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Abstract—The simplification through linearization and 

neglecting damping power in the swing equation for a non-

salient two-pole rotor degrades the accuracy and performance 

of the model. Thus, this paper presents the modelling of a 

nonlinear swing equation for a non-salient two-pole rotor of a 

synchronous generator via the direct phase method without 

neglecting the damping power. The functionality of the 

modelling is verified by comparing the obtained rotor angle 

graph via simulation in MATLAB/SIMULINK to the one 

obtained by a benchmarking paper. The simulation of the model 

proves that disturbance occurrences will perturb the rotor angle 

stability and might as well cause the rotor angle to operate at a 

new operating angle. Verification of this model allows it to be 

used in future studies of rotor angle stability analysis and 

enhancement. 

Keywords—synchronous generator, nonlinear swing 

equation, rotor angle stability, damping power 

I. INTRODUCTION

Synchronous generators are essential components 
of power systems [1]. A stator, armature winding, rotor, 
field winding, and damper winding comprise a 
synchronous generator. According to the rotor structure, 
the synchronous generator is classified as a salient pole or a 
non-salient pole, also known as a cylindrical pole. The 
concentrated winding on the poles of the salient pole rotor 
caused non-uniform air gaps, resulting in non-uniform flux. 
The damper bars are located in the rotor poles to dampen 
rotor oscillation during rapid load changes. This rotor is 
intended for low- and medium-speed operation, as is 
common in hydroelectric power plants. A salient pole 
rotor has a large number of poles, a big diameter, and a small 
axial length. A non-salient pole rotor, on the other hand, has 
a single dispersed winding with a uniform air gap, resulting 
in uniform flux distribution. This rotor is intended for 
high-speed operation (1800rpm or 3600rpm), ideally 
driven by a steam turbine. This rotor features two or 
four poles, a small diameter, and a long axial length. The 
majority of substantial synchronous generators used non-
salient pole rotor types with 150–1500MVA. Fig. 1 
depicts the construction of both salient pole and non-salient 
pole rotors. 

Modelling the synchronous generator is the 
most important part in modelling the power system 
because the stability of the power system is essentially 
dependent on the synchronism and operation stability of 
the synchronous generator [2], [3]. The power system's 
dynamic behaviour is primarily determined by the 
synchronous generator's dynamic performance [4]. The 
assumptions and simplifications given to the synchronous 
generator model affect the accuracy of power system 
analysis [3]. The power system model considered in 
this research is a single-machine infinite bus system in 
which one generator is connected to a major substation 
of a very large system through a transmission line. This 
model is very representative of the power system and is 
widely used in power system disturbance simulation [2]. 

Numbers of study recorded the employment of swing 
equation of synchronous generator for rotor angle assessment 
and enhancement. However, more studies considering salient-
pole rotor rather than non-salient pole rotor [5]–[12]. 
Meanwhile, author in [13], employed nonlinear swing 
equation for non-salient pole rotor for assessment of rotor 
angle stability via particle swarm optimization (PSO) method. 
However, the damping power is neglected from the model. 
Knowing that damping power is an important function that 
minimizes the difference between two angular velocities, 
neglecting it is an impractical assumption. On the other hand, 
authors in [14]–[16] also employed the non-salient pole rotor 
swing equation in their enhancement studies. However, the 
swing equation is linearized which makes the stability studies 
only limited to small disturbances. These simplification and 
assumption made to the nonlinear swing equation degrades the 
accuracy and performance of the model.  Thus, this research 

(a) (b) 

Fig. 1. (a) Salient pole rotor (b) Non-salient pole rotor 
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presents the modelling of nonlinear swing equation of non-
salient two-pole rotor via direct phase modelling due to the 
capability of the model to simulate various loading conditions. 
The damping power is also taken into account. 

