ELECTRICAL MACHINES – III 

UNIT – I 
CONSTRUCTION & OPERATION OF SYNCHRONOUS MACHINES

Objectives:
· To familiarize the students with constructional details and working principle of synchronous machines
· To familiarize the students with different types of windings
· To familiarize the students with winding factors
· To familiarize the students with causes and suppression of harmonics

Syllabus:
Constructional features: Salient pole and cylindrical rotor machines, applications – Advantages of rotating field type machines, Armature and Filed windings, Distributed and Concentrated windings, applications - Full pitch and Short pitch windings –Distribution, pitch and winding factors - E.M.F Equation, effect of distribution and pitch factors on generated e.m.f.  - Harmonics in generated e.m.f., causes of harmonics - suppression of harmonics: even and odd harmonics and their minimization.

Outcomes:
Students will be able to
· understand the constructional features of synchronous machine.
· differentiate between full pitch and short pitch windings.
· differentiate between distributed and concentrated windings.
· understand the necessity for distributed and short pitch windings.
· derive the emf equation of alternator
· identify the cause for generation of harmonics.
· Explain different methods to suppress harmonics. 

Introduction
A.C. system has a number of advantages over D.C. system. These days 3-phase a.c. system is being exclusively used for generation, transmission and distribution of power. The machine which produces 3-phase power from mechanical power is called an alternator or synchronous generator. Alternators are the primary source of all the electrical energy we consume. These machines are the largest energy converters found in the world. They convert mechanical energy into electrical energy. In this chapter, we shall discuss the construction and operation of alternators.
Synchronous Generator
An alternator operates on the same fundamental principle of electromagnetic induction as a D.C. generator i.e., when the flux linking a conductor changes, an e.m.f. is induced in the conductor. Like a D.C. generator, an alternator also has an armature winding and a field winding. But there is one important difference between the two. In a D.C. generator, the armature winding is placed on the rotor in order to provide a way of converting alternating voltage generated in the winding to a direct voltage at the terminals through the use of a rotating commutator. The field poles are placed on the stationary part of the machine. Since no commutator is required in an alternator, it is usually more convenient and advantageous to place the field winding on the rotating part (i.e., rotor) and armature winding on the stationary part (i.e., stator) as shown in Fig. 1.1.
[image: H:\EM-III(16-17)\ppt-turbo-generator-7-638.jpg]                             
Fig1.1   View of an Alternator


Constructional Details:
   In alternators it is possible to have
· Rotating armature and stationary field

· Stationary armature and rotating field
But practically most of the alternators prefer rotating field type construction with stationary armature because of the following advantages:


Advantages of stationary armature:
· It is easier to insulate stationary winding for high voltages for which the alternators are usually designed. It is because they are not subjected to centrifugal forces and also extra space is available due to the stationary arrangement of the armature.
· The stationary 3-phase armature can be directly connected to load without going through slip rings and brushes. 
· It is always better to protect high voltage winding from the centrifugal forces due to rotation.
· Only two slip rings are required for d.c. supply to the field winding on the rotor. Since the exciting current is small, the slip rings and brush gear required are of light construction.
· Since exciting current is relatively small, slip rings and brush gear need to be of only light construction.
· Due to simple and robust construction of the rotor, higher speed of rotating d.c. field is possible. This increases the output obtainable from a machine of given dimensions.
· With field on the rotor only two slip rings are needed. This reduces slip ring losses and increases efficiency.
· Due to reduced weight and inertia, the cost of the bearings will be reduced and life of the bearings will be increased.
Differences between Stationary Armature and Rotating Armature:
	S.No
	Rotating Armature System
	Stationary Armature System

	1 
	4 slip rings are required. 
	2 slip rings are required. 

