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 Occurrences of disturbance affect the rotor angle operation of a synchronous 

generator in the generation system of a power system. The disturbance will 

disrupt the synchronous generator's rotor oscillation and result in rotor angle 

instability, which will degrade the power system's performance. This paper 

aims to develop a Lyapunov-based rotor angle deviation regulator for the 

nonlinear swing equation of a synchronous generator. The proposed 

regulator is expected to assure asymptotic stability of the rotor angle and 

robustness to uncertainty. Backstepping and Lyapunov redesign techniques 

are employed in developing the regulator. To validate the effectiveness and 

robustness of the regulator, a simulation in MATLAB/Simulink is carried 

out. The simulation result shows that the asymptotic stability and robustness 

of the regulator are guaranteed regardless of the disturbance. 
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1. INTRODUCTION 

The transmission of electrical energy from the generation system to consumers is one of the most 

critical functions of the power system [1]. The generator ensures the stability of the power system function 

even in the event of a breakdown, making the generating system, in spite of the transmission and distribution 

systems, the most crucial part of the power system [2], [3]. The most often used generators in generating 

systems are synchronous generators.  

The fast expansion of the human population and the rising desire for sustainability have made the 

electricity system's stability even more important. Maintaining the stability of the power system is essential 

to preventing blackouts and transmission failures, which enhances the system's overall dependability and 

stability. The stability of the power system is categorized into rotor angle stability, frequency stability, and 

voltage stability [4]. Rotor angle stability is one of the most significant forms of power system stability when 

it comes to synchronous generators in power systems. It focuses on the ability of generators to maintain 

the rotor angle when encountering disturbances [5]. Small signal stability and large signal stability are the 

two categories into which it may be divided. The small disturbance condition, which describes disturbances 

that happen slowly and randomly, is taken into account by small signal stability [6]. The capacity of the 

system to return to synchronism in the presence of a significant disruption is referred to as large signal 

stability, often called transient stability [4], [6]. 

https://creativecommons.org/licenses/by-sa/4.0/
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The presence of disturbance will perturb the oscillation of the rotor angle of the synchronous 

generator, which leads to instability. The angle formed by the relative positions of the rotor axis and the 

resulting magnetic field axis is known as the power angle, or rotor angle. In typical operating circumstances, 

this angle remains constant. However, the relative motion starts when disturbances occur because the rotor 

will either accelerate or decelerate in relation to the synchronously rotating air gap magnetomotive force 

(MMF). The nonlinear differential equation, known as the swing equation, describes this relative motion [7]. 

The stability of the synchronous generator is preserved if the rotor locks back into synchronous speed. 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 rotating field [8]. If the rotor angle 

changes as a result of disturbances, the synchronous generator's performance degrades. Thus, developing a 

control method to increase transient performance, ensure robustness against rotor angle deviation due to 

disturbances, and ensure quick rotor angle regulation is critical.  

Numerous publications have been published in recent years that have investigated rotor angle 

stability using various methodologies while emphasizing only the assessment of stability without suggesting 

a controller for stabilization enhancement: the Lyapunov exponent method [9], the voltage source converter-

based high-voltage direct current method [10], the energy index based on the normal form method [11], the 

stability index vector [12], the Lyapunov direct method [7], the maximum Lyapunov exponent [13], the fault-

on trajectory [14], and the probabilistic neural network [15]. These assessments focus on how quickly and 

accurately the analysis can be performed, which is expected to aid in power system planning by providing a 

protection system and corrective action, resulting in a safe power system [14], [16]. Nevertheless, several 

publications published in recent years have conducted research on rotor angle stability augmentation using a 

variety of methodologies. Charafeddine et al. [17] used Euler's numerical solution but neglected damping 

power and were constrained to small signal stability. Neglecting the damping power is an impractical 

assumption since it serves a crucial role in minimizing the difference between the two angular velocities [18]. 

