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Introduction

Objective of Study:
Prevent magnetic core saturation of transformers 
during an E3b high altitude electromagnetic pulse 
(HEMP) insult
• Long-term exposure to high common mode currents 

cause distortion and overheating of transformers

Field Strength of Simulated HEMP Insult

Theoretical Framework

Magnetic Saturation:
• Saturation occurs when the magnetic core will no longer store additional magnetic flux 

and magnetic flux begins to be stored in the air
• Saturation in this study’s models is defined as any value of magnetic flux below -1.2 pu 

and above 1.2 pu
• A transformer with a saturating core is inherently nonlinear, but will act linearly when 

the transformer’s magnetic core remains unsaturated
The Local Linear Quadratic Regulator (L-LQR):
• LQR is an optimal feedback controller when acting within the system’s linear regime
• L-LQR is a decentralized, decoupled feedback controller designed for each transformer 

with power flowing in and out of primary and secondary sides of transformer treated 
as disturbances

• Optimal feedback gains for each transformer as individual subsystems are found from
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• Values of Q are selected so that the system provides sufficient effort to keep the core 
magnetic flux within saturation bounds, ensuring that the system remains linear

Grid Models

Results

Horton et al. Model: 

Birchfield et al. Model:

Horton et al. Model [1]: Birchfield et al. Model [2]:

Transformer Model

Per-Phase Transformer:
• Per-phase model simulates the dynamics of the 0 axis in the 

stationary frame of reference using dq0 coordinates
• Blocking controller is placed on neutral path of transformers 

and provides voltage as control effort

• Transmission lines are represented with red lines and substations are represented with blue dots
• Substations house between 0-4 transformers, with details present in [1,2]
• The 𝜋-model is used to represent the transmission lines in the system
• HEMP coupled to grid: 𝑉𝑗 = 𝐸3𝑏 𝑡 ∗ 𝑐𝑜𝑠𝛿𝑗, where 𝑉𝑗 is the voltage source on the j-th 

transmission line and 𝛿𝑗  is the angle between the field and the j-th transmission line

Controller
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