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Executive Summary 
 

The wiring harness is the circulatory system of a Battery Energy Storage System. It is the component 
that carries every watt of generated, stored, and dispatched energy from cell terminal to inverter bus 
— and yet it is, in the global BESS supply chain, the component most routinely underspecified, 
undervalidated, and underinspected. The consequence of this underinvestment is not theoretical: 
field data from independent BESS maintenance organisations consistently identifies harness-related 
faults — high-resistance joints, insulation failures, and connector ingress — as contributors to 20–
35% of unplanned system downtime events in installations using commodity-grade wiring assemblies. 

This paper makes a specific, evidence-based argument: that the application of automotive-grade 
manufacturing discipline — IATF 16949 quality management — combined with ultrasonic welding as 
the primary conductor termination technology, is not a premium option for demanding BESS 
customers. It is the minimum engineering standard consistent with a 20-year asset life at the current 
voltages, currents, and environmental operating conditions of utility-scale energy storage. 

The analysis is structured around five evidence pillars: the failure taxonomy of commodity-grade 
harnesses; the IATF 16949 control framework and its direct applicability to BESS harness 
manufacturing; the quantitative case for ultrasonic welding over mechanical crimping; the Voltaris 
rapid-prototype-to-mass-production workflow for global EPC partners; and the 100% test-at-every-
unit validation protocol that closes the quality loop. 

Key finding: A single high-resistance joint at 0.5 mΩ above specification in a 500 A DC harness 
generates 125 mW of additional heat — sufficient, if replicated across a 200-joint harness 
assembly, to exceed the thermal budget of the cable insulation system within 18 months of 
commissioning under Gulf-region ambient conditions. 

 

Section 1: The Hidden Risks — Anatomy of a Commodity 
Harness Failure 
 

The global market for BESS wiring harnesses is stratified. At the premium end, automotive-qualified 
tier-1 harness manufacturers apply IATF 16949 discipline, statistical process control, and validated 
welding technology. At the commodity end — where the majority of BESS harnesses are procured 
for mid-market and cost-competitive projects — assemblies are produced in environments 
characterised by manual labour, hand tools, batch inspection, and minimal traceability. The price 
differential is real: commodity harnesses cost 25–40% less per unit. The total cost of ownership 
differential, when maintenance, downtime, and replacement are factored in, routinely inverts this 
advantage within five years. 

The following failure taxonomy is drawn from Voltaris field audit data across 14 BESS installations in 
Europe, South Africa, and Southeast Asia that were retrofitted with Voltaris-qualified harnesses 
following commodity harness failures. Table 1 summarises the primary failure modes, root causes, 
and field consequences. 

 

Failure Mode Root Cause 
Field 
Consequence 

MTTR (hrs) 
Voltaris 
Mitigation 

Cold-joint crimp Hand-tool, no 
force verification 

Resistance spike 
→ thermal 

12–48 Servo-press 
crimp, 100% 
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Failure Mode Root Cause 
Field 
Consequence 

MTTR (hrs) 
Voltaris 
Mitigation 

runaway pull-force test 

Contact oxidation Bare copper, no 
tinning or sealing 

Resistance drift 
0.5→5 mΩ over 
24 months 

6–24 Sn-plated 
conductor, 
sealed contact 
cavity 

Vibration fatigue 
fracture 

Single-layer 
insulation, no 
strain relief 

Open circuit 
under 
generator/inverter 
vibration 

24–120 Dual-wall 
adhesive-lined 
heatshrink + 
clamp 

Insulation abrasion No edge-
protection 
grommets 

Short circuit on 
cabinet metal 
edges 

8–72 PVC abrasion 
sleeve + 
phenolic edge 
grommets 

Conductor cross-
section underrating 

BOM cost-cut: 4 
mm² used for 6 
mm² spec 

Excess I²R, 
insulation melt 

24–96 IATF-verified 
BOM lock, 
incoming wire 
gauge audit 

Water ingress at 
connector 

IP20 connector 
in IP65 cabinet 

Corrosion, 
tracking, 
dielectric failure 

48–168 IP67 sealed 
over-mould, 
post-assembly 
leak test 

Label/trace loss Paper labels, no 
serialisation 

Root-cause 
traceability 
impossible 

N/A Laser-etched 
ID, full IATF 
traveller record 

 

1.1  The Crimp Joint: Where Most Failures Originate 

The mechanical crimp is the dominant termination technology in commodity harness production 
globally. In a correctly executed crimp, the terminal die compresses the conductor strands into a gas-
tight, mechanically stable joint with a contact resistance of 0.8–1.5 mΩ. The word 'correctly' carries 
significant engineering weight: the crimp quality is a function of terminal die geometry, conductor 
cross-section, die closure force, and operator technique. In commodity production environments, die 
wear is infrequently monitored, closure force is set once per shift or not at all, and operator training is 
informal. 

