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Abstract: Incorporating renewable energy storage systems in power grids has presented significant challenges in 

maintaining a stable power generation structure and load frequency within interconnected grids. A promising 

solution to support the reliable and safe operation of the power system is the use of pumped storage units because of 

their excellent adjustment characteristics, including fast power response and convenient start and stop features. To 

optimize the performance of the pumped storage system, this article proposes the implementation of a linear-

adaptive disturbance rejection controller (LADRC) in conjunction with the segmentation particle swarm 

optimization (Se-PSO) algorithm for parameter tuning. This article establishes a precise hybrid load frequency 

control (LFC) model for a two-area interconnected power grid incorporating pumped storage power plants (PSPP). It 

determines the optimal LADRC parameters for varying load disturbances in different areas of the power grid. The 

proposed control method systematically simulated pumping and power generation conditions in a PSPP. Simulation 

results indicate that the proposed method enhances dynamic stability by approximately 85%, offering greater anti-

disturbance ability and adaptability than the traditional proportional-integral (PI) controller. 

Keywords: Pumped storage, LADRC, Segmentation PSO, LFC, Parameter setting, Disturbance. 

 

 

1. Introduction 

Due to the development of energy structures for 

electrical power generation, especially with the 

expansion of renewable energy generation systems, 

it notices that the proportion of the energy storage 

system (ESS) and access to the interconnected 

power grid has increased yearly. The intermittent 

ESS characteristics impact the power system quality 

that cannot be ignored. The ESS is vital in 

successfully integrating renewable energy sources 

like photovoltaic (PV) and wind farms into power 

grids. The ESS achieves this by regulating the 

output power of PV and wind plants, improving the 

stability of the power system, and ensuring its safe 

and reliable operation [1, 2]. 

The increasing scale of electrical power 

generation has brought new challenges to frequency 

stability will reduce the power quality [3]. Adding 

renewable energy resources (RERs) and electric 

vehicles discussed in reference [4, 5] will bring 

unstable factors to the frequency response [6]. To 

reduce their harmful effects, the LADRC control 

based on the intelligent algorithm is designed for 

decision-making ability and to eliminate load 

disturbance, unknown disturbances, and uncertainty 

of RERs.  

Frequency stability is a crucial technical 

indicator that reflects power quality. The LFC 

systems are extensively utilized in interconnected 

power grids to regulate frequency stability, enhance 

power quality, and minimize exchange power 

deviation between areas to zero [7]. However, 

incorporating demand response, as explored in 

reference [8], can improve system reliability and 

frequency stability in renewable energy resources 

(RERs). In [9] proposed a novel active disturbance 

rejection control (N-ADRC) method that considers 

external and internal disturbances as an expanded 

new state variable, leveraging the linear extended 
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state observer (LESO) to estimate the effect and 

utilizing error state feedback rate to control it. The 

N-ADRC approach eliminates the need for a 

complete specific model of the controlled object and 

disturbance, requiring only two relevant parameters 

[10]. Power electronic equipment and nonlinear 

loads in A.C. microgrids can lead to harmonic 

distortion.  

To mitigate this problem, using LADRC to 

control the fundamental current at the point of 

standard coupling is recommended. In addition, an 

active power filter can be added to eliminate the 

harmonic currents generated by the nonlinear loads. 

This combined approach can help ensure the 

microgrid operates efficiently and within the 

required regulatory standards [11].  

In the field of LFC, numerous advanced control 

methods have been proposed to address the 

challenge of maintaining system stability amidst 

varying loads and frequency disturbances. One such 

approach involves exploring the potential of using 

doubly-fed induction machines (DFIM) based 

pumped storage hydro (PSH) to provide the 

necessary support and stability during frequency 

disturbances [12]. This approach has been widely 

discussed in the literature. Researchers have 

investigated various ways to implement and 

optimize this method for LFC, such as model 

predictive control to adjust the power system 

frequency stability [13], dual-mode fuzzy [14], 

parallel fuzzy PI with conventional PD [15, 16], 

hybrid neuro-fuzzy controller of multi-area 

deregulated power system [17], and segmentation 

particle swarm optimization for a single area of 

power system [18], etc.  

