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In power systems, maintaining a nearly constant frequency is essential for stable operation. The secondary control loop plays a 
crucial role in regulating the system frequency, ensuring it remains at or near its nominal value. Additionally, this control loop is 
responsible for maintaining the scheduled power exchange between interconnected control areas via tie lines. This study focuses 
on analyzing and simulating the dynamic response of interconnected power systems under various configurations. The examined 
power system areas include steam, hydroelectric, and gas power plants. MATLAB-based simulations are conducted on both two-
area and three-area power system models. The time-domain simulation results are further evaluated through eigenvalue analysis 
of the system matrix under different operating conditions. The findings indicate that, following a step change in load demand 
within isolated areas, gas power plants exhibit the smallest frequency deviation (droop). In contrast, hydroelectric plants 
demonstrate the largest frequency droop. Additionally, gas power plants exhibit fewer changes in response to load changes 
compared to the other two types of generation sources.

1. INTRODUCTION 
Among various energy forms, electrical energy stands out 

as a pivotal element underpinning the growth of industrial, 
economic, and social sectors. Electricity generation is 
achieved through multiple types of power plants and 
technologies, which are primarily categorized by their 
primary energy source. Conventional thermal power plants, 
which rely on non-renewable energy sources, include steam 
power plants, gas-fired power plants, combined cycle plants, 
nuclear power plants, and diesel power plants. In contrast, 
renewable energy power plants encompass facilities that 
utilize various power sources, including hydroelectric, wind, 
geothermal, tidal, and solar energy. Typically, these power 
plants use one or more turbines coupled with generators to 
convert mechanical energy into electrical energy [3-9].  

In the realm of power system control and stability, 
numerous persistent challenges arise, including 
unpredictable external disturbances, parameter uncertainties, 
and inaccuracies in the system modeling. These factors 
complicate achieving the desired operational performance. 
To address these issues, multiple control loops are 
implemented to regulate system parameters effectively, 
thereby ensuring stable and reliable operation of the power 
system. The problem of frequency deviation is an inherent 
and ongoing challenge that arises due to continuous 
fluctuations in load demand. Consequently, it necessitates 
adjustments in the generated power output to maintain the 
system frequency at its nominal setpoint [10-13]. In power 
systems, the load frequency control loop plays a critical role 
in maintaining the system frequency at its nominal value. 
The primary function of this control loop is to ensure that the 
active power output from generation units adequately meets 
the varying load demands.  

Additionally, it regulates the power exchanged between 
interconnected control areas to keep it aligned with 
predetermined scheduled values, thereby maintaining system 
stability and operational reliability. The primary objective of 
the secondary control loop is to mitigate transient deviations 
in both area frequency and tie-line power exchange, while 
ensuring zero steady-state error in these parameters. 
Furthermore, this control loop enhances the overall stability of 
the power system [14,15]. Numerous studies have been 
conducted focusing on the design and enhancement of load 

frequency control stability within interconnected power 
networks [16,17]. 

A complementary control strategy is employed within the 
automatic generation control system to address the area 
control error. This approach adapts the controller gain using 
the integral square error criterion to enhance system 
performance. Additionally, in [18], a model predictive control 
method is proposed for a two-area interconnected power 
system that incorporates both photovoltaic and thermal 
generation units, providing a practical approach to load 
frequency control. When a discrete-time state-space model 
represents the dynamic characteristics of the system, the cost 
function used to optimize the control signal aims to minimize 
a weighted sum of the squares of the predicted errors and the 
squares of the future control actions. This approach ensures 
effective minimization of both tracking errors and control 
effort. With the rapid increase in photovoltaic penetration and 
integration into distributed grids, interconnected multi-area 
power systems are increasingly susceptible to disturbances. 
Such disturbances may originate from factors such as the 
parameters of grid-connected inverters, which can lead to 
amplified frequency fluctuations within the power system. In 
[19], a load frequency control approach utilizing double 
equivalent-input-disturbance controllers is introduced. This 
strategy is implemented using a linear model of the multi-area 
power system. The effectiveness of the proposed method in 
damping frequency fluctuations is demonstrated through 
simulation results. 

