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Abstract— In this paper, in order to improve the stability and 

the voltage regulation of a single machine infinite bus, a 

nonlinear voltage controller is proposed. The dynamical model 

of the studied system is presented and the design of the 

nonlinear controller which is based on the stability condition of 

Lyapunov function is described. In order to evaluate different 

performances of the studied controller, a comparison with the 

conventional automatic Voltage regulation AVR +PSS is made 

in this paper. In this context, in order to simulate the 

performance of the proposed controller, a symmetrical three 

phase short circuit fault is applied in one of transmission line of 

SMIB power system. Simulation results show that the proposed 

controller can achieve both of the system stability enhancement 

and voltage regulation and gives better dynamic performance 

and robustness than the conventional regulators (AVR/PSS). 

 

Keywords— SMIB power system, Nonlinear voltage controller, 

Lyapunov stability, AVR, PSS. 
 

I. INTRODUCTION 

 

Voltage quality is a very important index of power supply 

in power system operation. In fact, signal stability problems 

have been reported in power systems since the middle of the 

last century. The operation of electrical equipment at outside 

allowable range voltages can easily affect the equipment 

performances and can cause sometimes the total destruction 

of the system. 

 In the SMIB power system, the excitation system is 

considered the most important means of voltage control. The 

main role of this system is to maintain the generator terminal 

voltage constant under normal operating conditions and to 

regulate it quickly and effectively when a sudden fault is 

applied to the system. 

This issue has sparked a number of recent investigations 

in the few past decades. In fact, additional control loops are 

required to prevent harmful voltage effects to the system 

operation. 

The most commonly used type of controller is known as 

the automatic voltage regulator (AVR) to maintain the 

terminal voltage of the synchronous machine and the power 

system stabilizer (PSS) to enhance damping oscillations [1,2]. 

The AVR/ PSS regulator is considered as a conventionnel 

regulator system.  

For the problem of stability enhancement and voltage 

regulation, many researches are found in the literature. 

In [3], a nonlinear power system stabilizer is designed 

based on synergetic control theory. 

In [4], a global controller based on fuzzy control is 

designed in order to maintain the transient stability and 

achieve satisfactory post-fault voltage level of synchronous 

generator in SMIB power system when subjected to a severe 

disturbance. 

In [2, 5, 6], voltage regulation was achieved by introducing 

voltage feedback. However, the voltage controllers are only 

effective around an operation point, i.e., when a small 

disturbance occurs, but cannot survive a large disturbance. 

The stability of SMIB power system is analysed by using 

the Lyapunov’s direct method is proposed in [9]. Lyapunov's 

function based stability analysis of power system was 

introduced in 1980’s [7, 8]. 

In this paper, a nonlinear voltage regulator is proposed 

based on Lyapunov control theory.  The main idea of this 

proposed controller is to regulate the terminal voltage of the 

generator and maintain it constant under the effects of a 

symmetrical three phase short circuit fault. 

The remainder of this paper is organized as follows. 

Section 2 presents the power system modelling. 

 The controller synthesis is detailed in section 3 of this 

paper which include the design of the conventional regulator 

AVR/PSS and the proposed nonlinear voltage regulator 

designing. In section 4, simulation results are presented, 

discussed and compared. Finally, conclusions are presented 

in Section 5. 

 

II. DYNAMIC MODEL DESCRIPTION OF POWER SYSTEM 

The single-machine-infinite-bus (SMIB) power system is 

considered in this study. This model consists of a single 

synchronous generator connected through two parallel 

transmission lines to a very large network approximated by 

an infinite bus. The model is shown in Fig.1. 
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Figure 1. Single-machine infinite-bus power system 

 

The dynamics of the single-machine infinite-bus power 

system are given by the following third-order model (Eq.1) 

[11,12].  

This model is widely used in literature for the design of the 

excitation controllers [12,13] because it presents a 

simplification of the real generator model. 

 

{

𝛿̇ = 𝜔                           

𝜔̇ = −
𝐷

𝐻
𝜔 +

𝜔𝑠

𝐻
(𝑃𝑚 − 𝑃𝑒)       

𝐸̇𝑞
′
=

1

𝑇𝑑0
′
(𝐸𝑓 − 𝐸𝑞)              

 (1)

     

The active electrical power equation is given by (Eq.2). 

 

𝑃𝑒(𝑡) =
𝑉𝑠𝐸𝑞 

𝑥𝑑𝑠
𝑠𝑖𝑛𝛿(𝑡)   (2) 

 

The EMF in the quadrature axis is given by (Eq.3). 

