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Unit 1 Electrical Machines

1.1 Alternating-Current Machines

1.1.1 General

Electric machines find extensive application today in every branch of industry. They convert
energy from mechanical to electrical form and from electrical to mechanical form. The machine
converting energy from mechanical to electrical form is known as a generator and that converting
from electrical to mechanical form is known as a motor.

The conversion process is essentially reversible!'! | hence a generator can be made to act as
a motor and a motor as a generator. An electric machine can also function as a frequency
converter, phase converter, dc converter, etc.

Depending on the kind of current they generate or utilize, electric machines fall into two
large classes, alternating-current ( ac ) machines and direct-current ( dc ) machines. AC
machines can be of the single-phase and polyphase'”’ types. Of these, the widest uses are made
of three-phase synchronous and induction machines and also commutator machines which allow
for the efficient adjustment of the rotational speed over a wide range.

For its operation, an electric machine depends on

. . . % N ’Z
electromagnetic induction and electromagnetic forces.

Figure 1-1 illustrates the principle of operation of an - ® d

electric machine. If we place a conductor in the %%%%%fEE;;EE%Z
74

magnetic field between the poles. of a permanent

. . Fi 1-1 Schematic diagram illustrative
magnet®' of an electromagnet and enable it to move - o

]

of the principle of an electric machine

under the action of force F, perpendicular’® to the
magnet lines, an EMF will be set up in the conductor, which is equal to E = BLv, where B is
the magnetic flux density'®’ | L is the length of the conductor cutting the magnetic lines, and is
the speed with which the conductor travels in the magnetic field. The EMF generated in the
conductor is shown to be in the direction away from the observer, according to the right-hand rule.
If we now connect the conductor to a load, the EMF will fore the current to flow in
the closed loop in the direction of the EMF. The current interacting with the magnetic
field between the poles produces an electromagnetic force F, which, according to the left-
hand rule, is in the direction opposite to that of the force F; moving the conductor in the

field. When F, = F,, the conductor will travel at a constant speed. Consequently, this
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simplified electric machine converts the mechanical energy expended on the conductor
movement to the electric energy delivered to an external resistive load and, hence,
operates as a generator. This same machine can be made to run as a motor, If we
connect the conductor to an external source of EMF, the current flowing through the
conductor produces an electromagnetic force F', which tends to move the conductor in the
field as it overcomes the opposing force of a mechanical load. To increase the EMF and
electromechanical forces, electric machines are built up with windings that consist of a large
number of conductors interconnected'® so that their EMFs become additive, i. e. have the same
direction. An EMF is possible to induce in a stationary conductor by moving the field with

respect to it.

New Words
[1] reversible adj A[HEHY
[2] polyphase adj ZAH
[3] permanent magnet K kA
[4] perpendicular adj FTEHRH
[5] magnetic flux density ol 30
[6] interconnect vt&vi  HEK

1.1.2 Synchronous Generator Principle and Construction Features

In synchronous machines, the speed of a rotor is equal to the rotational speed of a stator
field and,therefore, it is a function of both the frequency of the line current and the number of
pairs of poles,n =60f/p, where f=pn/60.

A synchronous machine is reversible, as is any other electric machine, i. e. it can run as a
motor and as a generator.

The prime mover of a synchronous generator is a hydro-turbine or a steam-turbine, or an
internal combustion engine''’.

The field winding of the generator commonly receives power from an exciter which is a dc

2] is small in the

generator fitted on the shaft of the generating unit. The capacity of the exciter
order of 1% to 5% of the rated capacity of the generator. In small machine the field windings
are often fed from an ac supply line via a semiconductor rectifier.

31 the EMF wave is sinusoidal.

If the magnetic field between the poles N and S is uniform'
During one period , as the loop turns by one revolution, the EMF undergoes one complete cycle of
changes.

If the loop driven by a prime mover revolves at a constant speed n in a minute the

alternating EMF induced in the loop repeats itself at a frequency f=n/60.
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It is possible to generate the EMF in conductors as they move in the stationary magnetic
field and as the field revolves with respect to the stationary conductors. In the first case, the field
winding intended to excite the magnetic field is on the stator,and the armature winding where the
field induces the EMF is on the rotor. In the second case, the armature is stationary, while the
field winding revolves on the rotor.