Moreover, the authors employed fault clearing time, which is proven to aid in power system operation. The 

studies in [19], [20] employed a power system stabilizer (PSS) to regulate rotor angle stability; however, 

tuning the stabilizer consumed more time, and the study was confined to small signal stability only. On the 

other hand, sliding mode control is utilized in the enhancement of rotor angle stability by the studies [21], 

[22], but chattering is inevitable. Observer-based controllers are also used to improve rotor angle stability, 

but the dominance of the observer’s linear part over the nonlinear part diminishes the impact of the nonlinear 

term [23]. Model predictive control is another way used to improve rotor angle stability, although the study 

[24] is confined to small signal stability only. Abubakar et al. [25] employed a resistive-type superconducting 

fault current limiter (R-SFCL), but fault clearing time is required to be well predetermined beforehand.  

Thus, the Lyapunov-based algorithm named rotor angle deviation regulator (RADR) is proposed as 

the control approach in this study to ensure rotor angle stability. Despite linearizing the synchronous 

generator's swing equation, the proposed research utilizes a nonlinear swing equation without neglecting 

damping power to assure the robustness of the proposed control technique. Furthermore, the use of a 

nonlinear swing equation is predicted to ensure stability regardless of small and transient disturbances. 

 

 

2. ROTOR ANGLE DEVIATION REGULATOR 

The rotor angle deviation regulator (RADR) algorithm for a nonlinear swing equation is developed 

using the backstepping control technique and the robust Lyapunov redesign approach since the Lyapunov 

redesign is effective in dealing with uncertainty. The benefits of combining these two methodologies are 

guaranteeing stable control of output tracking, compensating for matched and unmatched uncertainties, and 

ensuring the robustness of the control algorithm [26]. In order to design the RADR via backstepping and the 

Lyapunov redesign technique, the state variable equation of the nonlinear swing equation is considered as in 

(1) and (2).  

 

𝑥1̇ = 𝑥2 (1) 

 

𝑥2̇ = −
𝜋𝑓0

𝐻
𝐷𝑥2 + 𝜉 + Δ𝑢 + 𝑢 (2) 

 

where 𝐻 is the inertia constant, 𝐷 denotes the damping power, 𝑢 denotes the controller, 𝜉 denotes the 

nonlinearity as in (3), and Δ𝑢 denotes the input uncertainty as in (4). 

 

𝜉 = −
𝜋𝑓0

𝐻
(𝑃𝑚𝑎𝑥 sin 𝛿0 cos 𝑥1 + 𝑃𝑠 sin 𝑥1) (3) 
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Δ𝑢 =
𝜋𝑓0

𝐻
(∆𝑃 + 𝑃𝑚) −

𝑑2𝛿0

𝑑𝑡2  (4) 

 

From (3) and (4), 𝑃𝑠 is the synchronizing coefficient, ∆𝑃 is the fault, 𝑃𝑚 is the mechanical power, and 𝛿0 is 

the initial rotor angle. The first step in stabilizing systems (1)–(2) is to examine its nominal system; in this 

study, a nominal system is defined as one that lacks the nonlinearity, ξ. Let us examine the following nominal 

system for (1) and (2). 

 

𝑥1̇ = 𝑥2 (5) 
 

𝑥2̇ = −
𝜋𝑓0

𝐻
𝐷𝑥2 + Δ𝑢 + 𝑢𝑛𝑜𝑚 (6) 

 

Equation (6) describes how nominal control law, 𝑢𝑛𝑜𝑚 acts as the control input for the subsystem. The 

primary goal of the controller is to maintain 𝑥1 = 0 as t→∞ by a desired 𝑢𝑛𝑜𝑚(𝑥1). The design phase is 

limited by Lyapunov stability requirements. Algebraic manipulation of 𝑥2 = 𝜙1(𝑥1) + 𝑧 is used to  

subsystem (5) to increase design process flexibility. The time derivative of 𝑥2 is therefore represented as  

𝑥2̇ = 𝜙1̇(𝑥1) + �̇� and rearranges to �̇� = 𝑥2̇ − 𝜙1̇(𝑥1). The system (5) and (6) is recast as (7) and (8) when (6) 

is substituted for �̇�. To make the notation simpler, 𝜙1(𝑥1) is then represented as 𝜙1 onward. 