In [19], the authors proposed a PSO-based dual 

mode fractional order (PDMFOPI) controller to 

overcome the LFC problem in two area 

interconnected hybrid systems. The authors 

discussed and compared the proposed PDMFOPI 

control strategy with the PSO-tuned fractional-order 

proportional-integral (PFOPI) controller and the 

POS-tuned dual mode proportional-integral 

(PDMPI) controller to realize the controller 

advantages. Moreover, a differential evolution 

artificial electric field algorithm (DE-AEFA) is 

proposed to tune the controller parameters, while a 

classical PID controller is used as the secondary 

controller. The DE-AEFA algorithm is first applied 

to a test system consisting of two non-reheat thermal 

turbines in two areas and then extended to a 

combined model to investigate the combined LFC 

and automatic voltage regulation problem [20]. 

However, the current article on the LFC problem 

of interconnected power grids with various  
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Figure. 1 Single line diagram of two areas LFC model 

 

generating units, such as PSPP, is still scarce. There 

are deficiencies, such as complex control algorithms, 

difficult tuning of controller parameters, and poor 

adaptability. 

Our study highlights the potential of PSPP to 

contribute to the frequency regulation of power 

grids. By proposing a new control strategy, we 

ensure stable and reliable grid operation in the face 

of external disturbances. In this article, the features 

and contributions are listed as follows:  

 

a) Designing a dynamic model of an LFC system 

with hybrid power generation in a two-area 

interconnected power grid with PSPP. The LFC is 

based on a second-order LADRC method for each 

area. 

b) A new intelligent controller using the Se-PSO 

algorithm to find optimal adjustable parameters of 

the second-order LADRC and improve its 

performance. 

c) The simulation system will be employed to 

analyze the fluctuation suppression of the main 

physical quantities of the interconnected power grid 

caused by the external load disturbance, considering 

that the PSPP operates under two working 

conditions pumping and power generation. 

d) Accuracy criteria are used to evaluate the 

proposed model's performance. This article's 

prediction accuracy requirements included the 

integral square error (ISE). 

e) Dynamic stability of the LADRC system of the 

interconnected power grid also is studied for the two 

operating modes of the PSPP conditions. 

f) The obtained results from the proposed models 

will be compared with previously published research 

papers. 

 

Fig. 1 clarifies a single-line diagram of a two-

area LFC model; area-1 contains PSPP; the prime 

mover is a non-reheat steam turbine. The prime 

mover in area-2 is a reheat steam turbine. Finally, 

the unit model of the doubly-fed variable speed with 

a PSPP is selected and established. 

This article will be organized as follows; section 

2 presents the pumped storage power plants models, 

hybrid LFC dynamic models. Section three 

introduced the proposed method and problem 

formulation model. In section four, we presented an 
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analysis of the results and implementation steps of 

the proposed approaches, including a study of two 

cases. In addition, we compared the results with 

previously published articles. Lastly, conclusions 

and future work is given in section five. 

2. Considered system 

2.1 Pumped storage power plants model 

Currently, PSPs are a practical, more mature 

way of indirectly storing electrical power, which can 

play the role of peak-cutting and valley-filling in the 

power grid to achieve a bidirectional flow of 

electrical power. This ESS boasts two operating 

modes: pumping and generating [21]. When 

electricity demand is low, surplus power is 

channeled into the system through pumping, 

efficiently storing it for future use. Essentially, this 

system takes advantage of power demand 

downtimes to build up excess energy reserves. 

During the peak power demand season, water is 

released to generate electricity, which supplements 

the power and realizes the power generation balance 

between the demand sides. The output of this PSPP 

can be controlled at the optimal operating speed. 

Compared to a conventional fixed-speed PSPP, the 

generator of this power system has a lower 

minimum output capacity. This unique feature 

enables improved power output and enhanced power 

generation efficiency [22]. A detailed model of the 

PSPP, under both pumping and power generation 

conditions, is illustrated in Fig. 2. The PSPP does 

not need to consider the impact of the water hammer 

effect. Therefore, the water turbine model and 

governor model in the pumped-storage unit are 

reasonably simplified and combined, expressed as: 

 

𝐺𝑝 =
𝐾𝑇

𝑠2+(
1

𝑇𝑇
+
1

𝑇𝐺
)𝑠+

1

𝑇𝑇.𝑇𝐺

            (1) 

 

where 𝐾𝑇 , is the characteristic constant of the 

turbine and the governor, 𝑇𝑇  and 𝑇𝐺 , are time 

constants of the turbine and governor, respectively. 

