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dependent areas exhibit varying frequency droop characteristics, with gas
power plants showing the least frequency droop and hydro power plants
displaying the most significant frequency droop.
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1 Introduction

Energy is crucial for the advancement of industrial and
commercial sectors, societal welfare, quality of life, and
overall security. Studies show a strong correlation be-
tween national development and energy consumption,
highlighting the importance of accessible energy re-
sources in supporting economic growth, particularly in
developing nations [1,2]. Electrical energy, in particu-
lar, is a cornerstone of industrial, economic, and social
progress, with enhanced production and distribution
capacities directly contributing to national develop-
ment [3,4]. Electricity generation involves various types
of power plants and technologies, classified by their
primary energy sources. Conventional, non-renewable
sources include thermal power plants such as steam,
gas, combined cycle, nuclear, and diesel plants, while
renewable sources include hydropower, wind, geother-
mal, tidal, and solar plants. In general, power plants
rely on turbines and generators to produce mechanical
energy, which is then converted into electricity. How-
ever, photovoltaic plants use solar cells for direct energy
conversion [5, 6].

The expansion and diversification of energy sources
have increased the structural complexity of modern
power systems, leading to nonlinear behaviors and op-
erational challenges, including frequency deviations,
which are a critical issue [7,8]. Ensuring that frequency
and voltage remain within standard values is essential
for maintaining power quality [9,10]. Power systems
face continuous challenges, such as unpredictable exter-
nal disturbances and uncertainties in parameters and
system models, requiring robust control loops to sta-
bilize and optimize system performance [11,12]. Load
frequency control (LFC) loops are employed to stabilize
frequency at nominal levels by adjusting the generated
power to match fluctuating demand, thus maintaining
equilibrium in power exchanges between interconnected
areas [13,14].

To improve reliability and economic operation,
modern power systems have become interconnected
networks, consisting of multiple areas. In this context,
when there is a difference between the generated power
and the consumed load, the LFC system is responsible
for balancing the generated power and the demanded
load to maintain the nominal frequency of the system.
It must also control the power exchange between areas
based on the planned inter-area power values [15,16].

In interconnected systems, LFC loops are essential
for managing transient frequency deviations and min-
imizing steady-state errors, thereby enhancing system
stability [17,18]. These systems offer significant advan-
tages, such as balancing supply-demand mismatches,

integrating renewable energy sources, and accessing
distant energy resources. However, they also intro-
duce the potential for fault propagation across the net-
work, highlighting the need for effective management
and control to prevent widespread instability [19, 20].
Significant research has been devoted to enhancing the
stability of LFC systems in interconnected networks
[21,22]. Topics discussed in research include adaptive
load frequency control (LFC) [23], small-signal stabil-
ity [24], combining algorithms and proposing a cascade
proportional-integral-derivative (PID) controller [25],
sliding mode control for LFC in multi-zone power sys-
tems [26], an LFC strategy based on a two-deep Q-
network [27], and controlling voltage and frequency pa-
rameters in a multi-source power system [28]. Among
advanced storage solutions, superconducting magnetic
energy storage (SMES) systems provide efficient en-
ergy storage with rapid power regulation, making them
highly valuable for enhancing LFC in power systems.
An adaptive neural control model, based on varying
control error and stored energy, has been proposed
in [29] to optimize LFC, complemented by a controller
that adjusts its gain using the integral square error cri-
terion.

Additionally, model predictive control methods
have been explored for multi-area interconnected sys-
tems, incorporating both photovoltaic and thermal
generation. In [30], these methods optimize control
signals by minimizing the weighted sum of predicted
errors and future control values, thereby enhancing sys-
tem dynamics.

Increased photovoltaic integration and grid connec-
tions, however, introduce disturbances caused by in-
verter parameters, leading to intensified frequency fluc-
tuations. Recent strategies, such as dual equivalent-
input-disturbance controllers, have shown promise in
mitigating these fluctuations in multi-area power sys-
tems [31].

An isolated microgrid LFC system with uncertain
renewable energy sources is investigated in [32]. A
multi-objective formula is proposed to tune the con-
troller in a microgrid with multiple energy sources, in-
cluding fuel cells and battery storage. Simulation re-
sults highlight the effectiveness of the multi-objective
approach in improving the system’s performance and
stability indices.

