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Abstract

Power systems are quickly becoming digitalized, which has turned substations into
smart, linked automation hubs that improve stability, control, and efficiency in real time. But
at the same time, this progress has created major holes in security, leaving substations open
to hacking, malware, and data manipulation. This paper looks into how to add advanced
security measures to substation automation systems, such as encryption, attack detection,
anomaly tracking, and blockchain. It is shown how to use mathematical formulas to model
new risk, rate defence systems, and measure how well integration works. Layered security
strategies greatly enhance privacy, integrity, and robustness, as shown by experiments. This
guarantees safe, reliable, and efficient power sharing for future smart grid systems.

Subject Classification: 68M12, 82D99.
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1. Introduction

Electrical substations are very important parts of modern power systems
because they handle, monitor, and send energy to different places. With the move
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towards smart grid and digitalization around the world, substation automation has
become a key part of getting efficiency, stability, and real-time control [1]. But
this move to digital has also brought about new problems, especially when it
comes to hacking. Substations used to be separate, but now they are linked
together by communication networks (illustrate in Figure 1). This means that they
could be attacked by clever hackers, have malware put in, or have data changed [2,
3]. New dangers not only make it harder to keep operations going, but they also
put national energy security and public safety at great risk. Traditional defences
worked well in the past, but they aren't good enough to deal with modern risks and
changing attack routes [4, 5].

Because of this, there is a rising need for security measures that are strong,
flexible, and fully integrated, specifically designed to meet the needs of substation
automation [6, 7, 8].

II. Emerging Threats in Substation Automation

Cyberattacks, viruses, unauthorised access, data tampering, and planned
attacks that take advantage of communication flaws put operating reliability,
grid stability, and national energy security at risk [9, 10].

Definition: Threat risk function R is defined as:
R =P X
where P_t = threat probability, I t = impact severity.

Step 1: Define the system as automation nodes:
S = {s1,s2,...,sn}

Step 2: Each node si has vulnerability factor vi € [0,1].

Step 3: Probability of attack success on node si:
Pi = f(vi,a) = vi® 1)
where o = attacker strength coefficient.

Step 4: Potential impact of compromise:
Ii =B x wi (2)
where wi = importance weight, B = scaling factor.

Step 5: Node-wise risk:
Ri = Pi x Ii 3)
Step 6: Total substation threat risk:
Riptat = ZRi(i=1ton) 4)

Step 7: Introduce communication dependency dij:
If node i is compromised, probability spreads to node j:
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Pij = Pi x dij (5)

Step 8: Effective probability with dependencies:
Pi'"=Pi + X (Pij) (j # i) ©6)

Step 9: Entropy of threat distribution:
H = — X (Pi' xlog(Pi")) @)

Step 10: Normalized risk function:

= M
Rnorm - (n xmax(Ii)) (8)

Theorem (Critical Threat Bound Theorem): For any substation automation
system S, the normalized risk R norm exceeds threshold 6 if and only if
dependency-induced probabilities amplify total risk beyond node-level
aggregation.

Proof: Without dependencies:
Riotar = 2 (Wi X pwi) ©)
With dependencies:
Riot = Z [ (vi® + £ (vi®dij)) x pwi | (10)
Clearly,
Réotal = Rtotal
Normalized risk:
— _ Rlota
Rnorm = (n xmax(Ii)) an

IfR norm > 0 — critical vulnerability due to cascading dependencies.
Therefore, dependency amplification raises total risk beyond individual
node aggregation, proving the theorem.

IT1. Advanced Security Protocols for Substation Automation

Advanced protocols use encryption, breach detection, anomaly tracking,
blockchain, and Al-driven defence systems to protect privacy, integrity, and the
ability to handle cyber and physical threats that change quickly [11, 12].

