HYDROGEN, FUEL CELL &

o ENERGY STORAGE

Analysis and Simulation of the Effect of Combining Load
Frequency Control and Automatic Voltage Regulation in
Hydrothermal Power System

Majid Moazzami®® | Farhad Faghani*® | Majid Dehghani®"*

Ghazanfar Shahgholian®" ‘ Mohamadamin Honarvar®* ‘ S. Mohammadali Zanjani*®
2 Department of Electrical Engineering, Na. C., Islamic Azad University, Najafabad, Iran
b Smart Microgrid Research Center, Na. C., Islamic Azad University, Najafabad, Iran
¢ Digital Processing and Machine Vision Research Center, Na. C., Islamic Azad University, Najafabad, Iran

* Corresponding author, Email: dehghani@pel.iaun.ac.ir

Article Information Abstract
Article Type In modern power systems, load dynamics are always dynamic and constantly chang-
RESEARCH ARTICLE ing. To maintain the balance between generation and consumption demand during
load fluctuations, power systems must operate intelligently and flexibly. Given the
Article History lack of sufficient conventional energy sources, it is essential to combine conventional
RECEIVED: 15 Sep 2025 energy sources with renewable energy sources to balance production-consumption.
REVISED: 17 Oct 2025 The integration of renewable power production units with intermittent character
ACCEPTED: 11 Dec 2025 will cause the uncertainty of active power generation and the mismatch among
PUBLISHED ONLINE: the generated energy and the required load causes oscillations in the voltage and
05 Jan 2026 frequency of the network. Using the load frequency controller (LFC) to adjust the

frequency and the automatic voltage regulator (AVR) to control voltage — through
the coordinated management of active and reactive power — is crucial for enhancing
power-system stability, especially in the face of sudden changes in energy demand.

Keywords

In this study, the combined LFC-AVR model is considered for a single-area energy
Combined control grid, which includes a thermal unit and a hydro plant. Synchronous generators
Frequency control with LFC and AVR are important in providing high-quality and uninterrupted
Hydro unit electrical power to the network. The primary purpose of investigation and analysis
Thermal unit is to show the influence of coupling AVR and LFC loop simultaneously to regulate
Voltage regulator voltage and frequency. To improve the system response, an integral controller is

used in the LFC loop and a proportional-integral (PI) regulator is employed in the
AVR loop. The analysis and simulation results show the reduction of frequency
and voltage oscillation due to disturbance in the power system.

Cite this article: Moazzami, M., Faghani, F., Dehghani, M., Shahgholian, G., Honarvar, M., Zanjani, M. (2026). Analysis
and Simulation of the Effect of Combining Load Frequency Control and Automatic Voltage Regulation in Hydrothermal
Power System. DOI: 10.22104 /hfe.2025.7649.1366

© The Author(s). Publisher: Iranian Research Organization for Science and Technology (IROST)
BY DOI: 10.22104/hfe.2025.7649.1366

Hydrogen, Fuel Cell & Energy Storage 1(2026) 39-5/



https://orcid.org/0000-0002-0818-919X
dehghani@pel.iaun.ac.ir 
https://doi.org/10.22104/hfe.2025.7649.1366
https://doi.org/10.22104/hfe.2025.7649.1366

40 Hydrogen, Fuel Cell & Energy Storage 1(2026) 39-5/

1 Introduction

The growth in the need for electrical power, along with
the reduction of reserves of non-renewable power pro-
duction units such as coal and diesel, and the pro-
duction of electrical power from non-renewable sources
have caused environmental pollution. The consump-
tion load is changing during the day and night; there-
fore, energy storage balances the generation and con-
sumption of the power market and reduces the uncer-
tainty of the supply side. Power protection is one of the
primary aspects of the expansion and application of mi-
crogrids. By being located near loads, microgrids can
provide power without loss. Nowadays, many efforts
are made to find non-polluting and stable sources due
to the lack of transmission systems and to fulfill the
request of consumer goods. The performance of the
power grid is affected by sudden changes in consump-
tion load and variable power production sources such as
photovoltaic panels, solar thermal panels and fuel cells.
The employement of renewable power production units
causes the diversity and uncertainty of active power
production in the power system. This concern has ad-
vanced after the growth of renewable power production
units and will have a great impact on the active protec-
tion of the microgrid, in other words, on the capability
of the power grid to conserve the synchronicity of the
system when a disturbance occurs [1-14].

