UNIT – II
Synchronous Machine Characteristics
Objectives:
· To familiarize the students with the operation of synchronous generator on different types of loads
· To impart the knowledge of different types of reactances of an alternator
· To determine the voltage regulation of alternator using synchronous impedance method

Micro syllabus:
Armature reaction with lagging, leading and u.p.f loads – Load characteristics with lagging, leading and u.p.f loads – Leakage reactance, synchronous reactance and synchronous impedance, short circuit ratio – Phasor diagrams of alternator for lagging, leading and u.p.f load – Open  circuit and short circuit characteristics – Voltage regulation of non-salient pole synchronous generator by synchronous impedance method.

Outcomes:
Students will be able to
· understand the armature reaction of synchronous machine
· draw the phasor diagrams of alternator on different loads
· determine the short circuit ratio of an alternator
· determine the voltage regulation of alternator by synchronous impedance method

Armature Reaction in Alternator:
· Armature reaction has effect on the air gap flux in case of synchronous machines also. We know that when current flows through armature conductors it gives rise to magnetic flux encircling these conductors and hence this certainly will affect the distribution of flux in the air gap due to rotor flux.
· When an alternator is running at no-load, there will be no current flowing through the armature winding. The flux produced in the air-gap will be only due to the rotor ampere turns. When the alternator is loaded, the three-phase currents will produce a rotaling magnetic field in the air-gap. Consequently, the air-gap flux is changed from the no-load condition.

The effect of armature flux on the flux produced by field ampere turns (i. e., rotor ampere turns) is called armature reaction.




Two things are worth noting about the armature reaction in an alternator. 

· Firstly, the armature flux and the flux produced by rotor ampere-turns rotate at the same speed (synchronous speed) in the same direction and, therefore, the two fluxes are fixed in space relative to each other. 
· Secondly, the modification of flux in the air-gap due to armature flux depends on the magnitude of stator current and on the power factor of the load. It is the load power factor which determines whether the armature flux distorts, opposes or helps the flux produced by rotor ampere-turns. 

To illustrate this important point, we shall consider the following three cases:

1. When load power factor is unity
2. When load power factor is zero lagging
3. When load power factor is zero leading
When Load Power Factor is Unity:
· [image: http://3.bp.blogspot.com/-tp3A67uFhtk/VBz_PDzGDCI/AAAAAAAABKI/DLyrw_ZhjOY/s320/phpMnRgi5AM.jpg]Fig. 2.1(i) shows an elementary alternator on no load. Since the armature is on open – circuit, there is no stator current and the flux due to rotor current is distributed symmetrically in the air-gap as shown in Fig. 2.1(i).










Fig. 2.1: Armature Reaction with u.p.f Load
· Since the direction of the rotor is assumed clockwise, the generated e.m.f. in phase R1R2 is at its maximum and is towards the paper in the conductor R1 and outwards in conductor R2. No armature flux is produced since no current flows in the armature winding.
· Fig 2.1(ii) shows the effect when a resistive load (unity p.f.) is connected across the terminals of the alternator. According to right-hand rule, the current is “in” in the conductors under    N-pole and “out” in the conductors under S-pole
· Therefore, the armature flux is clockwise due to currents in the top conductors and anti-clockwise due to currents in the bottom conductors. 
· Note that armature flux is at 90° to the main flux (due to rotor current) and is behind the main flux. In this case, the flux in the air-gap is distorted but not weakened. Therefore, at unity p.f., the effect of armature reaction is merely to distort the main field; there is no weakening of the main field and the average flux practically remains the same. 
· Since the magnetic flux due to stator currents (i.e., armature flux) rotates synchronously with the rotor, the flux distortion remains the same for all positions of the rotor.
When Load Power Factor is Zero Lagging:
· When a pure inductive load (zero p.f. lagging) is connected across the terminals of the alternator, current lags behind the voltage by 90°. This means that current will be maximum at zero e.m.f. and vice-versa.  
[image: http://4.bp.blogspot.com/-AJLnoyJgMNk/VBz_xbd-6hI/AAAAAAAABKQ/9ve14UBQH_I/s500/phppMNPyjAM.jpg]








Fig. 2.2: Armature Reaction with Zero p.f Lagging Load

· Fig. 2.2 (i) shows the condition when the alternator is supplying resistive load. 
· Note that e.m.f. as well as current in phase R1R2 is maximum in the position shown. 
· When the alternator is supplying a pure inductive load, the current in phase R1R2 will not reach its maximum value until N-pole advanced 90° electrical as shown in Fig 2.2(ii). 

