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ABSTRACT:  

This work introduces the Lion Optimization Algorithm, a novel nature-inspired 

metaheuristic algorithm designed for complex optimization problems. Motivated by 

the unique social behaviors and cooperative hunting strategies of lions, LOA offers a 

population-based approach. The algorithm's effectiveness is demonstrated through its 

application to a three-area interconnected power system.  This chapter presents a new 

design of load frequency controller for deregulated power systems with FACTS 

devices using Ant Lion Optimization algorithm.  These FACTS devices are capable 

of controlling the network condition in a very fast manner and because of this reason, 

the usage of FACTS devices are more apt to improve the stability of power system. 

TCPS is a device that injects a variable series voltage to affect the power flow by 

modifying the phase angle. To stabilize the frequency oscillations, impacts of 

Thyristor Controlled Phase Shifter located in series with tie-line have been 

investigated. A time-domain objective function, optimized using LOA, tunes the 

parameters of a PI controller for Load Frequency Control. Simulation results across 

various loading conditions reveal that LOA-based controllers achieve superior 

performance compared to conventional PI controllers, particularly in settling times 

and other relevant performance indices. 

1. Introduction 

Load frequency control plays a vital role in power system operation, ensuring the reliable 

delivery of electricity while maintaining frequency stability. The primary objective of LFC is 

to minimize steady-state frequency deviations and effectively track load demands within 

interconnected multi-area power systems [1-3]. Traditionally, LFC research has employed 

linear feedback models and conventional controllers. However, these controllers often exhibit 

limitations, such as slow response times, inability to handle system nonlinearities, and 

difficulties in adapting to changing operating conditions [4-5]. Furthermore, small load 

changes in one area of an interconnected system can induce frequency and tie-line power 

fluctuations across all areas. Therefore, effective LFC requires a control system capable of 

restoring both area frequencies and tie-line powers to their set points or very close to them 

following a load disturbance [6]. Artificial intelligence-based control systems offer 

advantages over conventional integral controllers, including faster response and improved 

stability [7]. This research proposes a novel approach to LFC using the Lion Optimization 

Algorithm to optimize the parameters of a PI controller for a three-area interconnected power 

system [8]. The Integral of Time multiplied by Absolute Error criterion serves as the cost 

function for optimization, prioritizing the reduction of settling time and rapid damping of 

oscillations [9]. The proposed method utilizes Area Control Error feedback within each area 

to drive control actions, aiming to maintain zero ACE and consequently regulate frequency 

and tie-line power within prescribed limits [10]. This approach promises improved 

performance compared to conventional PI controllers, particularly in terms of control time 

and frequency deviation reduction during power system operation. 
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2. Three area interconnected power system 

The system under study consists of three areas. Area one is a thermal non-reheat system, area 

two is a hydro system, and area three is photovoltaic (PV) system. The detailed designed model 

of three area power system for load frequency control is shown in Fig.1 [11]. The thermal plant 

has a single stage non-reheat steam turbine, and the hydro plant equipped with an electric 

governor. 

 
Fig. 1. A Three Area LFC power system model 

2.1 System Modelling 

The dynamic model of Load Frequency Control (LFC) for a two-area interconnected power 

system is presented in this section. Each area of the power system consists of speed governing 

system, turbine and generator as shown in Fig.1. Each area has three inputs and two outputs. 

The inputs are the controller input ∆Pref, load disturbance ∆PD and tie-line power error ∆PTie 

[12]. The outputs are the generator frequency ∆f and Area Control Error (ACE) given by 

equation 

tiePfBACE +=        (1) 

Where B is the frequency bias parameter 

To simplicity the frequency-domain analyses, transfer functions are used to model each 

component of the area. Turbine is represented by the transfer function: 

Transfer function of the governor is 
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1

1

)(

)(
)(

+
=




=

sTsP

sP
sG

tv

t
t        (3) 

Transfer function of the generator is 
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Where Kp = 1/D and Tp = 2H/fD 

Transfer function of the hydraulic turbine is 
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The system under investigation consists of three area interconnected power system as shown 

in Fig.1. The system is widely used in literature is for the design and analysis of automatic load 

frequency control of interconnected areas. In Fig. 1, B1 and B2 are the frequency bias 

parameters; ACE1, ACE2 and ACE3 are area control errors; u1, u2 and u3  are  the control 

outputs form the controller; R1 and R2 are the governor speed regulation parameters in pu Hz; 

