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MOTORSPORT

EXECUTIVE SUMMARY

Motorsport electrical systems operate under conditions that expose every weakness in design, fabrication,
and validation.

I SCOPE OF APPLICABILITY

This publication describes an architectural framework applied to motorsport electrical systems. It does not
constitute engineering advice or certification documentation. Application must be performed by qualified
professionals in accordance with applicable technical regulations and series requirements.

I COMPLIANCE AND SAFETY NOTICE

This publication is provided for informational purposes only and does not provide engineering advice, installation
instructions, or certification evidence. It does not confirm compliance with FIA, SFI, ACO/WEC, or any series-
specific technical regulations. Compliance determinations remain the responsibility of qualified professionals and
the relevant scrutineering authority.

Electrical failures in competition vehicles can create safety hazards. Any implementation must be independently
reviewed, tested, and validated using appropriate engineering practices.

No representation is made that use of this architecture ensures safety, regulatory compliance, or fitness for a
particular purpose. Readers shall not rely on this document as a substitute for independent engineering analysis,
regulatory consultation, or professional design review. Use of the architectural concepts described herein remains
at the sole risk of the implementer.

This publication is provided "as is" without warranties of any kind. LoomLab (Neuronetiq Ltd) disclaims liability for
any damages arising from use or reliance on this publication.

KEY OUTCOMES

A structured electrical digital twin architecture for motorsport enables:

* Reduced harness rework through system-level pre-build validation.

« Faster fault isolation through topology-correlated telemetry.

» Traceable electrical configuration per event, per car, per season.

« Lower DNF risk from electrical faults through proactive margin analysis.

* Weight-optimized conductor sizing based on system-level evaluation rather than conservative estimation.

MOTORSPORT ELECTRICAL CHALLENGE

Motorsport electrical systems operate under conditions that expose every weakness in design, fabrication,
and validation. Extreme vibration, rapid load transients, high thermal stress, tight packaging constraints,
and zero tolerance for failure define the operating environment.

Voltage integrity and signal fidelity directly affect vehicle performance. Even small ground-reference shifts
(often tens of millivolts) can bias analog measurements in ECU sensor inputs. Supply or reference-rail sag
can alter ratiometric sensor readings and noise margins, particularly under transient load conditions. A
fuse that fails to coordinate can disable data logging at the moment it is most needed.

Yet the electrical design process for most competition vehicles remains manual: schematics drawn in
isolation, wire sizing from lookup tables, fuse selection from experience, and validation by inspection.
Harness fabrication relies on wire lists and build photographs. Configuration changes between events are
tracked in notebooks or not at all.

This paper applies the Electrical Digital Twin Architecture to motorsport and high-performance electrical
systems, demonstrating how graph-based, constraint-driven modeling addresses the specific demands of
competition vehicle engineering.
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1. THE MOTORSPORT ELECTRICAL ENVIRONMENT

Competition vehicles present a unique combination of constraints that differentiate motorsport electrical
engineering from other low-voltage domains.

1.1 Rapid Load Dynamics
Motorsport electrical systems combine:

Fuel pumps High-current continuous loads with potential surge on startup.
Inadequate supply voltage causes lean fueling conditions.

Cooling fans High inrush current. Fan engagement during high-demand periods
creates transient voltage sag across the entire system.

Ignition systems Rapid switching loads. Coil-on-plug systems draw pulsed current that
creates conducted noise on shared power rails.

Engine Control Units Sensitive mixed-signal electronics requiring stable supply voltage and
clean ground reference. Performance-critical.

Data acquisition Continuous logging at high sample rates. Power interruption causes data
loss at the exact moment data is most valuable.

Power steering Electric power steering systems draw high transient current during
cornering, coinciding with peak ECU demand.

Shift actuators Pneumatic or electric shift systems require reliable actuation under all
conditions.

These loads interact. They share power rails, ground paths, and physical harness routing. Evaluating them
in isolation misses the interactions that cause failures.