· Now the armature flux is from right to left and field flux is from left to right All the flux produced by armature current (i.e., armature flux) opposes be field flux and, therefore, weakens it. In other words, armature reaction is demagnetizing. 

 Hence at zero p.f. lagging, the armature reaction weakens the main flux. This causes a  
 reduction in the generated e.m.f.

When Load Power Factor is Zero Leading:
When a pure capacitive load (zero p.f. leading) is connected across the terminals of the alternator, the current in armature windings will lead the induced e.m.f. by 90°.
[image: http://3.bp.blogspot.com/-W4bMTv6WSG8/VB0C2CIN1mI/AAAAAAAABKY/h5lj0ZPmwnY/s500/phpHDd8MEPM.jpg]








Fig. 2.3: Armature Reaction with Zero p.f Leading Load
· Obviously, the effect of armature reaction will be the reverse that for pure inductive load. Thus armature flux now aids the main flux and the generated e.m.f. is increased.
· Fig 2.3(i) shows the condition when alternator is supplying Resistive load.
· Note that e.m.f. as well as current in phase R1R2 is maximum in the position shown. 
· When the alternator is supplying a pure capacitive load, the maximum current in R1R2 will occur 90° electrical before the occurrence of maximum induced e.m.f. Therefore, maximum current in phase R1R2 will occur if the position of the rotor remains 90° behind as compared to its position under resistive load. This is illustrated in Fig 2.3(ii). 
· It is clear that armature flux is now in the same direction as the field flux and, therefore, strengthens it. This causes an increase in the generated voltage. 

Hence at zero p.f. leading, the armature reaction strengthens the main flux.

Load Characteristics of an Alternator:
Fig. 2.4 shows Y-connected alternator supplying load (lagging p.f. or leading p.f or u.pf). When the load on the alternator is increased (i.e., armature current Ia is increased), the field excitation and speed being kept constant, the terminal voltage V (phase value) of the alternator decreases. This is due to
(i) Voltage drop IaRa where Ra is the armature resistance per phase.
(ii) Voltage drop IaXL where XL is the armature leakage reactance per phase.
[image: ](iii) Voltage drop because of armature reaction.




Fig. 2.4: Alternator on load
(i) Armature Resistance (Ra)
The effective resistance of the armature winding is somewhat greater than the conductor resistance, called the dc resistance, as measured by direct current. This is due to additional loss over the purely I2R loss, inside and sometimes outside the conductor; owing to alternating current. The main source of this additional loss are (i) eddy currents in the surrounding material; (ii) magnetic hysteresis in the surrounding material and (iii) eddy currents or unequal current distribution in the conductor itself.
In many cases it is sufficiently accurate to measure the armature resistance by direct current and increase it to a fictitious value, called the effective resistance, Re or Ra which is large enough to take care of these additional losses. Effective resistance, Re or Ra can vary widely from 1.25 to 1.75 or more times the dc resistance, depending upon the design.
(ii) Armature Leakage Reactance (XL)
[image: ]When current flows through the armature winding, flux is set up and a part of it does not cross the air-gap and links the coil sides as shown in Fig. 2.5. this leakage flux alternates with current and gives the winding self-inductance. This is called armature leakage reactance. Therefore, there will be IaXL drop which is also effective in reducing the terminal voltage.
                           

                




Fig. 2.5: Armature Leakage Flux
(iii) Armature reaction
The load is generally inductive and the effect of armature reaction is to reduce the generated voltage. Since armature reaction results in a voltage effect in a circuit caused by the change in flux produced by current in the same circuit, its effect is of the nature of an inductive reactance. Therefore, armature reaction effect is accounted for by assuming the presence of a fictitious reactance XAR in the armature winding. The quantity XAR is called reactance of armature reaction.
The value of XAR is such that IaXAR represents the voltage drop due to armature reaction.





