maximum current

the paot n carry without damage. Stator current is the

«ector sum of working current (Iw) and magnetizing current (Im).
[ magnetizing current (IM) remains constant. \Working

rrent (Iw) will vary with the applied load which causes a
orfesponding change in stator current (IS).

L
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Volts per Hertz

Voltage And Frequency

C)O

L 4
A ratio exists between voltage and frequency%is ratio

is referred to as volts per hertz (V/Hz). A typi motor

manufactured for use in the United State& for 460 VAC

and 60 Hz. The ratio is 7.67 volts per h ot every motor has

a 7.67 V/Hz ratio. A 230 Volt, 60 Hz m pexample, has a 3.8

V/Hz ratio. 6

460 230

50 =767 V/Hz

Flux (@) magnetlzm and torque are all dependent

on this ratio. Incre g quency ) without increasing voltage
), for example I c a correspondlng increase in speed.

Flux however rease causing motor torque to decrease.
I\/Iagnetlzmg c M) will also decrease. A decrease in
W

magneti |II cause a corresponding decrease in
stator |S ) current. These decreases are all related and
greatl the motor’s ability to handle a given load.

T F
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Constant Torque AC motors running on an AC line operate with a constant
flux (d) because voltage and frequency are constant. Motors
operated with constant flux are said to have constant torun
Actual torque produced, however, is determined by the d
of the load. C)

T = kdlw
L 4

An AC drive is capable of operating a moto 't@tant flux
(@) from approximately zero (0) to the motog: d nameplate
frequency (typically 60 Hz). This is the cons&t rque range.
As long as a constant volts per hertz ratigyis ‘méintained the
motor will have constant torque char ristics. AC drives

change frequency to vary the spee otor and voltage
proportionately to maintain Const%The following graphs
illustrate the volts per hertz rat 0 volt, 60 hertz motor
and a 230 volt, 60 Hz motamJo"o te the 460 volt motor

at 50% speed with the cor 0, the applied voltage and
frequency would be 2 Hz.To operate the 230 volt
motor at 50% speed Wwith correct ratio, the applied voltage
and frequency wouldgbe volts, 30 Hz. The voltage and

frequency ratio ca aintained for any speed up to 60 Hz.
This usually defi upper limits of the constant torque

A
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A :
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& A
O O T T 1T 17 T 17 T 1 EE s I A
0 30 60 0 30 60
\ Frequency Frequency
460 230 _
@ o = 767 ViHz >0 ~38ViHz
230 115
-7 M5 _38v/H
. 30 7.67 V//Hz 30 z



Reduced Voltage and
Frequency Starting

You will recall that a NEMA B motor started by connecting it
the power supply at full voltage and frequency will develop
approximately 150% starting torque and 600% starting c
An advantage of using AC drives to start a motor is th

to develop 150% torque with a starting current of 150@%3.
This is possible because an AC drive is capable of maintaifiing

a constant volts per hertz ratio from approximately zero speed
to base speed, thereby keeping flux (®) constant. Tordue is
proportional to the square of flux developed | motor.

T~ @2 \

The torque/speed curve shifts to the @frequency and
voltage are increased. The dotted lings on*the torque/speed

curve illustrated below represen tion of the curve not
used by the drive. The drive stafts and accelerates the motor
smoothly as frequency and re gradually increased to

the desired speed. Slip,
the speed range. An AC
capable of deliverin
speed corresponding t
limitations on star ue are peak drive current and peak

motor torque, Wi&/er is less.

emains constant throughout
operly sized to a motor, is
orque at any speed up to the
e incoming line voltage. The only

225
200 ,.' - . ~"- :.“
176 - -

0 +— Slip
0 10 20 30 40 50 60 70 80 90 100
% Synchronous Speed

2 10 20 30 40 50 60
Frequency - Hz

Some applications require higher than 150% starting torque.

A conveyor, for example, may require 200% starting torque. If

a motor is capable of 200% torque at 200% current, and the
drive is capable of 200% current, then 200% motor torque is
possible. Typically drives are capable of producing 150% of drive
nameplate rated current for one (1) minute. A drive with a larger
current rating would be required. It is appropriate to supply

a drive with a higher continuous horsepower rating than the

motor when high peak torque is required.
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Constant Horsepower Some applications require the motor to be operated above
base speed. The nature of these applications requires less
torque at higher speeds. Voltage, however, cannot be higherQ
than the available supply voltage. This can be illustrated usi
a 460 volt, 60 Hz motor. Voltage will remain at 460 volts @
speed above 60 Hz. A motor operated above its rated frequéhcy
is operating in a region known as a constant horsepower.
Constant volts per hertz and torque is maintained to 60 Hz.
Above 60 Hz the volts per hertz ratio decreases%

Frequency V/Hz \
30 Hz 767

60 Hz 767

70 Hz 6.6

90 Hz 5.1

Flux (®) and torque (T) decreasg:

E

q)z?

T =kl

460

Constant
Torque

\K 0 30 60 90
Q Frequency

\Q Horsepower remains constant as speed (N) increases and
% torque (T) decreases in proportion. The following formula applies

to speed in revolutions per minute (RPM).

T (decreases) x N (increases)
5250

4 HP (remains constant) =



Field Weakening Motors operated above base frequency can also be said to b
in field weakening. Field weakening occurs whenever there
is an increase in frequency without a corresponding incre @

in voltage. Although an AC drive could be setup for fiel
weakening at any speed, it typically only occurs beyond ba
frequency.

We have seen that below base speed, in the constanf'torque

region, a motor can develop rated torque at eed.
However, above base speed, in the constant Horsepower
region, the maximum permissible torquegi tly reduced.

< Constant Torque—> ‘« C

Field Weakening Factor A field w r@:tor (FFw) can be used to calculate the
amoun que reduction necessary for a given extended

frequx

F B ated Frequency
W Extended Frequency
(6]

S

example, a 60 Hz motor can only develop 44% rated torque
\ 90 Hz and 25% rated torque at 120 Hz.

L 4
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Selecting a Motor AC drives often have more capability than the motor. Drives
can run at higher frequencies than may be suitable for an
application. In addition, drives can run at low speeds. Self- O
cooled motors may not develop enough air flow for cooli
reduced speeds and full load. Consideration must be giv@
the motor.

The following graph indicates the speed and torque rangeé of a
sample motor. Each motor must be evaluated ing to its
own capability. The sample motor can be op ntinuously
at 100% torque up to 60 Hz. Above 60 Hz ratio
decreases and the motor cannot develop %orque.This
motor can be operated continuously at 28%erque at 120

Hz. The motor is also capable of operating ve rated torque
intermittently. The motor can devel ch as 150%* torque
for starting, accelerating or load tr%& if the drive can
supply the current. At 120 Hz t r can develop 37.5%
torque intermittently.

150I

Intermi
TorqueyR

% Torque or Horsepower

44%

P Continuous Torque Range
\K 30 60 90 120
O Frequency

motors are not capable of operating continuously at 100%
continuous torque at low frequencies. Each motor must be
evaluated before selecting it for use on an AC drive.

@ The sample motor described above is capable of operating
% at 100% rated torque continuously at low frequencies. Many

¥ Torque may be higher than 150% if the drive is capable of
higher current.