Tg1and Tg2 are the speed governor time constants in sec; ΔPV1 and ΔPV2 are the change in 

governor valve positions (pu); ΔPg1 and ΔPg2 are the governor output command (pu); Tt1 and 

Tt2 are the turbine time constant in sec; ΔPt1  and ΔPt2  are the change  in turbine output powers; 

dPD1, dPD2 and dPD3 are the load demand changes; ΔPTie is the incremental change in tie line 

power (p.u); KPS1, KPS2 and KPS3 are the power system gains; TPS1, TPS2 and TPS3 are the power 

system time constant in sec; T12, T23 and T31 are the synchronizing coefficient and Δf1, Δf2 and 

Δf3 are the system frequency deviations in Hz. 

2.2 Thyristor Controlled Phase Shifter (TCPS) 

A Thyristor Controlled Phase Shifter (TCPS) is a successful power electronic device for the 

tie-line power flow control of an interconnected power system. TCPS is a device that changes 

the relative phase angle between the system voltages. The tie-line power flow can be regulated 

by controlling the phase angle to damp out the area frequency deviations and improve power 

system stability Parmar et al. (2012). The TCPS is connected in series with the tie-line as 

shown in Fig. 2 Shayeghi et al.(2009). During a sudden load variation in the power system, 

the TCPS swiftly starts to suppress the transient frequency deviations; then the governor 

systems takes over the control to compensate for the steady state frequency deviation 

Paramasivam & Chidambaram (2012). The transfer function blocks diagram of TCPS. Bhatt 

et al.(2010).  Is shown in Fig. 3. 

TCPS

Tie Line
Area 2Area 1

 

Fig. 2 Schematic diagram of TCPS connected in series with the ac tie-line 

 

           ( )SFi TCPSP  

 

 

Fig. 3 Transfer function block diagram of TCPS 

 

The interconnected tie-line power flow from area 1 to area 2 without considering TCPS 

can be expressed as 
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  The TCPS is positioned in series with the tie-line as given in Fig. 6.1, 

The complex power can be written as 

 
t12 
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 Separating the real part and imaginary of tie-line power, the real part can be written as 

given below 
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The tie-line power deviation is reduced as 

 ( ) +−= 12211212tie TTP      (9) 

 

We know that, 

dtF= 11 2       and      dtF= 22 2  

Therefore, 
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Taking Laplace transform of (6.5), we get 
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The tie-line power flow in TCPS can be controlled by controlling the phase shifter angle∆φ. 

The phase shifter angle ∆φ (s) can be represented as 
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In (6.7), Tps is the time constant of TCPS unit and Kφ is the gain of TCPS unit.  ∆F1 is the 

input signal in the TCPS control logic. 
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3. Design of PI for Load frequency control system 

Notwithstanding the considerable advancements in control systems over the past two decades, 

the Proportional-Integral controller and its variations remain a mainstay in engineering 

practice. This enduring popularity stems from a combination of factors, including 

straightforward design and implementation, reliable operation, and a cost-effective balance 

between performance and expense [13]. Further contributing to their widespread use are the 

advantages of simplified dynamic modeling, reduced operator skill requirements, and 

minimized development effort all crucial considerations in practical engineering applications. 

The PI controller, as its name implies, comprises proportional and integral control modes. 

Proportional control reduces rise time but does not eliminate steady-state error, while integral 

control eliminates steady-state error but can negatively impact transient response 

characteristics [14]. The design of PI controller requires determination of the two parameters, 

Proportional gain (KP) and Integral gain (KI). 

The error inputs to the controllers are the respective area control errors (ACE) are, 

121111 )( tiePfBACEte +==       (14) 
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232222 )( tiePfBACEte +==       (15) 

31333 )( tiePfACEte +==        (16) 

The control inputs of the power system u1 and u2 are the outputs of the controllers. The control 

inputs are obtained as 

+= 11111 ACEKACEKu IP        (17) 

+= 22222 ACEKACEKu IP       (18) 

+= 33333 ACEKACEKu IP       (19) 

The design of a PI controller begins with defining an objective function that reflects the desired 

performance specifications and any system constraints. This objective function, used to tune 

the PI controller parameters, typically relies on a performance index that evaluates the overall 

closed-loop system response. Common time-domain output specifications considered include 

peak overshoot, rise time, settling time, and steady-state error. Frequently employed 

performance criteria for control design include the Integral of Time multiplied by Absolute 

Error, Integral of Squared Error, and Integral of Absolute Error [15].  