II. SWING EQUATION

The swing equation is used to define the dynamic of the 
single-machine infinite bus system [17]. This swing equation 
is a nonlinear second-order differential equation [18]. The 
swing equation describes the relative motion of the rotor axis 
and the synchronously rotating stator field with respect to 
time. Under normal operating conditions, the relative position 
is fixed. However, during the disturbance, the rotor will either 
accelerate or decelerate with regard to the synchronously 
rotating air gap magneto motive force (MMF), resulting in 
relative motion. The relative motion produces a power angle 
between the rotor axis and the resulting magnetic field. To 
guarantee that the rotor angle is in an equilibrium state, the 
power angle must stay within the ideal range. The power 
angle in a steady system range between 20⁰ to 30⁰. However, 
the generator can maintain synchronism up to a maximum 
power angle of 90⁰. 

The power angle curve, as seen in Fig. 2, is a crucial 
component of a synchronous generator as it graphically 
depicts the generator's electrical output in relation to the 
power angle, where Pm is mechanical power, Pe is electrical 
power, Pmax is maximum power, and δ₀ is initial power angle. 
A steady state condition for rotor angle stability is reached at 
the curve's intersection with �� and δ₀. In this condition, Pm

is equal to Pe, load angle, δ equal to δ₀, and rotor speed, ωm 
synchronizes with synchronous speed, ωsm . When Pe  is 
within the range of the blue curve, Pm  is considered to be 
larger than Pe , and ωm  is greater than ωsm . The rotor 
accelerates as a result, increasing the load angle. The rotor 
will fluctuate about the δ₀ a few times and then settle back 
into steady state. Pm is said to be smaller than Pe, and ωm is 
less than ωsm when Pe is in the green curve range. The rotor 
will therefore slowdown in an effort to return to its steady 
condition. But as the red curve shows, if Pe is greater than 
Pmax point, the rotor enters an unstable area where δ rises and 
never reaches δ₀.  

Restoring the rotor to synchronous speed maintains the 
synchronous generator's stability. In the event that the 
disturbances do not cause a net change in power, the rotor 
resumes its regular operating state; if not, it works at a new 
power angle that corresponds to the synchronously spinning 
field [11]. If disturbances cause the rotor angle to vary, the 
synchronous generator's performance will be suffered. 

A. Modeling of Nonlinear Swing Equation

In order to analyze the stability problem of a non-salient
two-pole rotor synchronous generator connected to an infinite 
bus, electrical power equation is substituted into swing 
equation, yielding 

H

πf0

d
2
δ

dt2
 = Pm –  Pmax sin δ (1) 

The swing equation is a nonlinear function of the power 
angle. Consider deviation, Δδ in power angle from initial 
operating point, δ₀, that is δ = δ₀ + Δδ, the swing equation 
becomes 

H

πf0

d
2
δ0+∆δ

dt2
 = Pm – Pmax sin�δ0 + ∆δ� (2) 

Equation (2) can be extended as 

H

πf0

d
2
δ0

dt2
+

H

πf0

d
2
∆δ

dt2
 = Pm � Pmax�sin δ0 cos ∆δ  +  cos δ0 sin ∆δ�

(3)  

Pmax cos δ0 is the slope of the curve in the power angle 
graph at initial power angle, δ₀, which is also known as the 
synchronizing coefficient, denotes by Ps, the swing equation 
then becomes 

H

πf0

d
2
δ0

dt2
+

H

πf0

d
2
∆δ

dt2
 = Pm � Pmax sin δ0 cos ∆δ � Ps sin ∆δ (4) 

During steady-state conditions, no current flows through 
the damper winding. However, when faults occur, eddy 
current is induced in the damper winding, which generates 
damping torque. The damping torque function is to minimize 
the difference between the two angular velocities. Damping 
power is approximately proportional to the speed deviation, 
as indicated in (5) 

Pd  = D dδ

dt
(5) 

If damping power is taken into account, the nonlinear 
swing equation becomes [19] 

H

πf0

d
2
δ0

dt2
+

H

πf0

d
2
∆δ

dt2
� Pm+Pmax sin δ0 cos ∆δ +  Ps sin ∆δ + D

d∆δ

dt

 =0 (6) 