 

𝑥1̇ = 𝜙1 + 𝑧 (7) 
 

�̇� = −
𝜋𝑓0

𝐻
𝐷𝑥2 + Δ𝑢 + 𝑢𝑛𝑜𝑚 − 𝜙1̇ (8) 

 

The Lyapunov function for (7) and (8) is chosen as 𝑉(𝑥1, 𝑧) =
1

2
𝑥1

2 +
1

2
𝑧2 in order to obtain 

asymptotic stability. The derivative of the Lyapunov function is computed as (9). 

 

�̇�(𝑥1, 𝑧) = 𝑥1𝑥1̇ + 𝑧�̇� 

�̇�(𝑥1, 𝑧) = 𝑥1𝜙1 + 𝑧 [𝑥1 −
𝜋𝑓0

𝐻
𝐷𝑥2 + Δ𝑢 + 𝑢𝑛𝑜𝑚 − 𝜙1̇] (9) 

 

The derivative of 𝑉 must be a negative-definite function such that �̇�(𝑥1, 𝑧) = −𝐾1𝑥1
2 − 𝐾2𝑧2 ≤ 0. The 

solution of 𝜙1 can be found by considering the derivative of �̇�(𝑥1) from (9) such that �̇�(𝑥1) = 𝑥1𝜙1. From 

negative semi-definite function of �̇�(𝑥1), which is written as �̇�(𝑥1) ≤ −𝐾1𝑥1
2, the solution of 𝜙1 is obtained 

as −𝐾1𝑥1. Then, considering the �̇�(𝑧) ≤ −𝐾2𝑧2, the solution obtained as −𝐾2𝑧 = 𝑥1 −
𝜋𝑓0

𝐻
𝐷𝑥2 + Δ𝑢 +

𝑢𝑛𝑜𝑚 − 𝜙1̇ and the solution of 𝜙1̇ is −𝐾1𝑥2. Rearranging the solution of �̇�(𝑥1, 𝑧) renders (10) and (11). 

 

𝜙1 = −𝐾1𝑥1 (10) 
 

−𝐾2𝑧 = 𝑥1 −
𝜋𝑓0

𝐻
𝐷𝑥2 + Δ𝑢 + 𝑢𝑛𝑜𝑚 − 𝜙1̇ (11) 

 

which is then solved and obtained 𝑢𝑛𝑜𝑚 as (12), which verified the asymptotic stability condition of the 

nominal control law.  

 

𝑢𝑛𝑜𝑚 = −𝐾2𝑧−𝑥1 +
𝜋𝑓0

𝐻
𝐷𝑥2 − Δ𝑢 − 𝐾1𝑥2 (12) 

 

Then, systems (1) and (2) are recalled continuing the design process. The algebraic manipulation is repeated 

for subsystem (1), which renders. 

 

𝑥1̇ = 𝜙1 + 𝑧  (13) 
 

�̇� = −
𝜋𝑓0

𝐻
𝐷𝑥2 + 𝜉 + Δ𝑢 + 𝑢 − 𝜙1̇ (14) 

 

The Lyapunov function is chosen as 𝑉(𝑥1, 𝑧) =
1

2
𝑥1

2 +
1

2
𝑧2, which then renders the derivative as (15). 

 

�̇�(𝑥1, 𝑧) = 𝑥1𝑥1̇ + 𝑧�̇�  

�̇�(𝑥1, 𝑧) = 𝑥1𝜙1 + 𝑧 [𝑥1 −
𝜋𝑓0

𝐻
𝐷𝑥2 + 𝜉 + Δ𝑢 + 𝑢 − 𝜙1̇(𝑥1)] (15) 
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The design is continued with a robust Lyapunov redesign technique. A robust controller is intended to assure 

attainable system performance for a system in the presence of nonlinearity [26]. The robust control law, ur is 

designed with the help of a saturated function, as in (16). 