The power of the rotor with the vector-controlled 

adjustable speed device can be provided by the 

rotor's kinetic energy equation, which is: 

 

∆𝑃𝑒𝑝𝑟 =
𝐽

2
× ∆𝜔𝑟                 (2) 

 

According to the two different operating modes 

of PSPP, the input power ∆𝑃𝐻, can be expressed as a 

two-stage model: 

 

∆𝑃𝐻 = {
∆𝑃𝐺𝑒𝑛 = ∆𝑃𝑜𝑝 − ∆𝑃𝑒𝑝𝑟
∆𝑃𝑀𝑜𝑡 = ∆𝑃𝑜𝑝 − ∆𝑃𝑒𝑝𝑟

       (3) 

 

where ∆𝑃𝑒𝑝𝑟, is the electric power of the rotor, 

∆𝑃𝑜𝑝, is the output power of the prime mover, and 

∆𝑃𝑖𝑝𝑤𝑝, is the input power of a water pump. 

2.2 Hybrid LFC dynamic model 

The hybrid LFC dynamic model includes a 

secondary frequency controller such as a 

conventional governor, a prime mover, and an ESS 

such as a flywheel, compressed air, and PSPP. The 

use types of LFC are more in line with the 

interconnection grid's actual status. Assume that 

area-1 contains a power plant model, including a 

steam turbine and PSPP, and area-2 is only a steam 

turbine system and its system hybrid dynamic model 

in Fig. 3. The relationship between the power 

difference and the frequency deviation in area-1 can 

be expressed as: 

 

∆𝑃𝑚1(𝑠) − ∆𝑃𝐿1(𝑠) − ∆𝑃𝑡𝑖𝑒
12(𝑠) + ∆𝑃𝐻(𝑠)  

= 𝑀1. 𝑠. ∆𝑓(𝑠) + 𝐷1. ∆𝑓1(𝑠)        (4) 

 

The relationship between the power difference 

and the frequency deviation in area-2 can be 

expressed: 

 

∆𝑃𝑚2(𝑠) − ∆𝑃𝐿2(𝑠) − ∆𝑃𝑡𝑖𝑒
12(𝑠) 

= 𝑀2. 𝑠. ∆𝑓(𝑠) + 𝐷2. ∆𝑓2(𝑠)          (5) 

 

In this context, several variables come into play, 

including ∆𝑃𝑚, which denotes the mechanical power 

difference of each area,  ∆𝑃𝐿, which represents the 

load change, ∆𝑓 indicating the frequency deviation 

of each control area, ∆𝑃𝑡𝑖𝑒
12  , which measures the 

exchange power deviation between the two areas, 

and 𝑀 and 𝐷 , which signify the machine inertia and 

load damping coefficient, respectively. Additionally, 

∆𝑃𝐻 is stands for the input power of the PSPP, while 

the tie-line represents the electrical transmission line 

between the interconnected areas. By neglecting line 

losses, the tie-line load flow model between area-1 

and area-2 can be expressed as follows: 

 

∆𝑃𝑡𝑖𝑒
12 =

2𝜋𝑇12

𝑠
(∆𝑓1 + ∆𝑓2)         (6) 

 

In a network of interconnected power grids, 

maintaining the frequency stability of each area 

alone is insufficient. Retaining the power exchange 

between the areas at the desired level is crucial. Area 

control error (ACE) is the conventional method to  
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Figure. 2 The PSPP model 
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Figure. 3 Hybrid LFC model (two-area interconnected power grid system) 

 

account for these two aspects while providing input 

to the LFC controller.  

It is calculated using a linear combination of the 

frequency and tie-line power deviations between 

two interconnected areas [16, 17]. Its linear 

combination formula is: 

 

𝐴𝐶𝐸𝑖 = 𝐵𝑖∆𝑓𝑖 + ∆𝑃𝑡𝑖𝑒
𝑖                (7) 

 

𝐵𝑖 = ∫
1

𝑅𝑆𝑖𝑗
+ 𝐷𝑖

𝑁𝑖

𝑗=1
                 (8) 

 

where 𝐵𝑖 , indicates the frequency regulation 

parameter in the area-i, and RSij is the speed 

regulation constant of the governor. 