1.1 Statement of the problem

A power system consists of connecting many facilities
that are connected to each other by means of lines,
and are exchanging power with nearby power plants.
Power imbalance between production and consumer
loads causes frequency and voltage deviation, which
may even lead to shutdown. The energy grid is di-
vided into a variety of dispersed generation units to
supply power in order to respond to accidental shifts in
consumption load. The complexity and scale of inter-
connected power systems have increased dramatically.
The simultaneous requlation of voltage and frequency
in the energy network is one of the central issues. The
importance of voltage and frequency controllers has in-
creased with the expansion of related parts in the op-
eration of modern energy networks to deliver energy
in system operation with a high level of reliability.
Voltage fluctuations and load frequency fluctuations
depend on reactive power and active power, respec-
tively. Therefore, the production units have two con-
trol loops, AVR and LFC, which are responsible for
the frequency regulator and the terminal voltage regu-
lator, respectively. The load frequency regulation loop

is used to optimize the frequency and energy variations
of the connection line between the areas. The auto-
matic voltage regulator holds the terminal voltage of
the synchronous generator at the nominal grade using
excitation voltage control. It is possible for loads to
appear randomly and variable in different areas of the
corresponding energy grid, which causes deviation of
the grid frequency and energy of the connecting line
from the nominal values. In general, the two main
goals of control systems in a connected energy grid,
while maintaining the energy quality at the required
level, are: the instantaneous matching of production
with the system load along with system frequency reg-
ulation, and power transmission in the connection line
according to the programmed weights. Figure 1 shows
the structure of a synchronous machine with two regu-
lation structures [15-28].

1.2 Literature surveys

The energy grid unit’s stability is affected by the de-
viation in the voltage levels, so AVR is employed to
follow the reference voltage. The dynamic changes of
the load affect the frequency deviation, and therefore,
in order to prevent the spread of frequency fluctuations
to the energy grid, LFC is used. For the correct func-
tion of both AVR and LFC systems, a controller is re-
quired, whose parameters must be selected for the best
controller performance. So far, various studies have
shown the effect of these two controllers in the power
system [29-37].

The durable design of hybrid designs of two AVR
and LFC controllers was achieved in a multi-zone en-
ergy grid using a non-linear limit accepting algorithm
(NLTA) [38]. This method reveals the improvement of
the energy grids designed according to the separate ap-
proaches of using these two controllers. Moreover, the
development of the use of NLTA in large power sys-
tems is shown. The incorporated regulation of LFC and
AVR in a three-zone power system including water, gas,
and geothermal units is presented in [39], where nonlin-
ear constraints are considered for the energy network.
In this study, the effects of different power storage units
on the hybrid controller were investigated.

The coordinated performance of the FACTS de-
vice controller and the power system stabilizer in a
two-zone power system (each zone includes three pro-
duction units) equipped with two LFC and AVR con-
trollers has been analyzed and simulated in [40]. The
secondary controller is used in both control loops and
lightning search algorithm is used to optimize the con-
troller parameters. The simulation results show the
effectiveness of combined PSS and interline power flow
controller control compared to their individual use.
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Fig. 1. Synchronous generator with two controllers.