The sum of time multiple absolute errors in ACE is considered as a performance index. Hence, 

J can be,  

dtACEtJ
N

i

tsim

 =
=1 0

        (20) 

maxmin
PiPiPi KKK         (21) 

maxmin
IiIiIi KKK         (22) 

Where J is the objective function and min
PK , min

IK and max
PK , max

IK  is the minimum and maximum 

value of the control parameters. One more important factor that affects the optimal solution 

more or less is the range for unknowns. The range of unknowns depends on the type of 

applications. For the very first execution of the program, a wider solution space can be given 

and after getting the solution one can shorten the solution space nearer to the values obtained 

in the previous iteration. To enhance the system response regarding the settling time and 

overshoots, it is necessary to modify the above equation. The design process can be formed as 

the following constrained optimization problem. 

4. Lion Optimization algorithm (LOA) 

Lions are the most socially inclined of all wild cat species which display high levels of 

cooperation and antagonism [16]. Lions are of particular interest because of their strong sexual 

dimorphism in both social behavior and appearance. The lion is a wild felid with two types of 

social organization: residents and nomads. Residents lives in groups, called pride [17]. A pride 

of lions typically includes about five females, their cubs of both sexes, and one or more than 

one adult males. Young males are excluded from their birth pride when they become sexually 

mature. As mention before, the second organiza- tional behavior is called nomads, who move 

about sporadi- cally, either in pairs or singularly. Pairs are more seen among related males who 

have been excluded from their maternal pride. Notice that a lion may switch lifestyles; residents 

may become nomads and vice versa [17]. 

Unlike all other cats, Lions typically hunt together with other members of their pride. Several 

lionesses work together and encircle the prey from different points and catch the victim with a 

fast attack. Coordinated group hunting brings a greater probability of success in lion hunts. The 

male lions and some lionesses usually stay and rest while waiting for the hunter lionesses to 

return from the hunt [18]. Lions do mate at any time of the year, and the females are polyestrous 

(when females not rearing their cubs are receptive) [19]. A lioness may mate with multiple 
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partners when she is in heat [20]. In nature, male and female lions mark their territory and else- 

where, which seems a good place with urine. 

In this work, some characters of lions are mathematically modeled in order to design an 

optimization algorithm. In the proposed algorithm, Lion Optimization Algorithm (LOA), an 

initial population is formed by a set of randomly generated solutions called Lions. 

Proposed algorithm 

The LOA is a population-based meta-heuristic algorithm in which the first step is to randomly 

generate the population over the solution space. In this algorithm, every single solution is called 

‘‘Lion”. In a Nvar dimensional optimization problem, a Lion is represented as follows: 

Lion=[x1, x2, x3, ….. xNvar]        (23) 

Cost (fitness value) of each lion is computed by evaluating the cost function, as: 

Fitness value of lion = f[Lion] = f[x1, x2, x3, ….. xNvar]    

 (24) 

In first step, Npop solutions are generated randomly in search space. %N of generated solutions 

are randomly chosen as nomad lions. The rest of the population will be randomly divided into 

P prides. Every solution in this algorithm has a specific gender and remained constant during 

the optimization process. To emulating this fact, in each pride %S (%75–%90) of entire 

population formed in the last step are known as females and the rest as males. For nomad lions, 

this ratio is vice versa % (1S). Over the searching process every lion marks its best visited 

position. According to these marked positions, every pride's territory is formed. Therefore, for 

each pride, marked positions (best visited positions) by its members form that pride's territory. 

Lion Optimization Algorithm pseudo code 

1. Generate random sample of Lions Npop (Npop) is the number of initial population). 

2. Initiate prides and nomad lions: i. Randomly select %NNN (Percent of lions that are 

nomad) of the initial population as nomad lions. Partition remaining lions into PPP 

(PPP is the number of prides) prides randomly, and form each pride's territory. 

ii. In each pride, %SSS (Sex rate) of the entire population are known as females and 

the rest as males. This rate in nomad lions is inversed. 

