UNIT – III
Voltage Regulation of Synchronous Generator

Objectives:
· To determine the voltage regulation of an alternator using MMF and ZPF methods.
· To impart the knowledge of two reaction theory of salient pole synchronous machines.
· To determine the Xd and Xq by slip test.

Syllabus:
Voltage regulation by M.M.F method – Z.P.F Characteristic – Voltage regulation by Z.P.F Method – Two reaction theory of salient pole machine, phasor diagrams, experimental determination of Xd and Xq by slip test

Outcomes:
Students will be able to
· determine the voltage regulation of alternator by MMF and ZPF methods
· understand the two reaction theory of salient pole synchronous machines
· draw the phasor diagrams of salient pole synchronous machines.
· understand the slip test of salient pole synchronous machines.

Voltage regulation by MMF method:
In the emf method all the mmfs were transformed into their corresponding emfs. In the mmf method, the reverse procedure is adopted, each emf is replaced by and equivalent mmf provided all the assumptions of emf method are invoked here. 
The voltage equation of a synchronous machine, working as an alternator is 
[image: ]
For using mmf method the above equation must now be converted to a new equation involving mmfs only. Division of emfs in volts by –jK gives the corresponding mmf. So the mmf equation as follows.
[image: ]
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Fig. 3.2 Phasor diagram for mmf method.
From above equation 
[image: ]
The armature reactance drop IaXar is transformed into mmf Fa. Similarly IaXal can be transformed into equivalent mmf Fal. Introducing these changes, 
[image: ]
It is seen from fig. 3.2 that α is the angle by which Ia lags E' and between the normal line to Fr1 and Fa+Fal.
For a purely reactive load the phasor diagram of fig 3.2 gets modified to that shown in Fig. 3.3
[image: ]
Terminal voltage is nearly the same as E'. The OCC is again assumed to represent the relation between E' and mmf Fr1. In Fig 3.3 OP=Ff is any field excitation, from which PF = Fa+Fal has been deducted to give the resultant mmf Fr1 = OF. This mmf Fr1 induces 90 degrees lagging emf E' equal to Vt = FM=PA. Here zpfc is seen to be shifted horizontally to the right of OCC by an amount equal to Fa+Fal. Thus Fa+Fal can be obtained by measuring the horizontal displacement between OCC and zpfc, such as MA=OF'. Therefore Fa+Fal is the mmf or field current, required to circulate full load armature current under short circuit test.
Hence, inorder to obtain voltage regulation by mmf method:
(i) Plot OCC and SCC
[image: ]
Calculate Ff = Fr1+Fa+Fal . 
Field mmf Ff can also be obtained from fig 3.4
[image: ]
[image: ]
Now, corresponding to field mmf Ff, obtain Ef from OCC and thus the voltage regulation of alternator.
Zero power-factor characteristic and Potier Triangle:
Zero power factor characteristic  (z.p.f.c) of an alternator is a plot between armature terminal voltage and its field current for constant values of armature current and speed. Z.p.f.c. in conjunction with OCC is usefull in obtaining the armature leakage reactance Xal and armature reaction mmf Fa. For an alternator zpfc is obtained as follows:
(i) The synchronous machine is run at rated synchronous speed by a prime mover.
(ii) A purely inductive load is connected across armature terminals and field current is increased till full load armature current is flowing.
(iii) The load is varied in steps and the field current at each step is adjusted to maintain full load armature current. The plot of armature terminal voltage and field current recorded at each step gives zpfc at full armature current.