The large penetration of renewable energy into the
power system increases the communication load, which
may have a negative impact on the system control per-
formance. In order to reduce the network congestion
caused by bandwidth limitations, an improved scheme
with integral event trigger is presented in [41]. The
challenges associated with automatic voltage regula-
tion and load frequency control in the power system
are investigated. The proposed method includes two
time delays and external disturbances, and the histor-
ical output of the system is used to select the data to
the controller.

The function of a corresponding energy grid de-
pends on the performance of the controllers, and there-
fore regulating the terminal voltage and frequency si-
multaneously requires an intelligent control strategy.
In [42], the control method based on the PID regula-
tor in a multi-zone connected energy network has been
investigated, where two control loops are considered
in each zone. Controllers are designed with computa-
tional algorithms inspired by nature. The changes in
the parameters of the behavior of the regulators in a
three-zone energy network are shown.

LFC and AVR control loops in interconnected
power grids are essential for effective frequency and
voltage regulation in the power system to maintain a
stable power supply, which the integration of renewable
energy sources poses challenges for this type of control
loop. The impact of using different operating strate-
gies on the control loops in a two-zone power system
with doubly-fed induction generators is investigated

in [43], where the strategies are based on frequency-
related pricing under access-based tariff. The faster
operation of the proposed method compared to tradi-
tional methods helps to maintain frequency and voltage
during load disturbances.

To support the performance and security of produc-
tion systems, AVR and LFC control loops are used in
the main power networks, which also improves stabil-
ity. For this purpose, a numerical solution based on
heuristics for multi-objective optimization of controller
gains in LFC-AVR scheme is presented in [44]. The
proposed method has been used in a two-zone power
system to ensure stable generator-bus frequency and
voltage regulation under dynamic disturbances.

1.3 Contribution and structure

To achieve reliability in power system operation, the
optimal operating level in the electrical energy system
must be maintained. In other words, the system must
operate at the nominal frequency. Load frequency con-
trol and excitation system voltage regulation are usu-
ally non-interactive and independently modeled and
analyzed. In this study, two simultaneous control loops
are considered, and the performance of the single-zone
energy system is simulated for load shifts. The modes
of the network have been determined using differential
equations in the state space and the simulation results
have been analyzed. Therefore, the research primary
objectives are:

e Development of multi-source single-zone power
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system equipped with LFC control system with
the addition of AVR control system
e Comparison of dynamic responses to changes in
system parameters and load changes
e Expressing the system equations in state-space
form and evaluating system performance through
eigenvalue analysis — Showing the necessity of
combining two control loops
The remaining parts of this study are as follows:
The studied power system structure is defined in sec-
tion 2, whose equations are represented in the form
of state space. In section 3, the simulation results for
load changes are shown, and then the results are dis-
cussed using system modes. Ultimately, the conclusion
is stated in section 4.

2 Dynamic Model of Power Sys-
tem under Study

The studied single-area energy system consists of a
heater part and a water part, which is used to adjust
the frequency of the LFC loop and to adjust the voltage
of the AVR loop. The change of active power in the
production line in grid hydropower plants impacts the
frequency of the all energy system. The performance of
a hydropower plant depends on the frequency, and its
regulation is necessary to provide quality power. The
model of production units can be displayed using first-
order differential equations [45-48].

2.1 Load frequency regulation

The load demand in the energy system is constantly
variable, which leads to power imbalance. Power im-
balance in the load or generation source due to changes
in renewable power production units causes frequency
variation in the energy network. The load frequency
regulation loop is used to provide a trade-off among ac-
tive energy and frequency management. The LFC sys-
tem is an independent subsystem in each area [49,50].

Figure 2 illustrates the first level of frequency regu-
lation, representing a single-area energy network with
two sources. The characteristics of the transfer pro-
cesses constituting the LFC scheme representative are
given in Table 1 along with the definition of the pa-
rameters. Due to the importance of balancing the gen-
eration and demand of active power, secondary control
(load frequency control) has an important role in power
system control. Due to the mismatch between the gen-
eration and demand of the load, the performance of
the power system will be disrupted due to continuous
changes in frequency, inter-area power, and voltage. In
primary control, frequency changes are responded by

the turbine speed governor. In the event of abnormal
conditions, the secondary control loop will be activated,
and in this case, the available stored energy is used to
restore the system frequency. For large disturbances
that result in a significant imbalance between genera-
tion and load demand, the tertiary control loop is em-
ployed to limit frequency deviations and stabilize the
system [51-53].