The LFC system performance is evaluated by 

treating the ACE as the output to determine any 

deviation between energy generation and load 

requirements. In the LFC problem, the value of the 

performance index should be as (Y) minimum as 

possible for better system performance. The integral 

square error (ISE) index is selected as the objective 

function to estimate the performance of the LFC 

system as follows [19]: 

 

𝑌𝐼𝑆𝐸 = ∫ [(∆𝑓𝑖)
2 (∆𝑃𝑡𝑖𝑒

12)
2
]𝑑𝑡

T

0
         (9) 

 

Fig. 4 shows the structure of the LADRC 

controller [10, 23], which has three parameters 

𝑏0 , 𝜔0 , and 𝜔𝑐  will need to tune by Se-PSO. 

Therefore, for the two area interconnected power  
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Figure. 4 Schematic diagram of LADRC for the 

interconnected grid system 

 

grids, the two controllers need to set six parameters 

[10] at the same time using the Se-PSO algorithm. 

The linear combination of PI controllers can be 

composed as: 

 

𝑢0 = 𝑘𝑝(𝑟 − 𝑧1) − 𝑘𝑖. 𝑧2         (10) 

 

where 𝑟  is the set of bandwidths for the 

controller value 𝑘𝑝 = 𝜔𝑐
2 , 𝑘𝑖 = 2𝜔𝑐. The kp and ki 

are electrical governors proportional and integral 

gains. 

3. Proposed method 

3.1 The Se-PSO algorithm 

The PSO algorithm is one of the most commonly 

used optimization methods in energy system 

stability. Generally, the PSO was inspired by 

behaviors like searching honey bees, food of fish, 

group foraging of bacteria, echolocation of 

microbats for bats, or a flock of birds in a D-

dimensional search space [24, 25].  

The segmentation method is a concept that 

involves dividing the PSO group into multiple 

searching groups, or segments, to improve search 

efficiency. Each segmentation operates as an 

independent evolutionary algorithm that strives to 

converge on a global optimal point. By dividing the 

PSO group into segmentations, the overall search 

process becomes more organized and focused, with 

each segment responsible for exploring a specific 

portion of the search space.  

This approach allows for more thorough search 

space exploration and can lead to improved 

convergence on optimal solutions [18]. In essence, 

the segmentation method utilizes the strengths of 

PSO, namely its ability to explore large search 

spaces effectively and converge on global optima 

while also introducing a level of organization and 

structure to the search process. 

In this paper, the Se-PSO algorithm is used to 

tune the parameters of LADRC, which enhances the 

operability and practicability of the control method. 

The Se-PSO algorithm finds the optimal value of the 

cost function by continuously changing each 

particle's speed and position according to the 

requirements of the cost function. The particle 

swarm update speed and position are as follows: 

 

{
 
 

 
 

𝑣𝑖𝑗(𝑡+1) = 𝑤. 𝑣𝑖𝑗 + 𝑐1. 𝑟𝑎𝑛𝑑(0,1).

              (𝑝𝑖(𝑡) − 𝑥𝑖𝑗(𝑡)) + 𝑐2. 𝑟𝑎𝑛𝑑(0,1)

. (𝑔(𝑡) − 𝑥𝑖𝑗(𝑡))

𝑥𝑖𝑗(𝑡 + 1) = 𝑥𝑖𝑗(𝑡) + 𝑣𝑖𝑗(𝑡 + 1)

     (11) 

 

𝐵𝑒𝑠𝑡 𝑠𝑒𝑔𝑚𝑒𝑛𝑡 = 𝑏𝑒𝑠𝑡 𝑥𝑖𝑗 ∓ 𝑠𝑒𝑔𝑚𝑒𝑛𝑡 𝑙𝑒𝑛𝑔ℎ𝑡/2 

(12) 

 

        

where, 𝜔  is an inertia factor, 𝑐1  and 𝑐2  are 

acceleration constants, j is the number of segments, 

and also a learning factor for each particle; 𝑝𝑖(𝑡) 
and 𝑔(𝑡) are the individual optimal value and the 

optimal global value of the particle, respectively.  