In the text above, we considered the action of the synchronous generator with the stationary
field winding( stationary poles) and the revolving armature which gives up its generated energy to
a load through sliding contacts formed by slip rings and brushes. The sliding contact in a high-
power circuit is responsible for heavy power losses and is completely unacceptable at high
voltages. Therefore, this type of generator is designed for low powers, up to 15kVA , at voltages
up to 380/220V.

The second type of synchronous generator with a stationary armature and a revolving
field has received the widest application. The field winding here consists of several

faal4]
series

connected coils arranged on the poles of the rotor. The exciter ( dc generator)
fitted on the common shaft supplies the field current to the field winding through brushes
and slip rings.

Figure 1-2 illustrates the general view'>! of a synchronous generator with an exciter. The
stator of a synchronous generator is similar in construction to that of an induction machine. The
rotor of a synchronous generator can have salient poles'®’ or non-salient poles that do not project
out from the surface of the core. The first rotor is known as a salient pole rotor, and the second as

a round , or a cylindrical, or a non-salient pole!”’ rotor.

Figure 1-2  Cutaway view of a synchronous generator 1 with exciter 2

In slow-speed machines ( with a large number of poles ), the rotor has salient poles
uniformly located around its circumference'®’ [ F igure 1-3(a) ]. The pole consists of core 1,pole
piece 2, and coil 3 of the field winding.

The prime movers for salient pole generators are commonly hydro-turbines which are slow-

speed sources of mechanical power. The mechanical strength of a salient pole rotor is not
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sufficient to stand up to high
speeds, for which reason high-
speed machines are built with round

rotors [ Figure 1-3(b) ]. The core

of such a rotor is usually a one-

piece forging'® with slots milled" "

on its surface. After completing the

(a)

field winding on the rotor, the coils
Figure 1-3  The rotor structure of a synchronous machine are fastened in the slots by

(a) Salient pole rotor of a synchronous machine; wedges[ 1] diiven into the alots: and
(b) Round rotor of a synchronous machine h d . n d
the en connections o ruggeda-
1—Core ;2—Pole piece ;3—Coil of the field winding &8

construction' ' endures heavy loads
arising at high speeds.

The prime movers of non-salient pole machines are usual steam turbines which run at high

speeds.
New Words
[1] internal combustion engine AL
[2] exciter n  JwEHL
[3] uniform adj ANER), ¥R
[4] series adj HEKH)
[5] general view S
[6] salient poles AR
[7] non-salient poles Pk
[8] circumference n JEH, 5 JE
[9] forge vt RS
[10] mill vt B
[11] wedge n R
[ 12] rugged-construction n i R4

1.1.3 Synchronous Generator Performance

In open-circuit conditions when the stator ( armature) winding is open and the generator
does not supply power to a load, there is no current in the stator winding. The magnetic flux
produced by the field current induces an EMF in the three-phase stator winding.

In closed-circuit conditions when the generator operates into a load, a current flows in

the stator winding. At a balanced load, the armature ( stator ) currents are equal in magnitude
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and shifted in phase by one-third of a period (120°). The armature currents produce a
magnetic field revolving at a speed n, =60f/p =n, i. e. this field revolves in synchronism
with the field of the rotor winding. The EMF induced in the stator winding depends on the
magnetic flux of the poles. If the magnetic flux is small, the EMF is also small, and vice
versa. At a constant speed of the rotor,the EMF is proportional to the magnetic flux excited
by the direct current flowing in the field winding. An increased current in the field winding
produces a stronger magnetic flux, which results in a higher EMF. Consequently, since the
EMF varies with the field current, it is possible to control the voltage at generator terminals
by properly changing the field current.

