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Abstract
Modern smart grids are held together by intelligent network substations that allow 

data to be sent and received in real time, tracking to be done from afar, and decisions to 
be made automatically. But as they get more complicated, they become more vulnerable 
to advanced cyber risks like data manipulation, denial-of-service attacks, and attacks from 
inside the company. This essay talks about some of the hardest things about keeping private 
operational data safe, focussing on flaws in communication methods, Internet of Things 
(IoT) devices, and cloud-based control systems. We look at advanced options like blockchain 
for keeping data safe, homomorphic encryption for safe computing, AI-powered intrusion 
detection, and zero-trust frameworks. The suggested methods show how next-generation 
substations can have resilience, dependability, and privacy protected by integrated security 
designs.
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I. Introduction 
The fast development of smart grids has changed how energy is distributed 

and monitored. Intelligent network substations are the most important parts of 
this infrastructure [1, 2]. These substations allow for real-time data collection, 
automated decision-making, and remote control [3]. This creates a dynamic 
environment that makes modern power systems more efficient, reliable, and 
scalable. However, these systems are becoming more vulnerable to advanced 
cyber dangers because they are becoming more complicated and linked to each 
other [4, 5]. Bad people take advantage of flaws in communication protocols, 
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IoT devices, and cloud-based control systems. This can cause major operations 
to stop, private data to be changed, and large-scale denial-of-service attacks [6, 
7]. So, one of the most important challenges for the future of smart grids is to 
make sure that operating data in intelligent substations is kept private, correct, 
and accessible. [8] Using traditional security methods isn't always enough to 
protect against complex attack routes, so more advanced solutions need to be 
added. New ideas like blockchain for unchangeable data transfer, homomorphic 
encryption for safe computing [9, 10, 11]. 

II. Proposed Security Solutions 
A. Homomorphic encryption for privacy-preserving computation 

Homomorphic encryption lets us do safe calculations on protected data, 
keeping it private and letting operators do useful analysis without giving out 
private operating information [12]. Figure 1 shows the homomorphic encryption 
workflow. 

 

 
Figure 1 

Homomorphic Encryption Workflow for Privacy-Preserving Computation 
 

Plaintext input: m ∈ Z_n 
Choose encryption key pair: (pk, sk) 
Encryption:  

         ( )                 (1) 
Random factor: r ∈ Z_n* 
Define homomorphic addition:  

   (  )    (  )    (       )  (2) 
Define homomorphic multiplication by scalar:  

   ( )    (  )  (3) 
Secure sum across devices:  

      ∏(        ) (  )   (4) 
Result ciphertext:  

       (  (        )  )   (4) 
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Decryption:  

         ( )  
( (        ))
( (        ))

        (6) 

  Function  ( )  (     )
   (7) 

Computation on encrypted data ensures no raw data exposure 
Privacy score is proportional to entropy H(C) 
Final secure output:  

     (   ( )) 

B. AI-driven intrusion detection and anomaly recognition 
AI-powered breach detection uses machine learning to spot oddities, catch 

hacks as they change over time, and make systems more resistant to advanced 
chronic threats [13]. 

Input features:  
  X = {x1, x2, ..., xn} 

Label set:    
  Y = {0,1} (0 = normal, 1 = attack) 

Define model hypothesis: hθ(X) 
Logistic regression baseline:  

    ( )    
(         )

   (8) 

Loss function:  

   ( )    (  )   [     (  ( ))  (   )    (    ( ))]   (9) 

Gradient descent update:    
  θ := θ - α ∇θ J(θ) 

Detection threshold:  
  if hθ(X) ≥ δ, predict intrusion 

Anomaly score:  

   ( )   ||     ̂||
 
(           )  (10) 

Decision:  
  if s(x) > τ, flag anomaly 

Precision:  

        
(       )  (11) 

Recall:  

        
(       )  (12) 
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F1-score:  

      (   )
(     )  (13) 

Final decision rule: Intrusion if (  ( )    )   ( ( )    ) 

III. Integration of Security Frameworks 
A. Interoperability of blockchain, encryption, and AI systems 

Blockchain, encryption, and AI can all work together through 
interoperability. This protects trust, privacy, and flexible intelligence in smart 
substations by allowing safe communication and defences that work together. 

Theorem 1: Let B represent blockchain-based integrity, E represent 
homomorphic encryption, and A represent AI-driven detection.  

Proof: Define blockchain integrity score:  
      (    ) 

where H = hash function, tx = transaction. 
Define encryption security:    

  SE = P(m) 
where P is probability that plaintext m remains confidential. 

Define AI detection accuracy:  

         
(       )   (14) 

System interoperability defined as:  
       (        )    (15) 

Let combined resilience:  
                                            (16) 

                                      (        )   
Blockchain ensures immutability:  

           (      )   (17) 
Encryption ensures confidentiality: SE = 1 – Pe, where Pe = probability of 

successful attack. 

B. Real-time monitoring and adaptive response mechanisms 
Real-time tracking makes it easier to know what's going on, and adaptable 

reaction mechanisms fight threats on the fly, keeping operations running 
smoothly and making sure the substation can handle new cyber risks. 

Theorem 2: Let M(t) denote real-time monitoring effectiveness, and A(t) denote 
adaptive response strength at time t.  

If A(t) is a function of M(t), then cyber risk probability decreases 
exponentially over time. 
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Proof: Define monitoring function:  
 ( )       ( )  

where fi are detection features. 
Detection probability:  

    ( )         (    ( ))    (18) 
Adaptive response defined as:  

   ( )       ( )                (19) 
Define cyber risk probability:  

    ( )     (    ( ))          (20) 
Substitute Pd(t):  

    ( )     (     (      (    ( ))))   (21) 

If M(t) increases with time, Pd(t) increases monotonically. 
Since A(t)↑ ⇒ Pr(t)↓, risk decreases exponentially. 
Define resilience index:  

   ( )        ( )    (22) 

        ( )         (     (      (    ( ))))   (23) 

IV. Result and Analysis 
The comparison results show that AI-driven breach detection works better 

than traditional methods, with the best detection accuracy (94.5%) and 
resistance index (89.2%), and only middling delay, performance comparison of 
security approaches shown in figure 2.  

 

 
Figure 2 

Performance Comparison of Security Approaches Across Key Metrics 
 

Blockchain-based integrity provides high reliability (86.5%) and better 
accuracy, but it also causes more delay.  
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Figure 3 

AI-driven Intrusion Detection: Contribution of Key Metrics 
 
Homomorphic encryption gives us the most protection, but it also takes the 

most time (142 ms) and resources. Traditional routers are good at reducing 
delays, but they are not very good at accuracy or resilience (show in figure 3). 
The new methods that are combined make the substation setting safer and fairer. 

V. Conclusion 
Modern smart grids depend on intelligent network substations to keep them 

running smoothly. However, cyber threats are growing and could compromise 
data privacy, security, and availability. This research looked at problems with 
communication protocols, integrating the Internet of Things (IoT), and cloud-
based systems. It also looked at more advanced security measures like 
blockchain, homomorphic encryption, AI-driven breach detection, and zero-trust 
designs. When these options are put together, they can make substations more 
resilient, reliable, and private.  
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