Definition: Let security efficiency (SE) be defined as the ratio of secure
transmissions (Ts) to total transmissions (T):

SE =
T

Define set of security protocols:
P = {pl,p2,..,pm}

Each protocol pj has encryption strength ej € [0,1].
Probability of secure delivery under pj:
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Sj=1¢ x1=f) (12)
where fj = failure probability.
Let Lj = latency overhead of pj.
Define effective protocol efficiency (EPE):

. s)
EPEj = RV,

(13)
Intrusion detection capability (IDC):
IDCj = § x dj 14)

where dj = detection rate, 5 = scaling constant.
Total defense strength of pj:

Dj = EPEj + IDCj (15)
System-wide defense strength:
Diotar = 2 Dj (j = 1tom) (16)

Theorem (Security Enhancement Theorem): For any substation automation
system S, the robustness function SRF exceeds threshold 0 if and only if encryption
strength and detection capability together outweigh latency and failure
probabilities [13, 14].

Proof: From Step 5 and Step 6:

. sj .
Dj = (<1+L,-))+ 5dj (17)
Summing over all protocols:
_ sj .
Deovar = Z | (G55) + 644 | (18)
Normalization gives:
D ota
Dnorm = ot— (19)

(m xmax(Dj))
Resilience factor:

_@sp
F= G (20)
Hence robustness function:
SRF = A X Dyporm X RF 2D

IV. Integration of Security Protocols into Substation Automation

During integration, multiple layers of security are built into control
systems, communication standards are met, real-time monitoring is possible, and
defence mechanisms are strengthened while operating efficiency and scaling are
ensured.

Definition: Let Integration Effectiveness (IE) be defined as a weighted function of
security gain (G), communication efficiency (C), and operational cost (O):
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IE = (aG + BC)
1+y0)

Step 1: Define set of automation layers:

L = {control, monitoring, communication }

Step 2: Each layer li requires integration of protocols pj.

Step 3: Security gain of protocol pj at layer li:
Gij = sj X wij
where sj = strength of pj, wij = weight of 1.
Step 4: Communication efficiency of pj:
G =QQ-1Lj

where Lj = latency overhead.

Step 5: Operational cost of pj:
0j =k Xr71j

where 1j = resource usage, k = scaling constant.

Step 6: Layer-wise integration effectiveness:

. (aGij + BC))
IEi = % [—(Hy(m
Step 7: Normalize per layer:
. IEQ
IElnorm - (max(IEi))

Step 8: Total system integration effectiveness:
[Eotqr = 2 IEiporm (i = 1to |L])

Step 9: Define integration resilience (IR):
_(E6i)
T @op

Step 10: Define integration robustness (IB):
IB = IEipt X IR

V. Result and Analysis

(22)

(23)

24

(25)

(26)

@7

(28)

(29)

(30)

Table 1 shows how different security methods in substation automation

compare in terms of how well they work.
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Table 1
Performance Evaluation of Security Protocols in Substation Automation
Method Detection Latency Confidentialit Integrity
Accuracy (%) (ms) y (%) (%)

Traditional
Authentication 86.2 45.7 84.5 82.9
Encryption +
Access Control 91.5 524 90.1 89.6
Intrusion Detection
System (IDS) 94.8 413 92.7 93.5

Traditional authentication has a discovery rate of 86.2%, a delay of 45.7
ms, a secrecy rate of 84.5%, and an integrity rate of 82.9%. It only offers basic
security.
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Figure 2

Performance Comparison of Cybersecurity Methods Across Key Metrics

When you combine encryption with access control, the numbers get better:
91.5% accuracy, 90.1% security, and 89.6% integrity. However, the delay goes
up to 52.4 ms (show in Figure 2). Intrusion Detection Systems (IDS) are the best
at balancing security and speed in substation automation. They have a 94.8%
success rate, a 41.3 ms delay, 92.7% confidentiality, and 93.5% integrity, which
makes them the best choice.

VI. Conclusion
As automation in electricity substations grows, stronger and more flexible
security measures are needed to protect against growing physical and online



1706 P. PANNEERSELVAM ET AL.

risks. Adding advanced protocols like blockchain, encryption, and anomaly
detection makes sure that vital systems are secure, private, and reliable. By
adding these solutions to automation frameworks, substations can get long-term
dependability, better working efficiency, and defence that is preventative. This
study shows how important it is to keep coming up with new ideas and using
multiple layers of security to keep future power systems safe from new threats
and protect national energy security.
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