Wind power, as an environmentally friendly energy
source, poses unique challenges to system stability due
to its low inertia. A PlI-structured optimal automatic
generation control, based on full-state vector feedback
control theory, has been applied to manage load distur-
bances in multi-source systems. Simulations presented
in [33] demonstrate that wind power improves the load
disturbance response under variable wind conditions.
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Renewable energy integration reduces reliance on non-
renewable resources but can disrupt frequency stability,
thereby affecting power quality. Advanced controllers,
such as linear active disturbance rejection control com-
bined with a soft actor-critic algorithm, have demon-
strated effectiveness in mitigating adverse effects on fre-
quency response in two-area interconnected systems, as
presented in [34].

The rising penetration of renewables has high-
lighted low inertia as a critical concern in power net-
works. In [35], a novel three-degree-of-freedom LFC
strategy for renewable-integrated interconnected sys-
tems is proposed, utilizing fractional-order control with
a compensatory filter to address frequency and power
deviation issues across connection lines. This study
presents a dynamic analysis and simulation of LFC be-
havior within interconnected multi-zone systems across
various power plant configurations, including steam,
gas, and hydro. System matrix eigenvalue analysis
is utilized to evaluate the dynamic response and sys-
tem modes under different configurations. This study
aims to:: compare dynamic responses across different

Emergency control loop

power plant types, analyze mode behaviors in intercon-
nected systems with varied architectures, and examine
primary frequency control responses in multi-zone sys-
tems with differing structures.

2 Load Frequency Control

Hierarchical control, as shown in Figure 1, is a com-
mon solution for damping frequency oscillations and is
typically classified into three control levels: primary,
secondary, and tertiary. Depending on the system con-
ditions, the severity of the disturbance, and the de-
gree of frequency deviation, an emergency control loop
may be necessary to restore the power system frequency
[36,37]. Minor frequency oscillations during normal op-
eration of the power system are mitigated by primary
control. The secondary control loop is activated based
on the amount of stored power to restore frequency
during abnormal operation. In the case of a severe dis-
turbance that causes a significant imbalance between
production and load demand, the tertiary control loop
is employed to reduce the frequency deviation [38,39].

Tertiary
control
loop

The response time is between a few seconds and a few
minutes (10 sec-10 min).
Returning the frequency to the nominal value in the
second level controller

<

Secondary
control

The response time 15 between a few minutes and more
than an hour (10 min->1 hr)
Economic distribution in the third level controller

_—=

The response period is a few seconds.
The function is automatic.
Frequency stabilization in the first level controller

Governor response

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

Frequency control is divided into four levels: pri-
mary level control (based on the droop properties of
the system), secondary level control (involving mea-
surement of frequency variation and power transfer be-

tween zones), tertiary control (used to reduce frequency
when required by the system operator through various
protection methods), and emergency control (provid-
ing continuous system control to prevent blackouts, se-
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vere outages, or cascading failures during large distur-
bances). A single-area power system with control loops,
including an inertia control loop, is shown in Figure 2.

The virtual inertia control method is employed to as-
sist in managing the overall inertia of the power system
and enhance frequency performance [40,41].
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Fig. 2. Depiction of control loops in a single-zone power system.

3 Interconnected Power System
Model

Low energy density, combined with the stochastic na-
ture of energy sources and fluctuations in energy gen-
eration, has created challenges for the load frequency
control system [42,43]. The load demanded by con-
sumers varies throughout the day, necessitating ad-
justments in the active power output to match load
consumption, which requires precise generator output
control [44,45]. Due to the constantly changing load
demand, power systems must regulate input power to
maintain stability. In a multi-zone power system, it is
essential to maintain the input-output balance to pre-
vent deviations in system frequency and imbalances in
transmission line power between areas [46,47].

Figure 3 shows the connection between one area and
other areas in an interconnected power system, where
T;; is the synchronizing torque coefficient of the tie-line
between areas i and j. AP, is incremental changes in
load demand, A f is incremental changes in system fre-

quency and AP, is incremental changes in mechanical
power. The error signal for the incremental changes in
the connection line power is based on the frequency dif-
ference between the areas [48,49]. The parameters of
the studied power system are given in the Tables 1 to
3. The linearized equations representing the dynamic
model of each power plant are described below. Each
area has two input signals including u; =load demand
changes (AP;) and ug =load reference set-point. A P,
is the tie-line power flows throughout the tie-line be-
tween existing areas. The order of the system matrix
(the number of state variables) to describe the power
plant model in the state space is given in Table 4.

Table 1. Hydro power plant parameters.