Equivalent Circuit
[image: ]Fig. 2.6 shows the equivalent circuit of the loaded alternator for one phase. All the quantities are per phase. Here

Fig. 2.6: Equivalent Circuit

E0 = No-load e.m.f.
E = Load induced e.m.f. It is the induced e.m.f. after allowing for armature reaction. It is equal to phasor difference of E0 and IaXAR.
V = Terminal voltage. It is less than E by voltage drops in XL and Ra.
                                          E = V + I (Ra + j XL)
                                             E0= E + Ia ( jXAR) 
Synchronous Reactance (Xs)
The sum of armature leakage reactance (XL) and reactance of armature reaction (XAR) is called synchronous reactance Xs [See Fig. (2.7 (i))]. Note that all quantities are per phase.
                                                     Xs = XL + XAR
[image: ]
Fig. 2.7: Equivalent Circuit of Alternator

The synchronous reactance is a fictitious reactance employed to account for the voltage effects in the armature circuit produced by the actual armature leakage reactance and the change in the air-gap flux caused by armature reaction. The circuit then reduces to the one shown in Fig. 2.7(ii).
                                  Synchronous impedance, Zs = Ra + j Xs
The synchronous impedance is the fictitious impedance employed to account for the voltage effects in the armature circuit produced by the actual armature resistance, the actual armature leakage reactance and the change in the air-gap flux produced by armature reaction.
E0 = V + IaZs  =  V + Ia (R + j Xs)
Phasor Diagram of a Loaded Alternator
[image: C:\Users\Srinivas\Desktop\ckt1.jpg]Consider a Y-connected alternator supplying inductive load, the load p.f. angle being Ф.   Fig. 2.8 (i) shows the equivalent circuit of the alternator per phase. All quantities are per phase.


[image: C:\Users\Srinivas\Desktop\scan0006666.jpg][image: C:\Users\Srinivas\Desktop\IMG_20151218_190056.jpg]




            (ii) Unity p.f 		                             (iii) Lagging p.f
[image: C:\Users\Srinivas\Desktop\IMG_20151218_200218.jpg]
(iv) Leading p.f
 Fig. 2.8: Phasor diagrams of Alternator on load
Fig. 2.8(ii) shows the phasor diagram of an alternator for the usual case of inductive load. The armature current Ia lags the terminal voltage V by p.f. angle . The phasor sum of V and drops IaRa and IaXL gives the load induced voltage E. It is the induced e.m.f. after allowing for armature reaction. The phasor sum of E and IaXAR gives the no-load e.m.f. E0. The phasor diagram for unity and leading p.f. is left as an exercise for the reader. Note that in drawing the phasor diagram either the terminal voltage (V) or armature current (Ia) may be taken as the reference phasor.
Voltage Regulation
The voltage regulation of an alternator is defined as the change in terminal voltage from no-load to full-load (the speed and field excitation being constant) divided by full-load voltage.
 
Note that E0 − V is the arithmetic difference and not the phasor difference. The factors affecting the voltage regulation of an alternator are:
(i) IaRa drop in armature winding
(ii) IaXL drop in armature winding
(iii) Voltage change due to armature reaction

                        [image: ]
Fig. 2.9: Load Characteristics of Alternator 
We have seen that change in terminal voltage due to armature reaction depends upon the armature current as well as power-factor of the load. For leading load p.f., the no-load voltage is less than the full-load voltage. Hence voltage regulation is negative in this case. The effects of different load power factors on the change in the terminal voltage with changes of load on the alternator are shown in Fig. 2.9. since the regulation of an alternator depends on the load and the load power factor, it is necessary to mention power factor while expressing regulation.

Short Circuit Ratio:
 The short circuit ratio(SCR) of a synchronous machine is defined as the ratio of field current to produce rated voltage on open circuit to field current required to circulate rated current on short circuit while the machine is mechanically driven at synchronous speed.
Short – circuit ratio, SCR = 
           
 



The value of synchronous reactance depends upon saturated conditions of the machine, but SCR is specific and defined at rated voltage.