The fault that occurs in the system is considered as power 
input, ΔP. Considering an increase in power input in the 
system, the nonlinear swing equation becomes 

H

πf0

d
2
δ0

dt2
+

H

πf0

d
2
∆δ

dt2
� Pm+Pmax sin δ0 cos ∆δ +  Ps sin ∆δ + D

d∆δ

dt

= ∆P  (7) 

In order to make (7) easier to compare with a standard 

second-order differential equation, 
d

2
∆δ

dt2
+2ζωn

d∆δ

dt
+ωn

2∆δ, it is

divided by 
H

πf0
, which renders (8)

Fig. 2. Rotor angle curve 
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d
2
∆δ

dt2
+

πf0

H
D

d∆δ

dt
+

πf0

H
Pmax sin δ0 cos ∆δ +

πf0

H
Ps sin ∆δ  

=
πf0

H
∆P � d

2
δ0

dt2
+

πf0

H
Pm (8) 

Let define state variables �x1,x2	=
∆δ,∆δ� �. Hence, first-

order derivative of the state yields  �x1� ,x2� 	=
x2,∆δ
 � .

Therefore, the nonlinear swing equation of the synchronous 
generator can be expressed as  

x1� � x2

x2� � �
πf0

H
�Pmax sin δ0 cos x1 + Ps sin x1� �

πf0

H
Dx2+

πf0

H
�∆P+Pm� � d

2
δ0

dt2

 (9) 

B. Simulation of Nonlinear Swing Equation

The simulation of the modeling is developed via 
MATLAB with Simulink toolbox version2021b software. 
The verification of the modelling is done by comparing the 
obtained result to the one obtained by the benchmarking 
paper chosen in [13]. The benchmarking paper modelled the 
nonlinear swing equation of a non-salient two-pole rotor via 
Fourier series expansion but neglected the damping power. 
The parameters of the synchronous generator are as tabulated 
in Table I [13]. The damping power is initially set at 0 p.u. as 
regard to the benchmarking paper for the purpose of model 
verification.  

The fault occurrences in [13] is considered as 
benchmarking in this study as power input, ∆� but regarded
in per unit (p.u.) value. In [13], the fault are at bus 1 with an 
impedance of j0.001p.u. to the ground, in the middle of the 
transmission line, and at bus 1 with zero to the ground 
impedance. Then, the fault in all three cases was cleared by 
removing the faulted line after 2.5 and 6.5 cycles. 

TABLE I. SYNCHRONOUS GENERATOR PARAMETERS 

Symbols Definition Numerical Value 

�� Real power 0.6p.u. 

H Inertia constant 2.52 MJ/MVA 

V Voltage at load terminal 1.0p.u. 

f₀ Frequency 60Hz 

δ₀ Initial rotor angle 16.79° 

E Voltage behind transient reactance 1.1p.u. 

xd

, Generator reactance j0.35p.u. 

X₁ and 
X₂ 

Transfer reactance j0.2p.u. 

D Damping power 0p.u. 

ΔP Fault 0.2–1.8p.u. 

III. RESULT AND ANALYSIS

For the first situation, in which the single-machine system 
experiences a three-phase failure at bus 1 with an impedance 
of j0.001p.u. to the ground, the simulation demonstrated that 
the most equivalent rotor angle graph is recorded when the 
fault value is 0.4p.u. When the fault is cleared at 2.5 and 6.5 
cycles, a corresponding graph of rotor angle is obtained. Fig. 
3 and Fig. 4 show the rotor angle graphs from the 
benchmarking study and this study, respectively.  