The result is a population of 'cold joint' crimps — joints where the conductor strands are held 
mechanically but have not achieved the intimate metal-to-metal contact required for low, stable 
resistance. A cold joint is invisible to visual inspection. It typically passes a room-temperature, post-
assembly pull test. Its failure mode is insidious: the joint resistance is acceptable at commissioning 
(1.5–2.5 mΩ), rises progressively as surface oxidation penetrates the insufficiently compressed 
strand interfaces (3.0–6.0 mΩ at 12 months, 8.0–15.0 mΩ at 36 months in humid environments), and 
eventually triggers thermal fusing of the insulation — often at 2–3 AM during peak charging when the 
event is least visible and the consequences for battery management system intervention are most 
disruptive. 

⚠  RISK:  In a 1500 V DC, 400 A BESS application, a joint resistance of 10 mΩ dissipates 

1.6 W continuously. Across a 200-joint harness, this represents 320 W of parasitic 
thermal load — equivalent to a small space heater operating permanently inside the 
battery cabinet. 
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1.2  Oxidation: The Long-Term Resistance Drift Mechanism 

Copper is the conductor material in all BESS harness applications. Its electrical conductivity (58 MS/m) 
is second only to silver at an engineering cost point. Its engineering liability is electrochemical: bare 
copper oxidises rapidly in the presence of oxygen and moisture, forming cuprous oxide (Cu₂O) and 
cupric oxide (CuO) surface layers with resistivities approximately 10⁷–10⁹ times higher than the 
underlying metal. 

In a well-executed crimp with adequate die closure force, the oxide layer on individual strands is 
mechanically disrupted, and the exposed copper surfaces are brought into intimate contact under 
compressive stress that suppresses re-oxidation at the interface. In an under-crimped joint, the oxide 
layer is only partially disrupted, residual voids allow atmospheric ingress, and the interface 
progressively re-oxidises. Tin-plated conductors (Sn coating 3–5 µm over Cu) mitigate this 
mechanism by substituting a tin-oxide surface layer (resistivity approximately 100× lower than copper 
oxide) and are standard in Voltaris specifications. Commodity harnesses frequently use bare copper 
to reduce cost. 

Humidity cycling — the daily condensation cycle in outdoor cabinet environments in South Africa's 
coastal provinces, Brazil, and Southeast Asia — accelerates the oxidation rate by a factor of 3–8× 
versus static humidity conditions. The combination of under-crimping and bare copper in a humid 
coastal environment is the most common single condition Voltaris auditors encounter in harnesses 
requiring early replacement. 

 

1.3  Vibration Fatigue: The Silent Mechanical Killer 

BESS installations are not the mechanically benign environments that early DC coupling designs 
assumed. Inverter-transformer units generate structural vibration at 50/60 Hz and switching 
harmonics (typically 2–16 kHz). Battery cooling fans, particularly in forced-air-cooled rack systems, 
add broadband vibration from 20–500 Hz. Seismic activity is relevant in Chile, Western Australia, and 
parts of the US West Coast. Transport vibration during shipping and installation — particularly for 
containerised BESS deployed at remote sites — can exceed IEC 60068-2-6 profile requirements if 
packaging is inadequate. 

Commodity harness assemblies typically use single-layer PVC insulation (IEC 60227-5 type H05VV-
F) with no strain relief at the connector terminus. Under sustained vibration, the conductor at the rear 
of the connector pin — the point of maximum bending stress — experiences cyclical fatigue. Copper 
conductor fatigue life under ±2 mm displacement at 50 Hz is approximately 10⁷ cycles — 
approximately 2300 hours, or less than one year of continuous operation. The failure mode is a partial 
conductor fracture that increases resistance gradually before producing an intermittent open circuit. 

Voltaris specifies dual-wall adhesive-lined heat shrink at all connector terminations (minimum 3:1 
shrink ratio, adhesive bond to both conductor jacket and connector body), in-line mechanical strain 
relief clamps at 150 mm from each connector, and corrugated split-loom conduit for runs exceeding 
500 mm. These three measures, in combination, reduce the bending stress concentration at the 
conductor terminus by approximately 85% and push the vibration fatigue life beyond the 25-year 
system design life. 

 

Section 2: The Voltaris Zero-Defect Philosophy — IATF 
16949 in BESS Manufacturing 
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IATF 16949:2016 — the International Automotive Task Force quality management standard — is the 
most rigorous process-control framework applied to any high-volume manufactured component in 
any industry. It was developed by the automotive sector specifically because automotive electrical 
components operate in conditions of extreme vibration, thermal cycling, and humidity, with zero 
tolerance for field failure in safety-critical applications. These conditions are precisely analogous to 
utility-scale BESS — and yet the energy storage industry has, until recently, procured wiring 
harnesses from manufacturers certified only to ISO 9001, a framework that specifies quality 
management intent without mandating specific process-control tools, capability metrics, or supplier 
qualification depth. 

Voltaris has operated under IATF 16949 certification since our founding, not because our initial 
customer base required it, but because the engineering leadership team recognised that the failure 
modes of the BESS harness — high-resistance joints, vibration fatigue, seal failure — are identical 
to the failure modes that the automotive industry spent three decades and billions of dollars learning 
to prevent through process discipline. The IATF 16949 framework imports that institutional knowledge 
into ESS manufacturing. 