Parameter J M K D TW TR Tp R H TG
Value 6 1 1 5 9.5 0.2 0.2
Table 2. Steam power plant parameters.
Parameter J]\4 KD TH FH TT RS TG
Value 10 1 7 03 03 02 0.2
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Fig. 3. Connection between adjacent areas in the
interconnected power system.

Table 3. Gas power plant parameters.

Parameter Value
Jm 8
Kp 1
T 1.1
T 0.6
Rg 0.2
Tr 0.239
Tcr 0.01
Tep 0.2
Ky 1
Ty 0.049

Table 4. Matrix order of state space representation
system for power plants.

Power Plant System matrix order

Steam power plant

with reheater 4

Hydro power plant 4
Gas power plant 5
Steam power plant 3
without reheater

3.1 Small signal model equations of hy-
dropower in state space

To express the first-order differential equations repre-
senting the dynamic model of the hydropower plant,

four state variables are used, including z7 = frequency
changes (Af), x2 = turbine output mechanical power
changes (AP,,), 3 = transient droop compensation
output, and x4 =water valve changes [50].

dry Kp K 1
S D T+ — ST AP
dt JA1x1+JMx2 JMZ ‘
1
N 1
JMU’17 ( )
dry _ 2TrKe 2 +(l+l)x
dt ~ RpTeTe ' Tw > \Tw ' Tp/)"°
Tr  Tple)" ™ TpTg 2
des  KeTp 1
dt ~ RuTcTe & Tp°
1 Tr KoTr
- 3
+ (Tp TpTG>$4+ TaTp (3)
dx4 KG 1 KG
——— — a2, 4
dt RaTo t  Tom )

3.2 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: z; =frequency
changes (Af), x2 =compressor output power changes,
x3 =fuel system output power changes, x4 =speed gov-
ernor output power changes and x5 =valve position
output power changes.

dz; Kp 1 1
S P gt — S AP
dt JMx1+JMx2 JMZ ¢

1

- , 5

T, (5)
dJEQ 1 1
e T _ 6
dt TD'I2+TDI37 ( )
dxg - TCRKVTL 1

At TyTrRoTo ' Tp'?

1 /T Tor (T
o (o e+ e (78— 1)as

Te \ T TeTr \Ty
TerKyT
_ forfviL (7)
TrTvIG
d’JJ4 KvTL 1
—_— =T — —T
dt TvRTe ' To
1 TL KVTL
S (L ,
Te (TV Tt T T 2 (8)
dl‘5 KV 1 KV
5 - Vs . 9
i - ToRe T T TR ™ (9)
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3.3 Small signal model equations of
steam power plant with reheater in
state space

By choosing four state variables, z; = frequency
changes (Af), x5 = turbine output mechanical power
changes (AP,,), z3 = turbine output mechanical

power changes without reheater and x4 = steam valve
changes, the first order differential equations represent-
ing the dynamic model of steam power plant with re-
heater are expressed as follows.

dl‘l KD 1 1
W B —at— Y AR
dt Jur Tt JMxQ Im e
. (10)
- —u
I
dzs 1 1 Fy Fy
&2 = fHN I H 11
dt a2t (TH TT>x‘3+ 7yt (D)
dl’g 1 1
dt st (12)
d. K 1 K
T4 = — i Tl — —x4 + 7G’LL2 . (13)

dt TaRs Ta Ta

Figure 4 shows the connection between three differ-
ent areas. The output signal in each area is considered
to be the frequency deviation of that area [51]. There-
fore, depending on the power change of the connecting
line between the areas, the number of state variables
required to represent the connected power system —
whether for a two-area or three-area system — will range
from a minimum of 8 to a maximum of 16 [52].

4 Simulation Results and Dis-
cussion

Controlling the stability of frequency and terminal volt-
age at nominal values is crucial for the proper operation
of an interconnected power system. In this section, the
dynamic behavior of the load frequency control sys-
tem in the interconnected power system, with different
combinations of power plants, is simulated. The system
modes are determined for each scenario, and the accu-
racy of the time-domain simulation results is validated
based on these modes.

4.1 Single-area power system (areas in-
dependent function)

In this section, each power plant is treated as an inde-
pendent area, separate from the others. The transient
response of a single generation unit to a step change
in load is shown in Figures 5 and 6. The modes of the
multi-area power system, when each area operates in-
dependently, are presented in Table 5. As shown, the

response of each area to slight changes in load remains
stable. The maximum frequency droop and its occur-
rence time for each power plant, in response to step
changes in demand load, are presented in Table 6. As
observed, the gas power plant exhibits the lowest fre-
quency droop, while the hydro power plant shows the
highest frequency droop. Furthermore, the gas power
plant demonstrates a faster response compared to the
other two power plants. The frequency droop after
reaching the steady state is 0.1667 Hz for each power
plant. Furthermore, the turbine output mechanical
power for each power plant reaches 0.8333 pu in the
steady state.