                                                                                
               
                                                      Fig. 2.10: OCC and SCC of an alternator

Voltage regulation of non-salient pole machines by synchronous impedance method:
The method is also called E.M.F. method of determining the regulation. The method requires following data to calculate the regulation.
1. The armature resistance per phase (Ra).
2. Open circuit characteristics which is the graph of open circuit voltage against the field current. This is possible by conducting open circuit test on the alternator.
3. Short circuit characteristics which is the graph of short circuit current against field current. This is possible by conducting short circuit test on the alternator.
       Let us see, the circuit diagram to perform open circuit as well as short circuit test on the alternator. The alternator is coupled to a prime mover capable of driving the alternator at its synchronous speed. The armature is connected to the terminals of a switch. The other terminals of the switch are short circuited through an ammeter. The voltmeter is connected across the lines to measure the open circuit voltage of the alternator.
       The field winding is connected to a suitable d.c. supply with rheostat connected in series. The field excitation i.e. field current can be varied with the help of this rheostat. The circuit diagram is shown in the Fig. 2.11.
	[image: http://4.bp.blogspot.com/-99zmKESO04I/T0wcJ2g2N0I/AAAAAAAADtQ/-erQ4yJQGqA/s1600/ccc1.jpeg]

	Fig.2.11  Circuit diagram for open circuit and short circuit test on alternator



Open Circuit Test
       Procedure to conduct this test is as follows :
i) Start the prime mover and adjust the speed to the synchronous speed of the alternator.
ii) Keeping rheostat in the field circuit maximum, switch on the d.c. supply.
iii) The T.P.S.T switch in the armature circuit is kept open.
iv) With the help of rheostat, field current is varied from its minimum value to the 1.1 times the rated voltage. Due to this, flux increasing the induced e.m.f. Hence voltmeter reading, which is measuring line value of open circuit voltage increases. For various values of field current, voltmeter readings are observed.
       From the above readings, graph of (Voc)ph against If is plotted.

Note : This is called open circuit characteristics of the alternator, called O.C.C. This is shown in the Fig. 2.12.
	
[image: http://1.bp.blogspot.com/-fjOdlF2HsYw/T0wb226zgaI/AAAAAAAADtI/g71Y15j0oLg/s1600/ccc12.jpeg]

	Fig. 2.12  O.C.C. and S.C.C. of an alternator


Short Circuit Test
       After completing the open circuit test observation, the field rheostat is brought to maximum position, reducing field current to a minimum value. The T.P.S.T switch is closed. As ammeter has negligible resistance, the armature gets short circuited. Then the field excitation is gradually increased till full load current is obtained through armature winding. This can be observed on the ammeter connected in the armature circuit. The graph of short circuit armature current against field current is plotted from the observation table of short circuit test. This graph is called short circuit characteristics, S.C.C. This is also shown in the Fig. 2.12.
       The S.C.C. is a straight line graph passing through the origin while O.C.C. resembles    B-H curve of a magnetic material.

Note : As S.C.C. is straight line graph, only one reading corresponding to full load armature current along with the origin is sufficient to draw the straight line.

Determination of  Voltage Regulation from O.C.C. and S.C.C.:

       The synchronous impedance of the alternator changes as load condition changes. O.C.C. and S.C.C. can be used to determine Zs for any load and load p.f. conditions.
       In short circuit test, external load impedance is zero. The short circuit armature current is circulated against the impedance of the armature winding which is Zs. The voltage responsible for driving this short circuit current is internally induced e.m.f. This can be shown in the equivalent circuit drawn in the Fig. 2.13.


	[image: http://4.bp.blogspot.com/-vFT4MCtCIxY/T0wbafaLYXI/AAAAAAAADs4/cV-0iw-A6dg/s1600/ccc14.jpeg]

	Fig. 2.13  Equivalent circuit on short circuit



       From the equivalent circuit we can write,
                                              

       Now value of Iasc is known, which can observed on the alternator. But internally induced e.m.f. can not be observed under short circuit condition. The voltmeter connected will read zero which is voltage across short circuit. To determine Zs it is necessary to determine value of E which is driving Iasc against Zs.
       Now internally induced e.m.f. is proportional to the flux i.e. field current If.

