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In the contemporary landscape of power electronics, the demand for high-efficiency energy conversion across 

varying load conditions and wide output voltage ranges has reached an unprecedented peak. Traditional fixed-

topology DC-DC converters often suffer from severe efficiency degradation when operating away from their nominal 

design points. To address this, reconfigurable converter architectures have emerged as a pivotal solution. These 

systems dynamically alter their internal circuit structure—switching between different gain stages or topological 

configurations—to maintain peak performance. From milliwatt-scale radio frequency energy harvesting (RFEH) to 

kilowatt-scale maritime charging stations, the ability to adapt the Voltage Conversion Ratio (VCR)in real-time is

transforming how engineers approach power management system (PMS) design.

The Theoretical Framework of Reconfigurable Converters

At the core of reconfigurable power conversion is the principle of topological elasticity. Unlike standard buck or 

boost converters that rely on a fixed pulse-width modulation (PWM) scheme to regulate output, reconfigurable 

converters, particularly Switched-Capacitor (SC) and Resonanttypes, change the physical connection of their

energy storage elements. This adaptability is essential for applications where the input source (like a 5V USB rail)

or the required output (such as a 0.4V to 1.2V computing core) varies significantly.

Voltage Conversion Ratio (VCR) and Efficiency

The efficiency of a power converter is fundamentally limited by the discrepancy between the input voltage 

($V_{in}$) and the target output voltage ($V_{out}$). In linear regulators, this difference is dissipated as heat. In 

traditional SC converters, efficiency is maximized only when the VCR ($V_{out}/V_{in}$) is close to a 

predetermined rational fraction (e.g., 1/2, 2/3, 1/3). A reconfigurable charge pumpovercomes this by employing

multiple stages that can be bypassed or placed in series/parallel. For instance, a 4-stage charge pump can be

configured to provide $2\times$, $3\times$, or $4\times$ gain depending on the load resistance and the desired

output voltage, ensuring that the converter always operates near its maximum theoretical efficiency point.

Loss Mechanisms in Reconfigurable Systems

Understanding loss is critical for senior technical designers. The primary losses in these systems include:

•  Conduction Losses: Resulting from the on-resistance ($R_{ds(on)}$) of the MOSFET switches.

•  Switching Losses: Proportional to the switching frequency ($f_{sw}$) and the parasitic capacitance 

($C_{par}$) of the gates.

•  Redistribution Losses (Charge Sharing): Specific to SC converters, occurring when capacitors with different 

voltages are connected in parallel.

•  Bottom-Plate Parasitic Losses: Energy lost to the substrate in integrated circuit implementations of capacitors.

Technical Analysis: Reconfigurable Charge Pumps and Capacitive-Sigma 
Architectures



Recent research highlights the Capacitive-Sigma DC-DC converter as a breakthrough for portable smart devices. 

By combining the benefits of a switched-capacitor stage with a sigma-delta modulation feedback loop, these 

converters achieve ultra-fine regulation with high efficiency. A notable implementation utilizes a 5V input to produce 

a sub-volt output range (0.4V to 1.2V) with a peak efficiency of 98.4%. This is achieved through an "auto-

reconfigurable" mechanism that adjusts the converter's gain stages to match the instantaneous demand of the

computing core.

Multi-Stage Configuration Logic

Consider a 4-stage reconfigurable charge pump designed for high-resistance touch panels. The challenge in touch 

panel drivers is maintaining a stable, high-voltage rail despite varying touch contact resistance. The system 

employs an Adaptive Control Circuitry that monitors the output. When the load demand increases, the controller 

transitions the topology from a 2x mode to a 3x or 4x mode. This transition is not instantaneous; it requires careful 

management of the non-overlapping clock phasesto prevent short-circuit currents during the reconfiguration

interval.

Mathematical Modeling of Gain Switching

The output voltage of an $N$-stage charge pump can be approximated as:

V_{out} = (N + 1)V_{in} - I_{load} / (f_{sw} \cdot C)

Where $I_{load}$ is the output current, $f_{sw}$ is the switching frequency, and $C$ is the stage capacitance. In a 

reconfigurable design, $N$ is no longer a constant but a variable $N(t)$ controlled by a finite state machine (FSM). 

By dynamically increasing $N$ as the load increases, the system compensates for the voltage drop (the $I_{load}$ 

term), effectively extending the High-Efficiency Dynamic Range (DR).

Comparative Analysis of Reconfigurable Topologies

The following table summarizes different reconfigurable approaches based on recent technical data and their

application-specific advantages.



Topology Type Target Application Voltage Range Peak Efficiency Key Advantage

Reconfigurable SC 
(2x/3x)

Transcutaneous 
Power

Low Voltage (3-5V) 92-94% Automatic coupling 
variation 
compensation.

Capacitive-Sigma Mobile Computing 
Cores

0.4V - 1.2V 98.4% Extremely high 
efficiency at sub-volt 
levels.

