Unit-4- Electrical Machines

Lecture-5 Synchronous Machine

Svnchronous Machine

The mechanical power or energy is converted into electrical power or energy with
the help of an AC machine called alternator or synchronous generator. However,
when the same machine can be used to convert electrical power or energy into
mechanical power or energy, then it is known as a synchronous motor. Thus, the
same machine can be operated as a generator or as a motor and in general, it is
called as a synchronous machine. In fact, it is a machine which rotates only at
synchronous speed (Ns= 120 f/P)* under all conditions.

*(Ns = Synchronous speed in rpm, f=supply frequency; P = no. of poles)

When the machine is to work as a generator, it has to run at synchronous speed (Ns)
to generate power at certain frequency (f), called power frequency. In India its value
is 50 Hz, whereas in the USA it is kept at 60 Hz.

When the machine works as a motor, it can rotate only at synchronous speed (Ns)
since the magnetic poles are locked with the revolving field. If the machine fails to
rotate at synchronous speed, it is palled out of step and stops.

Hence, synchronous machine (generator or motor) is a machine which only runs at
synchronous speed and maintains the relation; Ns =120 f/P rpm.

Operating principle of synchronous generator:

The synchronous generator works on the principle of electromagnetic induction that
relates to the production of emf, i.e., emfis induced in a conductor whenever it cuts
across the magnetic field. This is called Faraday’s first law of electromagnetic
induction.

Generator principle

Advantages of rotating field svstem over stationary field system

When a conductor or coil cuts across the magnetic field an emf'is induced in it by the
phenomenon called electromagnetic induction. This can be achieved either by
rotating a coil in the stationary magnetic field or by keeping the coil stationary and
rotating the magnetic field. (The magnetic field can be rotated by placing the field
winding on the rotating part of the machine).



Following are the important advantages of rotating field system over stationary field
system:

(i) The armature winding is more complex than the field winding. Therefore, it is
easy to place armature winding on stationary structure.

(ii) In the modern alternators (synchronous generators), high voltage is generated,
therefore, heavy insulation is provided and it is easy to insulate the high voltage
winding when it is placed on stationary structure.

(iif) The size of the armature conductors is much more to carry heavy current,
therefore, high centrifugal stresses are developed. Thus, it is preferred to place them
on stationary structure.

(iv) The size of slip rings depends upon the magnitude of flow of current, therefore,
it is easy to deliver small current for excitation, through slip rings of smaller size
when rotating field system is used.

(v) It is easier to build and properly balance high speed rotors when they carry the
lighter field system.

(vi) The weight of rotor is small when field system is provided on rotor and as such
friction losses are produced.

(vii) Better cooling system can be provided when the armature is kept stationary.

Constructional Features of Synchronous Machines:

The important parts of a synchronous machine are given below:
1. Stator 2. Rotor 3. Miscellaneous

1. Stator: The outer stationary part of the machine is called stator; it has the
following important parts:

(i) Stator frame: It is the outer body of the machine made of cast iron and it protects
the inner parts of the machine. It can be also made of any other strong material since
it is not to carry the magnetic field. Cast iron is used only because of its high
mechanical strength.

(ii) Stator Core: The stator core is made of silicon steel material. It is made from
number of stamping which are insulated from each other. Its function is to provide
an easy path for the magnetic lines of force and accommodate the stator winding.

(iii) Stator Winding: Slots are cut on the inner periphery of the stator core in which
three-phase or one-phase winding is placed. Enamelled copper is used as winding
material.

2. Rotor: The rotating part of the machine is called rotor. From construction point of
view, there are two types of rotors named as

(i) Salient pole type rotor; (ii) Non-salient pole type rotor.



(i) Salient pole type rotor: In this case, projected poles are provided on the rotor.
The cost of construction of salient pole type rotors is low, moreover sufficient space
is available to accommodate field winding but these cannot bear high mechanical
stresses at high speeds. Therefore, salient pole type constructions are suited for
medium and low speeds and are usually employed at hydro-electric and diesel
power plants as synchronous generators.
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Fig- 5.1 Salient pole type alternator

(a) Salient pole type rotor

(c) Field winding
Fig.5.2 Parts of salient pole rotor

Since the speed of these machines (generators) is quite low, to obtain the required
frequency, the machines have large number of poles as shown in Figs. 5.1 and 5.2.