 

IATF 16949 Core 
Tool 

Standard Application 
Voltaris BESS 
Application 

BESS Risk Mitigated 

APQP (Advanced 
Product Quality 
Planning) 

Vehicle component 
launch readiness 

Harness design freeze 
gate before mass 
production 

Late-stage design 
change, field retrofit cost 

PFMEA (Process 
FMEA) 

Production process risk 
ranking 

Crimp / weld / seal 
process risk with RPN ≤ 
64 gate 

Undetected process 
escape reaching field 

Control Plan Production monitoring 
checkpoints 

Step-by-step inspection 
gates: strip, crimp/weld, 
seal, test, label 

Assembly error passing 
to next operation 

MSA (Measurement 
System Analysis) 

Gauge R&R for 
dimensional 
measurement 

Hipot, pull-force, and 
continuity tester 
calibration & R&R 

Test equipment 
variability masking 
defects 

SPC (Statistical 
Process Control) 

Cp/Cpk on machined 
dimensions 

Weld energy Cpk, pull-
force Cpk ≥ 1.67 in-line 

Process drift undetected 
until batch scrap 

8D / SCAR Supplier corrective 
action 

Component NCR 
triggers 8D with SCAR to 
raw material supplier 

Recurring defect from 
component base 

 

2.1  APQP: Quality Engineered Before the First Wire is Cut 

Advanced Product Quality Planning (APQP) is the IATF 16949 framework for structured new product 
introduction. In commodity harness manufacturing, product development follows an informal 
sequence: the customer sends a drawing, the manufacturer builds samples, problems are discovered 
during installation, corrections are made reactively. The cost of each reactive correction — 
engineering time, tooling change, sample rebuild, retest — is embedded in the customer's project 
schedule as unplanned delay. 

The Voltaris APQP process for a new BESS harness family begins with a structured Requirements 
Matrix that captures 47 defined parameters: rated voltage and current, harness routing geometry, 
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connector family and IP class, geographic deployment specification class, cable cross-section, 
insulation material, strain relief configuration, labelling and serialisation requirements, and applicable 
test standards. This document is signed by both the Voltaris applications engineer and the customer's 
project engineer before a single drawing is released — creating a contractual design freeze that 
eliminates the most common source of late-stage engineering change: ambiguous specification 
inheritance from generic datasheets. 

The APQP gate review before mass production release requires a fully executed First Article 
Inspection Report (FAIR) against the frozen drawing, a complete qualification test report, a signed-
off Process FMEA, and a live SPC baseline established from the first production run of 50 units. No 
production release is issued without all four documents — a sequence that adds 2–3 weeks to the 
initial programme timeline and eliminates, in Voltaris's operational history, the field-failure events 
caused by production-phase process escapes. 

 

2.2  PFMEA and Control Plan: The Production Risk Map 

The Process Failure Mode and Effects Analysis (PFMEA) for a Voltaris ESS harness assembly 
identifies every process step — from incoming wire diameter verification to final label scan — and 
assigns a Risk Priority Number (RPN) based on severity, occurrence, and detection probability. No 
process step with an unmitigated RPN above 64 may proceed to production release; steps above 
100 require a design-of-experiment validation before the mitigation is accepted as effective. 

For the ultrasonic welding step — the highest criticality operation in the assembly process — the 
PFMEA identifies the following top failure modes and mitigations: 

• Under-weld (insufficient energy): Detection by 100% in-line energy monitoring with 
automatic reject gate. Occurrence reduced by daily horn tip inspection and monthly anvil 
wear measurement. 

• Over-weld (conductor embrittlement): Detection by post-weld visual inspection (automated 
vision system) and destructive pull test on 5 pieces per shift start. Occurrence reduced by 
amplitude and pressure calibration verification daily. 

• Mis-orientation (conductor not fully inserted): Detection by in-line laser sensor measuring 
conductor protrusion depth before weld initiation. Occurrence reduced by guided conductor 
nest tooling. 

 

The Control Plan translates the PFMEA mitigations into a production floor document specifying, for 
every operation: the characteristic being controlled, the control method, the sample frequency, the 
reaction plan for out-of-specification results, and the responsible operator. The Control Plan is a living 
document, updated within 48 hours of any non-conformance event that triggers an 8D corrective 
action. 

 

2.3  Supplier Quality and Incoming Inspection 

The IATF 16949 framework extends quality discipline upstream into the supply chain. Voltaris 
maintains an Approved Supplier List (ASL) for all critical raw materials: conductor wire, terminal 
housings, connector bodies, heat shrink materials, and labelling stocks. Every supplier on the ASL 
must hold ISO 9001 certification as a minimum, and strategic connector and conductor suppliers are 
required to maintain IATF 16949 or equivalent automotive-tier qualification. 

Incoming inspection for critical materials follows an IATF-compliant sampling plan. Conductor wire is 
100% verified for cross-sectional area by calibrated digital micrometer, with a separate monthly 
verification by destructive cross-section metallography. Terminal housings are sampled for 
dimensional compliance per AQL 0.065 (tightened inspection, Level III). Any incoming batch 
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generating a non-conformance triggers a Supplier Corrective Action Request (SCAR) with a 
mandatory 10-day response deadline. Suppliers with three SCARs in a 12-month rolling period are 
placed on probationary status; five SCARs trigger removal from the ASL. 

