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Publication notice: Illustrative cases synthesize engineering methods and are not presented as measured
results for a named product. Proprietary designs, internal project numbers, and customer-specific data are
excluded. This guide does not replace product-specific safety assessments or applicable regulatory
requirements.

Executive Summary

Electronic hardware validation is a disciplined process for demonstrating that a design performs its intended
functions over defined operating conditions, survives foreseeable stresses, responds safely to faults, and can
be built repeatedly. A successful bench demonstration is necessary but not sufficient. Robust validation
connects requirements to measurable evidence across component, board, firmware, harness, machine,
manufacturing, and field-service levels.

This guide defines an actionable validation lifecycle, a design verification plan (DVP) architecture, laboratory
methods, measurable acceptance criteria, failure-analysis techniques, reliability approaches, and release
deliverables. It emphasizes practical issues common to industrial and mobile equipment: wide supply
variation, high-current outputs, sensor compatibility, CAN communication, switching noise, thermal gradients,
vibration, moisture, and operator safety.

1. Validation strategy and lifecycle

1.1 Verification, validation, qualification, and acceptance

Verification asks whether the design meets its specified requirements; validation asks whether it satisfies the
intended application. Qualification demonstrates fitness under defined environmental and operational
stresses. Production acceptance checks that manufactured units conform to an approved design. Keep these
activities distinct in plans and records even when tests overlap.

1.2 Progressive evidence model

Gate Objective Typical evidence
Concept Identify critical functions and System context, risk register,
hazards preliminary architecture
Design review Eliminate avoidable design Schematics, calculations, layout
weaknesses review, interface control
EVT Prove electrical fundamentals Bench characterization, bring-up
records
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DVT Verify all requirements at DVP results, environmental/EMC
extremes reports
PVT Verify manufacturing repeatability  Fixture correlation, process
capability, yield
Release Confirm residual risks are Traceability, deviations, approval
accepted record
Field Monitor real-world performance Returns analysis, telemetry,

corrective action

1.3 Requirements traceability

Each requirement needs an identifier, source, rationale, test method, operating conditions, numerical or
observable pass/fail criteria, and a record of evidence. Avoid requirements such as “must be robust” or “should
not reset”; instead define supply waveform, load, temperature, timing, allowable recovery, and permitted

diagnostics.

Requirement ID

Example requirement

Evidence

PWR-014 Controller shall recover Supply sweep, reset trace, boot
deterministically after a defined log
brownout ramp

10-022 PWM input shall measure duty Waveform injection at
cycle across specified min/nom/max
amplitude/frequency ranges

COM-031 CAN communication shall recover Fault insertion and network log
after defined bus interruption

OUT-009 High-side output shall limit Electronic load, thermal

current during short-to-ground

monitoring

2. Risk-driven test planning

Use design FMEA, interface FMEA, fault-tree analysis, historical returns, and engineering judgment to rank
failure modes. Severity should influence test depth even where occurrence data are uncertain. High-severity

safety functions require evidence beyond a single successful bench trial, including independence, diagnostics,
and fault reaction analysis.

) Identify safety-critical and mission-critical functions; define what constitutes loss, degradation, or unsafe
behavior.

. Map each failure mechanism to prevention, detection, mitigation, and verification activities.

e Create separate nominal, boundary, abuse, and fault-injection test groups.

. Record open risks, assumptions, deviations, and rationale for untested conditions.

3. Design reviews before laboratory testing

3.1 Schematic review

Review input protection, connector pinouts, reverse-polarity paths, transient suppression, reference accuracy,
regulator headroom, output-driver safe operating area, pull-up/down defaults, watchdog/reset topology,
oscillator tolerances, analog front-end bandwidth, galvanic isolation, creepage and clearance, and diagnostic
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coverage. Check each component at minimum and maximum temperature and tolerance, not only nominal
values.

3.2 PCB layout and signal integrity review

Inspect return-current continuity, layer stackup, switching-loop area, decoupling placement, thermal vias, high-
current copper, isolation slots, differential-pair routing, connector entry protection, and test-point access.
Separate noisy and sensitive functions by return-path control rather than relying solely on physical distance.
Document any layout compromises requiring targeted testing.

