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Abstract 

In this paper, various performance equations are derived from phasor 

diagrams of a three phase non-salient pole (cylindrical rotor) synchronous 

generator of known armature resistance and of ignored armature resistance for 

lagging, unity and leading power factor load. These equations are used to 

calculate the output parameters of non-synchronous generator and to plot the 

graphs of terminal voltage-armature current, torque angle-armature current, 

torque angle-terminal voltage, power-torque angle and torque-speed 

characteristics through simulation by MATLAB program for the purpose of 

illustration.  

Keywords 
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Introduction 

 
The increase in the demand and the applications of synchronous generator for 

domestic and industries due to high rate of power consumption becomes necessary for the 

researchers and engineers to study synchronous generator characteristics. The input data of a 

non-salient pole synchronous generator is given to determine the generator characteristics 
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using various theories and equations derived from possible phasor diagrams of the generator 

operating on leading, unity and lagging power factor load on for the purpose of presentation. 

The use of MATLAB for simulation helps to achieve the desired result. A DC 

generator is applied to the rotor or field winding which produces the main flux and this flux 

induces an electromotive force in the armature winding and the armature current is established 

depending on the load condition of that synchronous generator. The magnetic flux of the rotor 

produces a rotor magnetic field. The rotor is then driven at constant speed by an external 

means (turbine) to produce a rotating magnetic field which induces a three-phase voltage in 

the stator [1]. The rotating field flux induces voltage in stator (armature) winding whose 

frequency depends on the speed [2]. DC excitation is important for the stability of the terminal 

voltage and also to respond to sudden load changes [3]. Synchronous generator converts 

mechanical power into electrical power. The sources of mechanical power are the prime 

movers such as diesel engine, steam turbine, water turbine and any similar device [4]. For 

high speed generators (non-salient pole or cylindrical rotors), the prime over are usually steam 

turbines using fossil and nuclear energy resources while that of low speed (salient pole rotors) 

are often driven by hydro-turbines that use water power for generation. The smaller 

synchronous generators for private generation and for standby units use diesel engines or gas 

turbines as prime movers [5]. When synchronous generator is connected to a load, current 

flows through the armature. This current causes an armature or stator flux to be created which 

tends to counteract the air gap flux that is produced by field excitation. Air gap flux is reduced 

which causes the corresponding reduction in the terminal voltage. If the rotor excitation 

current is increased, the terminal voltage can be restored. This demagnetizing effect of the 

armature current which results in the reduction of flux in the air gap is known as armature 

reaction and can be compensated by increasing the field excitation current [6]. Synchronous 

generators are classified into rotating field type and rotating armature type according to the 

arrangement of the field and armature windings. Synchronous generator with uniform air gap 

is known as the non-salient generator while that of non-uniform air gap is known as the salient 

pole generator [7, 8].  

The research is aimed at obtaining the possible output characteristics of a non-salient 

pole synchronous generator which is excited as load is connected to it. This is achieved when 

derived equations from various phasor diagrams of power factor loads are investigated 

through MATLAB program and the results presented for the purpose of visualization.  
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Material and method 

 

The input parameters are shown in Table 1. 

Table 1. Input parameters 
Quantity (abb) – Units of measurement Input values 
Frequency (f)  50 
Number of poles (P) 2 
Apparent power (S) - KVA 1800  
Line voltage (VL) - V 13500 
Armature resistance (Ra) - ohms 1.5  
Synchronous reactance (Xs) - ohms 32  
Load power in watts (Kw) - KW 1300 
Power factor (Pf) 0.8 

 
The effective generated voltage per phase is the sum of the no load voltage and the 

armature reaction emf. 