1.2 Packaging Density
Competition vehicles demand:

Compact harness Harnesses routed through tight chassis

routing structures, alongside exhaust systems, through bulkheads, and around
suspension components.

High bundle density Limited routing paths force many conductors into shared bundles,
amplifying thermal and electromagnetic coupling.

Tight thermal Proximity to exhaust, turbocharger systems,
environments and braking components creates localized high-temperature zones.
Vibration exposure Every conductor, connection, and splice experiences sustained high-

frequency vibration from engine, drivetrain, and road surface inputs.

1.3 Weight Sensitivity
In motorsport, mass is the enemy:

« Every gram of conductor material adds mass.
« Qversizing wire gauge adds weight without functional benefit.
« Undersizing introduces voltage drop, thermal risk, and potential failure.

The engineering challenge: minimize conductor mass while maintaining voltage integrity, thermal safety,
and mechanical reliability.

This requires precise modeling, not conservative estimation.

1.4 Zero Failure Tolerance
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In most engineering domains, a marginal electrical design results in reduced performance or

inconvenience. In motorsport:

« A fuel pump brownout at high load causes engine damage.

e An ECU reset during a race loses engine management.

« A sensor error corrupts calibration data permanently.

« A total electrical failure at speed creates a safety hazard.

The consequences of electrical failure in competition are measured in destroyed components, lost results,

and potential injury.

2. SIGNAL INTEGRITY AND SENSOR STABILITY

Modern engine management and data acquisition systems depend on precise analog and digital signals.
Electrical system design directly affects signal quality.

2.1 Sensor Reference Stability

Modern ECUs rely on:

Clean 5V sensor

references

Stable ground
references

Controlled current

return paths

2.2 Ground Offset Effects

Throttle position sensors, manifold

pressure sensors, and temperature sensors reference their readings
against a 5V supply rail from the ECU.

Sensor ground is the reference point for

all analog measurements. Any voltage present on the sensor ground
conductor directly offsets every reading.

High-current loads sharing ground paths

with sensor circuits inject voltage into the sensor reference, corrupting
readings.

Voltage drop across shared ground conductors can distort:

Throttle position
sensors

Manifold pressure
sensors

Exhaust gas
temperature sensors

Wheel speed sensors

A 50mV ground offset on a 0-5V TPS signal

represents a 1% reading error. At wide-open throttle, this may be
insignificant. At closed throttle, it can prevent proper idle control.
MAP sensors commonly output analog volt-level

signals (often 0.5-4.5 V) and are sensitive to ground and reference
stability. Noise on shared grounds affects pressure readings, impacting
fueling and ignition timing.

Wideband lambda sensors are highly
sensitive to ground reference quality. Corrupted readings cause incorrect
air/fuel ratio feedback.

Hall-effect or reluctor sensors produce low-level signals. Ground noise
can trigger false counts, corrupting traction control and ABS calculations.

2.3 Graph-Level Ground Analysis

A graph-based model makes ground topology explicit:

« Every ground conductor is an edge with resistance.

« Every ground connection point is a node.
« System-level ground effects can be evaluated from declared loads and topology relationships.

» Voltage differential between sensor ground and power ground is computable.

© 2026 Neuronetiqg Ltd. All rights reserved.
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This enables detection of ground offset risk at the design stage, before a harness is fabricated.

3. HARNESS ARCHITECTURE MODELING

Motorsport harnesses are precision-engineered assemblies. Their design determines system reliability,

weight, and serviceability.

3.1 Harness Topology Elements

Competition vehicle harnesses include:

Splices

Star grounds

Power Distribution
Modules (PDMs)

Bulkhead connectors

Shielded circuits

In-line conductor joins, often potted or soldered. Each splice introduces
resistance and a potential failure point.

Centralized ground collection points that minimize ground loops.
Topology determines effectiveness.

