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Abstract: The gradual replacement of conventional generators with variable renewable energy sources
(RES) will reduce their online frequency regulation (FR) resources and degrade their overall frequency
control capabilities. Although various inertia emulation methods exist, shaping load consumption
is considered a more effective strategy during emergency conditions than under-frequency load
shedding. Managing loads following frequency excursions can support grid stability owing to rapid
power response. In this context, a Smart Transformer (ST)-based FR framework for a RES-penetrated
power system is studied in this paper. The ST, with its distinctive features, effectively shapes the
load profile through online load sensitivity identification-based control, aiding in the stabilization
of grid frequency. This paper also proposes a tilt integral second-order double derivative (TIDD2)
controller for a secondary loop whose parameters are optimized using the Learner Performance-based
Behavior (LPB) algorithm. A thorough investigation reveals that the response from ST controlling the
voltage-dependent load in the presence of TIDD2 controllers can greatly enhance system performance
by damping oscillations and peak deviations. In addition, the performance of Proportional–Integral–
Derivative and TIDD2 considering ST in the primary loop is compared to delineate the robustness
of the LPB-based TIDD2 controller. It is found that the proposed control scheme offers greater
controllability and flexibility, enhancing the system’s dynamic performance.

Keywords: load frequency control; frequency regulation; smart transformer; voltage-dependent load;
learning performance behavior-based optimization

1. Introduction

Over the past few decades, there has been a gradual increase in the penetration of
renewable energy sources (RES). The rate of RES penetration is anticipated to persist due to
decarbonization, decentralization, and digitization of electric utilities [1]. Extensive variable
RES integration can lead to reduced inertia and jeopardize system stability [2]. Typically,
the online capacity of the thermal/hydro reserve controls the system frequency to stay
within acceptable limits and prevent the need for undesired under-frequency load shedding
(UFLS) [3]. The turbine–governor response arrests and minimizes power imbalance, which
is the responsibility of the primary frequency reserve of generators [3,4]. The correction
of any inaccuracy that persists between the rate and steady-state value of frequency is the
responsibility of load frequency control (LFC) or automatic generation control (AGC) [5]. In
addition to traditional reserves, flexible resources such as distributed batteries and electric
vehicles are considered ideal solutions to aid the LFC mechanism owing to faster response
speeds [6].
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