	2 
	Heavy armature current passes through slip rings. 
	Very low field current passes through slip rings. 

	3 
	More sparking at slip rings. 
	Less sparking at slip rings. 

	4 
	Armature supply is taken through slip rings. 
	Armature supply is taken through fixed connections. 

	5 
	Capacity is limited to 30KVA. 
	It can be designed to any capacity. 

	6 
	Voltage is limited to 440V. 
	Voltage is up to 33KV is generated. 

	7 
	Low efficiency. 
	High efficiency. 

	8 
	More maintenance. 
	Less maintenance. 





An alternator has 3-phase winding on the stator and a d.c. field winding on the rotor.
Stator:
· It is the stationary part of the machine and is built up of sheet-steel laminations insulated from each other with varnish or paper having slots on its inner periphery to hold the armature windings. 
· The core is laminated to reduce the eddy current losses and is made up of steel to minimize hysteresis loss.
· The entire core is fabricated in a frame made of steel plates, it does not carry any flux but only serves as support to the core.
· Ventilation is maintained with the help of holes cast in the frame.
[image: ]A cross section of the alternator stator is shown in Fig. 1.2.





Fig. 1.2 Corss section of an alternator
Different shapes of armature slots are shown in Fig. 1.3.
[image: ]




      Fig. 1.3 Different shapes of armature slots
Wide open Slots:
·  It has the advantage of easy installation of coils and their easy removal in case of repair
· It has the disadvantage of distributing the air gap flux into tufts that produce ripples in the generated emf wave.
Semi Closed Slots:
· They are better in this respect.

Closed Slots:
  These slots do not disturb the air gap flux, but have the following disadvantages:
·  increase the inductance of the windings
· increase initial labour and cost of winding
· complicated end connections


Comparision of slots:

	
	Open
	Semi- Closed
	Closed

	Reluctance
	More
	Medium
	Less

	Coil insertion or removal
	Easy
	Easy
	Difficult

	Coil support
	Less
	More
	More


    
Rotor:
The rotor carries the field winding which is supplied with direct current through two slip rings by a separate d.c. source. This d.c. source (called exciter) is generally a small d.c. shunt or compound generator mounted on the shaft of the alternator. Rotor construction is of two types, namely;
(i) Salient (or projecting) pole type
(ii) Non-salient (or cylindrical) pole type
(i) Salient pole type:
· It is used for low and medium speed alternators used in hydro and diesel power generating stations. 
· The poles are made of laminated sheets and fixed to the rotor by dove tail joint. 
· Short circuited damper bars are placed in the slots provided on the pole surfaces. 
· These are used to prevent hunting and to provide starting torque in synchronous motors. 
· The field coils are placed on the poles as shown in the Fig. 1.4.
· The salient field poles would cause an excessive windage loss if driven at high speed and would tend to produce noise.
· Salient-pole construction cannot be made strong enough to with stand the mechanical stresses to which they may be subjected at higher speeds.
· Since a frequency of 50Hz is required, we must use a large number of poles on the rotor of slow-speed alternators. Low-speed rotors always possess a large diameter to provide the necessary space for the poles. Consequently, salient-pole type rotors have large diameters and short axial lengths.
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Fig. 1.4 Salient Pole type rotor
(ii) Non-salient pole type
· In this type, the rotor is made of smooth solid forged-steel radial cylinder having a number of slots along the outer periphery. 
· The field windings are embedded in these slots and are connected in series to the slip rings through which they are energized by the d.c. exciter. 
· The regions forming the poles are usually left unslotted as shown in Fig. 1.5. It is clear that the poles formed are non-salient i.e., they do not project out from the rotor surface.
· High-speed alternators (3000r.p.m.) are driven by steam turbines and use non-salient type rotors due to the following reasons:
(a) This type of construction has mechanical robustness and gives noiseless operation at high speeds.
(b) The flux distribution around the periphery is nearly a sine wave and hence a better e.m.f. waveform is obtained than in the case of salient-pole type.
· Since steam turbines run at high speed and a frequency of 50Hz is required, we need a small number of poles on the rotor of high-speed alternators. We can not use less than 2 poles and this fixes the highest possible speed. For a frequency of 50Hz, it is 3000 r.p.m. The next lower speed is 1500 r.p.m. for a 4-pole machine. Consequently, turbo alternators possess 2 or 4 poles and have small diameters and very long axial lengths.
[image: ]







Fig. 1.5 Smooth cylindrical rotor
Differences between salient pole and cylindrical rotor alternators:
	S.No
	Salinet Pole
	Cylindrical Rotor

	1
	Pole are projecting out from the surface
	Unslotted portion of the cylinder acts as poles

	2
	Air gap is non-uniform
	Air gap is uniform

	3
	Diameter is high and axial length is small
	Small diameter and large axial lenght

	4
	Preferred for low speed alternators
	Preferred for high speed alternators

	5
	Prime movers used are hydro-turbines and I.C engines
	Prime movers used are steam turbines

	6
	For same size, the rating is smaller than cylindrical type.
	For the same size, the rating is higher than salient pole type.