3.3 Component derating and lifecycle

Assess voltage, current, power, junction temperature, pulse energy, capacitor bias derating, tolerance drift,
supply chain risk, and end-of-life exposure. Component qualification evidence does not automatically qualify
the assembled product. Confirm alternate components against electrical and thermal worst cases.

4. Laboratory readiness and measurement integrity

Define equipment calibration, instrument uncertainty, probe loading, bandwidth limits, grounding, fixture
parasitics, firmware build identification, revision control, and data retention. Preserve raw oscilloscope files
and configuration metadata for difficult faults. A repeatable setup photograph can be as valuable as a
numerical result.

Instrument / fixture Primary use Common pitfall

4-channel oscilloscope + Timing, transients, bus and supply = Ground lead inductance or unsafe
differential probes behavior probing

Programmable supply / battery Voltage corners, ramps, dips Insufficient current or slew rate
simulator

Electronic load / power analyzer  Output limits, efficiency, thermal Load lead resistance

Function generator / AWG Sensor simulation, injected Unrealistic output impedance
waveforms
CAN analyzer / fault injector Traffic, error states, recovery Missing physical-layer

observation

Thermal chamber /IR / Cold/hot and self-heating Unverified component

thermocouples temperature

DAQ / automated test fixture Repeatability and long-duration Timestamp drift, uncalibrated
logs channels

5. Power architecture validation

5.1 Input operating envelope

Test the specified minimum, nominal, and maximum supply, including realistic harness voltage drop, charging
conditions, load dumps where applicable, reverse connection, jump-start or boosted supply if relevant, and
battery disconnection. Use applicable vehicle or machinery standards only after confirming product category
and installation conditions.

5.2 Startup, shutdown, and brownout
Capture input voltage, each rail, reset, enable, clock-ready, outputs, and first network messages on a common
timeline. Sweep supply ramp rates, including very slow ramps and repeated partial ramps. Verify outputs
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remain in defined safe states until diagnostics and software initialization complete. Evaluate rapid off/on
cycling and brownout oscillation near thresholds.

5.3 Power integrity and efficiency

Measure ripple and transient droop at IC pins, not only at the supply connector. Test simultaneous output
switching, peak communication load, high temperature, low voltage, and worst-case external loads. Verify
regulators against dropout, current limit, foldback, thermal shutdown, and recovery.

5.4 Protection and fault energy

Validate fuse coordination, TVS clamping, reverse-polarity devices, short-circuit duration, connector heating,
and wiring protection. Evaluate whether protective devices fail open, fail short, or degrade after repeated
events; document the resulting system behavior.

6. Analog sensor and measurement validation

For each channel, document input range, common-mode range, source impedance, filtering, ADC reference,
sampling strategy, error budget, diagnostic thresholds, and expected fault signatures. Evaluate open circuit,
short to supply, short to ground, cross-short, intermittency, and out-of-range signals. Use calibrated stimulus
and independent measurement.

6.1 Measurement error budget

Combine sensor tolerance, reference drift, divider tolerance, ADC gain/offset, quantization, sampling noise,
temperature effects, and firmware scaling. Root-sum-square may be useful for uncorrelated random
contributors; worst-case addition is often appropriate for bounded systematic contributors. State the method
explicitly.

6.2 Filtering tradeoffs

Input RC filtering attenuates noise but changes settling time, pulse edges, and source loading. For an illustrative
30.1 kQ resistance, a 1 nF capacitor produces approximately 30.1 ps time constant; 10 nF yields approximately
301 ps. Whether either is suitable depends on PWM frequency, duty-cycle range, input threshold, leakage, and
edge timing. Larger capacitance does not inherently sharpen an edge; it typically slows transitions. Verify the
actual circuit topology and waveform before selecting a value.

7. Digital inputs, PWM, frequency, and encoder interfaces

Validate logic thresholds, hysteresis, pulse width, frequency, jitter, duty-cycle accuracy, missing-pulse
detection, edge polarity, interrupt loading, timer rollover, and capture overflow. Sweep amplitude, frequency,
duty cycle, temperature, source impedance, and noise. Check simultaneous channel activity and firmware
scheduling under worst-case processor load.

