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ABSTRACT

Integrating Load Frequency Control (LFC) with Supervisory Control and Data Acquisition (SCADA) systems
represents a significant advancement in power system management, particularly in addressing the challenges
of frequency stability in decentralized grids. Traditional LFC systems adjust generator outputs to counteract
frequency deviations but often struggle with response time and accuracy, especially as renewable energy
sources grow and demand fluctuates. This study examines the synergy between LFC and SCADA,
emphasizing its application in meter control to enhance grid stability and efficiency. Simulation studies were
conducted using a multi-area power system model in MATLAB/Simulink, comprising three interconnected
control areas equipped with LFC modules. The integration of SCADA allowed for real-time data collection
from Remote Terminal Units (RTUs) and rapid generation of control signals. A 200 MW load was introduced
to test system responses under dynamic conditions. Results showed that SCADA-enabled LFC reduced
frequency deviation by 40%, stabilizing at +0.02 Hz within 5 seconds, compared to +£0.04 Hz in 12 seconds for
conventional systems. Additionally, the response time improved to 3 seconds, halving the conventional
system's 6-second response time, while Area Control Error (ACE) was minimized to zero in 8 seconds versus
15 seconds previously.
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INTRODUCTION

The global energy sector is undergoing significant changes due to increased demand, renewable energy
integration, and digitalization. These transformations have introduced complexities in maintaining power
system stability, which is critical for ensuring reliable electricity supply. A key challenge is regulating
frequency to maintain stability amid fluctuating loads, sudden generator outages, and the integration of diverse
energy sources. Traditional Load Frequency Control (LFC) systems, which are essential for balancing supply
and demand in power systems, often struggle with inefficiencies in this evolving landscape.

This research focuses on integrating SCADA with LFC to optimize frequency control and improve grid
stability. The study highlights SCADA's capabilities in real-time monitoring and control, showcasing its
potential to address challenges posed by renewable energy integration, decentralized grids, and dynamic load
variations. A case study of a multi-area power system is presented, where SCADA-enabled LFC is evaluated
against conventional LFC systems under dynamic conditions.
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LFC plays a vital role in power system management by adjusting generator outputs to mitigate frequency
deviations caused by load disturbances. Its primary objectives are to ensure frequency stability within
acceptable limits and to maintain proper tie-line power flow in interconnected areas. However, the increasing
adoption of renewable energy sources, distributed generation, and advanced grid configurations has exposed
limitations in conventional LFC systems, including slower response times and reduced accuracy in dynamic
operating conditions.

To address these challenges, Supervisory Control and Data Acquisition (SCADA) systems have been
integrated into power system operations. SCADA provides a centralized platform for real-time monitoring,
data processing, and control, significantly enhancing the capabilities of LFC. By continuously collecting and
analyzing data such as frequency deviations and tie-line power flows, SCADA systems enable timely and
precise corrective actions. This integration not only improves the speed and accuracy of LFC but also
facilitates remote monitoring and control, which is particularly beneficial for decentralized power grids.

The global switch to renewable energy, increasing demand for electricity, and digitalization introduce
complexities into power system operations. Maintaining grid stability, particularly frequency regulation, has
become increasingly challenging due to the integration of diverse energy sources, distributed generation, and
dynamic load variations. Traditional Load Frequency Control (LFC) systems are struggling to adapt to these
changes due to their inherent limitations, such as slow response times, inefficiencies in handling variable
conditions, and reliance on outdated technologies. The lack of real-time monitoring and control capabilities in
conventional systems exacerbates issues like delayed corrective actions, increased Area Control Error (ACE),
and suboptimal power distribution. These challenges are further intensified in decentralized power grids and
systems with high renewable energy penetration, where unpredictable fluctuations can destabilize the grid.
Supervisory Control and Data Acquisition (SCADA) systems, known for their real-time data processing and
control capabilities, offer a promising solution to these challenges. However, the integration of SCADA with
LFC has not been fully explored in terms of its potential to enhance grid stability, optimize frequency control,
and address the inefficiencies of conventional LFC systems. Furthermore, the scope of SCADA applications in
meter control, predictive analytics, and adaptive control remains underutilized in modern power systems.