Supply chain stability for global EPC projects: The IATF 16949 supplier qualification process 
means that every wire, terminal, connector, and heat shrink material in a Voltaris harness has a 
documented, audited, and statistically validated supply chain behind it. When an EPC project 
manager in Johannesburg, Houston, or Rotterdam asks 'where does this material come from 
and how do you know it's right?', Voltaris can answer with data — not assertions. 

 

Section 3: Core Process — Ultrasonic Welding vs. 
Mechanical Crimping 
 

The conductor-to-terminal termination is the single most electrically and mechanically critical 
operation in harness assembly. It is the point at which the bulk conductor — with its low, stable 
resistance — transitions to the contact interface that will carry current for 20–25 years across a 
thermal envelope of 165 °C excursion and hundreds of thousands of vibration cycles. The choice of 
termination technology at this point is not a manufacturing preference decision. It is a design decision 
with quantifiable consequences for system reliability, lifecycle cost, and safety margin. 

 

Performance Parameter 
Mechanical Crimping (Industry 
Standard) 

Ultrasonic Welding (Voltaris 
Standard) 

Initial contact resistance 0.8–2.0 mΩ (tool & operator 
dependent) 

≤ 0.3 mΩ (process-controlled, 
repeatable ±0.05 mΩ) 

Contact resistance after 
1000 h @ 85°C 

2.0–8.0 mΩ (oxidation at interface) 0.3–0.5 mΩ (solid-state bond, no 
oxide interface) 

Contact resistance after 
500 vibration hours 

Up to 15 mΩ (fretting at stranded 
interface) 

≤ 0.6 mΩ (monolithic weld nugget, 
no fretting path) 

Tensile pull-force (6 mm² 
conductor) 

≥ 180 N (IEC 60352-2 minimum) ≥ 350 N (Voltaris spec, typically 
380–420 N) 

Process control input 
variable 

Operator hand force + die condition Ultrasonic amplitude (µm), 
pressure (N), energy (J) 

Process validation 
method 

Sample pull test, go/no-go gauge 100% in-line weld energy 
monitoring, SPC Cpk ≥ 1.67 

Intermetallic oxide layer Present — forms immediately on 
Cu surface 

Eliminated — cavitation breaks 
oxide during welding 

Cross-section integrity 15–25% conductor deformation ≤ 5% conductor deformation 
(IPC/WHMA-A-620) 

Resistance to thermal 
cycling (ΔT = 165°C) 

CTE mismatch at crimp wall → 
micro-crack 

Homogeneous Cu-Cu bond, no 
interface stress concentration 

Repeatability (Cpk) 0.9–1.2 (manual), 1.3–1.5 (semi-
auto) 

≥ 1.67 (fully automated, IATF-
validated process) 

Traceability Batch-level at best Individual weld: energy, time, 
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Performance Parameter 
Mechanical Crimping (Industry 
Standard) 

Ultrasonic Welding (Voltaris 
Standard) 

amplitude logged per joint 

 

3.1  The Physics of the Ultrasonic Weld 

Ultrasonic welding of electrical conductors uses high-frequency (20–40 kHz) mechanical vibration to 
create a solid-state metallurgical bond between copper conductor strands and a copper alloy terminal. 
The welding head (sonotrode) transmits vibration at controlled amplitude (typically 30–60 µm peak-
to-peak) under applied pressure (typically 200–600 N) for a controlled duration (100–500 ms). At the 
conductor-terminal interface, the vibration causes: 

• Acoustic cavitation: Micro-scale implosions at the strand-to-strand and strand-to-terminal 
interfaces that break up and disperse the copper oxide layer — the primary source of 
contact resistance in mechanical crimps 

• Frictional heating: Localised temperature rise of 150–250 °C at the weld interface, sufficient 
to allow plastic deformation and atomic diffusion bonding without bulk melting (which would 
alter conductor temper and create voids) 

• Compaction and densification: The conductor cross-section is reduced to approximately 
95% of its nominal area — compared with 75–85% in mechanical crimping — preserving the 
majority of the conductor's ampacity while achieving bond strength exceeding the 
conductor's ultimate tensile strength 

 

The result is a monolithic Cu-Cu joint with no residual oxide interface, no void network for moisture 
ingress, and no mechanical stress concentration. The Voltaris ultrasonic welding process uses a 
servo-controlled welding press with in-line monitoring of weld energy (joules), peak force (newtons), 
weld time (milliseconds), and displacement (millimetres) for every weld cycle. These four parameters 
are compared in real time against a validated process window derived from the design of experiment 
that established the PFMEA weld energy specification. Any weld outside the process window triggers 
an automatic reject gate and a machine halt pending investigation. 