Isolated DC/DC 
Resonant

Maritime/EV 
Charging

180V - 1500V 96.7% Wide output range 
for heavy-duty 
batteries.

Adaptive RFEH 
Rectifier

IoT Energy 
Harvesting

$;ÂEr�66�ÆP 70-85% High Dynamic 
Range for variable 
RF input power.

High-Power Applications: Maritime and Industrial Charging

While low-power converters focus on silicon area and parasitic capacitance, high-power reconfigurable converters 

(10 kW and above) focus on thermal management and isolation. In maritime applications, charging

infrastructures must handle battery banks ranging from 180V to 1500V. A fixed-ratio transformer-based converter

would require a massive variable-frequency range to achieve this, leading to EMI issues and transformer saturation.

The Reconfigurable Isolated Resonant Converter

A proposed solution involves a reconfigurable resonant tank. By utilizing secondary-side switches to change the 

transformer's winding configuration (e.g., from series to parallel), the converter can shift its resonant frequency and 

gain characteristics. This allows the system to maintain Zero Voltage Switching (ZVS) or Zero Current Switching 

(ZCS)across the entire 180V–1500V range. A 10 kW prototype using this concept demonstrated a power density

of 0.485 W/cm³, proving that reconfigurability does not necessarily come at the cost of form factor.

Practical Implementation and Field Guide

Implementing a reconfigurable power system requires a multidisciplinary approach involving analog circuit design,

control theory, and firmware development. Below is a high-level procedural guide for designing a reconfigurable DC-

DC system.

Step 1: Characterize the Load Profile

Identify the minimum and maximum output voltages and the corresponding current demands. For instance, in a 

Radio Frequency Energy Harvesting (RFEH)system, the input power can fluctuate by orders of magnitude (from

-20 dBm to 0 dBm). The converter must be able to switch between high-sensitivity modes and high-power handling

modes.

Step 2: Topology Selection and Stage Determination

Choose between Switched-Capacitor, Inductor-based, or Hybrid (Capacitive-Sigma) models. Define the number of

stages ($N$). For wide output ranges, a higher number of smaller stages often provides better granularity and

efficiency than fewer large stages, though at the cost of control complexity.

Step 3: Control Logic Design



Develop the Hysteresis Control or Pulse-Frequency Modulation (PFM)logic to handle transitions. It is vital to

include "dead-band" regions in the switching logic to prevent "chatter"—a condition where the system rapidly

toggles between two configurations, causing instability and increased switching loss.

Step 4: Selection of Active Components

In wide-range converters, the switches must be rated for the highest possible voltage in the system. However, high-

voltage MOSFETs typically have higher $R_{ds(on)}$. For reconfigurable systems, designers often use a matrix of

smaller, low-voltage switches that can be connected in series, though this requires complex isolated gate drivers.

Case Studies and Troubleshooting

Case Study A: Transcutaneous Power Transmission

In medical implants, power is often transferred wirelessly via inductive coupling. However, the distance between the 

external coil and the internal implant can change, altering the coupling coefficient. An auto-reconfigurable 2x/3x 

SC charge pumpwas successfully implemented to solve this. When the coupling is weak (large distance), the

pump enters 3x mode to boost the voltage. When the coupling is strong, it shifts to 2x mode to prevent overvoltage

and save power. This adaptive control ensures that the internal regulator receives a stable voltage regardless of

patient movement.

Common Failure Modes and Solutions

•  Problem: Voltage Spikes during reconfiguration transitions.Solution: Implement a "Soft-Transition" phase 

where the switching frequency is momentarily reduced, or utilize a small auxiliary capacitor to buffer the output 

during the topological shift.

•  Problem: Efficiency drop at light loads.Solution: Implement Pulse-Skipping Mode (PSM) or Burst Mode 

operation to reduce the effective switching frequency when the output current is minimal.

•  Problem: Thermal runaway in high-power 1500V maritime converters.Solution: Use Silicon Carbide (SiC) or 

Gallium Nitride (GaN) devices to reduce switching losses and improve thermal conductivity compared to traditional 

Silicon MOSFETs.

Advancing Towards Intelligent Power Distribution

The integration of reconfigurable converters marks a shift from passive power delivery to intelligent energy

management. By utilizing adaptive architectures, systems can achieve peak efficiencies exceeding 98%, even

when operating across vast output ranges. As we move toward more complex IoT ecosystems and high-power

electric transport, the role of reconfigurable DC-DC conversion will only grow. The ability to maintain high

conversion efficiency for a wide load range—as seen in the 96.69% efficiency achieved in 10 kW prototypes—

validates the scalability of these designs.

Future developments are expected to focus on the integration of Artificial Intelligence (AI)within the control loops

of these converters. By predicting load changes through machine learning algorithms, the next generation of

reconfigurable power supplies will be able to preemptively adjust their topology, further minimizing transient losses

and maximizing the lifespan of energy storage components. The technical synergy of reconfigurable hardware and

intelligent software represents the next frontier in power electronics engineering.
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