[image: ]
The phasor diagram under zero power factor over excited conditions is shown in fig. 3.1 (a). From this fig it can be seen that terminal voltage Vt and airgap voltage Er, are nearly in phase and are therefore related by the simple algebraic equation
[image: ]
The resultant mmf Fr and the field mmf Ff are also very nearly in phase and are related by simple algebraic equation
[image: ]
Assume that OCC gives the exact relation between airgap voltage Er and the resultant mmf Fr under load. Also assume armature leakage reactance to be constant.
The OCC and zpfc are shown in Fig. 3.1(b). For field excitation Ff or field current If, equal to OP, the open circuit voltage is PK. With the field excitation and speed remaining unchanged, the armature terminals are connected to a purely inductive load such that full load armature current flows. An examination of Fig 3.1 reveals that under zero power factor load, the net excitation is OF, which is less than OP by Fa. According to the resultant mmf OF, the airgap voltage is Er is FC and if CB = IaXal is subtracted from Er = FC, the terminal voltage FB=PA=Vt is obtained. Since zpfc is a plot between the terminal voltage and field current If or Ff, which has not changed from its no load value of OP, the point A lies on zpfc. The triangle ABC so obtained is called the Potier triangle, where CB= IaXal and BA=Fa. Thus from the Potier triangle, the armature leakage reactance Xal and armature reaction mmf Fa can be determined.
If the armature resistance is assumed zero and the armature current is kept constant, then the size of potier triangle ABC remains constant and can be shifted parallel to itself with its corner C remaining on the OCC and its corner A, tracing the zpfc. Thus the zpfc has the same shape as the OCC and is shifted vertically downward by an amount equal to IaXal and horizontally to the right by an amount equal to the armature reaction mmf Fa or the field current equivalent to armature reaction mmf.
The point F' on the zpfc corresponds to the zero terminal voltage and can there be obtained by performing SC test. So here OF’ is the field current required to circulate the short circuit current equal to the armature current at which the point A is determined in the zero power factor test.
Now draw a horizontal line AD, parallel and equal to F'O. Through the point D, draw a straight line parallel to airgap line, intersecting the OCC at C. Draw CB perpendicular to AD. Then ABC is the Potier triangle from which 
[image: ]

Zero Power Factor Method:
This is also called general method of obtaining voltage regulation. In the emf method, the phasor diagram involving voltages is used, whereas in mmf method, the phasor diagram involving mmfs is used. For the zpf method, the emfs are handled as voltages and the mmfs as field ampere turns or field amperes.
First of all determine the airgap voltage Er by the relation
[image: ]
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According to the magnitude of Er, obtain Fr from OCC. Field mmf Ff can be obtained by referring to figure 3.4(b) where mmf components are drawn by taking Fr horizontal. So, in this figure, AB = Fr, BC = Fa and angle β is the angle between Er and Ia. Then AC = Ff can be calculated as 



Corresponding to Ff, excitation voltage Ef is obtained from OCC and then the voltage regulation is obtained. Zpfc method requires OCC and zpfc and gives quite accurate results.

Two reaction theory of Salient pole Machines:
In salient pole machines the armature mmf cannot be accounted for by introducing one equivalent reactance. This is because airgap is not uniform and the reluctance along the polar axis or direct axis is considerably smaller than that along the interpolar or quadrature axis. Therefor the cylindrical rotor theory based on constant airgap reluctance, cannot be applied to a salient pole machine which has different airgap reluctance along its periphery.
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Fig 3.5(a) Field poles N, S on the rotor are shown facing coilsides a, a’. Therefore maximum emf is generated in coil a, a’. For the anticlockwise direction of rotor rotation, the direction of emf is indicated by dots in the coil sides a, b’, c’ under the influence of N pole and the crosses in the coil sides a’, b, c under the S pole. The armature current is assumed to lad excitation emf Ef by a time phase angle  φ so that internal pf is cos  φ. Therefor current in coil a, a’ would attain maximum value after the field poles have moved to a new position  φ ahead of the maximum emf position of fig. 3.5 (a). In other words by the time armature current in coil a, a’ reaches maximum value the rotor poles N, S would have moved forward by φ from its maximum emf position of fig. 3.5 (a). Fig. 3.5(b) reveals that armature current mmf Fa lags field mmf Ff by a space angle of (90+ φ). As in a cylindrical rotor alternator.
According to two reaction theory, the sinusoidal armature mmf Fa is resolved into two sinusoidal components, one Fad alond d axis and the other Faq along q axis.  It is seen from fig 3.5(b) that Fad experiences minimum but constant reluctance along d axis. Similarly, component Faq encounters maximum but constant reluctance along q axis. The d axis component is seen to be demagnatising in nature. The q axis component produces only a distortion of the field flux wave. The armature mmf components Fad and Faq are taken to be produced by Id and Iq respectively shown in fig 3.6
In a salient pole synchronous machine, the reluctance along the field pole axis d-axis is less than that along the q axis. In view of this, the component fluxes are not in the same ratio as are the component mmfs. i.e. 
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This is depicted in fig. 3.6 by flux and mmf of phase a are not being in phase with each other. The armature mmf components in fig 3.6 can be replaced by induced voltages Ead and Eaq, lagging in time by 90, their respective mmf components Fad and Faq (or Id and Iq). Ead the voltage induced in the armature winding due to d axis armature mmf component Fad can be written as 
[image: ]
Similarly Eaq the voltage induced in the armature winding due to d axis armature mmf component Faq can be written as
[image: ]
Here Xad and Xaq are respectively the d-axis and q-axis magnetizing reactances (or armature reaction reactances) of a salient pole synchronous machine.
The phasor sum of Ef, Ead and Eaq gives the airgap voltageEr.
[image: ]
If voltage drops Iara and jIaxal are subtracted from Er , the terminal voltage Vt is obtained.
From fig. 3.6
[image: ]
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And 
[image: ] [image: ]
Note that the armature leakage reactance Xal has been assumend to be the same for both d and q axis currents.