3. For each pride do: i. Some randomly selected female lions go hunting. 

ii. Each of the remaining female lions in the pride goes toward one of the best-selected 

positions from the territory. 

iii. In the pride, for each resident male, %RRR (Roaming percent) of the territory is 

randomly selected and checked. %MaM_aMa (Mating probability) of females in the 

pride mate with one or several resident males → New cubs become mature. 

iv. The weakest male is driven out from the pride and becomes nomad. 

4. For nomad lions do: i. Nomad lions (both male and female) move randomly in search 

space. 

%Ma (Mating probability) of nomad females mate with one of the best nomad males → 

New cubs become mature. 

ii. Prides are randomly attacked by nomad males. 

5. For each pride do: i. Some females with I rate (Immigrate rate) immigrate from the 

pride and become nomad. 

6. Do: i. Based on their fitness value, each gender of the nomad lions is sorted. After that, 

the best females among them are selected and distributed to prides, filling empty places 

of migrated females. 

ii. With respect to the maximum permitted number of each gender, nomad lions with 

the least fitness values will be removed. 



 

        Lion Optimization Algorithm for Load Frequency Control of Multi-Area  

        Interconnected Power Systems with FACTS 

SEEJPH Volume XXVI, S1, 2025, ISSN: 2197-5248; Posted:05-01-2025 

 

2123 | P a g e  

 

The main steps of the LOA are summarized in the pseudo code shown above. To see how Lion 

Optimization Algorithm (LOA) is able to solve optimization problems, some points may be 

noted: 

• In LOA, each solution has specific gender and each gender has its own strategy for 

searching. It assists Lion Optimization Algorithm (LOA) to look for optimal point by 

different strategies.  

• The general aim in using several prides is that each pride focuses on a specific region 

and balance between exploration and exploitation. Its character of LOA increases 

capability of it to fit for the optimization on multi-modal problems. 

• Nomad lions and their adaptive roaming assist Lion Optimization Algorithm (LOA) to 

search solution space randomly and escape from local optima. 

• Personal best so far positions of lions can provide valuable and reliable information 

found so far by the population. The proposed pride's territory assists Lion Optimization 

Algorithm (LOA) to save the best solutions obtained so far over the course of iteration. 

• In LOA, by mating, lions share information between genders while new cubs inherit 

character from both genders. 

• Resident males roaming assist Lion Optimization Algorithm (LOA) to exploit 

information from their respective pride's neighbors that hold valuable knowledge. This 

procedure can be considered as a strong local search. 

• The proposed encircling mechanism during hunting has two advantages; first of all, 

provides a circle-shaped neighbor- hood around the solutions and let opportunity for 

hunter to close to prey from different directions and second provides an opportunity for 

solutions to escape from local optima. 

5. Result and Discussion  

Load Frequency Control of three-area interconnected power system with FACTS device TCPS 

have been developed as shown in Fig.1. The proposed power system model is simulated in a 

separate program considering various load changes and time constants. The objective function 

is calculated and used in the optimization algorithm to evaluate the performance of the 

proposed LOA PI Controller. The simulated results are compared with Conventional PI 

Controller. 

Case 1: Step Load Change in Area-1 

A 10% step increase in demand was applied in Area-1, and the resulting system dynamic 

responses are presented in Fig. 4. Figs. 4(a) through 4(c) illustrate the frequency deviations in 

Area-1, Area-2, and Area-3, respectively. Figs. 4(d) through 4(f) depict the tie-line power 

deviations between Area-1 and Area-2, Area-2 and Area-3, and Area-3 and Area-1, 

respectively. Subsequently, a 20% step increase in demand was applied in Area-2 and a 10% 

step increase in Area-1. The corresponding system responses are shown in Fig. 5. Figs. 5(a) 

through 5(c) display the frequency deviations, while Figs. 5(d) through 5(f) present the tie-line 

power deviations, using the same area and tie-line designations as in Fig. 2. Analysis of the 

frequency and tie-line power deviations in the three-area power system demonstrates that the 

LOA-optimized PI controller yields optimal results and superior ISE, IAE, and ITAE values 

compared to the conventional PI controller.  
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(a) Frequency deviation of area-1 (a) Frequency deviation of area-1 

  
(b) Frequency deviation of area-2 (b) Frequency deviation of area-2 

  
(c) Frequency deviation of area-3 (c) Frequency deviation of area-3 

  
(d) Tie-line power deviation between area-12 (d) Tie-line power deviation between area-12 