Production of Sinusoidal EMF:
[image: ]






Fig. 1.6 Production of E.M.F in a conductor
· When the conductor is in the interpolar region as at A in Fig. 1.6, it has minimum e.m.f induced in it, because flux density is minimum here.
· When it is at the centre of S-pole, it has maximum e.m.f induced in it as the flux density is maximum.
· But the direction of the e.m.f is opposite to that when it is over N-pole
· Hence, one cycle of e.m.f is induced in a conductor when one pair of poles passes over it. i.e., the e.m.f in the armature conductor goes through one cycle in angular distance equal to twice the pole-pitch as shown in Fig. 1.6.
             Hence,   
                Where, P = No. of poles
 Frequency of Induced E.M.F:
The frequency of induced e.m.f. in the armature conductors depends upon speed and the number of poles.
Let	N = rotor speed in r.p.m.
P = number of rotor poles
F = frequency of e.m.f. in Hz
No. of cycles per revelation = P/2 cycles
No. of  revelations per second = N/60
              But No. of cycles per second = frequency,f
                   
                                       Hz
Armature Windings:
	The armature windings used in alternators are different from those used in D.C machines. The D.C machines have closed windings but alternators have open winding, in the sense that there is no closed path for the armature current in the winding itself.
· Conductor: The part of the wire which is under the influence of magnetic field and responsible for the induced e.m.f is called Conductor.
· Turn: A conductor in one slot, when connected to a conductor in another slot forms a turn. This is shown in  Fig. 1.7(a)
[image: ]







		          Fig. 1.7


· Coil: The no. of turns are grouped together to form a coil. Fig. 1.7(b) shows a multiturn coil.
· Coil side: Coil consists of many turns. Part of the coil in each slot is called coil side.
· Pole Pitch: It is the centre to centre distance between two adjacent poles. 1800 electrical is also called one pole pitch.
             Pole pitch = 1800 electrical
                              = No. of slots per pole
  	
              
 
· Slot Angle(β): The phase difference contributed by one slot in degrees electrical is called slot angle.
                          

[image: ]    This means that there exists a phase difference of β0 between the induced e.m.f in conductors placed in adjacent slots.








Types of Armature Windings:
  In general armature windings are classified as,
(i) Single layer and double layer winding
(ii) Full pitch and short pitch winding
(iii) Concentrated and distributed winding

· Single Layer and Double Layer Winding:
If a slot consists only one coil side, winding is said to be single layer as shown in Fig. 1.8. If there are two coil sides per slot, one at the bottom and one at the top the winding is called double layer winding.
[image: ]









Fig. 1.8 Single and Double Layer Windings

Advantage of double layer winding:
(i) Lower leakage reactance, therefore better performance, (ii) better waveform incase of generators, (iii) more economical etc.	
Full Pitch and short Pitch winding:
If coil side in one slot is connected to a coil side in another slot which is one pole pitch distance away from the first slot, the winding is said to be Full pitch winding.
  
[image: ]If coils are used in such a way that coil span is slightly less than a pole pitch i.e., lee than 1800 electrical, the winding is called Short pitch winding or Fractional pitch winding.
[image: ]






        
Fig. 1.9 (a) Full Pitch Coil	                Fig 1.9(b) Short Pitch Coil
Advantages of Short Pitch Coil:
In actual practice, short pitch coils are used as it has the following advantages:
(i) The length required for the end connections of the coils is less
(ii) Short pitching eliminates high frequency harmonics
(iii) Hysteresis and eddy current losses which depends on frequency reduces and hence increases the efficiency
       
· Concentrated and Distributed Winding:
Depending upon the total number of slots and number of poles, there are certain slots per pole per phase available under each pole. This is denoted as ‘m’.