)( jXaRaVtEarEoEegp ++=+=  (1)

where Eegp = effective generated voltage per phase, VT = Terminal voltage per phase, Ra = 

Armature resistance per phase, Xa = Armature reactance per phase, The armature reaction 

induced voltage per phase is given by: 

jIaXmEar −=  (2)

where Ia is the armature current per phase 

The synchronous reactance per phase is given by: 

XaXXaXmXs ar +=+=  (3)

where Xm = magnetization reactance per phase or armature reactance per phase 

The no-load induced electromotive force is given as: 

jIaZsVtEo +=  (4)

The synchronous impedance is given by: 

jXsRaZs +=  (5)

Figure 1(a) is the equivalent circuit of the non-salient pole synchronous generator 

while that of 1(b) is the stator and the cylindrical rotor of the non-salient pole of the 

synchronous generator. The stator of the non-salient pole synchronous generator is usually 

star-connected.  
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Figure 1. Equivalent circuit, stator and rotor of non-salient pole synchronous rotor  

 
 

Figure 1, 2, 3, 4, 5, 6, 7 and 8 are obtained from [9, 10].  

Figure 1 above is the Equivalent circuit, stator and rotor of non-salient pole 

synchronous rotor. 

 
Lagging factor 

Figure 2 shows the phasor diagram of lagging power factor load with IaRa inclined 

downward at angle θ  to the horizontal. Using Pythagorean Theorem: 

22 )()( ABEBFEOFOA +++=  and substituting the corresponding values for the letters to  

obtain 22 )sin()sincos( δθθ EoXsIaIaRaVtEo +++=  

where Vt is the terminal voltage per phase, Ia is the armature current per phase, Ra is the 

armature resistance per phase, δ = torque angle, power angle or load angle and θ = angle 

between no – load induced emf per phae and the ter min al voltage per phase 
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Figure. 2. Phasor diagram of lagging power factor with IaRa inclined downward at an angle θ  

 
The no-load voltage per phase is given by: 

22 )sincos()sincos( θθθθ IaRaXsIaXsIaIaRaVtEo −+++=  (6)

θθθθ sincos)sincos( 22 XsIaRaIaRaIaXsIaEoVt −−−−=  (7)

For voltage regulation, the angle of Vt is first considered to be zero so that the 

imaginary part of EojXsIaIaRaVt +−−=  becomes .sincossin
Eo

RaIaXsIa θθδ +
=  The 

angle θ is negative for lagging power factor (current is lagging). The terminal voltage per 

phase can now be expressed as θθδ sincoscos XsIaRaIaEoVt +−= . 

Θ

δ

Eo

Vt

jXsIa
Θ

Eosinδ=XsIacosθ

XsIasinΘ

Ia

O

A

B
C

 
Figure 3. Phasor diagram of lagging power factor with Ra=0 

 
In Figure 3, the armature is too small and it is ignored so that Ra = 0. In triangle 

OABO, 22 )()( ABCBOCOA ++= . Substituting the corresponding values and we obtain:  

22 )sin()sin( δθ EoXsIaVtEo ++=  

22 )cos()sin( θθ XsIaXsIaVtEo ++=  

(8)
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Figure 4. Phasor diagram of lagging power factor with IaRa lying horizontally (not inclined) 
 

Figure 4 shows the phasor diagram of lagging power factor load in which IaRa lies 

horizontally. 

From triangle OAD, )( 222 ADODOA +=  

222 )()( CDECAEFDOFOA ++++=  
222 )sin()cos( θθ VtIaXaEarIaRaVtOA ++++=  

222 )sin()cos( θθ VtIaXsIaRaVtOA +++=  

22 )sin()cos( IaXsVtIaRaVtOA +++= θθ  

22 )sin()cos( IaXsVtIaRaVtOAEo +++== θθ  

(9)

 

Unity power factor  

From triangle OAC in Figure 5, 222 ACOCOA +=  

222 )()( IaXsIaRaVtOA ++=  

22 )()( IaXsIaRaVtOAEo ++==  

(10)
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Figure 5. Phasor diagram of unity power factor 

 

Leading factor 

The phasor diagram of leading power factor with IaRa inclined upward at an angle θ  

is shown in figure 6 and from triangle OAD, 
Eo

RaIaXaIa θθδ sincossin +
=  and by 

Pythagorean Theorem, 22 )()( HGAHACFEOFOA ++−+= . Substituting the 

corresponding value to obtain  

22 )sincos()sincos( θθθθ IaRaXsIaXsIaIaRaVtEo ++−+=  (11)

