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Abstract

This technical note discusses, at system level, a fully analog control architecture in which a
programmable spintronic crossbar can generate rapid mismatch-handling signals and a maximum-
power-control signal for a photovoltaic source operating under rapidly varying shading conditions.
The note is intentionally technology-agnostic and focuses on architectural principles rather than on
fabrication details, device-specific programming workflows, or implementation-specific
optimization procedures. The main value of the approach is the possibility of forming protection and
control signals in parallel, with very low decision latency in the fast path, while overall operating-
point convergence remains governed by the source and converter dynamics. The discussion is framed
as a pedagogical technical note associated with already filed patent applications. Its purpose is to
explain the conceptual role of a spintronic crossbar in analog control, the relationship between
crossbar decision latency and converter response time, and the practical distinction between system-
level architectural advantage and device-level maturity.
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1. Introduction

Fast partial shading is one of the main reasons photovoltaic systems underperform in real
environments such as urban corridors, trees, buildings, poles, and moving vehicles. In a conventional
implementation, a digital controller measures electrical variables, computes a control action, and
updates the converter over a finite time base. This architecture is flexible and well established, but it
introduces sequential sensing and computation in the control path.

The system-level idea considered here is different: a programmable spintronic crossbar is treated
as a non-volatile analog fabric capable of forming multiple control-related outputs in parallel. In the
context of a pedagogical four-cell PV string, the crossbar can be used to produce signals associated
with bypass handling and with converter command generation from the same set of cell-related
inputs. The note does not assume a specific commercial crossbar product or a single device
technology route; rather, it explains the architectural concept in a way that remains valid across
different MTJ-based implementations.

The emphasis is therefore on architecture, not on a specific engineering recipe. The purpose is to
explain why such an approach may be attractive for rapidly varying mismatch conditions, especially
when the dominant need is to reduce decision latency in the protection path.
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Figure 1. System-level conceptual block diagram of a fully analog spintronic-crossbar control architecture for a
pedagogical four-cell PV string. The crossbar generates parallel analog outputs associated with bypass handling
and power-control signaling, while an optional supervisor may be used only for configuration or health

monitoring.

2. Architectural Principle

At the architectural level, the crossbar receives row inputs derived from source variables, for
example per-cell voltages and, where appropriate, selected string-level signals. Its column outputs
are analog weighted sums. After current-to-voltage conversion or equivalent readout, different
outputs may be routed to comparator-based protection stages, to analog PWM-related stages, or to
other supervisory analog blocks.

This note deliberately avoids prescribing a unique resource-allocation rule for a specific crossbar
size. In a small pedagogical array, the available columns may be partitioned in several reasonable
ways depending on the desired balance between mismatch detection, converter actuation, and
supervisory functions. The important architectural point is that one programmable analog fabric can
support more than one control role at the same time.

A small demonstrator is useful for explanation, but the same principle is not inherently tied to a
four-cell example. The concept is more general: cell- or substring-related signals can be mapped to a
programmable conductance matrix, and the resulting analog outputs can be interpreted by
downstream interface circuits according to the needs of the application.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Example conceptual allocation of row and column resources in a small pedagogical crossbar. The

diagram is illustrative only and should not be interpreted as prescribing a unique hardware partitioning.

3. Spintronic Crossbar at System Level

A spintronic crossbar is an array of programmable conductance elements, typically based on
magnetic tunnel junctions, placed at the intersections of rows and columns. When voltages are
applied to the rows, the column currents correspond to weighted sums of those inputs. At system
level this is usefully described as an analog matrix-vector multiplication performed in parallel.

For the purposes of this note, two device categories are relevant. Binary devices provide two
stable conductance states and are the most mature from an industrial point of view. Multilevel
devices provide more than two stable conductance states and can in principle support finer analog
mappings. The note remains technology-agnostic: the architectural advantages discussed here do not
depend on one exact device stack, one exact switching mechanism, or one exact fabrication route.

In practical terms, multilevel operation should be understood as an enabling possibility rather
than as a requirement for every implementation. Even when the underlying device precision is
modest, a crossbar-based architecture can still be informative for rapid analog mismatch handling
and for qualitative control-signal generation.
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Figure 3. Illustrative multilevel MT] concept used only to explain the possibility of more than two stable

conductance states. The note remains technology-agnostic and does not depend on a specific device stack or
fabrication route.
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Figure 4. Qualitative feedback interpretation: the crossbar can reduce decision latency, while the converter and
source dynamics still determine the settling of the operating point.