 

3.2  Contact Resistance: The Quantitative Differentiator 

The contact resistance advantage of ultrasonic welding over mechanical crimping is not marginal — 
it is decisive, and it compounds over time. Initial contact resistance for a Voltaris ultrasonic weld is ≤ 
0.3 mΩ, achieved with a process Cpk of ≥ 1.67 (meaning 99.9996% of welds are within specification 
— fewer than 4 out-of-spec welds per million). A mechanical crimp from a well-maintained automated 
crimping machine produces initial resistance of 0.8–1.5 mΩ; a manual crimp from a commodity 
production environment produces 0.8–2.5 mΩ. 

The divergence accelerates over time. After 1000 hours at 85 °C in a 70% RH environment — a 
representative Gulf-region operating condition — the ultrasonic weld contact resistance increases by 
0.05–0.15 mΩ (solid-state bond, no accessible oxide growth pathway). The mechanical crimp contact 
resistance increases by 1.5–6.0 mΩ as progressive oxidation penetrates the compressed strand 
interfaces. At the extreme of vibration conditioning (500 hours at 5 g, 10–500 Hz), the ultrasonic weld 
shows ≤ 0.3 mΩ increase; the mechanical crimp shows 5–15 mΩ increase from fretting wear at 
strand-to-strand and strand-to-terminal micro-contact points. 

Design implication:  In a 1500 V, 400 A DC circuit, the difference between a 0.3 mΩ ultrasonic 
weld and a 10 mΩ degraded crimp is 1.59 W of additional heat generation per joint. In a harness 
with 200 joints, this difference is 318 W — a continuous thermal load that reduces insulation life by 
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approximately 65% under the Arrhenius model and creates a latent fire risk that no thermal 
management system in the battery cabinet was sized to absorb. 

 

3.3  Process Control and SPC Integration 

The ultrasonic welding process is inherently amenable to statistical process control in a way that 
mechanical crimping is not. The weld energy — the product of peak ultrasonic force and displacement 
integrated over weld time — is a single, measurable, directly physical quantity that encodes the quality 
of the resulting bond. High weld energy (for a given geometry) corresponds to fully developed 
metallurgical bonding; low weld energy corresponds to under-weld. The relationship is stable across 
production runs, stable across operator changes (there is no operator variable — the process is fully 
automated), and stable across raw material lot changes within the incoming specification. 

Voltaris runs SPC Cpk calculations on weld energy for every 50-piece subgroup on every production 
line. Control charts are reviewed by the process engineer at shift start; any subgroup with Cpk < 2.00 
triggers an investigation before the shift continues. The IATF 16949 alert threshold — Cpk < 1.67 — 
triggers a production stop and formal 8D. In the 36-month history of the current weld process 
generation, Voltaris has experienced two Cpk < 2.00 events (both caused by horn tip wear 
approaching the scheduled replacement interval) and zero Cpk < 1.67 events. 

 

Section 4: Agile Engineering — Rapid Prototype to Mass 
Production for Global EPCs 
 

The wiring harness is frequently the last component confirmed on an EPC project Bill of Materials — 
specified after the battery rack, inverter, transformer, and civil works have been locked. This places 
the harness manufacturer at the end of the procurement timeline, with the shortest lead time and the 
least margin for iteration. A harness manufacturer without a structured, time-validated prototype-to-
production workflow becomes a schedule risk on every project it serves. 

Voltaris has developed a six-phase product introduction workflow — the Voltaris Engineering 
Progression (VEP) — that is adapted from APQP principles but calibrated to the specific timelines 
and risk profile of BESS harness programmes. The workflow is designed to deliver production-quality 
harnesses with full qualification documentation to EPC partners in the USA, Europe, and South Africa 
within 10–14 weeks of requirements lock — regardless of whether the programme begins from a new 
design or an adaptation of an existing product family. 

 

Phase Gate Name Activities Deliverables Weeks 

1 Requirements Lock EPC drawings review, voltage 
class confirm, geographic spec 
class, connector family 
selection, BOM first draft 

Signed Requirements 
Matrix, Geographic 
Spec Class Certificate 

1–2 

2 Prototype Build 3–5 sample harnesses built to 
released engineering drawings, 
all dimensions per IPC/WHMA-
A-620 Class 3 

Sample harnesses + 
First Article Inspection 
Report (FAIR) + weld 
data logs 

2–3 

3 Qualification Testing Full test matrix: Hipot, IR, 
continuity, pull force, thermal 

Qualification Test 
Report (QTR), signed 

3–5 
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Phase Gate Name Activities Deliverables Weeks 

cycle, vibration, IP67 seal 
(geo-dependent: salt fog / UV) 

PFMEA, Control Plan 
v1.0 

4 PPAP Submission Production Part Approval 
Process: dimensional results, 
material certifications, process 
capability study, MSA reports, 
control plan v2.0 

Full PPAP Level 3 
package (or Level 2 
per customer request) 

2–3 

5 Mass Production 
Release 

Production tooling locked, SPC 
charts live, traveller 
serialisation active, first-run 
100% test 100% pass required 

Production Release 
Certificate, SPC 
baseline charts, IATF 
traveller template 

1 

6 In-Production 
Surveillance 

Monthly Cpk reporting, 
quarterly internal audit of 
control plan adherence, annual 
MSA re-validation, SCAR 
response ≤ 10 days 

Monthly Quality 
Scorecard delivered to 
EPC project manager 

Ongoing 

 

4.1  Geographic Specification Class Integration 

The VEP workflow integrates the Voltaris geographic specification class framework — Temperate, 
Tropical Coastal, Desert/Gulf, High Altitude — at Phase 1 Requirements Lock. The specification class 
assigned at Phase 1 determines the qualification test matrix executed at Phase 3, the material 
selection scope at Phase 2, and the surveillance protocol at Phase 6. 

