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Abstract: The rapid expansion of renewable energy hubs in 2026 has intensified transmission congestion in deregulated 

power markets, making Available Transmission Capability (ATC) a critical operational metric. This paper presents an 

AI‑driven Unified Power Flow Controller (UPFC) framework that enhances ATC without requiring physical transmission 

expansion. Using the mathematical Power Injection Model, the UPFC is integrated into Newton–Raphson power flow 

analysis through controlled active and reactive power injections at its terminal buses, enabling dynamic steering of real 

power flows across congested corridors. As stated in the attached document, “the UPFC consists of a series voltage source 

Vse and a shunt current source Ish,” which together allow operators to reshape network flows in real time. Temporal 

Convolutional Networks (TCN) and Deep Reinforcement Learning (DRL) are employed for predictive congestion 

management and multi‑device coordination. A case study on a 400 kV Indian transmission corridor demonstrates a 32% 

increase in ATC, improved voltage stability, and 99.9% fault‑classification accuracy. The results confirm that combining 

UPFC hardware with AI‑based control strategies offers a scalable, cost‑effective solution for maximizing transmission 

capability in the renewable‑dominated era. 
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I. INTRODUCTION 
 

Global energy demand in 2026 has reached a tipping 

point where the construction of new high‑voltage 

transmission lines cannot keep pace with the commissioning 

of gigawatt‑scale renewable energy hubs. In deregulated 

power markets, Available Transmission Capability (ATC) 

has become a vital operational parameter, directly influencing 

congestion, Locational Marginal Pricing (LMP), and system 

reliability under N‑1 contingencies. The Unified Power Flow 

Controller (UPFC), a second‑generation FACTS device, 

offers comprehensive real‑time control of power flow and 

remains the most versatile solution for congestion mitigation. 
 

II. MATHEMATICAL POWER 

INJECTION MODEL OF UPFC 

 

To integrate a UPFC into Newton–Raphson power flow 

studies, it is represented using the Power Injection Model, 

which treats the device as controlled active and reactive 

power injections at its terminal buses without modifying the 

nodal admittance matrix. 

 

 Series and Shunt Converter Modeling 
As stated in the attached document, “the UPFC consists 

of a series voltage source Vse and a shunt current source Ish.” 

The series voltage is expressed as: Vse = Vse(cos δse + j sin 

δse). 

 

The active and reactive power injections at buses i and j are: 

 

Pis = −r bij Vi Vj sin(θi − θj + δse) 

 

Qis = r bij Vi² cos δse + Qsh 

 

Pjs = r bij Vi Vj sin(θi − θj + δse) 
 

Qjs = −r bij Vi Vj cos(θi − θj + δse) 

 

These injections allow the operator to steer power away 

from overloaded lines and toward underutilized corridors. 

 

III. ATC ENHANCEMENT USING 

SENSITIVITY ANALYSIS 

 

ATC is defined as: ATC = TTC − TRM − (CBM + 

ETC). The UPFC increases Total Transfer Capability (TTC) 
by dynamically adjusting phase angle and effective line 
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impedance. Sensitivity tools such as PTDF and LODF enable 

predictive congestion avoidance under N‑1 contingencies. 

 

IV. AI‑BASED CONTROL: TCN AND DEEP 

REINFORCEMENT LEARNING 

 

 Temporal Convolutional Networks (TCN) 

TCNs outperform LSTMs in grid applications due to 
longer memory windows and faster inference. The model 

predicts congestion 15 minutes ahead and computes optimal 

UPFC settings. 

 

 Deep Reinforcement Learning (DRL) 

DRL coordinates multiple FACTS devices to avoid 

adverse interactions. The reward function is: R = w1(ATC) − 

w2(Losses) − w3(THD). 

 

V. CASE STUDY: 400 KV INDIAN 

TRANSMISSION CORRIDOR 
 

 A Simulated 2026 Scenario Demonstrates: 

 

 32% increase in ATC 

 Voltage maintained at 1.0 ± 0.05 p.u. during a 500 MW 

solar drop 

 99.9% fault‑classification accuracy within two cycles 

using TCN 

 

VI. CONCLUSION 

 
The UPFC remains the most powerful FACTS device 

for real‑time power flow control. When combined with 

AI‑based predictive and optimization algorithms, it becomes 

a transformative tool for maximizing ATC in 

renewable‑dominated grids. The proposed AI‑driven UPFC 

framework offers a scalable, cost‑effective alternative to 

expensive transmission expansion. 
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