 

𝐸𝑞 (𝑡) =
𝑥𝑑𝑠

𝑥′𝑑𝑠
𝐸′𝑞 (𝑡) −

𝑥′𝑑−𝑥𝑑

𝑥′𝑑𝑠
𝑉𝑠 𝑐𝑜𝑠𝛿(𝑡) (3) 

 

Where: 

 𝛿 is the power angle of the generator; 

 𝜔𝑠 is the synchronous machine speed; 

𝜔 is the relative rotor speed of the generator (𝜔 = 𝜔𝑔 − 𝜔𝑠 

with 𝜔𝑔 being the generator angular speed); 

 𝐻 is the inertia constant; 𝐷 is the damping constant; 

 𝑥𝑑𝑠 = 𝑥𝑑 + 𝑥𝑇 + 𝑥𝐿 : is the total reactance which takes 

into account 𝑥𝑑, the generator direct axis reactance;  

𝑥′𝑑𝑠 = 𝑥′𝑑 + 𝑥𝑇 + 𝑥𝐿: is the total reactance which takes 

into account 𝑥′𝑑 , the direct axis transient reactance of the 

generator, 

 𝑥𝐿 =
𝑥𝐿1𝑥2

𝑥𝐿1+𝑥𝐿2
 the transmission line reactance,  

𝑥𝑇 the reactance of the transformer; 

 𝐸𝑓 = 𝑘𝑐𝑢𝑓 the equivalent EMF in the excitation coil of the 

generator; 𝑘𝑐 is the gain of the excitation amplifier; 

 𝑢𝑓 is the input to the SCR amplifier of the generator; 

 𝑇′𝑑0 is the direct axis transient open-circuit time-constant; 

  𝑉𝑠 is the infinite bus voltage; 

 𝑃𝑒 is the active electrical power; 

 𝑃𝑚 is the mechanical power input. 

The generator terminal voltage expression is given by 

(Eq.4) [16]: 

𝑉𝑡 =
1

𝑥𝑑𝑠
√𝑥𝑠

2𝐸𝑞
2 + 𝑉𝑠

2𝑥𝑑
2 + 2𝑥𝑠𝑥𝑑𝑉𝑠𝐸𝑞𝑐𝑜𝑠𝛿   (4) 

where 𝑥𝑠 = 𝑥𝑇 + 𝑥𝐿  is the total line reactance which takes 

into account 𝑥𝑇. 

 

III. CONTROLLER SYNTHESIS 

In this section, two types of controllers are analysed and 

presented in order to regulate the terminal voltage of SMIB 

after a sudden fault which can causes variation in the 

electrical network.  

 

A. Conventional regulator AVR/PSS 

 

The Automatic Voltage Regulator (AVR) measures the 

terminal voltage of the synchronous generator 𝑉𝑡  and 

compares it to a reference setting value 𝑉𝑡−𝑟𝑒𝑓.  

The role of voltage regulators (AVR) is used to improve 

steady-state stability performance and remains limited to 

ensure transient stability. Therefore, the torque added by the 

AVR on the shaft of the machine is insufficient to damp the 

various oscillations in the power system. For this purpose, the 

power system stabilizer (PSS) was introduced into excitation 

control to overcome the problem. 

The (PSS) is a device that improve power system stability 

when it is added to the automatic voltage regulator (AVR) of 

generator. 

It is quite common nowadays to have a combination of an 

AVR and a PSS for excitation control of synchronous 

generators in SMIB power system.  

The stabilization signal, 𝑉𝑝𝑠𝑠, is superimposed on that of 

the AVR as shown in Figure 2. 

The structure of the conventional regulator is shown in 

fig.2. 

 

 
Figure 2. Structure of the conventional regulators 

AVR/PSS 

 

 

B. The proposed nonlinear voltage regulator design 

 

In this section, a nonlinear control approach based on 

Lyapunov stability condition is developed with the aim of 

replacing conventional AVR with a more robust one. 

 Starting from (Eq.4), its time derivative gives the dynamic 

of the generator terminal voltage as follows (Eq.5): 
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𝑉̇𝑡 =
𝑥𝑥
2𝐸𝑞+𝑥𝑠𝑥𝑑𝑉𝑠 cos 𝛿

𝑥𝑑𝑠
2 𝑉𝑡

{−
𝑥𝑑𝑠

𝑇′𝑑0𝑥
′
𝑑𝑠

𝐸𝑞 +
(𝑥𝑑−𝑥

′
𝑑)

𝑥′𝑑𝑠
 𝑉𝑠 𝜔 𝑠𝑖𝑛 +

𝑘𝑐
𝑇′𝑑0

𝑥𝑑𝑠
𝑥′𝑑𝑠
𝑢𝑓} −

𝑥𝑠𝑥𝑑𝑉𝑠𝐸𝑞𝜔 𝑠𝑖𝑛

𝑥𝑑𝑠
2 𝑉𝑡

   (5) 