Wind power plants play a significant role in supplying 
environmentally sustainable energy. However, their 
integration into power systems introduces stability 
challenges, primarily due to the inherent lack of inertia in 
wind-based generation. The stochastic nature of wind energy 
further contributes to potential disturbances in the power 
injected into the grid. In [20], the design and implementation 
of an optimal automatic generation control system based on 
a PI structure and utilizing full-state vector feedback control 
theory are presented for a two-area multi-source power 
system incorporating wind power plants. Simulation results 
indicate that wind power plants can amplify load 
disturbances when wind power availability decreases, yet 
this effect is counterbalanced when wind energy input 
increases, effectively mitigating the impact of load 
disturbances. Renewable energy sources are crucial for 
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electricity generation as they help reduce environmental 
pollution and decrease reliance on non-renewable resources. 
However, the integration of renewable energy introduces 
instability into the system’s frequency response, and these 
fluctuations can degrade power quality. In [21], a linear 
active disturbance rejection control strategy based on the soft 
actor-critic approach is proposed to mitigate the negative 
impacts associated with renewable energy integration. This 
intelligent controller is subsequently applied to manage load 
frequency in a two-area interconnected power system. 
Simulation results demonstrate that the proposed control 
method outperforms several alternative approaches in terms 
of effectiveness. The growing integration of renewable 
energy sources into power systems has led to reduced system 
inertia, which is now recognized as a critical challenge.  

This paper conducts a time-domain analysis and 
simulation of the dynamic behavior of the load frequency 
control system within an interconnected power network. 
Simulations are performed for a multi-area system 
comprising diverse combinations of steam, gas, and 
hydroelectric power plants. The dynamic characteristics are 
examined through eigenvalue analysis of the system matrix. 
The main objectives of this study are as follows: 
- Comparison of dynamic responses: Evaluation and 
comparison of the dynamic behavior among different types 
of power plants. 
- Analysis of system modes: Investigation of the system 
modes present in interconnected power networks with 
varying configurations. 
- Investigation of Primary Frequency Control: Assessment of 
the primary frequency control response in multi-area power 
systems with different structural arrangements. 

2. LOAD FREQUENCY CONTROL 
Hierarchical control, as illustrated in Fig. 1, represents a 

widely adopted approach for mitigating frequency oscillat-
ions in power systems. Such control architectures are 
typically organized into three distinct layers: primary, 
secondary, and tertiary control. However, depending on the 
operational circumstances, the magnitude of disturbances, 
and the extent of frequency deviations, it may be necessary 
to implement an emergency control loop to restore system 
frequency and ensure stability rapidly.  

 

 
Fig. 1 – Frequency control loops in the power system. 

The primary control loop typically mitigates minor 
frequency fluctuations occurring during regular power 

system operation. The secondary control loop is activated in 
response to abnormal conditions, utilizing available stored 
energy to restore the system frequency. In cases of large dist-
urbances that result in a significant imbalance between gene-
ration and load demand, the tertiary control loop is employed 
to limit frequency deviations and stabilize the system [22]. 

3. INTERCONNECTED POWER SYSTEM MODEL 
Figure 2 shows the connection between one area and other 

areas in an interconnected power system, where Tij is the 
synchronizing torque coefficient of the tie-line between two 
areas i and j. ΔPd is the incremental changes in load demand, 
Δf is the incremental changes in system frequency, and ΔPm 
is the incremental changes in mechanical power. The error 
signal of the incremental changes in the connection line 
power is considered based on the frequency difference 
between the areas [23,24]. The linearized equations 
representing the dynamic model of each power plant are 
described below. Each area has two input signals including 
u1=load demand changes (ΔPd) and u2=load reference set-
point. ΔPtie is the tie-line power flows throughout the tie-line 
between existing areas. The order of the system matrix 
(number of state variables) for describing the power plant 
model in state space is 4, 4, 5, and 3 for steam power plant 
with reheater, hydro power plant, gas power plant, and steam 
power plant without reheater, respectively. 