θθθθ coscos)sincos( 22 XsIaIaRaRaIaXsIaEoVt −−−−=  (12)
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Figure 6. Phasor diagram of leading power factor with IaRa inclined upward at an angle θ   

 

The value of armature resistance is ignored because the value very small compared to 

synchronous reactance. The phasor diagram of leading power factor with armature resistance 
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Ra ignored is shown in Figure 7. From triangle OABCO, 22 )()( ADDCOCOA −−= , 

θθ cossin XsIaEo = , then .)cos()sin( 22 θθ XsIaXsIaVtOA +−=  

22 )cos()sin( θθ XsIaXsIaVtEo +−=  (13)
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Figure 7. Phasor diagram of leading power factor without Ra 

 
 

Figure 8 shows the phasor diagram of leading power factor with IaRa lying 

horizontally. From triangle, 222 )()( CEBEABOAOC −++=  so that 

.)sin()cos( 222 IaXsVtIaRaVtOC −++= θθ  

22 )sin()cos( IaXsVtIaRaVtOCEo −++== θθ  (14)
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Figure 8. Phasor diagram of leading power factor with IaRa lying horizontally 

 
 

General Equation of Non-Salient Pole Synchronous Generator 

The general voltage equation of synchronous generator is given by:  
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)jXsRa(Ia0VtEo 000 +±∠+∠=∠ θδ  (15)

The voltage equation for synchronous generator with pure resistive load (unity power 

factor) is given by: 

)jXs(0Ia0VtEo 000 ∠+∠=∠δ  (16)

The voltage equation for synchronous generator with inductive load (lagging power 

factor) is given by: 

)jXsRa(Ia0VtEo 000 +−∠+∠=∠ θδ  (17)

The voltage equation for synchronous generator with capacitive load (leading power 

factor) is given by: 

)jXsRa(Ia0VtEo 000 ++∠+∠=∠ θδ  (18)

The armature current of synchronous generator is given by: 

Zs
VtEoIa −

=  
(19)

where Vt = Vt < 0, Eo = Eo < δ and Zs = Zs < θ. 

)0()(0 θθδ
θ

δ
−−−=

<
<−<

=
Zs
Vt

Zs
Eo

Zs
VtEoIa  

))0sin())0((cos))sin()(cos( −−−−−−−= θθδθδθ j
Zs
Vtj

Zs
Eo  

Zs
VtEoj

Zs
VtEo θδθθδθ sin)sin(cos)cos( −−

−
−−

=  

δδδ sincos jEoEoEo +=< ofconjugatecomplextheisEoand *

δδδ sincos jEoEoEoEo −=−<=  

 
Power equation 

The apparent power of a star-connected synchronous generator is given by: 

LIIaandIaVtS =×= 3  (20)

The per-phase complex power output at the terminal is given as: 

*IaVtS ×=  (21)

The conjugate of the current phasor Ia shows that the lagging reactive power is 

considered positive while that of the leading reactive power is considered negative. The 
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reference phasor is the constant bus voltage per phase which is Vt. The quantities inside the 

vertical bars represent the magnitudes of the phasors. 
00∠= VtVt   

δ∠= EoEo  

θ∠=+= ZsjXsRaZs  

The conjugate of the current phasor Ia is given by: 

*

*

*

**
*

Zs
Vt

Zs
Eo

Zs
VtEoIa −=

−
=  

)
0

()(
0 00

θ
θ

θθ
θ

θ
δ

θθ
δ

+∠

+∠
×

−∠

∠
−

+∠

+∠
×

−∠

−∠
=

−∠

∠
−

−∠

−∠
=

Zs
Zs

Zs

Vt

Zs
Zs

Zs
Eo

Zs
Vt

Zs
Eo

 

22

)0()(

Zs

ZsVt
Zs

ZsEo θδθ +∠
−

−∠
=  

θδθ ∠−−∠=
Zs
Vt

Zs
Eo

)(  

(22)

Substitute this value into equation (22): 