7.1 lllustrative legacy PWM compatibility study

A controller must support two legacy sensors with different output amplitudes. A5 V-compatible signal and a
higher-amplitude signal may both be supplied by the same nominal sensor power rail, yet require different input
protection and threshold treatment. Characterize the waveform at the connector and microcontroller pin,
confirm clamping current and threshold timing, and measure duty-cycle error before and after any RC or BOM
change. Do not infer compatibility from the sensor connector alone.

7.2 PWM verification matrix

Parameter Test corners Evidence
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Amplitude Minimum, nominal, maximum, Input pin trace and clamp current
overvoltage

Frequency Lowest, typical, highest Capture accuracy and missed
edges

Duty cycle Near minimum, 50%, near Measured vs reported duty

maximum

Edges Fast, slow, noisy, ringing Threshold crossing and false
count

Faults Open, short, stuck-high/low Diagnostic latency and safe
response

8. Output drivers, actuators, and inductive loads

Validate high-side, low-side, H-bridge, relay, solenoid, and motor-drive outputs against resistive and inductive
loads. Record steady-state current, inrush, flyback voltage, switching energy, fault current, thermalrise,
leakage, diagnostic feedback, and recovery after short. Confirm that firmware fault clearing cannot cause
uncontrolled rapid re-energization.

8.1 High-side driver fault insertion

Test short to ground, short to supply, open load, partial short, inductive disconnection, repeated overload, and
simultaneous channel overload. Observe silicon temperature proxies and board hotspots. When a design
change affects a driver circuit, compare old and new revisions under identical loads, firmware, harnesses, and
ambient conditions.

8.2 Motors and electrohydraulics

Characterize motor stall, start current, PWM switching, brush noise, valve coil collapse, regenerative energy,
and common-ground interactions. Include harness routing and battery impedance. Confirm that motor activity
does not corrupt safety-related sensor readings or network communication.

9. Microcontroller, memory, clocks, and reset

Verify oscillator startup, clock drift, PLL lock, watchdog coverage, flash integrity, EEPROM wear assumptions,
bootloader behavior, reset cause logging, brownout detection, and debug interface security. Test update
interruption and corrupted images with a documented recovery path. Verify that a reset leaves outputs safe and
diagnostics reconstruct correctly.

10. Firmware and hardware integration

Build hardware-in-the-loop tests that correlate physical pins, measured rails, interrupts, firmware state
transitions, and network telemetry. Exercise high CPU utilization, simultaneous interrupts, queue saturation,
memory exhaustion, and abnormal sensor rates. Version-control firmware and configuration for every test
record.

11. CAN, CAN FD, and other communication interfaces

For CAN, measure termination, common-mode voltage, differential amplitude, propagation delay, rise/fall time,
bit timing, sample point, oscillator tolerance, error counters, and bus-off recovery. Test full harness length,
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stubs, connector untwist, power transients, motor operation, and worst-case traffic. Validate message timeout
behavior separately from physical bus recovery.

11.1 Network fault-injection matrix

Injected condition Expected design evidence

Missing periodic message Timeout detection and safe degraded behavior
Short CAN-H to CAN-L Error handling, isolation, recovery

One conductor open Deterministic fault indication

Termination absent/extra Margin assessment and diagnostic coverage

High bus utilization Latency, queue loss, CPU margin

Node reset during operation State reconciliation and no unsafe command replay

12. Wireless, RF, and antenna-equipped hardware

Where equipment integrates cellular, GNSS, Wi-Fi, Bluetooth, telemetry, or remote controls, validate RF
transmit states, antenna matching, coexistence, conducted/radiated emissions, receiver desensitization, and
power transients during transmission. Confirm radio configuration and regional approvals. A narrow emission
band that disappears when the product is off may suggest an onboard transmitter, but attribution requires
controlled transmitter-disable tests and near-field or conducted correlation.

13. EMC as one validation discipline

EMC verification must be integrated with functional monitoring. Radiated and conducted emissions, RF
immunity, ESD, EFT, surge, voltage disturbances, and magnetic fields may be applicable depending on the
installation. Define acceptable performance criteria before testing; merely remaining powered is not a sufficient
immunity result. Record all fault codes, operator effects, and recovery behavior.

Harness resonance and unbalanced wiring can couple RF into control inputs and high-side drivers. An
illustrative investigation uses frequency localization, cable current measurement, A/B harness configurations,
twist and return-path improvements, and final full-system retest. Confirm fixes across operating modes and
build variation.