The transfer function of the rotating system and the
load is represented by a first-order transfer function as
follows, whose output is considered as the first state
variable x1. This state variable represents the changes
in the output frequency of the power system.

Kpg

GPS(S) - TpsS +1 '

(1)

The transfer functions shown in the block diagram of
a hydro turbine power plant are:

1+ Tws
() = T 05 s @
Trs +1
o) = Tgs w10 @
Kagn
Guals) = 7T )

The state variables x5, x3, and x4 represent the output
of each of the blocks defined above, respectively. The
transfer functions representing the block diagram of a
steam turbine power plant are defined as follows:

Krr
GTT(S) = m » (5)
KRTRS +1
Gru(s) = Tos 11 (6)
Kqg
Grals) = TGTSTF 1 (™)

In this case, the state variables x5, x¢, and x7 represent
the outputs of the considered blocks, respectively. In
the LFC loop, an integrator controller is used, which
has the following transfer function. Moreover, its out-
put variable is considered as the xg state variable:

Gor(s) = ? . (8)

2.2 Automatic voltage control

The AVR control loop has a faster reaction than the
LFC control part and as a result, the LFC system will
have little impact on the AVR loop, but the effect of
AVR system on LFC loop is considerable. The voltage
protection of the synchronous generator is the respon-
sibility of the automatic voltage regulator.
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Fig. 2. Load frequency control model for multi-source single-area power system based transfer function.

Table 1. Characteristics of load frequency control subsystems.

Sub-system Parameters Parameter description
Penstock hydro turbine Tw Water starting time
Transient droon compensation Trs Hydro turbine speed governor reset time
Hydro power plant P P Tru Time-constant of the transient droop
Hvdro eovernor Kcu Governor gain
Y & Tcu Governor time constant
. Krr Turbine gain
Thermal turbine Trr Turbine time constant
. Tr Reheat time constant
Thermal power plant Reheat turbine Kn Rehoat constant
Kar Governor gain
Th 1 :
ermat governor Tar Governor time constant
Power system Rotating mass and load Tes Time constant
Y & K PS Gain
Controller Speed changer position Kir Controller integral gain

Adjusting the generator terminal voltage maintains
power quality. The generator voltage is regulated using
the controller based on the reference signal by control-
ling the field winding of machine. Frequency change af-
fects the generator terminal voltage but is neutralized
by the fast operation of the AVR loop, while the gener-
ator terminal voltage can control the system frequency
by affecting the active power. The time constants of
the voltage control loop are much shorter than the time
constants of the frequency control loop [54-57].

The block diagram of AVR system consists of blocks
related to generator excitation field, excitation unit
(synchronous generator field changer), sensor unit (ter-
minal voltage measurement) and amplifier unit (error

signal amplification) [58,59]. The synchronous machine
relationships are related to the terminal voltage, the
active power balance and the oxide system, which are
manifested by the linearization of these relationships of
the synchronous car with six K7 to Kg.

Figure 3 shows the AVR system with K coefficients
consisting of four first-order subsystem structures, the
specifications of the subsystems are given in Table 2
[60,61]. The output of each subsystem is defined as a
state variable. The coefficients of the participation of
the two production units with Kz and Kg are shown,
which are related to the water unit and the steam unit,
respectively.