 

Replacing the EMF in the quadrature axis 𝐸𝑞  by its 

expression as a function of the active electrical power 

extracted from the (Eq.2), the dynamic of the generator 

voltage is expressed as (Eq.6): 

𝑉̇𝑡 =
1

𝑥𝑑𝑠𝑉𝑡
(

𝑥𝑥
2

 𝑉𝑠 𝑠𝑖𝑛
𝑃𝑒 +

𝑥𝑠𝑥𝑑𝑉𝑠 cos 𝛿

𝑥𝑑𝑠
) (

𝑥𝑑𝑠

 𝑇′ 𝑉𝑠 𝑠𝑖𝑛
𝑃𝑒 +

(𝑥𝑑−𝑥
′
𝑑)

𝑥′𝑑𝑠
 𝑉𝑠  𝜔 𝑠𝑖𝑛 +

𝑘𝑐
𝑇′
𝑢𝑓) −

𝑥𝑠𝑥𝑑

𝑥𝑑𝑠𝑉𝑡
𝜔𝑃𝑒  (6) 

In the following, 𝑉𝑡 is considered as state variable. In fact,  

Eq.6 replaces the first equation of the SMIB model (Eq.1) to 

express an equivalent model with the measurable state vector 

(𝑉𝑡 , 𝜔, 𝑃𝑒).  
 

A high non-linearity is observed in this equation, which 

requires a non-linear control such as the Lyapunov technique. 

As a first step, an error variable of the voltage regulation 

is chosen as following (Eq.7). 

𝑧 = 𝑉𝑡 − 𝑉𝑡𝑟𝑒𝑓    (7) 

 

Where 𝑉𝑡𝑟𝑒𝑓 is the reference value of the generator voltage. 

Using Eq.6 and Eq.7 the time derivative of the error 

variable 𝑧 will be expressed as (Eq.8): 

𝑧̇ =
1

𝑥𝑑𝑠𝑉𝑡
(

𝑥𝑥
2

 𝑉𝑠 𝑠𝑖𝑛
𝑃𝑒 +

𝑥𝑠𝑥𝑑𝑉𝑠 cos 𝛿

𝑥𝑑𝑠
) (

𝑥𝑑𝑠

 𝑇′ 𝑉𝑠 𝑠𝑖𝑛
𝑃𝑒 +

(𝑥𝑑−𝑥
′
𝑑)

𝑥′𝑑𝑠
 𝑉𝑠  𝜔 𝑠𝑖𝑛 +

𝑘𝑐
𝑇′
𝑢𝑓) −

𝑥𝑠𝑥𝑑

𝑥𝑑𝑠𝑉𝑡
𝜔𝑃𝑒 − 𝑉̇𝑡𝑟𝑒𝑓 (8) 

 

The objective of the controller is to find the control signal 

that converges the error variable 𝑧  to zero. Therefore, the 

Lyapunov function will be chosen by (Eq.9). 

𝑉 =
1

2
𝑧²     (9) 

Using the equations (Eq.8) and (Eq.9), the time derivative 

of the Lyapunov function 𝑉 can be written as (Eq.10). 

      𝑉̇̇ = 𝑧𝑧̇ 

  = 𝑧 {
1

𝑥𝑑𝑠𝑉𝑡
(

𝑥𝑠
2

 𝑉𝑠 𝑠𝑖𝑛
𝑃𝑒 +

𝑥𝑠𝑥𝑑𝑉𝑠 cos 𝛿

𝑥𝑑𝑠
) (

𝑥𝑑𝑠

 𝑇′ 𝑉𝑠 𝑠𝑖𝑛
𝑃𝑒 +

(𝑥𝑑−𝑥
′
𝑑)

𝑥′𝑑𝑠
 𝑉𝑠  𝜔 𝑠𝑖𝑛 +

𝑘𝑐
𝑇′
𝑢𝑓) −

𝑥𝑠𝑥𝑑

𝑥𝑑𝑠𝑉𝑡
𝜔𝑃𝑒 − 𝑉̇𝑡𝑟𝑒𝑓} (10) 

 

Based on the stability theory of Lyapunov, the time 

derivative of the Lyapunov function 𝑉̇ should be a definite 

negative function as given in (Eq.11). 

𝑉̇ = −𝐾𝑧²     (11) 

Where 𝐾 is a positive constant. 

Consequently, the control law will be calculated basing 

on (Eq.12). 