14. Thermal design and validation

Perform component-level and enclosure-level thermal assessments at maximum ambient, full load, low
airflow, and worst-case orientation. Verify semiconductor junction estimates, electrolytic capacitor life
assumptions, magnetic component heating, connector temperature rise, and thermal cycling. Capture
stabilization criteria and thermal measurement uncertainty.

15. Mechanical and environmental qualification

Tailor temperature cycling, humidity, condensation, vibration, mechanical shock, dust, water ingress, salt
exposure, and chemical resistance to the actual installation. For mobile industrial machinery, correlate profiles
to vehicle mounting location and duty cycle rather than applying arbitrary test severity. Inspect solder joints,
connectors, potting, conformal coating, fasteners, and cable strain relief before and after stress.
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16. Connector, harness, and installation validation

Validate pin retention, contact resistance, mating cycles, mis-mating protection, sealing, strain relief, abrasion,
bend radius, grounding, shield termination, and harness routing. Test fault insertion at the far end of the actual
harness. Harness workmanship, splices, and untwisted CAN sections can materially change performance even
when the controller PCB is unchanged.

17. Reliability engineering and accelerated testing

Use mission profiles to estimate duty cycles, temperature distributions, voltage stresses, vibration, and
expected life. Select HALT for finding design margins, HASS only with proven screening limits, and life testing
when failure mechanisms and acceleration models are understood. Avoid presenting an accelerated stress
result as a service-life guarantee without a validated model.

17.1 Statistical confidence

Zero failures in a sample does not prove zero field risk. For n independent units with zero observed failures, the
approximate one-sided 95% upper failure probability is 1 — 0.05”(1/n). For example, n=30 yields about 9.5%;
n=100 yields about 3.0%. Independence, representative sampling, and mission-equivalent stress are essential
assumptions.

18. Functional safety and diagnostic coverage

Identify hazardous outputs, safe states, diagnostic intervals, fault tolerance, and common-cause
vulnerabilities. Coordinate with the applicable machinery functional safety process and relevant standards (for
example ISO 13849, IEC 62061, or IEC 61508 where appropriate). Hardware verification must include single
faults, latent faults, diagnostic detection, and safe reaction; safety integrity claims require a separate
structured assessment.

19. Manufacturing validation and production test

Develop in-circuit, boundary-scan, functional, programming, and end-of-line tests matched to production fault
opportunities. Establish fixture calibration, golden-unit controls, software version locks, barcode traceability,
test limits, operator instructions, and measurement system analysis. Review false failures and escaped defects
to improve coverage without overtesting.

20. Change control and regression testing

Every PCB revision, alternate component, harness change, supplier change, or firmware update should receive
impact analysis. Classify changes by power, analog, digital, safety, thermal, EMC, manufacturing, and
compliance effects. A “BOM-only” change may still alter impedance, tolerance, thermal behavior, or fault
response; define targeted regression plus retained full qualification evidence.

21. Root-cause analysis workflow

e  Capture the symptom precisely: stimulus, timing, operating state, revision, environment, and frequency of
occurrence.

e  Reproduce with a controlled baseline and establish a known-good comparator.

o Partition the system: supply, input, MCU, firmware, output, network, harness, external environment.

e Change one variable at a time; use differential measurements and synchronized event logging.
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. Identify a physical mechanism, not only a correlated condition.

e Implement corrective action and verify it at boundaries, with production-representative hardware.

. Document containment, permanent correction, regression scope, and prevention measures.

22. Design Verification Plan: structure and governance

The DVP should be a controlled living document. Each row must connect to a requirement and include test

setup, instrumentation, software version, sample definition, procedure, conditions, objective acceptance

criteria, result, deviation, and report link. Distinguish development characterization from formal verification
runs; do not silently substitute one for the other.