    If all conductors per phase are placed in one slot keeping the remaining (m-1) slots empty, then the winding is called Concentrated Winding.
    If all conductors per phase are placed in ‘m’ slots per pole per phase, then the winding is called Distributed Winding.
Note: In practice, double layer, short pitched and distributed windings are preferred for the alternators.

 Winding Factors:
The armature winding of an alternator is distributed over the entire periphery of the armature. The distributed winding produces nearly a sine wave form and the heating is more uniform. Likewise, the coils of armature winding are not full-pitched i.e., the two sides of a coil are not at corresponding points under adjacent poles. The fractional pitched armature winding requires less copper per coil and at the same time wave form of output voltage is improved. The distribution and pitching of the coils affect the voltages induced in the coils. 
We shall discuss two winding factors:
(i) Pitch factor (Kp), also known as chording factor(Kc)
(ii)  Distribution factor (Kd), also called breadth factor

(i) Pitch factor (Kp)
A coil whose sides are separated by one pole pitch (i.e., coil span is 180° electrical) is called a full-pitch coil. With a full-pitch coil, the e.m.f.s induced in the two coil sides a in phase with each other and the resultant e.m.f. is the arithmetic sum of individual e.m.f.s. However the waveform of the resultant e.m.f. can be improved by making the coil pitch less than a pole pitch. Such a coil is called short-pitch coil. This practice is only possible with double-layer type of winding. The e.m.f. induced in a short-pitch coil is less than that of a full pitch coil. The factor by which e.m.f. per coil is reduced is called pitch factor Kp. It is defined as:

Expression for Kp 
[image: C:\Users\Srinivas\Desktop\fig.jpg]Consider a coil AB which is short-pitch by angle ‘α’ electrical degrees. The e.m.f.s generated in the coil sides A and B differ in phase by an angle ‘α’ and can be represented by phasors EA and EB respectively as shown in Fig. 1.10. The diagonal of the parallelogram represents the resultant e.m.f. ER of the coil.

                                       

                        

Fig. 1.10 Phasor sum of two e.m.fs

Since EA=EB                    ER=2Ea cos α/2

Pitch factor, 
                                  
                                 

For a full-pitch winding, Kp = 1. However, for a short-pitch winding, Kp < 1.

ii) Distribution factor (Kd)
A winding with only one slot per pole per phase is called a concentrated winding. In this type of winding, the e.m.f. generated/phase is equal to the arithmetic sum of the individual coil e.m.f.s in that phase. However, if the coils/phase are distributed over several slots in space (distributed winding), the e.m.f.s in the coils are not in phase (i.e., phase difference is not zero) but are displaced from each by the slot angle ‘β’ (The angular displacement in electrical agrees between the adjacent slots is called slot angle). The e.m.f./phase will be the phasor sum of coil e.m.f.s. The distribution factor Kd is defined as:


Note that numerator is less than denominator so that Kd <1. 
                         Let β =  slot angle =   = 180/n
[image: ]The distribution factor can be determined by constructing a phasor diagram for the coil e.m.f.s.  The three coil e.m.f.s are shown as phasors AB, BC and CD [See Fig. 1.11(a)] each of which is a chord of circle with centre at O and subtends an angle ‘β’ at O. The phasor sum of the coil e.m.f.s subtends an angle mβ at O. Draw perpendicular bisectors of each chord such as Ox, Oy etc [See Fig. 1.11(b)].
                           Fig 1.11 Phasor sum of e.m.fs
 
 
 

E.M.F. Equation of an Alternator:

Let 	Z = Total no. of conductors 
            Zph = No. of conductors per phase connected in series
 	Ф = Flux per pole in Webers
           P = Number of rotor poles
N = Rotor speed in r.p.m.