3.2 Problem formulation 

The system-controlled object with a disturbance 

can be modeled as follows: 

 

𝑌(𝑠) = 𝐺(𝑠). 𝑈(𝑠) + 𝐷(𝑠)            (13) 

 

where, 𝑌(𝑠)  is the output-system, 𝑈(𝑠) is the 

input-system, and 𝐷(𝑠)  is the total disturbance, 

including the internal and G(s) external disturbances 

of the system. The transfer function of a system is 

[26]: 

 

𝐺(𝑠) =
𝑏𝑚𝑠

𝑚+𝑏𝑚−1𝑠
𝑚−1+⋯+𝑏1𝑠+𝑏0

𝑎𝑛𝑠
𝑛+𝑎𝑛−1𝑠

𝑛−1+𝑎1𝑠+𝑎0
   𝑛 ≥ 𝑚      (14) 

 

The system LADRC controller can be expressed 

as [16]: 

 

𝑦𝑟 = 𝑏𝑢 + 𝑓(𝑦, 𝑦̇, … , 𝑦𝑟−1, 𝑢, 𝑢̇, … , 𝑢𝑟−1, 𝑑)    (15) 

 

where 𝑓(𝑦, 𝑦̇, … , 𝑦𝑟−1, 𝑢, 𝑢̇, … , 𝑢𝑟−1, 𝑑)  is total 

system disturbance. The LESO is the core segment 

of the full LADRC, is used to evaluate disturbances 

and (𝑦, 𝑦̇, … , 𝑦𝑟−1) as follows: 

 

{
 
 

 
 

𝑧1 = 𝑦
𝑧2 = 𝑦̇
…

𝑧𝑟 = 𝑦
𝑟−1

𝑧𝑟+1 = 𝑓(𝑦, 𝑦̇, … , 𝑦
𝑟−1, 𝑢, 𝑢̇, … , 𝑢𝑟−1, 𝑑)

   (16) 

 

This article uses two-area interconnected power  
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Figure. 5 Proposed Se-PSO algorithm for parameter tuning of the LADRC controller 

 

grid models, area-1 is a power plant model including 

a steam turbine and pumped storage, and area-2 is 

only a steam turbine system. The mathematical 

model of the second-order system can be obtained 

from the following equations [16]: 

 

𝑦̈ = 𝑏𝑜𝑢 + 𝐼                     (17) 

 

which is: {

𝑥̇1 = 𝑥2
𝑥̇2 = 𝑏𝑜𝑢 + 𝑥3

𝑥̇3 = ℎ
𝑦 = 𝑥1

                 (18) 

 

Assuming that x1, x2, x3 are the state variables of 

a system and h = I; we can obtain the estimated 

values of 𝑦, 𝑦̇ , and I by using the second-order 

expression of the LSEO as follows: 

 

{

𝑧̇1 = 𝑧2 − 𝛽1(𝑧1 − 𝑦)

𝑧̇2 = 𝑧3 − 𝛽2(𝑧1 − 𝑦)

𝑧̇3 = − 𝛽3(𝑧1 − 𝑦)
+ 𝑏𝑜𝑢         (19) 

 

The following equations can express the 

observer bandwidth (parameters gain coefficient) of 

LESO: 

 

{

𝛽1 = 3𝑤𝑜
𝛽2 = 3𝑤𝑜

2

𝛽3 = 𝑤𝑜
3

                     (20) 

Table 1. Two-area interconnected power grid system 

parameters 

Parameter Area-1 Area-2 

Area inertia (M) 0.2017 0.1247 

Load damping (D) 0.016 0.015 

Tie-line synchronization factor (T12) 0.12 0.12 

Frequency regulation factor (B1) 0.3692 0.3827 

Speed regulation factor (RS) 2.82 2.73 

Governor time (TG) 0.07 0.09 

Non-reheat turbine time (TT) 0.30 0.30 

Low-pressure reheating time of 

reheating turbine (Trh) 
7.0 0.30 

 

 

Fig. 5 shows the proposed Se-PSO algorithm for 

the LADRC parameter tuning and optimization. The 

Se-PSO is used to optimize the six parameters in the 

two LADRC controllers for the approximate 

solution. 

4. Result and discussion 

The simulation is performed according to the 

LFC system model of the two-area interconnected 

power grid with PSPP shown in Figs. 2 and 3. The 

LFC system model parameters are shown in Table 1. 

The dynamic response control simulation for the 

system performance was carried out under different 

working conditions. For area-1, the load step  
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(a) 

 
(b) 

Figure. 6 Area-1 under pumping mode: (a) Frequency 

deviation response and (b) ACE response 

 

 
(a) 

 
(b) 

Figure. 7 Area-2 under pumping mode: (a) Frequency 

deviation response and (b) ACE response 

 

 
Figure. 8 Exchange power deviation response of tie-line 

under pumping mode 

 

disturbance was set as −0.18 pu occurs at time 10 

sec, and for area-2, the load step disturbance was set 

as 0.165 pu occurs at time 40 sec. The traditional PI 

controller and LADRC controller tunes were applied 

to the LFC of two-area interconnected power grids 

with PSPP. To make a fair comparison and 

effectively verify the superiority of the designed 

LFC, the parameters of LADRC and traditional PI 

controllers are tuned and optimized using the Se-

PSO algorithm. 