44 Hydrogen, Fuel Cell & Energy Storage 1(2026) 39-5)

AP
—_— = K1 (Influence of a
4 ) Torque Angle on |+ ./— \.
; e e (el | 4J_ Elec?:rical Tgnrquej O | | =
. Electrical Torque ‘L - i Incremental . S
| Deviation I . Torque Angle T ——— e em
y - * g i Deviation ! & L
b | Incremental
. K4 (Influence of K1 (Influence of A5 I I 'I;Ierjinma]
./— -\, Torque Angle on (% | Internal Voltage on K (Tnft £ . D cn-lta.ge
II\XH/II Field Voltage) Electrical Torque) Tc:r-:(;ue _:_E:;:lz zn !_ . _‘?l:l?t.wf .
T Terminal Voltage) | AU,
L ) K¢ (Influence of -
— ——=—— ™| Internal Voltage on b
. System — KT s+1 ; Tolt
Amplifier —* Excitation > i Terminal Voltage)
Field Circuit
Controller
~ 4 Sensor |«
K.+ K» +—— ____\

S~ N\

[ -\'I \
\_/ N

3|

I|
NS

| [
| — ' Voltage Chang
2%

Reference
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Table 2. Characteristics of automatic voltage regu-
lator subsystems

Gain and D OF
Sub-system . parameter
time constant
changes
K3 0.7-1
Generator field o 1510
e Kg 1-10
System excition Ts 051
. Ka 10-40
Amplifier Ta 0.02-0.1
Ks 1
Voltage sensor T 0.0010.06
Proportional K
Controller gain P
Integral gain Kr

The block diagram of the AVR, loop is shown with
four transfer functions, whose outputs represent the
state variables x19, 11, 12, and x13, respectively.

K3

Gr(s) = KaTuos +1° )
Grls) = -2 (10)
Gals) = % (11)
Gsls) = 75 (12)

A proportional-integral controller is used for the AVR

loop, with the state variable x14 being considered for
the integrator part.

Gc(s)zKp-l-?. (13)

2.3 System equations in state space

The combination of two LFC and AVR systems along
with two generating units forming one area is shown
in Figure 4. The studied energy network model can be
assumed a linear time varing dynamic system whose
equations are expressed in the state space as follows
[62]:

%zAX—#BU—H’D, (14)
Y =CX, (15)

where X, U, and D are the vectors of state vari-
ables, independent input, and disturbance input, re-
spectively. The Y vector shows the output variables
(case of study). Likewise, A, B, and C are the system,
control, and output matrices, respectively, and I is the
disturbance matrix. State variables include three cat-
egories of variables related to water unit, steam unit,
and AVR. Output variables are frequency changes and
output mechanical energy of generation systems. A
total of 14 differential equations are extracted to rep-
resent the energy network representative in the state-
space [63].
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s = —— = ——211 + =212, 26
dt Tps e Tps + Tps o dt TE 1 TE 12 ( )
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- —u; — — (K K 16 — = —x12+ — (x4 — Kpvx13 + Kpvus), (27
Tos T 170 + Kp210), - (16) G~ o, et (W= Kevas + Kevu), (27)
dzo 2 2 drs dzi3 Ks
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dﬂ;‘4 1 KGH KGH 1 (19)
— =— x Ty — —x1, . .
dt — Tou ' Ten © Ten Ry 3 Simulation Results
dl’5 1 KTT
ar  Trr 5 + Trr Z6 5 (20) Reliable power generation and load supply are two
dzg 1 1 dxr main objectives in the energy network to keeo volt-
- Tw Te + T*Q«”? + K R (21) age and frequency stability while observing permissible
di 11{ [R( Koo 1 limits. The frequency, voltage and power exchanged
d—7 = -7 + T—GS - T—GSR—xl , (22) between interconnected areas in the power system de-
t GS GS Gs 1tS viate from their nominal values due to changes in power
das = KB, (23) demand, which can be reduced by controlling the gov-
dt ernor in the load frequency regulation system and by
% =271y, (24) exciting the generator in the automatic voltage regu-
dt lator system [64]. In addition to modeling using state
dz1o _ 1 L10 4 L(ﬂcu — Kyzg) (25) space, the power system under investigation has also
dt K3T4o Tao been implemented in the MATLAB/Simulink space to

verify the simulation results as shown in Figure 5.
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The power system under study has two inputs. In
this section, the simulation results of three different sce-
narios are shown. Since a linearized system model is
used, the system modes do not depend on the location
of the input.