DVP field

Required content

Test ID / requirement

Design configuration

Samples
Equipment
Stimulus
Measurements
Acceptance

Outcome

Unique IDs and requirement trace
PCB/BOM/harness/firmware revisions
Quantity, selection basis, serial identifiers
Model, calibration status, fixture revision
Levels, duration, ramp, repetitions
Signals, resolution, logging, uncertainty
Quantified limits and permitted recovery

Pass/fail, anomaly IDs, evidence location

23. Master DVP test matrix

Test family

Representative test

Acceptance principle

Power input

Rail regulation

Idle and peak current

Analog accuracy
PWM inputs
Digital inputs

Output drivers
CAN network
MCU reset

Firmware update
Thermal

Vibration/shock

Humidity/ingress

EMC

Min/max voltage, ramps, reverse,
transients

Load steps, ripple, dropout
Sleep, boot, peak outputs

Gain, offset, drift, temperature
Amplitude/frequency/duty sweep

Thresholds, bounce, shorts

Inrush, stall, short, flyback
Traffic, shorts, termination, resets

Watchdog, brownout, rapid
cycling

Power loss, corrupt image
Worst-case load and ambient

Application-specific profiles

Application-specific exposure

Emissions and immunity

Safe startup, no damage, defined
recovery

Rails within design tolerances
Within power budget

Within channel error budget
Within specified duty accuracy

No false activation; faults
detected

Protection and safe state
Timing and recovery requirements

Deterministic boot and safe
outputs

Recoverable secure update
Component temperature margins

No structural or functional
failures

No unacceptable degradation

Product-specific limits and
criteria
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Fault injection Open/short/stuck/communication  Specified diagnostics and
loss reaction

Endurance Mission-profile cycling No unacceptable drift or wear

Production EOL Fixture repeatability, golden units Required coverage and yield

24. Worked test procedures

24.1 Brownout and reset recovery

Procedure: Connect programmable supply and synchronized oscilloscope probes to input, critical rails, reset,
and an output. Run fast and slow ramps through the operating threshold, repeated partial ramps, and a defined
interruption while outputs are loaded.

Evidence and acceptance: Capture reset sequence, fault log, output state, boot timing, and network recovery.
Pass only if all stated limits and safe-state rules are met.

24.2 PWM sensor characterization
Procedure: Use an AWG with representative source impedance. Sweep amplitude, frequency, duty cycle, rise
time, noise, and temperature. Measure at both connector and MCU input.

Evidence and acceptance: Compare reported duty cycle against independent reference; record clamp currents,
missed edges, and diagnostic behavior.

24.3 High-side short-circuit protection
Procedure: Apply a controlled short through a rated fault fixture; record supply, driver current, output voltage,
and thermal response. Repeat at specified voltage/temperature corners.

Evidence and acceptance: Verify current limiting, shutdown timing, thermal margins, fault indication, and
restart policy.

24.4 CAN network fault recovery

Procedure: Operate the network at representative maximum traffic and cable length. Insert open, short, missing
termination, and node reset conditions.

Evidence and acceptance: Verify detection, message timeout, safe behavior, error counters, and bounded
recovery.

24.5 Thermal worst case
Procedure: Run simultaneous maximum representative loads in enclosure at specified ambient and airflow.
Instrument critical devices and connector contacts.

Evidence and acceptance: Demonstrate margin to component ratings and no functional degradation after
stabilization.

24.6 Environmental regression
Procedure: Apply defined vibration/temperature exposure to production-like assembly with real connectors and
mounting. Execute functional monitoring during stress where feasible.

Evidence and acceptance: No intermittent resets, connector faults, parameter drift, or physical damage beyond
acceptance criteria.
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25. Defect management, reporting, and release

Record every anomaly with severity, reproducibility, affected revisions, waveform evidence, root cause status,
containment, corrective action, and verification. A release package should include requirement traceability,
signed DVP, calibrated test evidence, qualification reports, open-deviation register, design revision baseline,
manufacturing test specification, and approved risk disposition.

26. lllustrative integrated case studies

Case A — Sensor interface compatibility

Two field-installed PWM sensors use different output-high voltages. The controller reports inconsistent duty
cycle near temperature and supply corners. The investigation correlates connector and MCU-pin waveforms,
input clamp behavior, RC filtering, and timer thresholds. Resolution requires both electrical and firmware
verification, plus an alternate-sensor regression matrix.

Case B — Inductive load disturbs network

A valve or motor event coincides with CAN errors and a transient supply droop. Engineers log output current,
battery rail, ground potential, and CAN differential voltage simultaneously. Mitigation considers flyback paths,
power return topology, local decoupling, harness routing, and driver switching strategy; the final test repeats
worst-case machine operation.