  
(e) Tie-line power deviation between area-23 (e) Tie-line power deviation between area-23 
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(f) Tie-line power deviation between area-31 (f) Tie-line power deviation between area-31 

Fig. 4 10% step increase in load demand in 

area-2 with TCPS 

Fig. 5 20% step increase in load demand in 

area-2 with TCPS 

Case 2: Sensitivity Analysis with TCPS 

Most of the cases the conventional PI controller responses were not settled properly, and their 

cost values are very high. To find the robustness of the power system, further, the operating 

load condition and time conditions of a speed governor, steam turbine, tie-line power, hydro 

turbine and hydro governor are varied from their nominal values in the range of +25% and -

25%. The change in operating load condition affects the power system parameters KPS and 

TPS. The change in tie-line power is simulated by changing the synchronizing coefficient T12.  

 

  
(a) Frequency deviation of area-1 (a) Frequency deviation of area-1 

  
(b) Frequency deviation of area-2 (b) Frequency deviation of area-2 

  
(c) Frequency deviation of area-3 (c) Frequency deviation of area-3 
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(d) Tie-line power deviation between area-12 (d) Tie-line power deviation between area-12 

  
(e) Tie-line power deviation between area-23 (e) Tie-line power deviation between area-23 

  
(f) Tie-line power deviation between area-31 (f) Tie-line power deviation between area-31 

Fig. 6 +25% change in TG with TCPS Fig. 7 +25% change in TT with TCPS 

Figs. 6(a) to 6(c) show the frequency deviation of area-1, area-2 and area-3 and Figs. 6(d) to 

6(f) show the tie-line power deviation between area-12, area-23 and area-31 for steam governor 

(TG) with 25% of increment. From the results of speed governor load variation; it is observed 

that the LOA PI controller generated a better response with minimum cost values compared to 

conventional PI controller. Figs. 7(a) to 7(c) show the frequency deviation of area-1, area-2 

and area-3 and Figs. 7(d) to 7(f) show the tie-line power deviation between area-12, area-23 

and area-31 for steam turbine (TT) with 25% of increment. From the results of steam turbine 

(TT) load variation; it is observed that the LOA PI controller generated a better response with 

minimum cost values compared to conventional PI controller. 
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(b) Frequency deviation of area-2 (b) Frequency deviation of area-2 

  
(c) Frequency deviation of area-3 (c) Frequency deviation of area-3 

  
(d) Tie-line power deviation between area-12 (d) Tie-line power deviation between area-12 

  
(e) Tie-line power deviation between area-23 (e) Tie-line power deviation between area-23 

  
(f) Tie-line power deviation between area-31 (f) Tie-line power deviation between area-31 

Fig. 8 +25% change in TH1 with TCPS Fig. 9 +25% change in T12 with TCPS 

Figs. 8(a) to 8(f) show the frequency deviation and tie-line power deviation of three-area 

interconnected power system for speed governor (Th1) with 25% increment. From the results; 

it is observed that the LOA PI controller produced a better response with minimum cost values 

compared to conventional PI controller. Figs. 9(a) to 8(f) show the frequency deviation and tie-
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line power deviation of three-area interconnected power system for tie-line power (T12) with 

25% increment. From the results; it is observed that the LOA PI controller produced a better 

response with minimum cost values compared to conventional PI controller. The results 

obtained are depicted in Tables 1 and 2. Table 1 compares the performance of two controllers, 

Conventional PI (Conv PI) and LOA PI, under specific load change scenarios in terms of 

performance indices and settling times. The scenarios include a 10% load change in area 1 and 

a combined 20% load change in area 2 with 10% in area 1. The performance indices, including 

the Integral of Squared Error (ISE), Integral of Absolute Error (IAE), and Integral of Time-

weighted Absolute Error (ITAE), reveal that the LOA PI controller significantly outperforms 

the Conv PI controller in both cases, with much lower values, indicating more efficient error 

handling. Furthermore, LOA PI stabilizes the system much faster, with settling times ranging 

between 10–21 seconds, compared to the Conv PI, which exhibits longer or unreported settling 

times. These results demonstrate the robustness and superior control performance of the LOA 

PI controller in managing system stability and minimizing error under varying load conditions. 