Fig. 3. Rotor angle graph for fault occur at bus 1 with an impedance of 
j0.001p.u to the ground  

For the second case, in which the single-machine system 
encounters a three-phase fault in the middle of the 
transmission line, the simulation found that the most 
comparable graph of rotor angle is recorded when the value 
of fault is 0.63p.u.. Furthermore, the analogous graph of 
rotor angle is produced when the fault is cleared at 2.5 
and 6.5 cycles. The graph of rotor angle of the 
benchmarking study and this study is as shown in Fig. 5 and 
Fig. 6, respectively. Comparing the second case to the first, 
a rise in the system fault causes the oscillation's 
amplitude to increase which increases the rotor angle. 

Fig. 5. Rotor angle graph for fault occur in the middle of transmission line 

Fig. 4. Rotor angle graph for fault occur at 0.4p.u. 
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Fig. 6. Rotor angle graph for fault occur at 0.63p.u. 

Then, the simulation indicated that the most comparable 
rotor angle graph is recorded when the fault value is 1.8 p.u. 
for the third scenario, in which the single-machine system 
encounters a three-phase fault at bus 1 with zero to the ground 
impedance. Additionally, a comparable graph of rotor angle 
is also obtained when the fault is cleared at 2.5 and 6.5 cycles. 
The rotor angle graphs from the benchmarking study and this 
study are shown in Fig. 7 and Fig. 8, respectively. In this case, 
it can be seen that a 1.8 p.u. fault occurrence in the system 
causes system instability. Implementation of fault clearing 
time after 6.5 cycles also resulted in unstable system 
performance. The system is back in synchronism if the fault 
is cleared at 2.5 cycles, but with a higher amplitude of 
oscillation compared to the previous cases.  

Fig. 7. Rotor angle graph for fault occur at bus 1 with zero to the ground 

impedance  

Fig. 8. Rotor angle graph for fault occur at 1.8p.u.  

of the nonlinear swing equation of the non-salient two-pole 
rotor of synchronous generator developed in this study. 

TABLE II. COMPARISON OF FAULT 

Fault in paper [13] Power input, ΔP (p.u.) 

At bus 1 with an impedance of j0.001p.u. to 

the ground 

0.4 

In the middle of the transmission line 0.63 

At bus 1 with zero to the ground impedance 1.8 

For stable systems, the graphs show sustained oscillation 
as damping power is not taken into consideration by setting it 
at 0p.u. Neglecting damping power is an impractical 
assumption that degrades the performance of the system; 
thus, damping power is added to the system (0.138p.u.). The 
graph of the rotor angle of various fault (without fault 
clearing time) is as shown in Fig. 9. It can be seen that 
damping power helps in decaying the oscillation. The graph 
shows the rotor angle begins at 16.79°, indicating the 
system’s initial rotor angle. For the system with 0.4p.u. and 
0.63p.u. fault, the rotor angle is still in stable condition 
(below 90°), but the operating angle have increases 26.196° 
and 40.206°, respectively. Whereas for the system with a fault 
value of 1.8 p.u., the rotor angle loses synchronism and never 
locks back into a stable rotor angle. 

Fig. 9. Rotor angle for various fault  

This proves that an increase in fault occurrences increases 
the rotor angle, which reduces its stability. Occurrences of 
fault will cause the rotor to operate at a new operating angle.  

IV. CONCLUSION REMARKS

In this paper, a nonlinear swing equation is modelled for 
the non-salient pole rotor of a synchronous generator. The 
simulation result verified the functionality of the nonlinear 
swing equation of the non-salient pole rotor of a synchronous 
generator. The value of the fault effects the stability of the 
system, in which rotor angle stability decreases with the 
increment of the fault. For a system in which damping power 
is neglected, the rotor angle graph recorded sustains 
oscillation. Thus, it proves the impracticality of neglecting the 
damping power. The occurrence of damping power in the 
system results in reduced rotor angle oscillation. In the future, 
the verified model can be utilized for rotor angle assessment 
or enhancement studies. 
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The comparison of fault in paper [13] to power input, ΔP 
are tabulated in Table II. The simulation results with the 
three fault values of 04p.u., 0.63p.u., and 1.8p.u. verified the 
model 
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