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1. Introduction

In power inductor design, the choice of winding technology directly affects electrical performance,
thermal behaviour, and unit cost. Flat wire (rectangular copper conductor) and round wire
(enamelled round copper wire) are the two principal winding technologies, each with distinct
engineering characteristics and application scenarios where it holds the advantage.

This article provides a systematic, quantitative comparison across six engineering dimensions: DC
resistance (DCR), AC loss characteristics, saturation current (Isat) behaviour, thermal performance,
production consistency, and cost structure. A structured selection framework and application-
specific guidance are included to help engineers match the winding technology to their specific
converter requirements.

Key Finding: Flat wire winding typically reduces DCR by 15-30% versus round wire in the same
winding window, making it the stronger choice above 50A when thermal rise and copper loss are
dominant constraints. Round wire remains appropriate for low-current, low-frequency, or cost-
sensitive applications where the geometric penalty of circular packing does not become a binding
limit.

2. Geometry and Fill Factor: The Root Cause of DCR Difference

The performance difference between flat wire and round wire inductors originates at the level of
basic geometry. Understanding this origin allows engineers to predict when the difference is
significant and when it is negligible.

2.1 Window Fill Factor Defined

The window fill factor (kw) is the ratio of the total copper conductor cross-section area to the
available winding window area of the magnetic core:

kw = (N x A conductor) / A window

where N is the number of turns, A_conductor is the cross-section area of one conductor (excluding
insulation), and A_window is the total window area available for winding. A higher fill factor means
more copper is carrying current per unit of window area, which directly reduces DCR for the same

inductance target.

2.2 Why Round Wire Has a Lower Fill Factor

When circular conductors are packed into a rectangular core window, unavoidable triangular air
gaps form between adjacent conductors — both within each layer and between layers. For the
closest possible hexagonal packing, the theoretical maximum fill factor of circles is 7/(2V3) = 90.7%,
but this is never achieved in practice because:

» Insulation adds to the effective conductor diameter without contributing to current conduction

» Winding tension variation causes conductor spacing to be non-uniform across the window width
» Layer-to-layer insulation tape or paper adds height without filling the window

» Corner regions of the window are difficult to fill with circular conductors
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In practice, round wire fill factors of 55—-65% are achievable with good winding discipline; 45-55% is more
typical in volume production with manual or semi-automated winding.

2.3 Flat Wire Fill Factor Advantage

Rectangular copper conductors can be stacked in a core window with near-zero lateral gap between
adjacent turns on the same layer — the flat surfaces contact the thin insulation film directly. The
dominant voids are the insulation film thickness itself (typically 25-75 ym) and any deliberate inter-
layer spacers for voltage grading.

Winding Configuration Typical Fill Production Key Limiting Factor
Factor Range Achievable

Inter-conductor gaps + tension

Round wire, manual winding  45-58% 60% L
variation

R i t t . . L

WionL;r;:gwwe, automated 55-65% 68% Circular cross-section geometry limit

Flat wire, manual winding 65-75% 78% Film insulation thickness + corner

’ gaps

Flat wire, automated winding ~ 72-85% 88% Film insulation only; geometry
optimised

Foil / strip winding 80-90% 92% Maximum achievable; suits low

voltage

The 15-25 percentage point improvement in fill factor that flat wire achieves over round wire
translates directly to a proportionally lower DCR for the same core, window, and turns count.
Equivalently, the same DCR can be achieved in a core with a proportionally smaller window —
directly reducing magnetic volume and component height.

3. DC Resistance (DCR): Quantitative Comparison

DCR is the most commonly specified electrical parameter after inductance itself. It determines
steady-state copper loss (P = I’R), temperature rise under rated current, and the efficiency debit
attributable to the inductor.

3.1 DCR Formula and Fill Factor Relationship

For a winding with N turns, mean turn length MLT, conductor cross-section area A_c (net copper,
excluding insulation), and copper resistivity p:

DCR=p x Nx MWLT / Ac and A c = kw x A window / N
Combining: DCR = p x N2 x MLT / (kw x A_window). For the same inductance (same N), same core
(same MLT and A_window), and same operating temperature, the DCR ratio between flat wire and

round wire is simply the inverse ratio of their fill factors:

DCR_flat / DCR_round = kw_round / kw_flat
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With kw_round = 0.60 and kw_flat = 0.80, the ratio is 0.60/0.80 = 0.75, meaning flat wire DCR is 75% of
round wire DCR — a 25% reduction — for the same core and turns.