)()(
2

phaseperVA
Zs

Vt
Zs

EoVtS θδθ ∠−−∠=  
(23)

The real and reactive powers are expressed respectively as P and Q: 

)(cos)cos(
2

phaseperwatt
Zs

Vt
Zs

EoVtP θδθ −−=  
(24)

)(sin)sin(
2

phaseperVAR
Zs

Vt
Zs

EoVtQ θδθ −−=  
(25)

Ra is too small and can be neglected, so that Zs = Xs and when θS = 90°. The active 

power flows due to the phase difference between the Eo and Vt. The voltage drop of the 

reactance between Eo and Vt is equal to jIaXs for the generator. The real and reactive power 

per phase from equation 24 and 25 are respectively reduced to δsin
Xs

EoVtP =  and 

Xs
Vt

Xs
EoVtQ

2

cos −= δ  

For a three phase synchronous generator, the expressions for real and active power are: 
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δδφ sinsin3
max3 P

Xs
EoVtP ==  

(26)

Xs
VtPQ

2

max3
3cos −= δφ  

(27)

The complex power phasor is shown in Figure 9. 

S

P

jQ

Lag

jQ

Lead  
Figure 9. Complex power phasor 

 

The torque angle is 90° so that equation (26) becomes
Xs

EoVtP
0

max
90sin

=  

If the phase angle is limited to certain degree, the power output of the generator is 

given by: 

)sin(max anglephasePP =  (28)

The maximum torque developed is given by: 

)(

60
2

maxmax
max rpminisNwhere

N
PP

T s
ssync πω

==  
(29)

where )2()./(2120
60
2

60
2

fwheresrad
PP

fN s
sync πωωππ

ω ==×==  

 
Voltage regulation of synchronous generator 

The voltage regulation of synchronous generator is the ratio of the difference between 

the generated induced emf per phase and the terminal voltage per phase to the terminal 

voltage per phase. It is usually expressed in percentage. The smaller the percentage of the 

regulation, the better is the generator. 

100Re% ×
−

=
Vt

VtEogulationVoltage  
(30)
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When Eo=Vt, then the voltage regulation (V.R) = 0. The value of the voltage 

regulation depends on the armature current and on the load power factor. 

 

Results and discussion 

 

The output parameters are shown in Table 2 

Table 2. Output parameters 
Power 
factor 

No-load induced 
emf per phase (V) 

Torque angle 
(degrees) 

Armature current 
per phase (A) 

Lagging 9370.4 10.57 69.5 
Leading 6797.3 15.7 69.5 
Unity 8075.6 12.7 55.6 

 

 
Figure 10. Terminal voltage per phase-armature current characteristic 

 
The terminal voltage per phase-armature current (load current) sometime known as the 

load characteristic of an alternator (non-salient pole synchronous generator) is shown in 

Figure 10. The load characteristic of a non-salient pole synchronous generator is based on the 

condition that the no-induced emf per phase equals the terminal voltage per phase. The 

voltage regulation depends on the armature current and on the power factor of the load. There 

is always voltage drop in the terminal voltage for lagging and unity power factor conditions 

and therefore the voltage regulation values are always positive. In leading capacitive load, the 

terminal voltage increases as the armature current increases and the regulation in such cases is 

negative. 
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Figure 11 shows the excitation of non-salient pole synchronous generator with 

constant terminal voltage. 

 
Figure 11. No-load induced emf-armature current characteristics for a constant output 

voltage 
  

As the lagging power factor increases, the open circuit voltage increases upward to 

zero lagging power factor while that of the leading power factor decreases downward to zero 

leading power factor. 

The no-load induced emf (open circuit voltage) or internal generated voltage is kept 

constant. Figure 12(a) is the armature phase current versus terminal voltage per phase. The 

armature phase current varies directly proportional to the terminal phase voltage for leading 

power factor load. 

