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Abstract: Smart grid networks face additional challenges in reliability, security, and power flow
control as the penetration of renewable energy sources and electricity demand are raised. A robust
communication infrastructure is needed to facilitate real-time monitoring, accurate fault detection,
and effective demand response in such environments. This paper builds a unified
MATLAB/Simulink-based simulation framework to model and analyze communication systems
in smart grid networks. The proposed framework integrates power system models with wired and
wireless communication channels to simulate bidirectional data exchange between distributed
control units and central control stations. Performance analysis is focused on the important
communication parameters such as latency, throughput, packet loss, and bit error rate (BER),
under various operating conditions such as electromagnetic interference, noise, and wireless
channel fading. Moreover, intelligent algorithms are used for optimizing fault prediction,
minimizing communication overhead, and maximizing data flow efficiency. The findings are
expected to show that the incorporation of advanced communication mechanisms in smart grids
improves system resilience, reduces response time upon faults, and maximizes overall network

stability and reliability, with practical applications for future large-scale deployment.

Keywords: Smart grid; Communication systems; MATLAB/Simulink; Latency; Packet loss;
Fault prediction; Wireless communication; Reliability.

1. Introduction

Rapid modernization of power systems for the emergence of smart networks, a next
generation's electrical system, including renewable energy sources, refined control
systems and smart communication technologies [1]. Unlike traditional networks
developed for one -way transmission for customers from centralized generators, smart
networks provide two -way communication and power broadcasting between tools and
scattered generational resources. This two -way capacity can facilitate better power
management, integration with renewable resources such as wind and sun and active
participation of consumers in demand response programs [2-4].

The facilitator of the change is the communications infrastructure of the smart grid.
Communication networks are the support for real-time metering, automated fault
detection, transfer of control signals, and coordination between distributed energy
resources (DERs), substations, and central control centers. In its context of adding extra
flexibility, better power quality and resource optimization, the work on smart networks
cannot be done without a reassured communication channel [4].
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However, heterogeneous use of communication technologies is associated with some challenges. First, message
passing delay causes fault detection and control command execution to take longer, hence reducing the system
responsiveness. Second, electromagnetic interference (EMI) from switching components and high-voltage equipment
will disrupt data transmission, especially in PLC channels. Third, wireless communication in smart grids is exposed to
fading channels, congestion, and multipath effects, which can all contribute to decreased quality of service (QoS).
Second, the use of digital communication postpones the network of cyber-physical dangers, where attackers can benefit
from weaknesses to disrupt the network. United, these are the dangers of stability, reliability and efficiency [5-7] of the
smart net.

To surmount these challenges, there is a growing need for simulation-based solutions for evaluating communications
system performance in actual operating conditions. Simulation enables researchers and engineers to represent power
system dynamics and communications processes in a controlled setting and thus examine the impact of latency, packet
loss, and bit error rate (BER) on overall grid performance. Among the available tools, MATLAB/Simulink is reportedly
highly suitable for hybrid system modeling, with comprehensive models of power systems and blocks for communication
channel and event-driven simulation.

Smart online communication has attracted attention in recent years, especially with renewable integration, distributed
control and flexibility requirements. Reliability, latency, and security of communications are now primary enablers of
smart grid functionality. For example, Sharma et al. [8] describe trade-offs between latency, throughput, and security
among these technologies for smart grid scenarios. Machine learning and artificial intelligence techniques are
increasingly being used to enhance grid resilience and communication performance. Noura et al. [9] presented a survey
of communication protocols and machine learning techniques tailored to the reliability of smart grids. Further, Fathollahi
et al. [10] surveyed ML/AI applications in stability, fault detection, and optimization in smart grids.

While recent work has advocated combined simulation and Al methods, the majority of studies still deal with wired or
wireless channels separately or ignore combined effects like EMI, fading, and congestion [11-15]. The implications of
implementing ML within a combined power—communication simulation environment remain largely untested. This paper
fills that void by introducing a MATLAB/Simulink toolset simulating both forms of communication, subjecting them to
realistic disturbances, and implementing ML-based fault prediction and adaptive error correction for end-to-end
evaluation.

This paper is organized as follows: Section 2 describes the methodology and motivation, while Section 3 describes
Results and Analysis. Section 4 provides the discussion . Section 5 concludes the paper.

2. Methodology

This study uses a simulation -based function to design and analyze communication systems in Smart Grid Network using
MATLAB/Simulink. The function is structured in four main components: system modeling, communication modeling,
testing landscape and intelligent algorithm integration.