 

ur(𝑥)= −
𝜉(𝑥) n(x)

(
∂V2
∂x

)𝜉(𝑥)
 (16) 

 

Such that 

 

𝑛(x) = 
(( 

∂V2
∂x

)𝜉(𝑥))

2

( 
∂V2
∂x

)𝜉(𝑥) + εe-α1t
 , ε>0, α1>0 (17) 

 

and 𝜉(𝑥) is observable. 

The control law, 𝑢 is generated by adding the nominal control law, 𝑢𝑛𝑜𝑚 and the robust control law, 

ur . Thus, the control law is written as (18). 

 

𝑢 = −𝐾2𝑧 − 𝑥1 +
𝜋𝑓0

𝐻
𝐷𝑥2 − Δ𝑢 − 𝐾1𝑥2 − 𝜉

𝑧𝜉

𝑧𝜉+𝜏𝑒−𝛼𝑡 , ε>0, α1>0 (18) 

 

Which satisfied the robust design inequality of 𝑉2̇(𝑧) ≤ −𝐾1𝑥1
2−𝐾2𝑧2 + 𝜏𝑒−𝛼𝑡. 

 

 

3. RESULTS AND DISCUSSION 

The experiment is conducted on a single-machine infinite-bus system. Four case studies were 

carried out to illustrate the RADR's efficacy in rotor angle stability. The first case study is analyzed using the 

stable system (system without fault), whereas the other three case studies are based on the one used in study 

[27], which involves three fault occurrence situations: in the middle of the transmission line (𝑓𝑎𝑢𝑙𝑡 = 0.63 

p.u.), at bus 1 with zero to ground impedance (𝑓𝑎𝑢𝑙𝑡 = 1.8 p.u.), and at bus 1 with j 0.01 p.u. to the ground 

(𝑓𝑎𝑢𝑙𝑡 = 0.4 p.u.), where p.u. indicates per unit. Then, the fault in cases 2, 3, and 4 was cleared by removing 

the faulted line after 2.5 and 6.5 cycles, which is also known as fault clearing time (FCT). The result is 

acquired by MATLAB simulation using the Simulink toolbox. Transient response performance is examined 

in the study, which includes rising time, settling time, peak time, and peak overshoot. Furthermore, the 

transient response's performance index in terms of integral of absolute error (IAE), integral of squared error 

(ISE), and sum of squared error (SSE) was examined. These evaluations are crucial for determining the 

efficacy and robustness of the produced RADR. 

 

3.1.  Transient response performance for all case studies 

The transient response performances for each case study, both with and without RADR implemented 

in the system, are displayed in Figure 1. The lines on the graph are colored differently to indicate the various 

tested systems: the black line indicates the system without a fault, the red line indicates the system with  

0.63 p.u. faults, the blue line indicates the system with 1.8 p.u. faults, and the green line indicates the system 

with 0.4 p.u. faults. The plotted graph indicates that different results are obtained for each tested system in 

the absence of RADR implementation, suggesting that the faults in the system have an effect on the rotor 

angle deviation of the synchronous generator. Additionally, as the dotted line in Figure 1 illustrates, the 

installation of fault clearing time had an impact on the synchronous generator's rotor angle deviation as well, 

reducing it in all faulty systems. 

As illustrated in Figure 1, the application of RADR leads to minimized rotor angle deviation, which 

is represented as a straight line across 0°. This advocates that RADR regulates the rotor angle deviation to 

consistently approach 0°, thereby accomplishing the proposed objective of asymptotic rotor angle stability. 

The transient response performances detail is tabulated in Table 1. 