In one revolution (i.e., 60/N second), each stator conductor is cut by P Ф webers
i.e.,  d Ф = P Ф;        dt = 60/N
Average e.m.f. induced in one stator conductor
                                                    
Since there are Z conductors in series per phase,
   
                                                
 Average e.m.f./phase = 2 f Ф Zph  volts
R.M.S. value of e.m.f./phase = Average value/phase *  form factor
       = 2 f Ф Zph × 1.11 = 2.22 f Ф Zph volts
                      Er.m.s. / phase = 2.22f Ф Zph volts		       ……………( i )
If Kp and Kd are the pitch factor and distribution factor of the armature winding, then,
                       Er.m.s. / phase = 2.22KpKd f Ф Zph volts      	…………… ( ii )
If Tph is the no. of turns per phase, where 
                        Er.m.s. / phase = 4.44KpKd f Ф Tph volts 	…………… ( iii )
The line voltage will depend upon whether the winding is star or delta connected.

Harmonics :
In case of alternators, the voltage and currents induced should have sinusoidal waveforms. But practically we cannot get sinusoidal waveform alternators. Due to the non-uniform field flux waveform, the generated emf waveform deviates from ideal waveform. Such a non-sinusoidal waveform is called complex wave. By Fourier analysis this complex waveform can be shown to be built of a series of sinusoidal waves whose frequencies are integral multiples of the frequency of fundamental wave. These sinusoidal components or harmonic functions are called harmonics of the complex wave. 
The fundamental wave is defined as that component which is having same frequency as that of complex wave. The component which is having double the frequency of that of fundamental wave called second harmonic, while the component which is having the frequency three times that of fundamental is called third harmonic and so on. The complex waveform contains both the even as well as odd harmonics. Consider a complex wave which is represented by, 

                            
Where  is fundamental component of maximum value  having an phase angle of  from instant of zero of the complex wave. Similarly  represents nth harmonic of maximum value Enm and having phase angle  with respect to complex wave.
Effect of Harmonic Components on an Induced E.M.F. :
The flux density distribution around the air gap in all well designed alternators is symmetrical with respect to abscissa and also to polar axes. Thus it can be expressed with the help of a Fourier series which do not contain any even harmonics. 
So flux density at any angle 𝜃 from the inter-polar axis is given by, 
B = Bm1 sin 𝜃 + Bm3 sin 3𝜃 + ………. + Bmx sin x+…
Where,       	  x = Order of harmonic component which is odd 
              	Bm1 = Amplitude of fundamental component of flux density 
Bm3 = Amplitude of  3rd harmonic component of flux density 
Bmx = Amplitude of xth (odd) harmonic component of flux density 

The e.m.f. generated in a conductor on the armature of a rotating machine is given by, 
                                              ec = B l v 
Substituting value of B,
                  ec = (Bm1 sin 𝜃 + Bm3 sin 3𝜃 + ………. + Bmx sin x𝜃  +…) l v 
                  l = Active length of conductor in metre
                d = diameter of the armature air gap
               v = Linear velocity  = π d ns
              ns = Synchronous speed in r.p.s.
               Now, 
      
Substituting in the expression for ec,
       ec = (Bm1 sin 𝜃 + Bm3 sin 3𝜃 + ………. + Bmx sin x𝜃  +…) l π d 2f / p
Area of each fundamental pole, A1 = lπd/p 
    ec = (Bm1 A1 2f sin 𝜃 + Bm3 A1 2f sin 3𝜃 + … + Bmx A1 2f sin x𝜃 + ..)
Area of  xth harmonic pole,               
This is because, there are xP poles for the xth order harmonic. 
ec = 2f (Bm1 A1 sin 𝜃 + Bm3 A1 sin 3𝜃 + … + Bmx A1 sin x𝜃 + ..) 
Now 
               Bm1A1 =  ϕ1m =  maximum value of fundamental flux per pole 
                  = Average value of fundamental flux per pole  
Similarly average value of xth harmonic flux per pole can be obtained as, 
                                       
Substituting the values of  flux in ec we get the expression for e.m.f. induced per conductor as, 
            ec = πf (ϕ1 sin 𝜃 + 3ϕ3 sin 3𝜃 + … + xϕx sin x𝜃 + ..) 
Instantaneous value of fundamental frequency e.m.f. generated in a conductor is, 
                                ec1 = πf ϕ1 sin 𝜃 V
Hence the R.M.S. value of fundamental frequency e.m.f. generated in a conductor is,
                                    Ec1 =  = 2.22 f ϕ1
Hence R.M.S. value of xth harmonic frequency e.m.f. generated in a conductor is, 
                                   Ecx = 2.22 ϕx  xf
But                   ϕx = (2/π) Ax Bmx 
 