2.1 System Modeling in MATLAB/Simulink

The initial step is to build a power system model for the generation, transmission, and distribution network of a smart
grid.

e  Generation Units: Solar PV, wind generators, and traditional synchronous generators.

e Transmission Lines: Modeled with resistance, inductance, and capacitance for line impedances.

e Loads: Domestic and industrial load profiles with time-varying properties.

e Control Units: Distributed controllers in the substations and a central control station for system monitoring.
This base model provides an electrical platform on which communication signals will be broadcasted.
2.2 Communication System Modeling

Modeling is done in parallel with the power system to simulate the data transfer between the nodes to the communication
system. Both wired and wireless channels are used.
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e  Wired Communication:
o  Fiber optic (low latency, error-free transmission).
o Power Line Communication (PLC), affected by EMI and load noise.
e  Wireless Communication:
o ZigBee (low power, short range, suitable for smart meters).
o  Wi-Fi (medium range, higher data rate).
o LTE/5G (long range, high throughput, subject to fading).
Each channel is characterized by:
e Latency (ms) — time delay for message delivery.
o Packet Loss (%) — proportion of lost messages.
e Bit Error Rate (BER) — error probability in data transmission.
o  Throughput (kbps) — rate of successful data transfer.

Figure 1 illustrates the general topology of the proposed simulation framework of smart grid communications. The power
system level is constituted by generation sources, transmission cables, and loads, which represent the physical flow of
electricity across the grid. Concurrently with this, the communications layer provides bidirectional communication of
data among the distributed control units and the main control center.

‘Wired Communications

(Fiber, PLC)
Generators ——» Transmission lines e Loads
Tributed Central
Control Units Control station

\ Wireless Communications /

(ZigBee, Wi-Fi, LTE)

Figure 1. Block Diagram of the Proposed Framework
2.3 Test Scenarios and Disturbance Modeling
e To evaluate system robustness, the communication model is subjected to various operating conditions:
e Normal Condition: Ideal channel with no interference.
e  FElectromagnetic Interference (EMI): Modeled as noise sources in PLC channels.
e  Wireless Channel Fading: Rayleigh and Rician fading models for simulating multipath propagation.
e Network Congestion: Increased traffic leading to queueing delays and packet drops.
e  Hybrid Operation: Combination of wired backbone and wireless edge networks.
3.3 Smart Algorithm Integration
e Data efficiency and fault tolerance are improved by integrating smart algorithms:

e  Fault Prediction: Latency and error data are trained using LSTM neural networks to predict anomalies before
failure.
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e Adaptive Error Correction: Automatic Repeat Request (ARQ) with Forward Error Correction (FEC) to reduce
BER.

e Queue Management: Dynamic priority-based scheduling to avoid latency in real-time control messages.
3.4 Simulation Workflow

As illustrated in Figure 2, the flowchart captures significant phases of the simulation process, starting from system
initialization to performance assessment.

Step 1: Build the power grid model (load, generator, transmission line).

Step 2: Add communication channels between distributed units and control center.
Step 3: Run simulations of different disturbances (fading, EMI, congestion).

Step 4: Measure communication parameters (packet loss, latency, BER, throughput).
Step 5: Add intelligent algorithms for optimum communication performance.

Step 6: Compare results of normal and stressful conditions.

(Initialize Power System Model]

l

Configure Communication Channels]

(wired/wireless)

!

Apply Operating Conditions
{(normal, EMI, fading, congestion)

l

Measure Performance Metrics
(Latency, BER, Packet Loss, Throughput)

Apply Intelligent Algorithms
(LSTM, FEC, Queue Management)

Compare Performance
with/without Optimization

Figure 2. Flowchart of Simulation Process
3. Results and Analysis

This section presents the results obtained from Matlab/Simulink-based simulation frameworks. The performance of
the communication system was evaluated under wireless and wireless configurations, subject to various operating
conditions such as electromagnetic interconnections (EMIS), wireless disappearance and networking. Analyzed
performance measurements include delay, package loss, throwing and bit failure speed (ber). In addition, the
effectiveness of intelligent algorithms (misconception and improvement of adaptive errors) was assessed.

3.1 Latency Analysis

Figure 3 illustrates the relationship between the number of nodes and average communication latency for wired and
wireless channels.

e  Wired communication (fiber optic) consistently maintained latency below 5 ms, even with 50 nodes.
e Power Line Communication (PLC) showed latency increasing to 20 ms due to EMI.

e Wireless communication (ZigBee, Wi-Fi, LTE) demonstrated higher latency under heavy load. ZigBee latency
exceeded 60 ms at 50 nodes, whereas LTE remained under 25 ms.

This indicates that wired systems outperform wireless in latency, but LTE/5G provides a viable compromise for
large-scale deployments.
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Figure 3. Latency vs. Number of Nodes for different communication channels.

3.2 Packet Loss and Throughput

Packet loss was much more extreme in PLC channels when EMI was applied, with losses of 12% at high interference.
Packet loss was seen primarily through congestion and fading in wireless channels:

e  ZigBee: maximum packet loss of 8% under congestion.
e LTE: less than 3% packet loss, demonstrating high resilience.

Throughput analysis (Figure 4) revealed fiber optic to always deliver >900 kbps, while LTE delivered 700—800 kbps.
ZigBee throughput dropped to <300 kbps with severe interference and thus is not suitable for time-critical control
messages.