In open circuit conditions, the voltage across the generator terminals is equal to the EMF
generated in the armature. In the loaded generator,the voltage is not equal to the EMF because
of the voltage drop across the resistance and reactance of the stator winding. Besides, the
currents flowing through the stator winding produce the armature reaction flux which acts on the
flux of the field winding,so that the magnetic flux under load is not equal to the magnetic flux at
no load. That is why, changes in the load,i. e. changes in the armature current, will cause
changes in the terminal voltage if the field current remains constant.

Figure 1-4(a) shows the external characteristics of a synchronous generator at resistive and

reactive loads. These characteristies are the plots of the terminal voltage as a function of the load

current at a constant rotor speed and constant field current. What accounts for the different
]

shapes of the curves at resistive, inductive, and capacitive loads is a nonuniform''! action of the
armature reaction field on the flux of poles.

Any load requires a constant line voltage for
its normal operation. The line voltage is kept

constant with changes in the load on the generator

by changing the field current.
Figure 14 ( b ) illustrates the control

characteristics which are the plots of field current

versus load current at a constant line voltage. @ ®

They actually show the range over which it is Fwss Lo, [Clumgicoetion o a spunyosens

X enerator at different loads
necessary to change the field current with changes 8
(a) External characteristics of a synchronous machine;

in the load current in order to maintain the OB Tt hababiiiain o 5 sy misdhin
terminal voltage constant. At a resistive load, and  1—capacitive load ;2—resistive load ;3—inductive load
increase in the armature current causes a slight

dip in the voltage because the armature reaction decreases the magnetic flux to a small
degree. This load calls for an insignificant increase in the field current to keep the voltage
invariable. At an inductive load, an opposing armature reaction field appears, which

reduces the flux of poles. The field current now need be higher than it is in the previous
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case, to compensate for the opposing armature reaction field and, thus, to obtain a constant
net flux'?>! which induces a constant voltage. At a capacitive load, the magnetic flux grows,
so the field current must be reduced to decrease the armature current and, thus, provide for
the constant voltage.

Synchronous generators most often operate into a common external circuit, of a power plant
or a power system. The voltage U, and frequency of such a power circuit are invariable. The
voltage U, , across the generator terminals in equal and opposite to the circuit voltage, U, =
- U,, The net armature flux @, revolving at a speed n, =60f/p in space leads the voltage U, by
90°. With the power circuit voltage U, invariable, the amplitude of the net armature flux @,
remains invariable too. At a resistive load on the generator, the armature current [ is in phase
with U. The armature reaction flux @, is in phase with | ,so their phaser that only differ in
length are laid on the same axis. The net magnetic flux is the phasor sum of the field winding

flux @, (flux of poles)and armature reaction flux @._.
New Words

[ 1] nonuniform adj AEIEIHY
[2] net flux eRiiE

1.1.4 Synchronous Motors

A synchronous motor does not principally differ in design from a synchronous generator. As
with the generator stator, the stator of the motor carries a three-phase winding which, when
connected to a three-phase line , provides for the magnetic field revolving at a speed n, =60f/p in
a minute. The field winding arranged on the rotor receives direct current from a rectifier or an
exciter mounted on the same shaft as the rotor. The field ( excitation ) current produces the
magnetic flux @ of the rotor. The net magnetic field @, excited by the stator current tends to
carry along the rotor poles in the direction of its rotation. The rotor can turn at precisely'"
synchronous speed equal to the rotational speed of the stator field. The speed of a synchronous
motor is thus strictly constant if the power line frequency is invariable.

The main advantage of a synchronous motor is that it can operate on a leading
current, i. e. it can act as a capacitive load for the power line. Such a motor raises cosg of
the entire network as it makes up for the reactive power >’ of other loads of the consumer.

As in a generator, the reactive power ( cosg) of a motor is varied by adjusting the field
current. At a certain field current corresponding to rated excitation, the power factor cosg is
unity. A decrease in the field current gives rise to lagging(inductive) current in the stator;and
increase in the field current that overexcites the motor causes a leading ( capacitive) current to

appear in the stator.
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An advantage of this motor over an induction counterpart”’’ is that it is less sensitive to
changes in the supply voltage. In the former,the torque is proportional to the line voltage raised
to the first power, whereas in the latter,it varies as the square of the voltage.