The armature phase current decreases as the terminal voltage per phase increases for 

lagging power factor load in 12(b). In Figure 12(c), the torque angle at point K is zero and the 

armature current per phase is 58.6A. The terminal voltage at point is 8075.8V which is equal 

to no-load induced emf. The torque/power or coupling angle is the angle between the no load 

induced emf and the terminal voltage. This angle also corresponds to the angle between the 

field flux (rotor) and the armature generated rotating flux. Figure 13 shows the Torque angle-

terminal voltage per phase characteristic. 

The torque angle varies directly to the terminal voltage per phase for leading power 

factor load in Figure 13(a) while in Figure 13(b) and 13(c), the torque angle varies inversely 

to the terminal voltage per phase for both lagging and unity power factor load. 
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Figure 12. Armature current-terminal voltage characteristics 

 

 
Figure 13. Torque angle-terminal voltage characteristics 

 
The Torque angle-armature current characteristics are shown in Figure 14. The torque 

angle at leading and lagging power factor load in Figure 14(a) and 14(b) increase as the 

armature current per phase increases. Figure 14(c) shows the torque angle-armature current 

characteristics at unity power factor load. 

Figure 15 shows the power versus torque angle characteristics of non-salient pole 

synchronous generator. Figure 15(a) is expressed in percentage while Figure 15(b) shows the 

real characteristics with the output values. 
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Figure 14. Torque angle-armature current characteristics 

 

 
Figure 15. Power-torque angle characteristics of cylindrical rotor synchronous generator  

 
The power out of synchronous generator depends on the power angle or torque. As the 

torque angle increases, the output power increases and if it decreases, the output power 

decreases. The maximum output power occurs when the torque angle is 900. Synchronous 

generator will lose its synchronism if δ which is the torque angle becomes greater than 900 and 

consequently results in high current generation and mechanical forces. The maximum torque 

is known as the pull-out torque. Synchronous generator can be loaded to Pmax or Tmax which is 

the static stability limits.  
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Figure 16. Torque-speed characteristics of non-salient pole synchronous generator 

 
The torque-speed characteristics are shown in Figure 16. The torque-speed 

characteristics for leading, unity and lagging power factor are shown respectively in Figure 

16(a), 16(b) and 16(c). The results show that at unity power factor, the torque is higher than 

any of the two other power factors. The synchronous speed which is 3000 rev/min remains 

constant irrespective of the load connected with the synchronous generator.  

The effect of the variation of phase angles with the torque angles for leading and 

lagging power factor loads are shown in Figure 17.  

 
Figure 17. Torque angle-phase angle characteristics 
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Figure 17(a) shows the intersection of phase angle and the torque angle at K. At point 

K the new generator will be operating as if it is connected to either lagging or leading factor 

load. 

 The value of the torque angle at point K is 16.96 degree while the phase angle at that 

point is 29.72 degree. The power factor of the new generator at point K is 0.8685 which is 

greater than that of the original generator. For both lagging and leading power factor as shown 

in Figure 17(b), the torque angles are inversely proportional to the phase angles. In Figure 

16(c), the torque angles fall gradually from its maximum value. As the torque angle reduces, 

the phase angle increases until it gets to its limit value. The magnitude of the torque angle in 

leading power factor is more than that of the lagging power factor as it is shown in Figure 

17(b) and Figure 17(c) except that of Figure 17(a), where the torque angle of the lagging 

power factor is greater than that of leading power factor. The original generator ratings and 

characteristics may be different from that at point K of new rating.  

This means that a new generator characteristic can be formed from any original 

designed non-salient pole synchronous generator whose output parameters may be different 

from the original, though this is limited to our research. 

 
Figure 18. Torque angle versus no-load induced emf per phase characteristics 

 
Figure 18 is the torque versus No-load induced emf per phase characteristics. Torque 

angle decreases gradually with any increase in open circuit voltage per phase.  
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Conclusions 
 

The phasor diagrams of non-salient synchronous generator through simulation by 

MATLAB programs produce results of generator performance analysis. A new generator 

known as neutral generator is obtained having the same effect on either lagging and leading 

power factor load. The phase angle and torque are the same for both lagging and leading 

power factor. The new generator rating and its performance characteristics will be 

investigated in our further research. 
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