The parameters related to the hydro generation unit
are: KGH = 1, RH = 005, TGH = 02, TW = 1,
Trs = 5, Tru = 0.38Trs/Rpy and the parameters re-

frequency biss coefficient

bets

lated to the steam generation unit are: Rg = 0.05,
Krr=1,Tpr =03, Kp =03, T =7, Kgs = 1
and Tgs = 0.2. The control system parameters are:
KIF = 05, KPV = 0.2, KIV = 0.1. AISO, the K
constants related to the synchronous generator are:
K, =0.5794, Ky =1.0976, K3 = 0.6250, K4 = 0.8232,
K5 = —0.1458 and K¢ = 0.6860.
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Fig. 5. Implementation of the studied power system model in MATLAB Simulink.

3.1 Scenario A

In this case, only the LFC control loop is considered.
The order of the system is 8, and the eigenvalues of
the system matrix are: —6.2397, —5.0000, —2.8284,
—0.4923, —0.0427, —0.0074 and —0.4960+,1.0642. The

system has one oscillation mode whose damping coef-
ficient is 0.4224. The system frequency changes and
mechanical power changes of the two generating units
for step load changes are shown in Figures 6 and 7. In
this case, only the LFC control loop is considered, and
the AVR control loop is out of the circuit.
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3.2 Scenario B

In this case, both the load changes and the refer-
ence voltage changes are considered as steps. In this
case, both the load and the voltage reference change
in a stepwise manner simultaneously. The system

under study is of order 14, so the eigenvalues of
the system matrix are: —20.0326 + j0.7933, —6.2312,
—5.0000, —2.8352, —1.3041, —0.8376, —0.3644 +
71.2325, —0.1054, —0.0246, 0.0000 and —0.1716 =+
70.4590. The system has three oscillation modes whose
damping coefficients are 0.9992, 0.2835 and 0.3502.

As can be seen, all modes are in the left-axis imag-
inary system, so the system will be stable with the
designed controllers. The simulation results, including
system frequency changes, generator terminal voltage
changes, and electric torque changes when both control
loops exist in the power system, are shown in Figure 8.
Also, the mechanical power changes of two generating
units for step changes in load when both control loops
are present in the power system are shown in Figure 9.
As can be seen, the system response is stable in this
case as well.

3.3 Scenario C

In this section, the load changes are considered in
multi-steps as shown in Figure 10. The simulation re-
sults are shown in Figure 11. As can be seen, after
each step change, the frequency changes have reached
a stable state, and finally, the changes have tended to
zero due to the presence of controllers.

4 Conclusion

Frequency and voltage are two key aspects of a power
system, and their control is very important. The stabil-
ity of the energy network because of load shifts depends
on the control of terminal voltage and frequency of the
grid. The frequency is related to the active energy out-
put, and it needs to be managed and maintained fixed
under different system functionalities. A change in the
consumption load or a disturbance in the energy grid
affects the demands of reactive and active energy, which
will affect the normal operation of the power system. A
coupling of load frequency regulation and an automatic
voltage regulator system is employed to maintain fre-
quency and terminal voltage in nominal values. In this
study, the behavior of a multi-source single-area energy
grid is considered to investigate the effect of frequency
and voltage control loops. The simulation results are
analyzed based on system modes. The simulation re-
sults are shown in three scenarios including only LFC
control loop, two control loops with step load changes
and two control loops with multi-step load changes in
the time domain. This method can be extended to
multi-zone power systems.
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