From this fig.
[image: ]
The phasor diagram of fig 3.6 is redrawn in fig 3.7 by introducing Xd and Xq. In its simplified form the two reaction theory phasor diagram for a salient pole synchronous generator is given in Fig 3.7.
[image: ]
The difference between emf method and two reaction theory method must be carefully noted. The emf method introduces the concept of synchronous reactance Xs, which accounts for both the armature leakage and armature reaction fluxes. The two reaction theory method introduces the concept of two reactances, namely Xd and Xq. Thus the voltage equation for each phase of a salient pole synchronous generator is 
[image: ]

Determination of Xd and Xq Using Slip Test:
In an alternator we apply excitation to the field winding and voltage gets induced in the armature. But in the slip test, a three phase supply is applied to the armature, having voltage must less than the rated voltage while the field winding circuit is kept open. The circuit diagram is shown in the Fig. 3.8.
[image: http://3.bp.blogspot.com/-iQKGK3NEd4g/T49Q_7blKZI/AAAAAAAAD6s/cAGwtEV6pF4/s400/Snap1.jpg]
Fig.3.8
 The alternator is run at a speed close to synchronous but little less than synchronous value.
       The three phase currents drawn by the armature from a three phase supply produce a rotating flux. Thus the armature m.m.f. wave is rotating at synchronous speed as shown in the Fig. 3.9.
[image: http://4.bp.blogspot.com/-sZWug0mjkbE/T49RMo2cXeI/AAAAAAAAD60/t-d-CE494GI/s320/Snap2.jpg]
Fig. 3.9
Note that the armature is stationary, but the flux and hence m.m.f. wave produced by three phase armature currents is rotating. This is similar to the rotating magnetic field existing in an induction motor.
       The rotor is made to rotate at a speed little less than the synchronous speed. Thus armature m.m.f. having synchronous speed, moves slowly past the filed poles at a slip speed (ns -n) where n is actual speed of rotor. This causes an e.m.f. to be induced in the field circuit.
       When the stator m.m.f. is aligned with the d-axis of field poles then flux  Φd per poles is set up and the effective reactance offered by the alternator is Xd.
       When the stator m.m.f. is aligned with the q-axis of field poles then flux  Φq per pole is set up and the effective reactance offered by the alternator is Xq.
       As the air gap is nonuniform, the reatance offered also varies and hence current drawn the armature also varies cyclically at twice the slip frequency.
       The r.m.s. current is minimum when machine reactance is  Xd and it is maximum when machine reactance is  Xq. As the reactance offered varies due to nonuniform air gap, the voltage drops also varies cyclically. Hence the impedance of the alternator also varies cyclically. The terminal voltage also varies cyclically. The voltage at terminals is maximum when current and various drops are minimum while voltage at terminals is minimum when current and various drops are maximum.
       The waveforms of voltage induced in rotor, terminal voltage and current drawn by armature are shown in the Fig. 3.10.
       It can observed that rotor field is aligned with the armature m.m.f., its flux linkage are maximum, but the rate of change of flux is zero. Hence voltage induced in field goes through zero at this instant. This is the position where alternator offers reactance Xd. While when rate of change of flux associated with rotor is maximum, voltage induced in field goes through its maximum. This is the position where alternator offers reactance Xq.
The reactances can be calculated as