Observation from Table 1 found that except for the tested system of 1.8 p.u. fault with no-fault 

clearing time, the transient response with RADR results in a slower rise time and settling time but enhanced 

performance in terms of peak undershoot and peak time. The percentage decrease in terms of settling time for 

the no-fault case is 170.54%, 0.63 p.u. fault without FCT is 186.19%, 0.63 p.u. fault with 2.5 cycles FCT is 

179.37%, 0.63 p.u. fault with 6.5 cycles FCT is 98.04%, 1.8 p.u. fault with 2.5 cycles FCT is 103.66%,  

1.8 p.u. fault with 6.5 cycles FCT is 82.74%, 0.4 p.u. fault without FCT is 231.80%, 0.4 p.u. fault with  

2.5 cycles FCT is 178.60%, and 0.4 p.u. fault with 6.5 cycles FCT is 107.88%. This is due to the fact that 

measurements with a high level of accuracy require longer settling periods than those with a lower level of 
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accuracy. On the other hand, for the tested system of 1.8 p.u. fault with no-fault clearing time, the 

implementation of RADR improves transient performance in terms of rising time, settling time (13.51%), 

peak undershoot, and peak time. 

 

 

 
 

Figure 1. Rotor angle deviation for various fault condition 

 

 

Table 1. Transient response performance for rotor angle deviation for all cases 
Fault (p.u.) FCT (cycle) RADR Rise time (s) Settling time (s) Peak time (s) Peak (δ) 

No fault None No 0.1495 0.7875 0.3630 8.4898 

Yes 0.3930 2.1305 0.1320 8.79x10⁻⁵ 
0.63 

 

None No 0.1910 0.7445 0.4545 44.2536 

Yes 0.3885 2.1307 0.1320 8.79 x10⁻⁵ 

2.5 No 0.0495 0.7628 0.2128 11.4164 
Yes 0.3802 2.1310 0.1318 8.79 x10⁻⁵ 

6.5 No 0.0365 1.0762 0.2042 21.0292 

Yes 0.3662 2.1313 0.1320 8.79 x10⁻⁵ 
1.8 

 

None No 1.8175 2.4640 2.5000 2180 

Yes 0.3753 2.1310 0.1317 8.79 x10⁻⁵ 

2.5 No 0.0171 1.0465 0.1685 21.9 
Yes 0.3705 2.1313 0.1320 8.79 x10⁻⁵ 

6.5 No 0.0160 1.1660 0.1995 50.5 

Yes 0.3535 2.1308 0.1318 8.79 x10⁻⁵ 
0.4 

 

None No 0.1672 0.6422 0.4008 29.6 

Yes 0.3878 2.1308 0.1318 8.79 x10⁻⁵ 

2.5 No 0.0811 0.7648 0.2472 9.81 

Yes 0.3488 2.1307 0.1318 8.79 x10⁻⁵ 

6.5 No 0.0472 1.025 0.2155 15.7 

Yes 0.3655 2.1308 0.1318 8.79 x10⁻⁵ 

 

 

Figure 2 shows the graph of the percentage improvement for peak and peak time for every case. In 

all cases, the implementation of RADR in the systems results in an optimum percentage improvement of the 

peak value in the range of 99.9989% to 99.9999%. For the peak time, the systems without FCT recorded a 

higher percentage of improvement compared to the systems with FCT, which indicates that the 

implementation of FCT in the system with RADR slowed the peak time of the system. 

 

3.2.  Transient response performance for tested system with RADR 

The rotor angle deviation graph is shown as indicated in Figure 3 for all cases and conditions when 

RADR is implemented in the system. It can be seen that the application of RADR yields the same graph 

regardless of the value of fault and fault clearing time in the system. An underdamped response with a peak 

undershoots that eventually neared 0° was shown on the rotor angle deviation graph.  

All case studies and condition with RADR
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Figure 2. Percentage of improvement of peak and peak time 
 

 

 
 

Figure 3. Rotor angle deviation for tested system with RADR 

 

 

In Figure 4, the final values of rotor angle deviation for all case studies and conditions when RADR 

is implemented are shown. Figure 3 appears to record the same final value for the rotor angle deviation, but 

closer inspection reveals small differences between each case study and condition. The purpose of this 

investigation is to confirm that the RADR is successful in mitigating rotor angle variation in a variety of 

conditions and case studies. 