                       Eph   α   Φ  α  If                                              ...... from e.m.f. equation

       So if the terminal of the alternator are opened without disturbing If which was present at the time of short circuited condition, internally induced e.m.f. will remain same as Eph. But now current will be zero. Under this condition equivalent circuit will become as shown in the Fig. 4.
	[image: http://4.bp.blogspot.com/-yv6-wmTYn20/T0wbOxxBLcI/AAAAAAAADsw/Z8hd7-RN72o/s1600/ccc15.jpeg]

	



       It is clear now from the equivalent circuit that as Ia = 0 the voltmeter reading (Voc)ph will be equal to internally induced e.m.f. (Eph).
[image: http://2.bp.blogspot.com/-uu9cUbf9lhw/T0wbD9M8T5I/AAAAAAAADso/YRtplyUWM7E/s320/ccc16.jpeg]

       This is what we are interested in obtaining to calculate value of Zs. So expression for Zs can be modified as,
[image: http://2.bp.blogspot.com/-7_0S1YoW33s/T0wa9NQYKsI/AAAAAAAADsg/yf02VvvpCpE/s1600/ccc17.jpeg]

[image: http://4.bp.blogspot.com/-RgSXRZ5QKyw/T0wa5LkJrzI/AAAAAAAADsY/fJPU6fvnE6w/s400/ccc18.jpeg]

       So O.C.C. and S.C.C. can be used effectively to calculate Zs.
       The value of Zs is different for different values of If as the graph of O.C.C. is non linear in nature.

       So suppose Zs at full load is required then,

       Iasc = full load current.

        From S.C.C. determine If required to drive this full load short circuit Ia. This is equal to 'OA', as shown in the Fig.2.12.

       Now for this value of If, (Voc)ph can be obtained from O.C.C. Extend line from point A, till it meets O.C.C. at point C. The corresponding (Voc)ph value is available at point D.
                                   (Voc)ph  = OD
                               While (Iasc)ph = OE
                                             [image: http://4.bp.blogspot.com/-m7LBKBeXMf4/T0wawuHYMOI/AAAAAAAADsQ/mKFsIXtCY1s/s320/ccc19.jpeg]
at full load
     

 General steps to determine Zs at any load condition are :
i) Determine the value of (Iasc)ph for corresponding load condition. This can be determined from known full load current of the alternator. For half load, it is half of the full load value and so on.
ii) S.C.C. gives relation between (Iasc)ph and If. So for (Iasc)ph required, determine the corresponding value of If from S.C.C.
iii) Now for this same value of If, extend the line on O.C.C. to get the value of (Voc)ph. This is (Voc)ph  for same If, required to drive the selected (Iasc)ph.
iv) The ratio of (Voc)ph and (Iasc)ph, for the same excitation gives the value of Zs at any load conditions.

Regulation Calculations:

       From O.C.C. and S.C.C., Zs can be determined for any load condition.
       The armature resistance per phase (Ra) can be measured by different methods. One of the method is applying d.c. known voltage across the two terminals and measuring current. So value of Ra per phase is known.
[image: http://4.bp.blogspot.com/-XttoUsF20Ko/T0wahJnyZSI/AAAAAAAADsI/RtMGfnruMW0/s320/ccc110.jpeg]

       So synchronous reactance per phase can be determined.
       No load induced e.m.f. per phase, Eph can be determined by the mathematical expression derived earlier.
                         [image: http://3.bp.blogspot.com/-JRj-9aSV-HE/T0wabW9j4RI/AAAAAAAADsA/1DE7aG2GBH8/s320/ccc111.jpeg]

       where     Vph = Phase value of rated voltage
                      Ia = Phase value of current depending on the load condition
                      cosΦ = p.f. of load
        Positive sign for lagging power factor while negative sign for leading power factor, Ra and Xs values are known from the various tests performed.
       The regulation then can be determined by using formula,
                                   [image: http://3.bp.blogspot.com/-3mEE0PnLM7w/T0waVxg8ngI/AAAAAAAADr4/gcXI2I4tkAg/s1600/ccc112.jpeg]
 Advantages and Limitations of Synchronous Impedance Method:
       The main advantages of this method is the value of synchronous impedance Zs for any load condition can be calculated. Hence regulation of the alternator at any load condition and load power factor can be determined. Actual load need not be connected to the alternator and hence method can be used for very high capacity alternators.
       The main limitation of this method is that the method gives large values of synchronous reactance. This leads to high values of percentage regulation than the actual results. Hence this method is called pessimistic method.
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