                        Ecx = 1.4132 A1 Bmx  f 
Now 
                        Ec1 = 1.4132 A1 Bm1  f


It can be observed that the magnitudes of harmonic e.m.f.s are directly proportional to their corresponding flux densities. 
The R.M.S. value of resultant e.m.f. of a conductor is, 

Effect of Harmonic Components on Pitch Factor 
We know that, 
          α = Angle of short pitch for fundamental flux wave 
Then it changes for various harmonic component of flux as, 
              3α               For 3rd harmonic component 
              5α               For 5th  harmonic component 
             xα               For xth harmonic component 
Hence the pitch factor is expressed as, 

Where  x= order of harmonic component
Effect of Harmonic Components on Distribution Factor
Similar to the pitch factor, the distribution factor is also different for various harmonic components.
The general expression to obtain distribution factor is,

Where  x= order of the harmonic component
Total E.M.F. generated due to Harmonic components
Considering the windings to short pitch and distributed, the e.m.f. of a fundamental frequency is given by,
                                  E1ph = 4.44 Kc1Kd1ϕ1fTph       V
while the phase e.m.f. of xth order harmonic component of frequency is given by,
                            Exph = 4.44 KcxKdxϕxfTph       V
The total phase e.m.f. is given by,

 Line E.M.F:
For star connected, the line or terminal induced e.m.f. is  times the total phase e.m.f.  But it should be noted that with star connection, the 3rd harmonic voltages do not appear across line terminals though present in phase voltage.

Minimization of Harmonics: 
To eliminate or minimize the harmonics from the voltage waveform, the windings must be properly designed. The different ways to eliminate the harmonics from generated voltage are, 
1) Distribution of armature windings: Instead of having concentrated type of windings, they should be distributed in different slots. The distribution factor for harmonics is comparatively less than that of the fundamental and hence magnitude of harmonic e.m.f. is small. 
2) Chording: The e.m.f. generated in the winding is proportional to cos (x α/2) where α is angle of chording and x is order of harmonic. If proper value of angle of chording is selected then harmonic e.m.f.s can be reduced significantly. 
3) Fractional slot windings: The output voltage waveform will be free of harmonics by facilitating the use of fractional slot windings as the distribution factor will be smaller compared to that with the fundamental. 
4) Skewing: Skewing the pole face will help in eliminating the slot harmonics. 
5) Large length of air gap: The reluctance will be increased by increasing the air gap and slot harmonics can be reduced.
Even harmonics are not present in alternator output waveform due to half wave symmetry. As an example, how second harmonic will not be present is explained below:
Fig. 1.12 illustrates one full pitch coil a, a’. The fundamental component of the field flux wave induces maximum e.m.f. in coil-sides a,a’, since these are cutting the maximum flux Фm1. If r.m.s. value of the e.m.f. in each coil side is E1, then the resultant e.m.f. of the fundamental frequency across the coil ends A, B is 2E1. 


                      
Fig. 1.12  Figure explaining the absence of even order harmonics in E.M.F waveform

	The second harmonic component of field flux wave also induces maximum e.m.fs in coil sides a, a’, because these are cutting the maximum fulx Фm2 at the instant as shown in Fig 1.12. The resultant of the second harmonic e.m.f between coil terminals A, B is zero, since the two second harmonic e.m.fs are opposing each other in the coil circuit. Hence we can say that second harmonic e.m.fs or in general even harmonic e.m.fs cannot be generated in an alternator.
	So, the alternator induced e.m.f contains only odd harmonics i.e., 3rd, 5th, 7th, 11th, …

The phase voltages of third harmonic components are given by
                  


Hence the line voltages are
	                      

Hence we can say that third harmonics are not present in line voltage of an alternator when it is star connected.

5th and 7th order harmonics can be eliminated by distribution and short pitching of the armature windings.

Note: For eliminating nth harmonic from generated emf in the phase of a 3 phase alternator, the chording angle should be (1/n) x full pitch

The higher order harmonics are negligible.
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