Solid-state power distribution replacing

traditional fuse blocks. Programmable current limits, sequencing, and
diagnostics.

Environmental sealing at chassis penetrations. Pin count, contact
resistance, and current rating affect system performance.

Sensor and communication signals requiring electromagnetic shielding.
Shield grounding topology affects shielding effectiveness.

3.2Why Netlists Are Insufficient

Traditional netlists record connectivity: pin A connects to pin B. They do not represent:

Directed ground flow

Load concentration

Protection grouping

Bundle-level
aggregation

Voltage at load

Which direction current actually flows through ground conductors, and
where it accumulates.

Which nodes aggregate current from multiple branches, and whether
they are rated for that aggregation.

Which circuits share protection devices, and whether the grouping
provides adequate discrimination.

Which conductors share physical routing,

and how their combined current affects thermal loading.

What the actual voltage is at each load terminal, accounting for every
conductor segment and connection in the path from source to load.

3.3 Graph-Based Harness Modeling

The graph architecture captures all of these relationships:

« Every conductor segment as an edge with length, gauge, material, and insulation attributes.

« Every connection point as a node with contact resistance and current rating.

* Every bundle as a group with thermal constraints.

« Every protection device as a node with time-current characteristics.

This transforms harness design from a wiring task into a systems engineering task.

4. CONTINUOUS VS. INTERMITTENT LOADS

Motorsport electrical systems combine fundamentally different load types, each requiring distinct

engineering treatment.

© 2026 Neuronetiqg Ltd. All rights reserved.
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4.1 Load Classification

Continuous loads ECU, data logger, fuel pump, cooling fans (when active), power steering
Intermittent loads Starter motor, shift actuator, pit lane speed limiter, rain light

High surge loads Cooling fan startup, electric water pump startup, starter engagement
Pulsed loads Ignition coils, injectors, solenoid valves

4.2 Constraint Differentiation
Each load type requires different constraint evaluation:

Continuous current Conductors carrying continuous loads must be

rating sized for sustained thermal dissipation. A conductor that can safely carry
20A for 10 seconds may not safely carry 15A continuously in a bundled
harness.

Surge allowance Motor loads can draw multiples of rated current (often several times)
during startup. Protection devices must allow this surge without nuisance
tripping.

Fuse time-current Protection device selection must account

coordination for both continuous rating and surge characteristics. Fast-blow fuses on

motor circuits cause operational failures. Slow-blow fuses on sensitive
electronics allow damaging fault current.

4.3 System-Level Load Analysis

When multiple loads operate simultaneously, their combined effect on the power distribution system must

be evaluated:

e Simultaneous cooling fan and fuel pump operation on shared power rail.
e Starter motor engagement while data logger and ECU are active.
* Power steering demand during high-RPM cornering when fuel pump and ignition loads are at peak.

These scenarios cannot be evaluated circuit-by-circuit.

5. THERMAL STRESS AND ENGINE BAY CONDITIONS

Thermal management is among the most challenging aspects of motorsport harness engineering.

5.1 Temperature Environments
Competition vehicles create severe thermal zones:

Engine bay Localized high-temperature zones near exhaust manifold and
turbocharger components, often exceeding 80C.

Transmission tunnel Elevated temperature from drivetrain components and exhaust routing.

Brake ducts Radiant heat from brake discs reaching hundreds of degrees C under
sustained braking.

Underbody Combined heat from exhaust, drivetrain, and road surface radiation.

5.2 Compounding Thermal Effects
Conductor ampacity is reduced by:

Elevated ambient A conductor rated for 20A at 25C ambient
temperature may be derated to 12A at 100C ambient, depending on insulation class.
Bundle packing Conductors in a tightly packed bundle cannot dissipate heat as

effectively as individual conductors. Additional derating of 20-50%
depending on bundle size.

© 2026 Neuronetiqg Ltd. All rights reserved.
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Continuous duty Conductors carrying continuous current reach thermal equilibrium at a
higher temperature than intermittently loaded conductors.