For EPC partners in South Africa — where projects span a wide geographic range from the humid, 
salt-affected KwaZulu-Natal coast to the hot, dry Northern Cape karoo plateau — Voltaris executes 
a dual-class qualification for standard product families, covering both Tropical Coastal and Desert 
specifications. This single investment in broader qualification coverage eliminates the need for re-
qualification when a project shifts geography within South Africa, a situation Voltaris encountered 
three times in 2024 when project sites were reassigned post-PPAP submission. 

For US EPC partners operating across the ERCOT, CAISO, and PJM interconnect territories, the 
primary specification classes are Temperate (mid-Atlantic and Northeast) and Desert (Texas, Arizona, 
California desert). Voltaris maintains stocked qualification data for both classes, reducing Phase 3 
from the nominal 3–5 weeks to 1–2 weeks for programmes using existing qualified 
conductor/connector families in new harness geometries. 

 

4.2  Engineering Change Management During Production 

The most damaging event in a harness production programme is an uncontrolled engineering change 
— a connector substitute, a conductor cross-section change, or a routing modification — executed 
without triggering a formal PPAP re-submission. In commodity harness production, such changes 
occur routinely when a component goes on backorder and a 'equivalent' substitute is sourced from a 
different supplier. The substitution is often not communicated to the customer, and the qualification 
data — generated for the original component — does not cover the substitute. 

The Voltaris Engineering Change Control (ECC) procedure, embedded in the IATF 16949 quality 
management system, classifies every potential change against a risk matrix. Any change to a 
conductor, terminal, connector, or sealant material is classified as a Level 1 change, requiring a full 
PPAP re-submission with new qualification test data before implementation. Any change to a supplier 
— even for a material with identical specification — is classified as Level 1. These requirements are 
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contractual commitments made to every EPC customer at programme inception, providing the supply 
chain assurance that commodity procurement cannot offer. 

 

Section 5: 100% Validation — The Voltaris Test Protocol 
 

The phrase '100% tested' is used broadly in harness manufacturing and rarely means what it appears 
to mean. In common industry usage, '100% tested' refers to continuity verification — confirmation that 
the circuit is not open. In Voltaris usage, '100% tested' refers to a mandatory, unit-by-unit test 
sequence covering dielectric withstand, insulation resistance, circuit resistance, mechanical pull force, 
and seal integrity — a protocol derived from IATF 16949 Control Plan requirements and calibrated 
against the specific failure modes of 1500 V DC ESS harness service conditions. 

No Voltaris harness assembly leaves the production floor without a passing result recorded in the 
IATF traveller record for every test in the following matrix. The traveller record is serialised to the 
harness assembly laser-etched identifier and is stored for the minimum of 25 years — the design life 
of the target BESS installation — with customer-accessible retrieval within 24 hours of request. 

 

Test 
Standard 
Reference 

Equipment 
Spec 

Accept 
Criterion 

Coverage 

Hipot (Hi-Pot) DC 
Withstand 

IEC 60512-4 / UL 
4128 

DC 3000 V (2× 
rated + 500 V), 1 
s 

Zero breakdown, 
leakage < 1 mA 

100% of assemblies 

Insulation 
Resistance 

IEC 60512-3-1 1000 V DC, 60 s 
soak 

≥ 5000 MΩ initial; 
≥ 200 MΩ post-
environment 

100% of assemblies 

Circuit Continuity IEC 60512-2 4-wire Kelvin 
bridge, resolution 
0.01 mΩ 

≤ 0.5 mΩ per 
joint; no open 
circuits 

100% of assemblies 

Mechanical Pull 
Force 

IEC 60352-2 / 
USCAR-21 

Servo-actuated, 
10 mm/min, ±0.5 
N resolution 

≥ 350 N (6 mm²); 
≥ 280 N (4 mm²); 
≥ 420 N (10 
mm²) 

100% of ultrasonic 
welds 

Visual & 
Dimensional 

IPC/WHMA-A-
620 Class 3 

10× stereo 
microscope + 
calibrated optical 
CMM 

Zero Class 3 
defects per IPC 
acceptance 
criteria 

100% first-off + 
AQL 0.065 in-
process 

Weld Energy SPC Voltaris WPS-
001 

In-line ultrasonic 
controller data 
log 

Cpk ≥ 1.67 per 
50-piece 
subgroup, alert at 
Cpk < 2.00 

100% real-time, 
every weld cycle 

IP67 Seal Leak 
Test 

IEC 60529 Air-decay leak 
tester, 50 kPa, 
10 s 

Pressure drop ≤ 
0.5 kPa 

100% sealed 
connector 
assemblies 

Thermal Cycling 
(qualification) 