Case C — RF-induced unintended actuation

A long, unbalanced harness section couples incident RF into a control input or output-driver path. Frequency-
selective behavior suggests resonance, but the mechanism is confirmed through current probes, controlled
harness changes, and node waveforms. A revised return path and cable geometry are validated over full
immunity sweeps and operating modes.

Case D — Board revision changes fault response

A nominally small component-population revision changes input filtering or protection. Nominal functional
tests pass, yet a boundary fault reveals delayed detection. A disciplined change-impact review restores
targeted regression of startup, sensor timing, fault injection, and environmental corners.

27. Implementation roadmap for an engineering team

Phase Deliverable Success criterion

0-30 days Requirement template, risk Critical requirements and owners
ranking, core DVP assighed

30-60 days Automated power/I-O/network Repeatable nominal and corner
fixtures testing

60-90 days Fault injection, environmental Coverage of high-severity failure
plan, report templates modes

90+ days Regression library, metrics, Evidence reused and escapes
production feedback reduced

Appendix A — Design review checklist

e  Power: input envelope, sequencing, protection, ripple, grounding, thermal and energy limits.
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Analog: error budget, reference, filtering, source impedance, fault signatures.

Digital: thresholds, edge timing, bounce, watchdog, startup defaults.
Communications: physical layer, termination, traffic margin, timeout and recovery.
Outputs: safe state, current limit, inductive energy, diagnostics and load compatibility.
Mechanical: enclosure, connector sealing, strain relief, mounting, serviceability.
Lifecycle: component derating, alternates, obsolescence, programming, traceability.

Appendix B — Test report template

Document control: title, revision, author, approvals, date.

Objective and linked requirement IDs.

Device identification: hardware, BOM, firmware, harness, configuration.
Test setup diagram, instruments, calibration, ambient conditions.
Procedure, stimuli, sample counts, duration, and acceptance criteria.
Results: tables, plots, raw-file locations, pass/fail disposition.
Anomalies, deviations, corrective action, and regression evidence.
Conclusions, limitations, and sign-off.

Appendix C — Suggested test automation data schema

Store: timestamp (synchronized), test ID, sample ID, revision, firmware hash, fixture version, ambient, stimulus
setpoint, measured value, units, limit, uncertainty, verdict, fault code, operator, and raw-data URI. Preserve
immutable source files and a clear link between scripts and approved test methods.

Appendix D — Applicable standards and references

IEC 60068 series — environmental testing methods; select relevant parts and severities.

IEC 61000-4 series — EMC immunity test methods, where applicable.

CISPR 11/ CISPR 25 — emissions methods for relevant equipment categories.

ISO 7637 series, ISO 10605, ISO 11452 series — vehicle electrical transients and immunity, when
applicable.

ISO 13766 series — earth-moving machinery EMC, when within product scope.

ISO 14982 — agricultural and forestry machinery EMC, when within product scope.

ISO 13849/ IEC 62061 / IEC 61508 — functional safety frameworks, where applicable.

IPC-A-610/1PC J-STD-001 — electronic assembly acceptability and soldering requirements.

IPC-2221 and IPC-2152 — PCB design and current-carrying guidance.

JEDEC JESDA47 and relevant AEC-Q standards — component qualification approaches where appropriate.
INCOSE Systems Engineering Handbook — requirements, integration, verification and validation.

IEC 60529 — enclosure ingress protection classification, where applicable.

IEC 62368-1/IEC 61010-1/ IEC 60204-1 — product-specific electrical safety frameworks when applicable.
SAE J1939/1S0O 11898 series — CAN-based communication and physical layer, as relevant.

Standards notice: Verify the latest adopted editions, contractual obligations, country-specific requirements,
and product scope before using any cited document as a compliance criterion. Test values in this white paper

are examples and must not replace approved product requirements.
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Conclusion

Reliable electronic hardware is created through measurable requirements, disciplined reviews, boundary-
condition testing, fault injection, environmental and EMC qualification, production controls, and field feedback.
The most valuable validation programs do not merely detect failures: they explain physical mechanisms,
demonstrate corrective action, and preserve repeatable evidence that improves the next design.
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