The torque results from the interaction of the magnetic fields of rotor and stator. It is only
the magnetic flux of the stator field that depends on the line voltage.

Synchronous motors largely come in salient pole designs, normally operated on a leading
current at cosg = 0. 8, with the field current supplied from exciters or from ac circuits via
semiconductor rectifiers.

The synchronous motor connected to the supply line cannot produce the starting torque.
With the rotor stationary , the revolving stator field travels at synchronous speed with respect
to the rotor field and, hence, does not interact with the rotor field. To start the motor, the

rotor should first be set in motion to enable it to accelerate to or almost to the synchronous

speed.
The motor is made self-starting through induction-motor action provide by a squirrel-cage'*’
winding ( damper winding) inserted in the rotor pole faces'’’. With the stator winding connected

to the three-phase power line, the motor starts on the cage winding, just like an ordinary squirrel-
cage motor. As the motor comes up almost to synchronous speed (95% of this speed) ,the exciter
is cut in to supply the field winding. The torque developed is now enough to pull the rotor into
synchronism. '

At starting, the field winding must be closed through a resistance that is 10 to 12 times the
resistance of the winding itself. This winding must not be left open or short circuited during the
starting period. Should it prove open, the stator field would cut the conductors of the field
winding at a great rate and induce a large EMF in the winding,which may cause breakdown of its
insulation and, thus, offer a hazard to attendants'®’. Should the field winding be shorted out
when starting the motor under load, the rotor would accelerate nearly to half the synchronous
speed and fail to pull into synchronism.

The operation of a synchronous machine on a leading current makes this machine suitable
for use as a synchronous capacitor. The synchronous capacitor is a synchronous machine running
without load and designed to improve the power factor of the ac system. It supplies reactive
power to the ac system and insignificantly differs in design from an ordinary synchronous motor.
Since the former carries no load, its shaft and rotor are lighter than those of the latter and its air
gap is smaller.

The basic disadvantage of a synchronous motor is that it requires an ac and a dc source
for its operation. The need to supply direct current to the field winding makes this motor
rather inefficient at low powers. That is why low-power synchronous motors with dc

[7]

excitation do not find any use. Reluctance motors' '~ enjoy wide application where power

demands are low. The rotor of this type of synchronous motor has salient poles. For motors



8 BEIEETWIE(ER)

of very small powers, the rotor is made cylindrical. It is cast from aluminum in the mold with
soft iron cores inserted into it to form salient poles. The cylindrical shape facilitates the rotor
machining and balancing and also reduces the windage loss'®' | which is of importance for
small-power motors.

) in the

In a reluctance motor, the rotor develops the torque by virtue of its orientation
magnetic field in such a way that the reluctance offered to the field is the lowest. The rotor
always takes a definite position in space, such that the magnetic lines of the revolving stator field
continue through the rotor iron and the rotor normally operates at the synchronous speed of the

stator field.

New Words
[1] precisely adv KT
[2] reactive power T sh =
[3] counterpart n XN
[4] squirrel-cage n R%E
[5] pole face B T
[6] attendant n {HLG
[7] reluctance motor WL R AL, S N [R] 25 HL AL
[8] windage loss 18 R FE
[9] orientation n Klh, BEr

1.2 Synchronous Machine Theory and Modeling

1.2.1 Physical Description

Let’s recall the schematic''' of the cross section of a three-phase synchronous machine with
one pair of field poles. The machine consists of two essential elements: the field and the
armature. The field winding carries direct current and produces a magnetic field which induces
alternating voltages in the armature windings.

Armature and Field Structure

The armature windings usually operate at a voltage that is considerably higher than that
of the field and thus they require more space for insulation. They are also subject to high

transient'?’

currents and must have adequate mechanical strength. Therefore, normal
practice is to have the armature on the stator. The three-phase windings of the armature are
distributed 120° apart in space so that, with uniform rotation of the magnetic field, voltages

displaced by 120°in time phase will be produced in the windings. Because the armature is