These factors multiply. Effective ampacity may be reduced dramatically relative to free-air rating when
ambient temperature and bundling factors compound in engine bay harness segments.

5.3 Graph-Based Thermal Modeling
The architecture enables:

Temperature-aware Each harness segment can carry an ambient
modeling temperature attribute reflecting its routing environment.
Derating overlays Temperature derating factors are applied as constraints based on routing

context, not assumed globally.

Bundle thermal Conductor ampacity is evaluated in the

constraints context of the bundle, accounting for the number and loading of adjacent
conductors.

Thermal margin The model can identify conductors operating

analysis near thermal limits, enabling proactive redesign before failure.

6. LIFECYCLE AND VERSION CONTROL IN MOTORSPORT

Competition vehicle electrical systems evolve continuously throughout a race season.

6.1 Typical Evolution Patterns

Pre-season Baseline harness design, fabrication, and initial validation.
Testing Sensor additions, wiring corrections, PDM channel reassignment.
Early season Data-driven modifications: additional sensors, revised protection settings,

power distribution optimization.

Mid-season Major updates: new ECU features, additional systems integration,
reliability improvements.

Late season Refinement: weight reduction, routing optimization, preparation for next
specification.

6.2 Configuration Management Challenge

Without structured version control:

*  Which harness specification is installed in car #1 vs. car #2?

* What changed between the Spa and Monza configurations?

« Did the intermittent data dropout start before or after the harness modification at Silverstone?
*  Which fuse mapping corresponds to the current PDM configuration?

These are real operational questions that teams answer from memory, notebooks, or not at all.

6.3 Versioned Graph Management

A versioned graph twin enables:

Configuration tracking Each event can reference a specific,
per event validated graph revision. "Car #1 at Spa ran revision 7."
Regression comparison When a problem appears, comparison between revisions identifies

exactly what changed.

Failure investigation Post-incident analysis can reference the specific configuration that was
installed, validated, and operational.

© 2026 Neuronetiqg Ltd. All rights reserved. 6
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Rollback capability If a modification introduces a problem, the previous validated revision
provides a known-good reference for restoration.

7. OPERATIONAL TELEMETRY BINDING

Motorsport data logging systems produce rich electrical telemetry that is routinely underutilized for
electrical system health monitoring.

7.1 Available Data
Modern data acquisition systems record:

Voltage traces Battery voltage, ECU supply voltage, sensor reference voltages at high
sample rates.

Current traces Alternator output current, battery current (charge/discharge), individual
PDM channel currents.

Fault logs PDM overcurrent events, ECU diagnostic fault codes, communication
errors.
Temperature data Engine coolant, oil, ambient, and in some cases, direct harness

temperature monitoring.

7.2 Telemetry-to-Graph Binding

Binding telemetry channels to graph entities enables:
Voltage sag detection Identify voltage drop at the ECU during

at ECU specific operating conditions (high RPM, cooling fan engagement, power
steering load).

Real-time load Compare actual current draw against

comparison design-validated current ratings for each circuit.

Preemptive harness Detect trending: gradual increase in

diagnostics voltage drop (indicating connection degradation), increasing current draw

(indicating bearing wear or mechanical binding in motors), or intermittent
voltage dropout (indicating vibration- induced connection failure).

Thermal correlation Compare harness temperature data against modeled thermal predictions
to validate derating assumptions.

7.3 Transforming Post-Race Debugging

Current practice: engineers review logged data after an incident, then manually trace the electrical path to
identify the failure point.

With telemetry-bound twin: the graph model correlates logged data with the validated design, highlighting
deviations from expected behavior and narrowing investigation to specific conductors, connections, or
protection devices.

This transforms reactive debugging into systematic diagnosis.

8. POWER DISTRIBUTION MODULE INTEGRATION

Solid-state Power Distribution Modules (PDMs) are increasingly standard in competition vehicles, replacing
traditional fuse blocks with programmable, monitored power distribution.

