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Introduction

Supply chains in today’s globalized economy are intricate networks of
interdependent actors, processes and resources. These systems, while
offering efficiency and cost-effectiveness, are also increasingly
susceptible to a wide range of disruptions from natural disasters and
pandemics to geopolitical tensions and cyber threats. In light of these
vulnerabilities, the need for robust disruption management has become a
strategic imperative for both practitioners and researchers. A dynamical
control framework offers a powerful methodology to address this
challenge by integrating real-time monitoring, predictive modeling and
adaptive response mechanisms within a systematic architecture [1]. The
essence of a dynamical control framework lies in its ability to treat the
supply chain as a dynamic system governed by variables that evolve over
time. These variables may include inventory levels, transportation delays,
production rates, supplier reliability and demand volatility. The framework
leverages principles from control theory, operations research and systems
engineering to regulate these variables and steer the supply chain back
to a desirable state after a disruption occurs. Central to this approach is
the formulation of mathematical models that describe the behavior of the
supply chain under different scenarios. These models can be
deterministic or stochastic, depending on the degree of uncertainty in the
system [2].

Description

The first step in implementing a dynamical control framework is to model
the baseline operation of the supply chain. This involves mapping out the
supply network, identifying Key Performance Indicators (KPIs) and
establishing a set of differential or difference equations that capture the
flow of materials, information and finances.
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These models are then used to simulate the impact of disruptions,
such as the sudden unavailability of a supplier or a spike in
customer demand. Once the nature and impact of the disruption are
understood, control strategies are devised to mitigate the
consequences [1]. Adaptive control is a vital component of the
proposed framework. It enables the system to adjust its parameters
in real time based on observed data. For example, if a supplier fails
to deliver critical components, the system can dynamically
reallocate orders to alternative suppliers, adjust production
schedules, or trigger emergency inventory replenishments. Model
predictive control (MPC) is particularly well-suited for this purpose,
as it allows decision-makers to optimize actions over a future time
horizon while continuously updating the model with new data. This
forward-looking capability ensures that the supply chain remains
resilient in the face of both anticipated and unforeseen events. In
addition to operational controls, strategic decisions must also be
incorporated into the framework. These include supplier
diversification, capacity investments and risk pooling strategies. A
multi-tiered control structure, which integrates tactical, operational
and strategic layers, ensures that short-term responses are aligned
with long-term goals. Such an integrated approach not only
enhances agility but also fosters collaboration across the supply
chain, from upstream suppliers to downstream customers [2].
Digital technologies play a critical role in enabling dynamical
control. The Internet of Things (loT), big data analytics and Artificial
Intelligence (Al) provide the real-time visibility and decision-making
support necessary for effective disruption management. Sensors
and RFID tags can monitor the condition and location of goods,
while machine learning algorithms can detect patterns and predict
future disruptions. When combined with cloud computing and
blockchain, these technologies facilitate seamless data sharing and
coordination across the supply chain ecosystem [1]. The
effectiveness of a dynamical control framework is contingent upon
continuous learning and improvement. Feedback loops are
essential for refining models, calibrating control parameters and
evaluating the outcomes of past decisions. Simulation-based
testing and digital twins allow for the safe exploration of various
scenarios and control strategies before their actual implementation.
Furthermore, human-in-the-loop systems ensure that expert
judgment complements automated decision-making, espegcially in
situations where ethical considerations or incomplete data may play
arole.
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