To accommodate such a large number of poles, these machines have larger diameter
and small length. The salient pole type rotor has the following important parts:

(a) Spider: Spider is made of cast iron to provide an easy path for the magnetic flux.
It is keyed to the shaft and at the outer surface; pole core and pole-shoe are keyed to
it [see Fig. 5.3(a)].

(b) Pole core and pole shoe: It is made of laminated sheet material [see Figs. 5.2 (b)
and 5.3(b)]. Pole core provides least reluctance path for the magnetic field and pole
shoe distributes the field over the whole periphery uniformly to produce sinusoidal
wave form of the generated emf.
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Fig-5.3 (a) Spider Fig-5.3 (b) Pole core pole shoe

(c¢) Field winding or Exciting winding: Field winding [see Fig. 5.2 (¢)] is wound on the
former and then placed around the pole core. DC supply is given to it through slip
rings. When direct current flows through the field winding, it produces the required
magnetic field.

(d) Damper winding: At the outermost periphery, holes are provided [see Fig. 5.3 (b)]
in which copper bars are inserted and short-circuited at both the sides by rings
forming damper winding. Salient pole machines are frequently provided with a
damper winding on the rotor to damp rotor oscillations during transient-conditions
and to facilitate smooth operation under unbalanced load conditions. Also, damper
winding make the synchronous motor self starting.

The salient pole field structure has the following special features:
(i) These are of larger diameter and shorter length.

(ii) Usually, 2/3rd of the pole pitch is covered by the pole shoes

(iii) To reduce eddy current losses, the poles are laminated.

(iv) The machine having such structure are employed with hydraulic turbines or
with diesel engines which are usually operated at low speeds (100 to 375 rpm)

(ii) Non-salient pole type rotor: A non-salient pole alternator is shown in Fig. 5.4
(a). In this case, there are no projected poles but the poles are formed by the current
flowing through the rotor (exciting) winding. Non-salient pole type construction is
suited for the high speeds. The steam turbines rotate at a high speed (3000 rpm).
When these turbines are used as prime-mover for this machine working as a



generator, a small number of poles are required for given frequency. Hence, these
machines have smaller diameter and larger length. Non salient pole type rotors have
the following parts:

(a) Rotor core: Rotor core is made of silicon steel stampings. It is keyed to the shaft.
At the outer periphery slots are cut in which exciting coils are placed. It provides an
easy path to the magnetic flux.

(b) Rotor winding or Exciting winding: It is placed in rotor slots and current is passed
through the winding in such a way that poles are formed according to the
requirement (see Fig. 5.5).
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Fig. 5.4 Non-salient pole type alternator  Fig. 5.5 Non-salient pole type rotor
The non-salient field structure has the following special features.
(i) They are of smaller diameter and of very long axial length.
(i) Robust construction and noiseless operation.
(iii) Less windage (air-resistance) loss.
(iv) Better in dynamic balancing.
(v) High operating speed (3000 rpm).

(vi) Nearly sinusoidal flux distribution around the periphery, and therefore, gives a
better emf waveform than that obtainable with salient poles field structure.

(vii) There is no need of providing damper windings.
3. Miscellaneous Parts: The following are few important miscellaneous parts;

(i) Brushes: Brushes are made of carbon and these just slip over the slip rings. DC
supply is given to the brushes. From brushes current flows to the slip rings and then
to the exciting winding.

(ii) Bearings: Bearings are provided between the shaft and outer stationary body to
reduce the friction. The material used for their construction is high carbon steel.

(iif) Shaft: Shaft is made of mild steel. Mechanical power is taken or given to the
machine through shaft.