4.1 Pumped energy storage in pumping 

conditions 

When a PSPP is in pumping operation condition, 

it will stop pumping according to the occurrence of 

area control deviations and load disturbances, 

participate in the frequency adjustment of the power 

grid, and transmit its available power to the power 

grid. Fig. 6 to Fig. 8 show the response curves of the 

frequency deviation, control deviation, and 

exchange power deviation of the connection lines in 

the two areas. 

Fig. 6 to Fig. 8 show the effect of large load 

disturbance occurring in the power grid under 

pumping conditions; both controllers can maintain 

the dynamic stability of the system and eliminate the 

fluctuations caused by the load disturbance within a 

certain period. However, when the traditional PI 

controller is used, the overshoot of the system 

response is significantly more significant. It takes a 

longer adjustment time to reach stability, threatening 

the interconnected grid frequency and active power 

stability. In addition, the LADRC controller 

significantly reduced the system overshoot response, 

and the system response is quickly restored to 

stability, and the disturbance suppression capability 

is more significant. 

4.2 Pumped energy storage in generation 

conditions 

When a PSPP operates in power generation 

conditions, it can augment the power generation 

capacity of the system, thus ensuring that the power 

supply and demand are promptly balanced. The 

response curves of the main physical quantities of 

the power grid obtained by system simulation are 

shown in Fig. 9 to Fig. 11, respectively. 

From Fig. 9 to Fig. 11, it is evident that when the 

PSPP operates in power generation mode, both types 

of controllers effectively maintain the power grid's 

stability despite load disturbances originating from 

various locations. During this period, the PSPP 

contributes to the power grid by supporting the 

system's stability. Compared with the traditional PI 

control, the dynamic response performance 

indicators of the system under the LADRC 

controller have apparent advantages.  
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(a) 

 
(b) 

Figure. 9 Area-1 pump storage under generating mode: 

(a) Frequency deviation response and (b) ACE response 

 

 
(a) 

 
(b) 

Figure. 10 Area-2 pump storage under generating mode: 

(a) Frequency deviation response and (b) ACE response 

 

 
Figure. 11 Exchange power deviation response of tie-line 

under generating mode 

 

LADRC based on Se-PSO parameter tuning can 

make the system quickly suppress load disturbances 

for about 4 seconds, the system response can return 

to stable, converge to zero, the adjustment time is 

shortened significantly, and the overshoot is slight. 

Through the system mentioned above, LFC 

simulation, and analysis, it can be confirmed that the  
 

 
(a) 

 
(b) 

Figure. 12 Area-1 under pumping mode: (a) Frequency 

deviation response and (b) Exchange power deviation 

response 

 

two area interconnected power grids connected to 

the PSPP, whether the power plant is operating in 

pumping or power generation conditions, the system 

is in the optimal LADRC controller designed. Under 

the action, it can achieve a superior LFC effect. 

Compared with the traditional PI controller, the 

former has more robust adaptability and can achieve 

better dynamic response performance. 

4.3 Final comparison 

To assess the effectiveness of PSPP in regulating 

the power grid frequency, we conducted system 

control simulations and compared the performance 

of these plants under different operating conditions. 

Specifically, we examined the frequency deviation 

and tie-line exchange power deviation response 

curves of area-1 under pumping conditions, as 

shown in Fig. 12. 

Our analysis of Fig. 12 reveals that when 

operating in pumping mode, connecting a PSPP to 

the power grid has no adverse effects on the grid's 

stability. It can even help reduce area frequency 

deviation and mitigate external load disturbances.  

Furthermore, variations in the exchange power 

deviation on the tie-line can enhance the dynamic 

response characteristics of the system. To 

summarize, our findings indicate that PSPP 

possesses the capability to efficiently engage in 

frequency regulation of the power grid and promote 

its reliable operation. 

In Fig. 13, the frequency deviation response and 

the line exchange power deviation response curves 

for area-2 are depicted under power generation 

conditions. It is evident that the power deviation  
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(a) 

 
(b) 

Figure. 13 Area-2 under generating mode: (a) Frequency 

deviation response and (b) Exchange power deviation 

response 

 

response quickly converges to zero, and the 

oscillations are significantly reduced.  