Table 1 Simulated response of LFC Three-area Interconnected Power System for case 1 with 

TCPS 

Parame

ter 

Variati

on 

% 

Change 

Controll

er 

Performance Index Settling Time (Ts) 

in sec ISE IAE ITAE ΔF1 ΔF2 ΔF3 

Case 1 

10% 

load 

change in 

area 1 

687.2543 2.4023e+

04 

4.8761e+

05 

113.30 94.29 110.9 687.2543 

219.1000 2.6740e3    1.3483e4 27.1 26.92 32.27 219.1000 
20% 

load 

change in 

area 2 and 

10% in 

area 1 

2.5796e+

003 

4.5427e+

004 

8.7791e+

005 
- - - 2.5796e+

003 1.3273e+

003 

1.3760e+

004 

2.9543e+

004 
84.99 43.7 89.32 

1.3273e+

003 

 

Table 2 Sensitivity analysis for Case 2 with TCPS  

Param

eter 

Variat

ion 

% 

Change 

Control

ler 

Performance Index 

Settling Time 

(Ts) in 

sec 

ISE IAE ITAE ΔF1 ΔF2 ΔF3 

Case 2 

+25% in 

TG 

Conv PI 
2.4170e

+003 

6.5980e

+004 

3.2888e

+06 

140.

6 
79.9 130.7 

LOA PI 
678.074

7 

1.8211e
3 

7.4734e
5 

21.2

8 
17.9 18.91 

+25% in 

TT 

Conv PI 
1.8112e

+003 

5.1996e

+004 

2.0302e

+006 

150.

2 
144.2 160.1 

LOA PI 
521.989

6 

8. 

4412e3 

6.8465e
4 

18.9

1 
15.83 16.98 

+25% in 

T12 

Conv PI 
1.2332e

+003 

4.0432e

+004 

1.3645e

+006 

102.

8 
130 135.1 

LOA PI 
842.102

0 

1.2097e
4 

8.7903e
4 

30.5

6 
30.39 35.47 

+25% in 

TH1 

Conv PI 
640.308

5 

2.2469e

+04 

4.3259e

+05 

113.

4 
85.77 116.8 

LOA PI 
198.238

6 

8.6468e
3 

5.4901e
4 

21.6

2 
19.06 22.86 

The table compares the performance of Conventional PI (Conv PI) and LOA PI controllers 

under different parameter variation scenarios, specifically a 25% increase in  𝑇𝐺 (governor time 

constant),  𝑇T (turbine time constant),  𝑇12 (tie line), and  𝑇H1    (reheat time constant). 

Performance is evaluated using three indices: Integral of Squared Error (ISE), Integral of 

Absolute Error (IAE), and Integral of Time-weighted Absolute Error (ITAE), as well as the 

settling time (𝑇𝑠) for frequency deviations (Δ𝐹1, Δ𝐹2, and Δ𝐹3). Across all scenarios, the LOA 
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PI controller demonstrates superior performance, with significantly lower ISE, IAE, and ITAE 

values, indicating better error handling, and shorter settling times, ranging from 17 to 68 

seconds. In contrast, the Conv PI controller exhibits higher performance indices, reflecting 

poorer efficiency, and in many cases, does not report settling times. These results highlight the 

robustness and effectiveness of the LOA PI controller in maintaining system stability under 

parameter variations.  

6. Conclusion  

The simulation results show the effectiveness of TCPS in suppressing inter-area frequency 

deviations and tie line power deviations in LFC of proposed three-area interconnected power 

system. The effectiveness of optimal PI controller obtained using LOA algorithm with TCPS 

has also been proved. The LOA tuned controller along with TCPS enhances the performance 

of three-area interconnected power system to a well-accepted level with optimal performance. 

TCPS provides more flexibility in power system operation and control. Each device has its 

unique advantage.  

Appendix A  

Nominal parameters of the three area system investigated are [12]:  

PR = 2000 MW (rating), PL = 1000 MW (nominal loading); f = 60 Hz, B1=B2 = 0.425 p.u. 

MW/Hz; R1= R2 = 2.4 Hz/p.u.; Tg1 = 0.08 s; Tt1 = 0.3 s; KPS1 = KPS2 = KPS3 =120 Hz/p.u. MW; 

TPS1 = TPS2 =TPS3 = 20 s; T12 = T23 = T31 = 0.545 pu; Th1 = 48.7s; Th2 = 0.513s; Th3 = 10s; Thw 

= 1.0s. 
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