[image: ]
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Fig. 3.10


Assignment-Cum-Tutorial Questions
SECTION - A
1. In an alternator …. method of voltage regulation gives accurate value.
2. In an alternator voltage regulation by EMF method gives  …. (greater then/ less than ) actual value of regulation.
3. In an alternator voltage regulation by MMF method gives  …. (greater then/ less than ) actual value of regulation.
4. In the slip test of salient pole synchronous generator Xd is the ratio of  ….
5. In the slip test of salient pole synchronous generator Xq is the ratio of  ….
6. The expression for reluctance power of salient pole synchronous generator is ….
7. A salient pole synchronous machine with 4 pole ac winding is coupled to a prime mover. The machine is running at 1490 rpm. The synchronous machine stator is excited with a current of 50 hz frequency. Rotor winding is open circuited. Per phase voltage and current for Phase A of the machine are 30V, 25V, 10A and 6.5A. The Xd and Xq in ohms are…
(a) 4.61, 2.5   (b) 4, 2  	(c) 2,4	(d) 10, 5
8. A 5KVA, 220V, star connected 3 phase salient pole alternator with d-axis and q-axis reactances of 12 and 7 ohms respectively, delivers full load current at UPF. Neglect armature resistance, the excitation voltage is ….
(a) 350V   (b) 250V  (c) 300V   (d) 200V
9. At zero PF leading, the armature flux of an alternator …. (aids/opposes/distorts) the rotor flux
10. The power factor of an alternator is determined by its …
(a) speed    (b) load   (c) excitation   (d) primemover
11. The zero power factor method of an alternator is used to find its ….
SECTION - B
1. Explain the MMF method of determining the regulation of an alternator. 
2. Explain the ZPF (Potier) method of determining the regulation of an alternator. 
3. Explain the Blondel’s two reaction Theory of determining the regulation of Salient pole alternators. 
4. Explain how xd and xq are determined for a Salient pole alternator by slip test. 
5. Derive the expression for power developed by a synchronous generator by using two reaction theory. 
6. The open circuit and short circuit test results for 3 – phase, star connected, 1000 kVA, 1905V, 50Hz alternator are:
Open Circuit line voltage: 760	1500	1700	1905	2300	2600
Short circuit current         :   -	  220	    -	  335	    -	   -
Field Current                    :  10	 20	  25	  30	  40	  50
The armature reactance per phase is 0.2Ω. Find the regulation on full load 0.8 p.f lagging by ampere – turn method.[Ans: 39.1%] 
7. A 30 KVA 440V 50 Hz 3 phase star connected alternator gave the following test data.
Field current (A):		2	4	6	7	8	10	12	14
Terminal voltage (V): 		155	287	395	440	475	530	570	592
Short Circuit current(A): 	11	22	34	40	46	57	69	80
Resistance between any two terminals is 0.3 Ohms. Find the regulation at full load 0.8 power factor lagging by MMF method. (Ans: 31.49%) 
8. A 3.5 MVA star connected alternator rated at 4160V 50 Hz has OCC given by following data.
Field current (A): 50	100	150	200	250	300	350	400	450		
EMF (V): 	   1620	3150	4160	4750	5130	5370	5550	5650	5750
A field current of 200A is found necessary to circulate full load current on short circuit of alternator. Calculate by MMF method the full load voltage regulation at 0.8 PF lagging. Neglect resistance. (Ans: 30.7%) 

9. Find the regulation by the zero – power factor method of 5,000 kVA, 6,600V, 3 – phase, 50Hz star connected alternator at full load, unity power factor having the following test data:
Field Current		: 	   32	    50	       75		100	          140
Open circuit line voltage	: 3100	  4900          6600              7500                8300          
Full load Zpf line voltage	:    0          1850          4250              5800               7000
Neglect armature resistance  [Ans: 4.97%]
10. A 11 KV 1000 KVA 3 phase star connected alternator has resistance of 2 ohms per phase. The OC and full load ZPFC are given below:
Field current (A):	40	50	110	140	180
OCC line voltage (V):	5800	7000	12500	13750	15000
Line volts ZPF: 		0	1500	8500	10500	12500
Find the voltage regulation of the alternator for full load current at 0.8 PF lagging by Potier method. (Ans: 21.3%) 
11. A 10 kVA, 440V, 50Hz, 3 –phase star connected alternator has the open circuit characteristics as given below:
    Field Current 		:  1.5	  3	  5	  8	  11	  15
  Open circuit line voltage	: 150	300	440	550	 600	 635
With full load zero p.f., the applied excitation required is 14A to produce 500V terminal voltage. On short circuit, 4A excitation is required to give full load current. Determine the voltage regulation for full load, 0.8 p.f lagging and leading using Z.P.F. method 
12. A 220kV 50 Hz 6 pole star connected alternator with ohmic resistance of 0.06 ohms/phase, gave the following data for OC, SC, full load ZPF chars.
Field current: 		0.2  0.4  0.6  0.8      1      1.2    1.4    1.8    2.2    2.6     3      3.4
Open circuit voltage:	29    58   87   116  146   172    194   232   261   284   300   310
SC current:		6.6   13   20   26     32     40      46.3  59
ZPF voltage:		                                         0       29      88    140   177   208   230
Find the voltage requlation at full load current of 40A at pf of 0.8 lagging by MMF and  ZPF method.  [28.7% and 33%]
13. A 6.6kV, 3 phase 50 hz star connected alternator gave following data for OCC, SCC and full load ZPFC.
Field current: 			3.2	5	7.5	10	14
Open circuit voltage(kV):	3.1	4.9	6.6	7.5	8.24
SC current:			500	778	1170
ZPF voltage(kV):		0	1.85	4.24	5.78	7
Per phase armature resistance is 0.2 ohms. Calculate the voltage regulation at full load current of 500A at 0.8 pf lagging by ZPF method. [Ans: 17.3%]
SECTION - C
1. Curves X and Y denote OC and full load ZPF characteristics of sync generator. Q is a point on ZPF at 1 pu voltage, the vertical distance PQ gives the voltage drop across			
[image: ]