IEC 60068-2-14 −40°C to 
+125°C, 250 
cycles, 30 min 
dwell 

ΔR contact ≤ 0.2 
mΩ; IP67 
retained; no 
visual defect 

First article + design 
change trigger 
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Test 
Standard 
Reference 

Equipment 
Spec 

Accept 
Criterion 

Coverage 

Vibration 
(qualification) 

IEC 60068-2-6 10–500 Hz, 3 
axes, 5 g, 2 
h/axis 

No open circuit, 
ΔR ≤ 0.2 mΩ, no 
mechanical 
damage 

First article + design 
change trigger 

Salt Fog 
(qualification) 

ASTM B117 5% NaCl, 35°C, 
96 h (240 h 
coastal class) 

No corrosion on 
contact surface; 
IR ≥ 200 MΩ 

First article + 
geographic class 
change 

 

5.1  Hipot Testing: Verifying Dielectric Integrity on Every Unit 

The high-potential (Hipot) test applies a DC voltage of 3000 V across the insulation system of each 
completed harness assembly for one second, measuring the leakage current through the insulation. 
The 3000 V test voltage corresponds to two times the 1500 V rated voltage plus 500 V — the standard 
IEC 60512-4 factory test overvoltage for a 1500 V rated component. A breakdown event (leakage 
current exceeding 1 mA) indicates a through-insulation defect: a nick in the cable jacket, a pinhole in 
the over-mould, or a foreign body inclusion that escaped visual inspection. 

Commodity harness manufacturers who perform Hipot testing at all typically test to 1500 V or 2000 
V — the voltage class of the assembly — rather than to the 2× + 500 V test standard. This choice, 
whether made to protect components perceived to be marginal or simply from unfamiliarity with the 
applicable standard, systematically fails to detect insulation defects that will propagate under 
operating voltage over time. The Voltaris 3000 V test is not aggressive relative to the component 
specifications — Voltaris connectors are qualified to 10.5 kV AC dielectric withstand at component 
level — but it is genuinely discriminating at assembly level, where the weakest point is the cable-to-
connector interface, not the connector housing. 

✔  Voltaris Hipot criterion: Zero breakdowns across 100% of production units. A single 
breakdown event halts production pending investigation of the process step responsible. 
In the 24-month history of the current IP67 over-mould process, zero Hipot failures have 
occurred in production. 

 

5.2  Continuity Testing: 4-Wire Kelvin Bridge Measurement 

The continuity test in the Voltaris protocol is not a pass/fail buzzer test. It is a quantitative, 4-wire 
Kelvin bridge resistance measurement with 0.01 mΩ resolution, measuring the end-to-end resistance 
of every circuit in the harness assembly and comparing it against a golden unit baseline established 
at PPAP. The test is designed to detect cold-joint crimps, under-welds, high-resistance connectors, 
and cross-section deficiencies — none of which are reliably detected by standard pass/fail continuity 
methods. 

The 4-wire (Kelvin) measurement method eliminates the contribution of test lead and contact 
resistance from the measurement by using separate current-injection and voltage-sensing circuits. 
This is essential at the sub-milliohm measurement resolution required to detect the difference 
between a compliant 0.3 mΩ ultrasonic weld and a marginal 0.8 mΩ weld that would pass a standard 
continuity test but indicate a process concern. Voltaris test equipment calibration is validated quarterly 
against NIST-traceable reference standards as part of the IATF 16949 MSA programme. 

 

5.3  Mechanical Pull Force: 100% Weld Verification 
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The mechanical pull force test is performed on 100% of ultrasonic weld joints during the weld 
operation using the servo press feedback system — not as a destructive post-assembly test, but as 
a process parameter confirmation integrated into the weld cycle. The servo press records the 
maximum resistance force during the weld compression phase; this parameter, correlated against 
weld energy and displacement, provides a non-destructive surrogate for the destructive pull-force test. 

The correlation between in-line servo press force data and destructive pull-force test results has been 
validated by Voltaris process engineering to a Pearson coefficient of r = 0.97 across a dataset of 
12,000 weld samples. This statistical confidence allows the 100% non-destructive in-line 
measurement to serve as a valid process verification for every weld, while destructive testing (10 per 
shift start, 5 per shift mid-point) validates the correlation on an ongoing production basis. 

Pull force acceptance criteria are cross-section-specific and exceed the IEC 60352-2 minimum by 
approximately 90%: 

4 mm² conductor: ≥ 280 N (IEC 60352-2 minimum: 150 N) 

6 mm² conductor: ≥ 350 N (IEC 60352-2 minimum: 180 N) 

10 mm² conductor: ≥ 420 N (IEC 60352-2 minimum: 230 N) 

16 mm² conductor: ≥ 520 N (IEC 60352-2 minimum: 300 N) 

 

The Voltaris pull force specification exceeds the standard minimum because the minimum reflects 
laboratory specimen performance at room temperature. BESS harnesses must retain mechanical 
integrity after thermal cycling, UV exposure, and vibration — conditions that reduce pull force by 15–
25% in poorly controlled weld processes. The 90% margin above IEC minimum ensures that post-
environmental pull force remains above the standard minimum after the worst-case conditioning 
sequence. 

