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Abstract

This paper presents a robust hybrid controller based on passivity-based control (PBC) for output voltage regulation of a DC-DC
boost converter operating in Continuous Conduction Mode (CCM). The proposed scheme integrates PBC within a cascade structure
featuring a PI voltage loop to mitigate the limitations of individual methods. Due to the non-minimum phase nature of the boost
converter, voltage regulation is achieved indirectly via inductor reference current tracking. This reference current is generated by
the outer PI loop, while the inner PBC loop ensures stability and fast dynamic performance in the presence of disturbances and
parametric uncertainties. System dynamic equations are derived using an averaged model that accounts for parasitic elements, and
the controller is designed based on passivity stability theory. To validate the proposed method, a laboratory prototype was
implemented, and the controller's performance was evaluated under five distinct scenarios, including step changes in reference
voltage, load variations, input voltage fluctuations, and parameter uncertainties. Simulation and experimental results demonstrate
significant improvements in stability, dynamic response, and steady-state error reduction compared to a pure passivity-based
controller, confirming the robustness and effectiveness of the proposed hybrid approach under various operating conditions.
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1. Short Introduction

DC-DC converters play a vital role in modern technologies such as electric vehicles due to their high efficiency. However, the
limitations of classical controllers in handling parametric variations have led to the development of advanced control strategies such
as sliding mode control. While these methods address certain challenges, they do not always guarantee the inherent stability of
nonlinear systems. Consequently, Passivity-Based Control (PBC) has emerged as an efficient solution for voltage regulation owing
to its design simplicity and robustness. Furthermore, numerous studies have integrated PBC with other control techniques to enhance
the performance of energy storage systems.

2. Proposed Work

To address the inherent non-minimum phase characteristics and stability challenges of DC-DC boost converters, this study
proposes a robust hybrid control strategy that regulates the output voltage indirectly through inductor current tracking. The system
dynamics are modeled using the Euler-Lagrange method, incorporating parasitic elements such as equivalent series resistances and
semiconductor voltage drops to ensure a realistic representation. The control architecture integrates a Passivity-Based Controller
(PBC) within a cascaded structure featuring a Closed-Loop PI (CCLPI) voltage regulator. In this configuration, the inner PBC loop
utilizes energy shaping and damping injection principles to guarantee global asymptotic stability and fast dynamic response, while
the outer PI loop generates the reference current to eliminate steady-state errors caused by model inaccuracies or load variations.
Theoretical analysis based on Lyapunov stability theory confirms that the system maintains Input-to-State Stability (ISS) even in
the presence of bounded parameter uncertainties. To validate this approach, a laboratory prototype was built and several tests were
carried out. Experimental and simulation results across five scenarios, including step changes in reference voltage, load variations,
input voltage fluctuations, and parameter uncertainties, demonstrate the superiority of the proposed CCLPI-PBC over standard PBC.
Specifically, the proposed method successfully rejected severe disturbances, such as a 25% drop in input voltage and significant
load changes, under conditions where the standard PBC failed to maintain regulation. Furthermore, sensitivity analysis revealed that
under a drastic reduction in inductance from 10mH to 1mH, the hybrid controller reduced the steady-state error from 2.55V to a
negligible 0.01V, confirming its robustness and precise tracking capabilities.

3. Conclusion

This study developed a hybrid CCLPI-PBC scheme to overcome the non-minimum phase challenges of boost converters via
indirect current tracking. Experimental results confirm that, unlike classical PBC, the proposed method eliminates steady-state errors
under severe fluctuations and maintains stability against significant parametric uncertainties, such as a reduction in inductance.
Considering implementation simplicity and high robustness, this approach offers an efficient industrial solution for voltage-sensitive
applications.
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Normalized sensor response
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