4. Parallel Protection and Power-Control Functions

A useful way to interpret the crossbar in this application is as a common analog front-end
capable of producing more than one class of control signal in parallel. One class of output can be
associated with rapid mismatch handling, for example comparator-based activation of bypass or
isolation stages when a local source element deviates significantly from the expected operating
region. A second class of output can be associated with converter actuation, for example by providing
an analog signal that is translated into PWM behavior by a downstream interface stage.

This parallelism is important conceptually. In a conventional sequential digital architecture,
sensing and computation happen in ordered steps. In a crossbar-centered architecture, the weighted-
sum operation itself is simultaneous across columns, so multiple control-related signals can be
formed at the same time. This does not mean that the power stage itself changes instantly; it means
that the decision-forming part of the loop can be made extremely fast and highly parallel.
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Under partial shading, the power-voltage characteristic can exhibit more than one local
maximum. For that reason, a practical system may still benefit from occasional higher-level
supervision or a broader operating-point check, even when the fast protection and local analog
control functions are handled in parallel. That supervisory layer may be implemented in different
ways and need not reside in the high-speed path.
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Figure 5. Under partial shading, multiple local power maxima may exist. Practical systems may therefore benefit
from occasional higher-level supervision in addition to fast analog response in the protection path.
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Figure 6. Qualitative signal-flow view of a crossbar-assisted control chain. The figure highlights the architectural
roles of analog input, analog decision generation, comparator-based protection, and PWM-based converter
actuation.

5. Timing Interpretation

The most important timing distinction in this architecture is the difference between decision
latency and plant response. The crossbar can form analog outputs very quickly, and downstream
comparator or PWM-interface stages can act on those outputs with little additional delay. However,
the source and converter still evolve according to electrical time constants, switching cycles, control
bandwidth, filtering, and any current or safety limits in the system.

For that reason, the chief practical benefit should be described carefully: the architecture can
reduce the time needed to form protection- and control-related signals in the fast path, especially
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during abrupt mismatch events. It should not be described as making the power stage itself
instantaneous. A well-phrased system-level claim is therefore “faster decision formation,” not
“instantaneous energy recovery.”

This distinction also helps keep the note educational and technically balanced. The architectural
promise lies in removing or reducing sequential digital delay where that delay matters most, while
leaving room for the reality that converters and sources obey their own dynamics.
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Figure 7. Qualitative timing comparison. The key architectural benefit is faster decision formation in the
protection/control path; the actual power-stage convergence remains governed by converter bandwidth and

system dynamics.

6. Present Scope and Practical Limits

This technical note is intentionally conservative in what it claims. It does not attempt to define a
unique implementation path, to specify a full calibration strategy, or to claim a particular device-
resolution threshold as necessary for utility. Instead, it frames the crossbar approach as an
architectural direction whose usefulness depends on the maturity of the underlying devices, the
interface electronics, and the requirements of the photovoltaic application.

Several practical limits remain important. Device variability, temperature dependence, readout
noise, and analog-interface linearity all influence how accurately an analog control law can be
represented in hardware. Likewise, partial shading can create multiple local operating regions, which
means that practical systems may combine rapid analog response with occasional slower supervisory
actions. None of these realities invalidates the architectural idea; they simply define its engineering
context.

This is why the note is best read as a system-level companion to the broader patent and technical
discussion: it explains why a fully analog spintronic-crossbar control concept is attractive, but it does
not attempt to disclose the detailed implementation space exhaustively.

7. Conclusion

A fully analog spintronic-crossbar architecture is an interesting candidate for rapid photovoltaic
mismatch management and maximum-power-related control because it allows multiple analog
outputs to be formed in parallel from a programmable conductance fabric. In rapidly varying
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conditions, such an architecture can reduce decision latency in the fast path while remaining
compatible with the slower dynamics of converters and sources.

The value of the concept lies in its architectural separation between fast analog signal formation
and the broader system dynamics that ultimately govern operating-point convergence. Framed in
this way, the approach can be discussed safely and usefully as an educational technical note
associated with already filed patent material, without disclosing fabrication recipes, exact
programming workflows, or implementation-specific optimization strategies.
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Table of Acronyms

Acronym Meaning Acronym  Meaning

ADC Analog-to-Digital Converter MT] Magnetic Tunnel Junction
DC-DC Direct Current to Direct Current MCU Microcontroller Unit

IMC In-Memory Computing MVM Matrix-Vector Multiplication
MPPT Maximum Power Point Tracking PV Photovoltaic

PWM Pulse-Width Modulation TIA Transimpedance Amplifier
STT Spin-Transfer Torque SOT Spin-Orbit Torque

MRAM Magnetoresistive Random-Access Memory TMR Tunnel Magnetoresistance
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