METHODOLOGY

MATLAB/Simulink was used to model a three-area interconnected power system to evaluate SCADA LFC
against conventional LFC. SCADA system enabled real-time data acquisition from the Remote Terminal Units
(RTUs) and generated control signals for generators. 200 MW was introduced in the power system control area
to assess the system performance under dynamic conditions, and frequency deviation, response time, and Area
Control Error (ACE) were also analysed.

Mathematical Modeling of SCADA-Integrated LFC

The mathematical model for LFC in SCADA-integrated systems consists of several interconnected
components, including generators, loads, sensors, and controllers.
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Figure 2.1 SCADA-LFC Integration in Multi-Area Power Systems
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Power systems are the most complex systems that have been created by men in history. To operate such
systems in a stable mode, several control loops are needed. Voltage and frequency play a vital role in power
systems and need to be properly controlled. To this end, primary and secondary frequency control loops are
used to control the frequency of the voltage in power systems. Secondary frequency control, which is called
Load Frequency Control (LFC), is responsible for maintaining the frequency at a desirable level after a
disturbance. Likewise, the power exchanges between different control areas are controlled by LFC approaches.

2.2 Mathematical Model for the Integrated LFC-SCADA system

For a two area interconnected power system, the frequency dynamics of area i can be represented by;
1

Af = —— (APy; — APy — APy s — DiAfy) (1)

Where:

Hi : Inertia constant,

D i is the load damping coeffeciecient AP_Mi is the change in mechanical power,AP (tie.i) is the tie line
power deviation. D i is the load damping coeffeciecient AP_Mi is the change in mechanical power,AP_(tie.i)
is the tie line power deviation.

The governor model is:

1
APpi = —— [AP¢p — APy; — R—J_Afz] )

1
Ty
The turbine model is

1

APp,; = T_tz (APvi - APmi) (3)

For a two area system, the tie line power deviation is

2nT12
s

APy, 12 (5) =

[AFi(s) — AF,(s)] 4
The area control Error (ACE) for each area is define is,
ACE; = APyjen2 + B1ASy
ACE; = APyie 51 + BoAS
Where. By, represent the frequency bias coef ficient.
The conventional integrate LFC controller can therefore the expressed as;
1 .
AP.;(s) = —K;; 5 ACEi(s) (5)

For the proposed SCADA integrated controller, the measure frequency and tie line power signals, are required
through the SCADA measurement layer and transmitted to the control center.

ym(t) =y(t) + U(t) (6)
Where, y(t) represent the actual measurement and u(t) represent measurement noise.

Considering communication delay
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Ye(t) = ym(t — tc) (7
Where, tcis the SCADA communication delay.

The integrated control command can therefore be representing generally as.

u(t) = —K,ACE(t) — Ky [ ACE(t)dt

Or, where only integral control is employed

u(t) = —K; [ ACE(t)dt (8)
The complete control process is therefore
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System Description
Three interconnected areas in the power system, each with distinct load demands and generation capacities
i. Areal: 1000 MW
i. Area2: 1200 MW
iii. Area 3: 800 MW

A sudden load increase of 200 MW occurs in Area 2.
RESULTS AND DISCUSSION

The simulation revealed that SCADA with LFC significantly exceeded conventional LFC, with Frequency
deviations reduced by 40%, stabilizing at +£0.02 Hz within 5 seconds, compared to +£0.04 Hz in 12 seconds for
conventional LFC, and halving the response time to 3 seconds. The ACE was minimized to near zero within 8
seconds, compared to 15 seconds with conventional LFC. The real-time capabilities of SCADA allowed for
rapid corrective actions and optimized load distribution, reducing generator stress and maintenance costs.
These improvements highlight the role of SCADA in addressing challenges posed by renewable energy
integration and distributed generation. To evaluate the effectiveness of SCADA-enabled Load Frequency
Control (LFC), simulation studies were conducted on a multi-area power system using MATLAB/Simulink.
The test system consisted of three interconnected control areas, each equipped with an LFC module. The
SCADA system was integrated into the LFC framework to provide real-time data acquisition, processing, and
control.
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Figure 1. Frequency Control System
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Table 1. Simulation Results of the System Configuration