 

 
Fig. 2 – Connection between adjacent areas in the interconnected power 

system. 

3.1 SMALL SIGNAL MODEL EQUATIONS OF A 
STEAM POWER PLANT WITH A REHEATER IN 

STATE SPACE 
By choosing four state variables, x1=frequency changes 

(Δf), x2=turbine output mechanical power changes (ΔPm), 
x3=turbine output mechanical power changes without 
reheater, and x4=steam valve changes, the first order 
differential equations representing the dynamic model of a 
steam power plant with reheater are expressed as follows. 

 .  (1) ! ! " !
! ! !

= − + ± −∑!
"#$

% % % %

&D ( ( ( ) *
D" + + + +

∆



3 Ghazanfar Shahgholian 327 
 

 .  (2) 

 .  (3) 

 .  (4) 

where TH is time constant of reheater, FH is fraction of power 
generated by high pressure section, TT is time constant 
turbine, RS is speed governor regulation and TG is speed 
governor time constant.  

3.2 SMALL SIGNAL MODEL EQUATIONS OF 
HYDROPOWER IN STATE SPACE 

To express the first-order differential equations representing 
the dynamic model of the hydropower plant, four state variables 
are used, including x1 frequency changes (Δf), x2 turbine output 
mechanical power changes (ΔPm), x3 transformer droop 
compensation output, and x4 water valve changes. 

. (5) 

 

 . (6) 

 

 . (7) 

 . (8) 

where JM is equivalent inertia constant, KD is equivalent 
damping factor of the loads, TW is water starting time, TR is 
speed governor reset time, TP is transient droop time 
constant, RH is speed governor regulation and TG is main 
server time constant. 

3.3 SMALL SIGNAL MODEL EQUATIONS OF GAS 
POWER PLANT IN STATE SPACE 

To display the first order differential equations in order to 
display the small signal model of the gas power plant, five 
state variables are used, which are: x1=frequency changes 
(Δf), x2= compressor output power changes, x3=.fuel system 
output power changes, x4= speed governor output power 
changes and x5= valve position output power changes. 

 . (9) 

 .  (10) 

  

 . (11) 

  (12) 

 . (13) 

where TG Is time constant of the speed governor lag, TL is 
time constant of the speed governor lead, RG is speed 
governor regulation, TF is fuel time constant, TCR is time 
delays of the combustion reaction, TCD is time constant of the 
compressor discharge volume, KV is value positioner gain 
and TV is time constant of the value positioner. Fig. 3 shows 
the connection of three different areas. The output signal in 
each area is considered to be the frequency deviation of the 
same area [25]. Therefore, according to the power change of 
the connecting line between the areas, the number of state 
variables to display the connected power system, two-area or 
three-area, will be at least 8 and at most 16. 

 

 

Fig. 3 – Block diagram of a three-area interconnected power system. 

4. SIMULATION RESULTS AND DISCUSSION 
Controlling the stability of frequency and terminal voltage at 

nominal values is always essential for good operation of an 
interconnected power system. In this section, the dynamic 
behavior of the load frequency control system in the 
interconnected power system with different combinations of 
power plants is simulated. The modes of the system are 
determined for each scenario, and the correctness of the 
simulation results in the time domain is shown based on them. 
The parameters of the studied power system are given in Table 1. 

Table 1 
Plant parameters for simulation. 

Parameter Value 
Parameters for hydro power plant JM=8, KD=1, TW=1, TR=6, 

TP=9.5, RH=0.1, TG=0.2 
Parameters for steam power plant JM=8, KD=1, TH=8, FH=0.4, 

TT=0.3, RS=0.2, TG=0.3 
Parameters for gas power plant JM=8, KD=1, TG=1.1, TL=0.6, 

RG=0.2, TP=0.239, TCR=0.01, 
TCD=0.3, KV=1, TV=0.049 
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4.1 SINGLE-AREA POWER SYSTEM (AREAS 
INDEPENDENT FUNCTION) 

First, in this section, the frequency changes in each of the 
power plants are examined independently for step changes in 
load. Figs. 4 and 5 show the transient response of frequency 
changes in each generation unit. The system modes for each 
generation unit in this scenario are given in Table 2. 