 

𝑢𝑓 =
𝑇′

𝑘𝑐
𝑉𝑡 (−𝐾𝑧 + 𝑉̇𝑡𝑟𝑒𝑓 +

𝑥𝑠𝑥𝑑

𝑥𝑑𝑠𝑉𝑡
𝜔𝑃𝑒) (

𝑥𝑑𝑠
2 𝑉𝑠 sin 𝛿

𝑥𝑠
2𝑥𝑑𝑠𝑃𝑒+𝑥𝑠𝑥𝑑𝑉𝑠

2 sin𝛿 cos 𝛿
) +

𝑥𝑑𝑠

 𝑘𝑐 𝑉𝑠 𝑠𝑖𝑛
𝑃𝑒 −

(𝑥𝑑−𝑥
′
𝑑)

𝑘𝑐𝑥
′
𝑑𝑠
𝑇′ 𝑉𝑠 𝜔 𝑠𝑖𝑛    (12) 

 

IV. SIMULATION RESULTS AND DISCUSSION 

The overall model of the studied system with different 

control designs was simulated in Matlab/ Simulink 

environment.  

Different simulation parameters are given in appendix. 

To show the efficiency of the proposed nonlinear voltage 

regulator, a fault is applied on the SMIB power system. 

 The fault considered in this paper is a symmetrical three 

phase short circuit which occurs on one of the transmission 

lines.  

The following fault sequences are simulated as follows: 

Stage 1: The system is in a pre-fault steady-state. 

Stage 2: A three phase short circuit occurs in one of the 

three transmission lines occurs at t = 0.1s. 
Stage 3: The fault is removed by opening the breaker of 

the faulted line at t = 0.2s. 
Stage 4: The system is in a post-fault state. 

 

Fig.3, Fig.4, Fig.5, Fig.6 and Fig.7 clearly demonstrate the 

simulation results which shows the effect of the behaviour of 

different SMIB model variables considered with AVR/PSS 

and with the proposed controller. 

 

 
 

Figure 3. Responses of power angle 
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Figure 4. Responses of generator terminal voltage  

 
Figure 5. Responses of voltage control 

 

 
Figure 6. Responses of electrical active power 

 

 
 

Figure 7. Responses of the rotor relative speed 

 

 

It is obviously seen that the system is stable (𝛿 <  
𝜋

 2
) as 

shown in Fig. 3. We can clearly remark that the rotor angle 

does not return to its initial value, due to the variation of the 

line impedance after the fault. 

With the proposed nonlinear voltage controller, we note 

that the terminal voltage of the generator converges to the 

network voltage value after the fault elimination (fig.4) (𝑉𝑡 =
𝑉𝑠 = 1𝑝𝑢) and even in the case of persistence of the 

permanent fault (parametric variation at the line reactance 

level 𝑥𝑙). 
 

This is due to the high performance of the regulation and 

the robustness of the non-linear applied controller which 

allows a better control even in transient phase. 

V. CONCLUSION 

In this paper, a nonlinear voltage controller is proposed for 

single machine-infinite bus power systems in order to 

achieve both voltage regulation and system stability 

enhancement. Two different control strategies have been 

implemented. To obtain better performances then the 

conventional regulator AVR+PSS controller, a nonlinear 

voltage regulator based on the Lyapunov function has been 

used. Analysis and simulation results have been presented to 

demonstrate the effectiveness of Nonlinear voltage regulator. 
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APPENDIX 

Generator parameters: 

 

Synchronous speed: 𝜔0 = 314.159 𝑟𝑑/𝑠 
Damping constant: 𝐷 = 5 

Inertia constant: 𝐻 = 4 

Direct axis transient open 

circuit time constant: 
𝑇′𝑑0 = 6.9 

Generator direct axis 

reactance: 
𝑥𝑑 = 1.863 

Generator direct axis 

transient reactance: 
𝑥′𝑑 = 0.257 

Transmission line 

reactance: 

𝑥𝐿 =
𝑥𝐿1𝑥2

𝑥𝐿1+𝑥𝐿2
, 𝑥𝐿1 =

0.4853 ; 𝑥𝐿2 = 0.4853 

Transformer reactance: 𝑥𝑇 = 0.127 

 

Excitation system parameters: 

 

AVR  𝐾𝑎
= 200 

𝑇𝑎 =
0.15; 

𝐸𝑓𝑚𝑎𝑥
= 7𝑝𝑢 

𝐸𝑓𝑚𝑖𝑛
= −7𝑝𝑢 

𝑘𝑐 = 1 

PSS 𝑇1 = 0.154 𝑇2 = 0.154 𝑇𝑤 = 3 𝐾𝑠𝑡𝑎𝑏 = 9.5 

 

Network parameters: 

 

𝑉𝑠 = 1𝑝𝑢 𝑓0 = 50𝐻𝑧 
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