This outcome can effectively suppress the 

system response fluctuations that result from 

external load disturbances, thereby improving the 

frequency and power stability of the power grid's 

operation. Overall, Fig. 13 demonstrates that the 

proposed control method effectively enhances the 

power system's performance under power generation 

conditions.  

In addition, to make a quantitative analysis of 

the performance of the PSPP when the system uses 

different controllers to perform LFC under different 

operating conditions, the calculated values of the 

ISE objective functions of other controllers under 

varying operating conditions are shown in Table 2. 

The results show that compared with the PI 

controller based on Se-PSO tuning, the LADRC 

controller based on Se-PSO tuning designed in this 

article can achieve smaller ISE adaptive values 

under different operating conditions. This shows that 

the controller parameter optimization adjustment by 

the Se-PSO algorithm makes the LADRC controller 

have better self-adaptability. Because the LADRC 

controller can estimate and effectively suppress the 

total system interference, it can obtain a better 

performance than the PI controller. The control 

performance is more suitable for the LFC of the 

interconnected power grid, and the tedious manual 

adjustment of parameters based on experience is 

eliminated, which makes the design of the active 

disturbance rejection LFC more reference value and 

practical significance. 

Not only that, for the grid-connected PSPP under  
 

Table 2. The values of (ISE) objective function for 

different controllers under different working conditions 

Power grid 

status 

Operating 

conditions 

ISE 

Se-PSO 

/PI 

Se-PSO 

/LADRC 

Connected 

pumped storage 

Pumping 0.02964 0.00594 

Generation 0.01829 0.00273 

Non-pumped 

storage 
---- 0.02778 0.0087 

 

 
Table 3. Performance index (ISE) of different controllers 

Controller 

Type 
ISE Controller 

Type 
ISE 

Se-PSO /PI 0.01829 DE [20] 25.7325 

PFOPI [19] 0.11062 AEFA [20] 23.478 

PDMPI [19] 0.6057 DE-AEFA [20] 12.416 

PDMFOPI 

[19] 
0.0084 

Se-PSO 

/LADRC 
0.00273 

 

 

the power generation condition, the ISE adaptation 

value of the LADRC controller is the smallest, 

which also verified that the PSPP played a more 

significant role in participating in the frequency 

regulation of the power grid under the power 

generation condition. This shows that PSPP can 

quickly respond to sudden changes in load and have 

excellent fast frequency regulation capabilities, 

especially in power generation conditions. Therefore, 

PSPP can significantly promote the safe and stable 

operation of the power grid. 

Table 3 shows the controller performance index 

obtained by the suggested Se-PSO/LADRC 

controller, compared with previous works that used 

DE, AEFA, DE-AEFA, PFOPI, PDMPI, and 

PDMFOPI algorithms. The results indicate that the 

Se-PSO/LADRC controller has a minimum ISE 

value of 0.00273, demonstrating its superior 

performance in enhancing the power system's 

efficiency under power generation conditions. These 

findings provide strong evidence for the 

effectiveness of the proposed control method. 

5. Conclusion 

This article focuses on optimizing the LFC 

control strategy in a two-area interconnected power 

grid with PSPP. The study involves developing a 

dynamic LFC model and designing a second-order 

LADRC controller for each area. This article 

proposes a LADRC strategy for load frequency 

regulation in interconnected power grids with PSPP. 

The adjustable parameters of the second-order 

LADRC controller are optimized using the Se-PSO 
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algorithm, and simulations show the effectiveness of 

the proposed strategy in handling different step load 

disturbances and in both pumping and power 

generation modes of the PSPP. 

The results show that the load frequency linear 

auto-disturbance optimization control strategy based 

on the Se-PSO tuning can make the system exhibit 

superior dynamic response performance, save the 

tediousness of manual parameter adjustment, and 

have strong adaptability. In addition, it proves that 

the PSPP has a good frequency regulation function.  

The Se-PSO/LADRC method provides superior 

dynamic quality and adaptability compared to 

traditional PI control. Furthermore, the ISE rate is 

reduced by around 85%. In conclusion, PSPP can 

play a vital role in LFC for the power grid. 

In our future work, we will study the impact of 

different types of PSPP on LFC. Also, the PSPP can 

help stabilize the grid but can also be expensive. A 

cost-benefit analysis could help determine if the 

benefits of using pumped storage for LFC outweigh 

the costs. 
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