Svnchronous Generator (Alternator) Operation

The rotor winding is energized from the d.c. exciter and alternate N and S poles are
developed on the rotor. When the rotor is rotated in anti-clockwise direction by a
prime mover, the stator or armature conductors are cut by the magnetic flux of rotor
poles. Consequently, e.m.f. is induced in the armature conductors due to
electromagnetic induction. The induced e.m.f. is alternating since N and S poles of
rotor alternately pass the armature conductors. The direction of induced e.m.f. can
be found by Fleming’s right hand rule and frequency is given by;

f=NP/120
where f = frequency
N= rotor speed
P = no. of poles
The magnitude of the voltage induced in each phase depends upon the rotor
flux, the number and position of the conductors in the phase and the speed of
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Fig-5.6 Alternator connection diagram

Fig. 5.6 (a) shows star-connected armature winding and d.c. field winding. When the
rotor is rotated, a 3-phase voltage is induced in the armature winding. The
magnitude of induced e.m.f. depends upon the speed of rotation and the d.c. exciting
current. The magnitude of e.m.f. in each phase of the armature winding is the same.
However, they differ in phase by 120° electrical as shown in the phasor diagram (see
in Fig. 5.6 (b)).

Winding Factors:

The product of coil span factor (pitch factor) and distribution factor is referred to
the winding factor.

Kw =Kp * Kq
Kw = winding factor
Kp = pitch factor or coil span factor
Kq¢ = distribution factor



Coil span factor: The ratio of induced emf in a coil when the winding is short pitched
to the induced emf in the same coil when it is full pitched is called a coil span factor
or pitch factor or chorded factor and it is generally denoted be Kp. It is always less
than unity.

Er

Let us assume that, a coil is short pitched by an angle « (electrical degree). Emf
induced per coil side is E. The arithmetic sum of induced emfs is 2E. That means, 2E,
is the induced voltage across the coil terminals, if the coil would have been full
pitched.

Now, come to the short pitched coil. From the figure below it is clear that, resultant
emf of the short pitched coil

44

ER=2E0082

Now, as per definition of coil span factor,

K Resultant emf of short pitched coil
P~ Resultant emf of full pitched coil
Phasor sum of coil side emfs
~ Arithmetic sum o f coil side emfs
2E cos § a
= = COS —

2E 2

Distribution factor: Total induced emf in the coil group when the winding is
distributed in number of slots under one pole to the induced emf in the coil group when
the winding is concentrated in one slot is called a distribution factor or breadth
factor and it is generally denoted by Ka. It is always less than unity.

EMF induced in distributed winding
EM F induced if the winding would have been concentrated

Ki =

Phasor sum of component em fs
Arithmetic sum of component em fs




Let the number of slots per pole is n.

The number of slots per pole per phase is m.
Induced emf per coil side is E..

Angular displacement between the slots, 8 =180°/n

Let us represent the emfs induced in different coils of one phase under one pole as
AC, DC, DE, EF and so on.

They are equal in magnitude, but they differ from each other by an angle .
If we draw bisectors on AC, CD, DE, EF —-. They would meet at common point O.

Emfinduced in each coil side,
.3
F = AC = 2-0.43111'5

Hence, the resultant emf
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Therefore, Distribution Factor
Phasor sum of component em fs

K;=
4= “Arithmetic sum o f component em fs
2 x OAsin mTﬂ sin mTﬁ
m x 2 x OAsin 2 msin &
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Emf Equation

Let

P = No. of poles;

¢ = Flux per pole in Wb;

N = Speed in rpm;

f=frequency in Hz;

Zpn = No. of conductors connected in series per phase

Tpn = No. of turns connected in series per phase

K, = Coil span factor;

Kq = Distribution factor
Flux cut by each conductor during one revolution = P¢ Wb
Time take to complete one revolution = 60/N second
Average emfinduced per conductor =

Pp PPN
60/ N _ 60

Average emf induced per phase,

PoN PoN . Ly
_ g;nxzpﬁ _ 30 x 2T, [ Tp = 2 J
PN
:4.‘)(!;35)(?;)’1}(@ :4¢fTPh

R.M.S. values of emf induced per phase,

E_, = Average value x form factor

P
E, =4 ¢fT,x 1
=444 T, volt

Taking into consideration the coil span factor (K,) and distribution factor (Kq4) of the
winding.

Actual emfinduced per phase

Eph =4.44 Kp Ka ¢f Tph volt