(a) sync reactance
(b) magnetizing reactance
(c) potier reactance
(d) Leakage reactance

2. A single phase 2000V alternator has armature resistance and reactance of 0.8 and 4.94 ohms. The voltage regulation of alternator at 100A, 0.8 leading pf will be 				
(a) 7% 
(b) -8.9
(c) 14
(d) 0

3. A synchronous generator connected to an infinite bus is overexcited. Considering only the reactive power, from the point of view of the system, the machine acts as 			
(a) capacitor 
(b) inductor
(c) resistor
(d) none

4. What is the value of the load angle when the power output of a salient pole sync generator is maximum?								
a. 00
b. 45°
c. 900
d None of the above

5. Which one or the following methods gives more accurate results for determination of voltage regulation of alternator?							
a. m.m.f. medmd
b. Synchronous impedance method
c. Potier triangle method
d. American Institution Standard method
6. The -synchronous- impedance method ' of finding the ' voltage regulation by a cylindrical rotor alternator generally considered					
a. a pessimistic method because saturation is not considered 
b. an optimistic method because saturation is not considered
c. a fairly accurate method even if pf  is not taken into account while determining synchronous impedance
d. a fairly accurate method when power factor is taken into account while determining synchronous impedance

7. For maximum current during 'Slip Test' on a synchronous machine, the armature and aligns along
										
a. d.-axis
b q- axis
c. 450 to d-axis
d. 450 to q-axis

8. In a cylindrical rotor synchronous machine, the phasor addition of stator and rotor mmfs is possible because 									
a. Two mmfs are rotating in opposite direction 
b. Two mmfs are rotating in same direction at different speeds
 c. Two mmfs are stationary with respect to each other 
d. One mmf is stationary and the other mmf is rotating
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Fig, 3.4 Pertaining to the calculation of field mmf Fy for (a) mmf method and (8) zpf method




image9.emf

image10.png
fix

Tar

(@) )
Fig. 3.1 (a) General phasor diagram of cylindrical-rotor alternator
at zero power-factor over-excited. (b) 0.C.C., z.p.f.c. and Potier triangle.




image11.emf

image12.emf

image13.emf

image14.emf

image15.wmf
2

2

)

cos

(

)

sin

(

b

b

BC

BC

AB

F

f

+

+

=


oleObject1.bin

image16.png
o Pt
1 avis o

L Axis of
phase

Max.
.
uiien

@ (©)
Fig. 3.5 In a salient-pole synchronous generator (a) generated emf at o load and
(b) spatial oricntation of Fl relative o F.




image17.emf

image18.png
cex-ilyXg

etz lgr,
w=5:8
cd=-ilaXe
desjlyXy

Asis of

yield poe

Fig. 3.6 Salient pole ayncaroneus gencrator phacor disgram, based on two-seacton theory:




image19.emf

image20.emf

image21.emf

image22.emf

image23.emf

image24.emf

image25.emf

image26.emf

image27.emf

image28.png
Axis of

tield pole
/ 90°

(@ ®
Fig. 3.7 (@) Two-reaction theory phasor diagram of a salient pole
nchronous generator and () its simplified version.





image29.emf

image30.jpeg
Roduced votago

Fiog Amature
3
Fi [ phase
Auto
wans.
F2 ¥ former.
Opor

Tield

3 phase
supply




image31.jpeg
> Suoply

Stator
(armature)




image32.png
o Maximum voltage
= Mo curre

a

(Y, ine (3 maximum 1, )
X4 = Vi corent

V31, (max)





image33.png




image34.png
1.0

Voltage (p.u)

Field Current




image1.emf

image2.emf

image3.emf

image4.emf

image5.emf