Considering the location of the system modes on the left 
side of the imaginary axis, as seen in the simulation results, the 
response will be stable. Table 3 shows the maximum frequ-
ency drop and its occurrence time for each generation unit for 
step changes in load. The lowest frequency drop occurred in 
the gas unit and the maximum frequency drop occurred in the 
hydro unit. Also, in terms of response speed, the gas unit 
operates faster than the other two generation units. The 
frequency drop in the steam unit is less than the other two 
units, and for this reason, the mechanical power generation in 
the steam unit will be greater than the other two units. The 
steady state frequency in each generating unit depends on the 
equivalent damping factor of the loads and the speed governor 
regulation. Since these values are assumed to be the same in 
all three generating units, the final frequency value will be the 
same in all three generating units. 

 
Fig. 4 – Area frequency deviation after step load perturbation in scenario 1 

(areas independent function) 

Table 2 
Power system modes of each area in separate operation 
Power plant Eigenvalues in each area 

Steam power plant -4.1450, -2.2391, -0.2663±j0.2033 
Hydro power plant -5.9738, -0.1773, -0.5308±j0.5826 

Gas power plant -20.3881, -4.8966, -2.5665, -0.5542±j0.6710 

 
Fig. 5 – Incremental changes in the output mechanical power of turbine 
after step load perturbation in scenario 1 (areas independent function). 

Table 3 
The amount of maximum frequency droop for step changes in demand 

load 
Power plant Maximum frequency drop Occurrence time 

Steam power plant -0.2596 4.8506 
Hydro power plant -0.2908 3.5935 

Gas power plant -0.1915 3.1482 

4.2 TWO-AREA POWER SYSTEM (STEAM POWER 
PLANT AND HYDRO POWER PLANT) 

The dynamic behavior of a two-area power system 
consisting of two steam and hydro units is simulated in this 
section. The load step changes in each area are considered 
separately, and the frequency changes of the steam generation 
unit (area 1) and the hydro generation unit (area 2) are shown 
in Figs. 6 and 7, respectively.  

 
Fig. 6 – Area frequency deviation after step load perturbation in area 1 

(steam power plant) in scenario 2. 

The system in this case will have two oscillation modes 
-0.3648±j 0.5575 and -0.3526±j0.3709. The frequency in 
each zone decreases to -0825 in the steady state. The 
mechanical power variations for the two generating units 
for step changes in load in area 2 are shown in Fig. 8. As 
can be seen, the steam generating unit has less fluctuations 
than the hydro generating unit. The system in this scenario 
also has five real modes, which are: -5.9723, -4.1435, -
2.2491, -0.2540, and -0.0757. 

 

 
Fig. 7 – Area frequency deviation after step load perturbation in area 2 

(hydro power plant) in scenario 2 
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Fig. 8  – Mechanical power deviation after step load perturbation in area 2 

(hydro power plant) in scenario 2. 

4.3 TWO-AREA POWER SYSTEM (STEAM POWER 
PLANT AND GAS POWER PLANT) 

Steam and gas power plants are common power plants for 
generating electricity in the power system. The system studied 
in this section is a two-zone power system including these two 
generating units. Figure 9 shows the frequency changes in 
each generating unit for step changes in load in zone 2. As can 
be seen, the frequency has decreased by 0.0829. The 
mechanical power output of each generating unit in the steady 
state is 0.4176 per unit, and the inter-zone power is 0.5 per 
unit. When the load changes occur in zone 1, the frequency 
drops to 0.0833. As is clear from the simulation results, when 
the load changes occur in zone 2, that is, in a gas power plant 
or a hydro power plant, the frequency drop in zone 1, that is, a 
steam power plant, will be greater. 