[ Incremental load demand change }

Load

| | Power ( : Rotating mass | |
e ! plant + and load i
set-point i K- i

Incremental

frequency
deviation

Load Rotati i Incremental
reference —ID PamiEr —» atng mass — frequency =
N plant and load 3 .
set-point ~ deviation

Incremental
frequency
deviation

2R, 4
3

Fig. 4. Block diagram of a three-area intercon-
nected power system.

set-point S _

Load Power %_’ Eotating mass I
— > —» —»
reference . plant A and load 1

Table 5. Power system modes of each area in sepa-
rate operation.

Power plant Eigenvalues in each area
Steam —5.2386, —2.558, —0.1909 + j0.2363
Hydro —6.2203, —0.2066, —0.4225 + 50.8004

Gas —3.1534, —5.9059, —20.2748,
—0.5961 + j0.6417

Table 6. The amount of maximum frequency droop
for step changes in demand load.

Power plant S ey Occurrence time
drop
Steam —0.2596 5.8330
Hydro —0.3363 2.8800
Gas —0.1863 3.2243
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incremaental fragquency deviation

D2r

0.25 )
™~ steam power plant

03} .
= hydro power plant

-0.35 :
0 5 10 15 20 25

time (s)

Fig. 5. Area frequency changes after step load dis-
order (areas independent function).

incremental mechanical power deviation

0.8

0.6 [

steam power plant

— hydro power plant

5 10 15 20 25
time (s)
Fig. 6. Incremental changes in the output mechan-

ical power of turbine after step load disorder (areas
independent function).

4.2 Two-area power system (steam and
hydro)

In this section, the power system consists of two areas:
One with a steam power plant and the other with a
hydro power plant. The dynamic behavior of the hy-
drothermal system in response to changes in demand
load is presented. Figures 7 and 8 show the frequency

changes in the areas following a step change in the de-
mand load in the first area (steam power plant) and the
second area (hydro power plant), respectively. Figure 9
illustrates the transmission power changes between the
two areas in both cases. In the steady state, the fre-
quency deviation in each area is —0.0832 Hz.

frequency deviation (two area)

hydro power plant
-

-0.05 |

0.1 |

™ steam power plant

0.2 |

0 S 10 15 20 25

time (s)

Fig. 7. Area frequency changes after step load dis-
order in area 1 (steam power plant) in scenario 1.

frequenc:y deviation (two area)

0 T
steam power plant
-0.05
-0.1
-0.15
-0.2
- hydro power plant
025 1
0.3 ! L
0 5 10 15 20 25
tirme (s)

Fig. 8. Area frequency changes after step load dis-
order in area 2 (hydro power plant) in scenario 1.
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tie-line power flow deviation

0.5

0.4 F

0.3

Step change of load in area 2

0.1
Step change of load in area 1
0.2 /

-0.3

-0.4

time (5)

Fig. 9. Tie-line power flow changes after step load
disorder in area 1 and area 2 in scenario 1.

4.3 Two-area power system (steam and
gas)

The two most common power plants for electricity gen-
eration are steam and gas power plants. In this section,
an interconnected power system consisting of two areas
—one with a gas power plant and the other with a steam
power plant — is considered. The frequency changes in
each area, resulting from step changes in load demand
in each area, are shown in Figures 10 and 11.

frequency deviation (two area)

_ gas power plant

T steam power plant

0.25 - - : - -
0 5 10 15 20 25
time (s)

Fig. 10. Area frequency changes after step load dis-
order in area 1 (steam power plant) in scenario 2.

frequency deviation (two area)
T

-0.05

o steam power plant

-0.15

0.2

gas power plant

-0.25

D 5 10 15 20 25
tirme (s)

Fig. 11. Area frequency deviation after step load

disorder in area 2 (gas power plant) in scenario 2.