8.1 PDM Capabilities

© 2026 Neuronetiq Ltd. All rights reserved. 7
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Modern PDMs provide:

* Programmable current limits per channel
e Soft-start and inrush management

« Overcurrent and short-circuit protection

e Current monitoring and logging

e Input/output logic for conditional switching
« Diagnostic feedback

8.2 PDM as Graph Node

In the graph model, a PDM is represented as a complex node:
e Input terminals with aggregate current constraints
e Output channels with individual current limits

< Internal logic defining channel relationships
« Diagnostic data binding for telemetry integration

8.3 Configuration Validation
The graph model can validate PDM configuration against the physical harness:
« |s the total output current within the PDM's aggregate rating?
« Does each channel's current limit match the conductor ampacity of the downstream harness?

« Are protection settings coordinated with upstream fusing?
« Do conditional logic sequences create unexpected load combinations?

9. ELECTROMAGNETIC COMPATIBILITY

Competition vehicles concentrate high-power switching loads and sensitive measurement circuits in close
physical proximity.

9.1 EMC Risk Sources

Ignition systems Coil discharge creates broadband electromagnetic interference.
Motor loads Brush motor commutation generates conducted noise on power rails.
Switched loads PDM solid-state switching creates high-frequency transients.
Alternator Rectifier switching creates ripple on the charging bus.

9.2 EMC Mitigation in the Graph
The graph model supports:

Shield topology Shielded conductors represented with
representation shield grounding as explicit graph edges.
Separation analysis Physical proximity of noise sources and sensitive circuits identified

through bundle membership.

Ground topology Sensor ground separation from power ground
analysis verified through graph traversal.

10. WORKED EXAMPLE: COMPETITION VEHICLE POWER SYSTEM

Consider a GT-class competition vehicle:

Power System:
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14.2V nominal (13.8V engine-off, 14.4V charging)
80A alternator with external regulation
Lightweight AGM battery, 18Ah capacity
Solid-state PDM, 25 output channels

Primary Loads:

ECU: 8A continuous

Fuel pump: 12A continuous, 25A surge
Cooling fans (2): 18A each, intermittent
Electric water pump: 8A continuous, 20A surge
Data logger: 3A continuous

Shift actuator: 15A intermittent

Power steering: 35A peak, variable

10.1 System Interaction Analysis

Without system-level modeling:

Cooling fans engage during a low-speed section.

Under simultaneous load, system current demand may exceed alternator output, forcing battery
contribution and introducing voltage sag dependent on battery internal resistance and main conductor
resistance.

TPS ground offset shifts, potentially distorting fueling.

At high load, reduced voltage margin may affect combustion.

This failure mode is invisible to circuit-by-circuit analysis.

10.2 Digital Twin Detection

The graph model evaluates:

1.

a M N

Fan engagement adds 36A to the main power bus.

Combined continuous load with fans: 85A.

Alternator output: 80A maximum.

Deficit drawn from battery under simultaneous operation.

Battery internal resistance + main cable resistance creates voltage sag at ECU supply.

Constraint evaluation: ECU minimum supply voltage margin reduced during simultaneous fan operation.

Resolution options (evaluated in the model before implementation):

Upgrade main positive conductor gauge

Add dedicated alternator-to-PDM high-current feed
Implement fan staging (sequential engagement)
Relocate battery closer to PDM

Each option can be modeled, validated, and compared before any physical modification.

11. REGULATORY AND TECHNICAL INSPECTION

Competition vehicles are subject to technical inspection that includes electrical system review.

11.1 Series Requirements

Depending on the competition series:

FIA Appendix J, specific electrical requirements per category.

SFI Wire and cable specifications for US-based competition.
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ACO /WEC Specific electrical safety requirements for endurance racing.

Series-specific Individual series may impose additional electrical requirements beyond
governing body regulations.