Therefore, for supplying the load during the maximum 
consumption, the gas power plant is very suitable, but the 
steam power plant is not suitable for supplying the load 
during the maximum consumption. 

As can be seen, in the gas power plant, the maximum 
frequency drop of 0.1722 Hz occurs at 2.5958 seconds, but 
in the steam power plant, the maximum frequency drop of 
0.0890 Hz occurs at 9.1680 seconds. 

 
Fig. 9 – Area frequency deviation after step load perturbation in area 2 

(gas power plant) in scenario 3. 

4.4 THREE-AREA INTERCONNECTED POWER 
SYSTEM  

In this section, a three-zone power system is 
considered, comprising three generating units: a hydro 
unit (zone 1), a steam unit (zone 2), and a gas unit 

(zone 3). The load changes in each zone are considered 
separately, and the simulation results of the frequency 
changes of different zones are shown in Figures 10, 11, 
and 12 for each case. As can be seen, the frequency drop 
in different cases is 0.0584, 0.0543, and 0.0020. The 
eigenvalues of the system matrix are given in Table 4. 

 
Fig. 10  – Area frequency deviation after step load perturbation in area 1 

(steam power plant) in scenario 4. 

 

Fig. 11- Area frequency deviation after step load perturbation in area 2 
(steam power plant) in scenario 4 

 
Fig. 12 – Area frequency deviation after step load perturbation in area 3 

(steam power plant) in scenario 4. 

As can be seen, the eigenvalues are located on the left side 
of the imaginary axis, which indicates the stability of the 
power system for small changes in the demand load. 
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Table 4 
Eigenvalues of the system matrix in the interconnected power system for 

different scenarios 
Combination of areas Eigenvalues in interconnected power system 

Steam + Hydro -0.0528, -0.3021, -2.2491, -4.1435, -5.9666, 
-0.3014±j0.5574, -0.3843±j0.3156 

Steam + Gas -0.1113, -2.2488, -2.5717, -4.1435, -4.8953, 
-20.3881, -0.4976±j0.6857, -0.2612±j0.3520 

Steam +Hydro + Gas -0.0388, -0.1117, -0.3697, -2.2584, -2.5717, 
-4.1420, -4.8953, -5.9666, -20.3881, 
-0.4987±j0.6847, -0.3823±j0.4124, 
-0.2705±j0.5744 

5. CONCLUSIONS 
The expansion of power system capacity alongside the 

integration of diverse energy sources has significantly increased 
the complexity of modern electrical grids, leading to inherently 
nonlinear system behavior. This nonlinear and intricate nature 
introduces numerous challenges, among which frequency 
deviation stands out as a critical issue. Maintaining both 
frequency and voltage within their prescribed standard limits 
during system operation is essential to ensure the high quality and 
reliability of the electrical power supply. Interconnected power 
systems offer several benefits, including the ability to balance 
discrepancies between supply and demand, facilitate the 
integration of intermittent renewable energy sources, and enable 
access to geographically distant energy resources. However, a 
notable drawback of such interconnected networks is the potential 
for fault propagation across the entire system, which can 
jeopardize overall system stability. Therefore, effective 
management strategies are essential for maintaining the reliability 
of interconnected systems. 

In this paper, the analysis and simulation of the dynamic 
behavior of the load frequency control system in the time domain 
for an interconnected power system are presented. The dynamic 
behavior of the power system is investigated using the analysis of 
multi-zone power system modes, including various combinations 
of steam, gas, and hydroelectric power plants. The consumption 
of active power and reactive power is affected by load changes or 
any other disturbances, which can severely impact the regular 
operation of the interconnected power system. To maintain the 
frequency at the nominal value, a frequency load control system 
is installed in the generating station, ensuring that with changes in 
the active power demand, the system frequency and the power 
passing through the connection lines remain within the specified 
limits. Due to their quick response, gas turbine units can provide 
flexible tuning capabilities for power systems. 

Received on 4 December 2024 
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