 

Section 6: Supply Chain Stability — What IATF 16949 Means 
for Global EPC Projects 
 

The BESS project supply chain is under structural stress. Lead times for battery cells, power 
conversion systems, and transformers have compressed project procurement windows from 18–24 
months to 8–14 months in many markets, and the consequent timeline pressure propagates to every 
sub-component including wiring harnesses. In this environment, the difference between a harness 
supplier with IATF 16949 discipline and one without is not visible at commercial proposal stage — 
both will quote lead times, both will reference quality systems. The difference becomes visible at 
project execution, where IATF-disciplined suppliers deliver on time with full documentation and 
commodity suppliers accumulate schedule risk through rework, re-test, and reactive problem-solving. 

Three specific IATF 16949 supply chain commitments are relevant to EPC project managers in the 
USA, Europe, and South Africa: 

 

Documented Sub-Tier Supplier Control 

Every critical material in a Voltaris harness is sourced from an ASL-controlled supplier with a minimum 
ISO 9001 certification, audited by Voltaris on a risk-based schedule (annually for Tier 1 strategic 
suppliers, biennially for standard suppliers). When a critical material supplier is acquired, restructured, 
or transfers production to a new facility — all events that create quality risk in the commodity supply 
chain — the Voltaris ECC procedure requires re-qualification before any production use, regardless 
of whether the material specification has nominally changed. 
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Lot Traceability to Raw Material Heat 

Every Voltaris harness assembly carries a laser-etched serial number that links, through the IATF 
traveller record, to the conductor wire heat certificate, the connector housing batch certificate, the 
weld machine ID and parameter log for every weld joint, the test results for every 100% test performed, 
and the inspector ID for every visual check. This traceability extends backwards through the supply 
chain to the raw material level — enabling a targeted field action (inspect and test, not blanket replace) 
in the event of a raw material non-conformance discovered after shipment. 

In 2025, Voltaris issued one field notification following the discovery of an incoming connector housing 
lot with a batch CTI value below specification (CTI 320 versus the specified CTI 400). Because every 
harness assembly containing connectors from that batch was individually serialised and traceable, 
the notification covered 847 specific assemblies out of 14,000 units shipped in the relevant period — 
a 6% targeted action versus a 100% precautionary replacement that a non-traceable supply chain 
would have required. 

 

Quality Scorecard Transparency for Project Managers 

EPC project managers responsible for 50 MW+ BESS installations manage dozens of supply 
relationships simultaneously, with limited bandwidth to audit each supplier's quality performance. 
Voltaris provides a monthly Quality Scorecard to every active production programme customer, 
covering: production Cpk trends for all critical parameters, first-pass yield by assembly part number, 
incoming inspection reject rates by material category, open corrective action items with status, and 
delivery performance versus committed schedule. 

This scorecard is generated from the live IATF quality management system data, not from a reporting 
system. It represents the actual production quality performance, including any excursions, corrective 
actions, and recovery status — information that commodity suppliers routinely withhold until a project 
is already at risk. The transparency is a deliberate design choice: Voltaris's view is that an EPC project 
manager who knows about a quality excursion in week two can adjust project schedule; one who 
discovers it in week ten cannot. 

Voltaris global EPC support: Voltaris maintains applications engineering presence in Frankfurt 
(Europe), Houston (USA), and Johannesburg (South Africa). Each office holds emergency stock 
of the most common connector and conductor families to support field repair and urgent 
supplementary orders without requiring ocean freight timelines. 

 

 

Conclusion: Process Discipline as Competitive Advantage 

The central argument of this paper is simple: in a 20-year BESS asset, the wiring harness is not a 
commodity. It is a precision manufactured component whose reliability determines, in part, the 
financial performance of the asset it serves. The cost of an unplanned harness-related outage — lost 
generation revenue, O&M dispatch, system restart delay, and potential battery management system 
stress — routinely exceeds the cost of the premium between IATF-qualified and commodity-grade 
harness procurement within a single year of operation. 

Ultrasonic welding, IATF 16949 process control, and 100% unit-level testing are not premium features 
that add cost without benefit. They are engineering choices that shift the failure probability distribution 
from one where 5–15% of joints degrade within 5 years to one where statistical process capability 
(Cpk ≥ 1.67) bounds the defect rate at fewer than 4 per million — a number consistent with the zero-
field-failure expectation of a utility-scale infrastructure asset. 
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Voltaris invites EPC partners, BESS integrators, and project developers to engage with our 
applications engineering team to review harness specifications for active and pipeline projects. Our 
commitment is to deliver the documentation, the test data, and the supply chain transparency that 
transforms the wiring harness from the most overlooked component in the BESS BOM to one of its 
most reliable. 

 

 

Planning a custom harness project or need an OEM audit? 
From DFM optimization to rapid prototyping, get an automotive-grade technical assessment for your 

wiring system. Let's connect on WhatsApp. 
Technical Lead: Lorden (+852 5410 2208) 

 

voltaris-ess.com 

Applications Engineering: Frankfurt | Houston | Johannesburg 
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