11.2 Inspection Documentation
A validated graph model can generate:

« Circuit documentation for technical inspection
* Protection device schedules

*  Wire and cable specifications

e Harness routing documentation

* Modification history between inspections

This replaces hand-drawn diagrams and memory-based explanations during technical scrutineering.

12. WHY MOTORSPORT MATTERS FOR THE ARCHITECTURE

Motorsport is the highest-stress environment for low-voltage electrical systems:

Highest vibration Sustained high-frequency mechanical stress on every conductor,
connection, and splice.

Highest thermal Extreme temperature gradients from ambient

stress to exhaust-adjacent in centimeters.

Highest density Maximum electrical complexity in minimum physical volume.

Highest consequence Failure during operation creates immediate safety risk and competitive
loss.

Highest rate of Systems evolve throughout a season with

change configuration changes between events.

If a structured digital twin architecture works in this environment, it scales to any low-voltage application
domain: marine, industrial, off-grid, or commercial vehicle.

Motorsport is the proving ground. Everything else is an easier problem.

13. WHAT TEAMS CAN IMPLEMENT IMMEDIATELY

Without adopting any specific platform, teams can begin applying the principles described in this
architecture:

1. Define ground topology explicitly. Map sensor grounds, power grounds, and shared return paths as a
documented structure.
Separate sensor ground from power ground in harness design.
Track electrical configuration versions per event, per car.
Bind PDM channels to topology entities in documentation.

a M DN

Log voltage at ECU supply and key sensor references during operation for comparison against design
intent.

6. Record harness modifications with revision identifiers.

These practices create the foundation for structured electrical system management, regardless of tooling.

14. CONCLUSION

Motorsport electrical engineering operates at the intersection of maximum complexity, minimum weight,
and zero failure tolerance.
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Traditional design approaches that evaluate circuits in isolation, validate by inspection, and track
configuration by memory are fundamentally inadequate for this environment.
A graph-based electrical digital twin architecture provides:

System-level Every circuit evaluated in the context

validation of the complete vehicle electrical system, including load interactions,
ground topology, and thermal environment.

Signal integrity Ground offset and voltage sag analysis
assurance that protects ECU and sensor accuracy.
Weight optimization Precise conductor sizing based on system-level analysis, not

conservative estimation.

Lifecycle management Configuration tracked per event, per car, per season.
Telemetry integration Logged data correlated with validated design for systematic diagnosis.
Inspection readiness Validated documentation generated from the system model, not

assembled from disconnected documents.

Competition vehicles demand the highest standard of electrical engineering. A structured, validated,
versioned electrical system model is not a luxury. It is an engineering requirement that the current tooling
landscape does not adequately address.

No representation is made that use of this architecture ensures conformance with any regulatory or safety
standard without independent professional verification.

The electrical digital twin fills this gap.

I 14. DEFENSIVE PUBLICATION NOTICE

The application of graph-based topology modeling, deterministic constraint evaluation, signal integrity analysis,
PDM integration modeling, and per-event configuration tracking to motorsport electrical systems constitutes prior
art as of the publication date of this document, including but not limited to implementations in marine, motorsport,
off-grid, and industrial low-voltage domains.

This publication discloses the architectural integration of graph-based electrical topology representation,
deterministic system-level constraint evaluation, immutable revision binding, motorsport-domain constraint profile
overlays, and telemetry-to-topology lifecycle correlation in competition vehicle systems. Any claims attempting to
patent these combinations or their lifecycle-bound integration in the motorsport domain are disclosed herein as
prior art.

Implementation details, computational methods, optimization techniques, data schemas, and proprietary validation
algorithms are not disclosed.

No license, express or implied, is granted by this publication under any patent, trade secret, or other intellectual
property rights of Neuronetiq Ltd.

The concepts described herein are illustrative and non-exhaustive. Additional architectural variations and
implementations are possible within the disclosed framework.
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