Three 50 Hz. Load A 200 MW sudden load increase

control Disturbance | was introduced in Area 2 at t=10t

areas with =10 seconds

nominal

frequencies

Inertia H=5H=5s | SCADA SCADA collects frequency It processes the data to

constants for all Integration deviation (Af) and Area Control | generate control signals
areas. Error (ACE) data from Remote and transmits them to

Terminal Units (RTUs). generators in real-time.

Damping D=0.8D = | Conventional | The system was simulated

coefficients | 0.8 for each | LFC without SCADA integration to
area. Comparison | compare performance.

Proportional | Kp=0.6K p | Frequency SCADA-Enabled LFC: Conventional LFC:

and integral | = 0.6, Deviation Frequency deviation was reduced | Frequency deviation

gains Ki=0.8K i to £0.02 Hz within 5 seconds reached +0.04 Hz and
=0.8. after the disturbance stabilized only after 12

seconds.

Frequency B=0.425B

bias =0.425.

constant

The result demonstrates table show that SCADA-enabled LFC reduced the frequency deviation by 40% and
halved the stabilization time.

e The response time (time to counteract the disturbance) for SCADA-enabled LFC was 3 seconds,
compared to 6 seconds for conventional LFC. The faster response is due to SCADA's real-time data
processing capabilities.

e ACE was minimized to near zero within 8 seconds in the SCADA-enabled system, whereas it took 15
seconds in the conventional system.

e Generator Output: SCADA-enabled LFC distributed the load change more efficiently among the
generators, minimizing stress on individual units and improving system reliability.

Simulation Setup

The Frequency control system in Figure 1 is usually divided into three control levels, i.e., primary, secondary,
and tertiary control levels. The primary frequency control loop is responsible for intercepting the frequency
decline before triggering the under/over frequency protection relays. The primary frequency control is usually
implemented by the governor droop, which results in steady-state errors. The secondary frequency control,
which is called load frequency control (LFC) or automatic generation control (AGC), is responsible for
regulating the frequency in power systems and has two main goals: (i) maintaining the frequency within a
desirable range; and (ii) controlling the interchange power through major tie-lines between the different control
areas. The main task of the tertiary control level is re-dispatching generating units and ancillary reserve after a
severe disturbance.

The merit order in energy control in Figure 2 describes the sequence in which power plants are designated to
deliver power to economically optimize the electricity supply. The merit order is based on the lowest marginal
costs. Power exchange markets are operated by a middleman to whom generators and consumers submit their
bids.
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Figure 2 Merit Order in Energy Control
CONCLUSION

The study investigated the integration of Load Frequency Control (LFC) with a SCADA-based monitoring and
communication framework for improved frequency regulation in an interconnected power system. The
MATLAB/Simulink results indicate that the proposed integrated configuration can improve frequency and
Area Control Error responses under the simulated operating and disturbance conditions. The comparison was
conducted using the same plant configuration and disturbance conditions, with performance assessed using
frequency deviation, ACE, settling time, and related response indices

The results demonstrate the performance of the proposed approach within the assumptions and parameter
settings adopted in the simulation. However, the effects of communication delays, measurement uncertainty,
renewable-generation variability, and other practical SCADA constraints require further investigation. In
addition, claims relating to generator stress, maintenance cost reduction, and broader renewable-energy
benefits should be verified through dedicated analysis.

Future work will therefore focus on testing the proposed strategy on a more realistic multi-area power-system
model and validating its performance through real-time digital simulation or a hardware-in-the-loop
experimental platform. Such validation would provide further evidence of the applicability of the integrated
LFC-SCADA approach under practical operating conditions.
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