Figure 12 illustrates the power changes in the tie-
line power flow between the two areas. When the load is
changed in area 1, the frequency decreases to 0.833 Hz
in steady state. In this case, the output mechanical
power of the gas turbine and the steam turbine in
steady state is 0.4167 pu, and the inter-area power is
—0.5 pu. When a step change in demand load occurs
in Area 2, the frequency is reduced to —0.1111 Hz in
the steady state. In this case, the mechanical power
of both turbines is 0.5556 p.u., and the power transfer
between the two areas in steady state is 0.6667 pu.

tie-line power flow deviation
T

0.8 T

0.6

04r

0.2r

\
Step change of load in area 2

_ Step change of load in area 1
P

-0.2

0.4

-0.6

time (s)

Fig. 12. Tie-line power flow deviation after step
load disorder in area 1 and area 2 in scenario 2.
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As observed from the simulation results, when load
changes occur in Area 2 (i.e., the gas or hydro power
plant), the frequency droop in Area 1 (the steam power
plant) is greater. The gas power plant is well-suited for
peak load demands, while the steam power plant is not
as effective in handling peak loads.

4.4 Three-area interconnected power
system

In this section, the connected power system consists of
three areas as shown in Figure 13, with steam, hydro,
and gas power plants forming the system. First, step
changes in load are considered for Area 1, which is the
hydro power plant.

Control area 3

"ll P 17=Pria 21 / ‘ M’
I|I -
_.-

\
A

Control area 2

Fig. 13. Inter-area communication in a three-area
interconnected power system.

The frequency changes for the three power plants
are shown in Figure 14. As observed, the frequency
droop in steady state is —0.0556 Hz. Figure 15 illus-
trates the power transfer between the regions. In the
steady state, the power transfer between Areas 1 and
2 is 0.6663 pu, and between Areas 2 and 3, it is 0.3331
pu. Next, load changes in Area 2, which corresponds to
the steam power plant, are considered. Figures 16 and
17 show the frequency changes across the three areas
and the power changes between the areas, respectively.

To analyze and investigate the performance of the
interconnected power system, the modes of the system
matrix (eigenvalues of the system matrix) are listed in
Table 7. As seen, the eigenvalues are located on the
left side of the imaginary axis, which indicates that the
power system is stable for slight changes in the demand
load.

5 Conclusions

The consumption of active and reactive power is in-
fluenced by load changes or disturbances, which can

significantly affect the normal operation of an inter-
connected power system. To maintain the frequency at
its nominal value, a load frequency control (LFC) sys-
tem is installed at the generating station. This system
ensures that with changes in active power demand, the
system frequency and the power transmitted through
the connection lines remain within specified limits. Due
to their rapid response, gas turbine units offer flexible
tuning capabilities, making them valuable for stabiliz-
ing power systems.

frequency deviation (multi area)

0

-0.05

0.1

l hydro power plant

0,15
gas power plant

02F 4
*__‘__—— —
—— steam ppwer plant
025 1
0.3 1 L
0 5 10 15 20 25

lime (s)

Fig. 14. Area frequency changes after step load dis-
order in area 1 (hydro power plant) in scenario 3.
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.\-
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0.3} ) =
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0.2- 1
\
i
01F L
between area 2 and arae 3
0 : L A .
0 5 10 15 20 25
time (s)

Fig. 15. Tie-line power flow changes after step load
disorder in area 1 in scenario 3.
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frequency deviation (multi area)
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-0.08 r \
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0.1 .

™ steam power plant
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0.14 ~

™ hydro power plant
016 - 1
-0.18
0.2 !
0 5 10 15 20 25

time (s)

Fig. 16. Area frequency changes after step load dis-
order in area 2 (steam power plant) in scenario 3.

05 tie-line power flow deviation

0.4
0.3 ™~

0.2t ]

0.4 between area 2 and area 3

between area 1 and area 2
|

0.1

0.2

031

0 5 10 15 20 25
time (s)

Fig. 17. Tie-line power flow changes after step load
disorder in area 2 in scenario 3.

Table 7. Eigenvalues of the system matrix in the interconnected power system for different scenarios.

Combination of areas

Eigenvalues in interconnected power system

Steam + Hydro

—0.0838, —0.2882, —2.9581, —5.2382, —6.2181, —0.2085 £ 50.3250, —0.3223 £ j0.8264

45Steam + Gas

—0.1186, —2.9580, —3.1582, —5.2382, —5.9048, —20.3748, —0.5435 %+ j0.6562,

—0.1815 = 50.3407

Steam + Hydro + Gas

—0.0678, —0.1205, —0.3020, —2.9602, —3.1582, —5.2378, —5.9048, —6.2181, —20.3748,
—0.5437 £+ j0.6557, —0.2000 £ 50.4127, —0.3214 £ j0.8257
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