900 |
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Wi-Fi ’\‘
2001 —e— [TE/5G
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Figure 4. Throughput vs. Packet Loss comparison (Wired vs. Wireless).
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3.3 Bit Error Rate (BER) Under Fading

BER performance was experimented with for wireless channels under Rayleigh and Rician fading conditions.
e Rayleigh fading caused BER to rise to 1072 at an SNR of 10 dB.
e Rician fading caused better performance, with BER reduced to 10~ at the same SNR.

e  Employment of Forward Error Correction (FEC) lowered BER by an additional order of magnitude, confirming
its usefulness under noisy conditions.
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Figure 5. BER vs. SNR for Rayleigh and Rician fading with/without FEC.
3.4 Impact of Intelligent Algorithms
Intelligent algorithms, when incorporated, improved fault prediction accuracy and efficiency of data flow.
e  Fault prediction (LSTM): 92% accuracy, compared to 78% for rule-based detection.
e Adaptive error correction: Improved throughput by 15% over wireless channels.

¢ Queue management algorithms: Reduced latency of critical control messages by 25%, particularly in
congestion.

95
92%

90

85|

Accuracy (%)

801 78%

75}

70

Rule-Based LSTM

Figure 6. Fault Detection Accuracy — LSTM vs. Rule-based method.
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In summary, the comparison outcomes reinstate the imperative of a hybrid communication framework that merges
fiber backbones for mission-critical control, PLC for cost-effective data communication, and wireless solutions for
scalable edge connectivity. When additionally supported by smart algorithms, a combined framework like this promises
to bring higher resilience, efficiency, and fault tolerance to smart grid communications. The comparison outcomes are
summarized in Table 1.

Table 1. Performance Comparison of Communication Channels

Channel Type Avg. Latency (ms) Packet Loss (%) @ Throughput (kbps) BER (10 dB SNR)

Fiber Optic 2-5 ~0 900+ ~0
PLC (with EMI) 15-20 8-12 500-600 10
ZigBee 40-60 5-8 200-300 107
Wi-Fi 20-30 3-5 500-700 107
LTE/5G 15-25 2-3 700-800 107

4. Discussion

Simulation results confirm the necessity for proper communication systems in maintaining the reliability and
efficiency of smart grid networks. Firstly, latency analysis (Figure 3) reveals that wired communication is always better
than wireless systems in terms of delay performance. Fiber optic channels demonstrated zero latency (<5 ms), which
renders them highly suitable for time-critical applications, i.e., fault detection and grid protection. However, fiber optic
deployment tends to be expensive and less scalable compared to wireless alternatives. On the other hand, wireless
networks such as LTE/5G demonstrated acceptable delay (~20 ms) with a scalability-performance trade-off. ZigBee,
although energy-efficient, suffered from higher delay at heavy loads, rendering it less appropriate for mission-critical
control.

Second, Packet loss and throughput trends (Figure 4) confirm that electromagnetic interference (EMI) drastically
degrades PLC channels with up to 12% packet loss and throughput loss. This shows the disadvantages of electromagnetic
interference (EMI) with PLC in noisy grid environments despite being low-cost. In comparison, LTE and Wi-Fi had
comparatively stable throughput (>500 kbps) and were resistant to congestion. ZigBee again failed to be robust,
throughputs dropping to 200 kbps under load, cementing its role as an auxiliary channel for low-data applications rather
than central control communications.

Third, BER performance over fading channels (Figure 5) reveals that channel condition has a wildly dominant effect
on wireless systems. Rayleigh fading yielded larger values of BER than Rician fading as would be expected in urban
multipath environments. Forward Error Correction (FEC) performed, decreasing BER by an order of magnitude and
affirming its relevance to secure wireless communication in smart grids.

Finally, intelligent algorithm applications have made a huge impact. Fault prediction with LSTM became 92%
efficient (Figure 6), up from 14% higher than rule-based fault detection. The decrease in accuracy is comparable to faster
fault detection and more sophisticated correction measures. Adaptive error correction and queue management also
decreased latency and improved throughput, eventually improving the communication system's resistance to hostile
environments.

Overall, the conversation repeats that communication technology will not meet all the requirements for smart
networks. Instead, the best configuration is a hybrid architecture of wired backbone (demanding communication with low
oppression) and wireless technology (for scalability and flexibility). Flexibility is complemented by the intelligent
algorithm, indicating the value of a combination of machine learning techniques with the design system's design.

5. Conclusion and Future work

This research constructed a framework on MATLAB/Simulink to model and simulate communication systems in
Smart Grid, along with wireless and wireless channels to match the power system model with delays and wireless
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channels under scenarios such as EMI, fading and crowds. The conclusions show that fiber optics provide maximum
reliability and maximum delay at the cost of being highly expensive; Wireless technologies (LTE/5G, Wi-Fi) provide
scalability but are affected by overload and extinction; And PLC is afflicted by EMI-related injuries, constraining real -
time applications. LSTM- including intelligent algorithms such as prediction and adaptive error correction,
communication flexibility and efficiency improved significantly. Overall, a hybrid communication strategy - the spinal
cord for significant operation, wireless channels for scalability and machine learning for adaptation - appears as the most
effective approach. Future work will increase this structure to further strengthen smart grid communication such as cyber

security measures, verification of hardware-in-loop and advanced 5G functions such as network slices and edge data.
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