The rotor angle deviation increased with fault occurrences in the system, as indicated by the blue 

block. However, it is important to note that for 0.63 p.u. fault occurrences, the recorded rotor angle deviation 

was less than for the system with 0.4 p.u. fault and no fault. Conversely, when comparing a specific faulty 

system to its defective system employing FCT, the system with 0.4 p.u. and 0.63 p.u. demonstrates that the 

faster the fault is eliminated, the higher the reported rotor angle variation. In contrast, the rotor angle 

deviation of the 1.8 p.u. faulty system decreases as the fault clearance time reduces. In contrast to the faulty 

system, the 1.8 p.u. faulted system without FCT observed a smaller rotor angle deviation. As a result, the 

study discovered that increasing fault incidence in the system caused a slight rise in rotor angle deviation. In 

addition, there is a slight rise in rotor angle deviation following the deployment of FCT in the faulty system, 

which was expected to help restore system stability. However, the incredibly minimal rotor angle deviation 

that was observed, irrespective of the case studies and conditions, confirmed that the research objective of 

regulating the rotor angle deviation to consistently approach 0° had been accomplished. 
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Figure 4. Final value of the rotor angle deviation for the tested system with RADR 

 

 

3.3.  Performance index for tested system with RADR 

The performance indices of the various tested systems with RADR are tabulated in Table 2 and 

compared in this section. For all situations and conditions in the tested system, the IAE and ISE reported the 

same value. In contrast, there is very little difference in the recorded values for SSE. The fact that the 

predicted rotor angle deviation is 0° and the observed IAE, ISE, and SSE are all incredibly minor indicates 

that the RADR's robustness has been met. The result also concludes that the asymptotic stability is preserved 

as the steady-state behavior obtained from the performances indices for all fault cases are quite promising. 

 

 

Table 2. Performance index for various tested system with RADR 
Case Study Fault(p.u.) FCT(s) IAE ISE SSE 

1 0 0 3.14x10⁻⁵ 1.99x10⁻⁹ 3.99x10⁻⁶ 

2 0.63 0 3.14x10⁻⁵ 1.99x10⁻⁹ 3.99x10⁻⁶ 
2.5 3.14x10⁻⁵ 1.99x10⁻⁹ 4.07x10⁻⁶ 

6.5 3.14x10⁻⁵ 1.99x10⁻⁹ 4.33x10⁻⁶ 

3 1.8 0 3.14x10⁻⁵ 1.99x10⁻⁹ 4.03x10⁻⁶ 
2.5 3.14x10⁻⁵ 1.99x10⁻⁹ 4.09x10⁻⁶ 

6.5 3.14x10⁻⁵ 1.99x10⁻⁹ 4.36x10⁻⁶ 

4 0.4 0 3.14x10⁻⁵ 1.99x10⁻⁹ 3.99x10⁻⁶ 
2.5 3.14x10⁻⁵ 1.99x10⁻⁹ 4.45x10⁻⁶ 

6.5 3.14x10⁻⁵ 1.99x10⁻⁹ 4.33x10⁻⁶ 

 

 

4. CONCLUSION 

This paper provides a detailed procedure to formulate the algorithm for the rotor angle deviation 

regulatory system called the RADR. The main focus is to maintain the stability of the synchronous generator 

in power system generation. The result proves that the proposed RADR guarantees the asymptotic rotor angle 

stability for the nonlinear swing equation by regulating the rotor angle to consistently approach 0° regardless 

of the fault and fault clearing time. The robustness of the regulator is also proven by the nonlinear swing 

equation, which takes damping power into account. The efficacy of the proposed RADR algorithm in various 

fault conditions guarantee the transient and steady state performance, and hence provides conclusive 

evidence that the proposed RADR helps in ensuring rotor angle stability as well as power system stability. 
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