3.2 Measured DCR Comparison: Design Examples

Design Scenario Round Wire | Flat Wire Copper Loss at 100A
DCR DCR Reductlon

100A, 1 uH, same core &

112 mQ 0.78 mQ ~30% 11.2W vs 7.8W (~3.4W)
turns
fu()r/:’sm WH.samecore & g mg 3.5mQ —27% 12.0W vs 8.8W (~3.2W)
tzuor?]':’ 0-5pH, same core & 4 58 mqy 0.50 mQ —26% 27.2W vs 20.0W (-7.2W)
S0A, 100 pH, same core & - 49 5 10y 14.0 mQ —24% 16.7W vs 12.6W (—4.1W)

turns

Engineering Note: These values are representative examples based on typical fill factors. Actual
DCR depends on core geometry, mean turn length, insulation type, winding tension, and process
control. Production DCR should always be measured on approved samples at operating
temperature.
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4. AC Loss: Skin Effect and Proximity Effect

At DC or low frequency, the fill factor advantage of flat wire translates directly to a proportional DCR
improvement. At higher switching frequencies, two additional electromagnetic phenomena raise the
effective winding resistance beyond its DC value — and the relative performance of flat wire versus

round wire depends critically on how the conductor geometry is matched to these effects.

4.1 Skin Effect

At frequency f, current in a conductor concentrates in a surface layer of thickness & (skin depth):

5 (mm) = 66.1 / \/f(Hz) - & = 0.295mm @50kHz, & = 0.093mm @500kHz, & = 0.047mm
@2MHz

For a round conductor with diameter d, when d > 25, only the outer annular shell of thickness &
carries most of the current. The interior copper is essentially idle, raising AC resistance above DC
resistance.

For a flat conductor with thickness t, when t < 25, the current is distributed more uniformly through
the conductor cross-section. Specifying flat wire conductor thickness to match 1-2 skin depths at
the operating frequency is one of the most effective single actions for reducing high-frequency
copper loss.

4.2 Proximity Effect

Adjacent conductors carrying alternating current generate time-varying magnetic fields that
penetrate neighbouring conductors and induce eddy currents, further distorting current distribution
and increasing effective AC resistance. Proximity effect becomes particularly severe in multi-layer
windings at high frequency.

Round Wire AC/DC | Flat Wire AC/DC Engineering Implication

Ratio Ratio

(1mm dia., 3 (t = 25, 2 layers)

layers)
l1<|(-)|z 0.66 mm 1.05-1.15x% 1.0-1.02x% Both adequate; round wire competitive
50 .
KHz 0.30 mm  1.3-2.0% 1.0-1.1% Flat wire starts to pull ahead clearly
100 R
KHz 0.21 mm 1.8-3.5% 1.0-1.15x% Flat wire significantly lower AC loss
500 0093 mm 5-12x 1121 .4x Rpgnd wire AC loss dominates; flat wire
kHz critical
1MHz 0.066 mm >15x 1.2-1.8% Flat wire (thin foil) or Litz wire required
2MHz 0.047 mm >25x 1.3-2.5% Multi-layer thin foil or PCB winding
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AC Loss Design Rule: For switching frequencies above 100 kHz, specify flat wire conductor
thickness at or below 2x the skin depth at the fundamental switching frequency. This single design
decision can reduce AC resistance to within 10-40% of DC resistance, compared to 3—15x for
round wire at the same frequency.

4.3 Dowell Analysis for Multi-Layer Windings

The Dowell method provides an analytical framework for estimating AC resistance in multi-layer
windings. The AC resistance factor F_R = R_AC / R_DC depends on the ratio Q = d/& (for round wire)
or h/d (for flat wire, where h is conductor height), and on the number of winding layers m:

For flat wire with h/3d < 1 (conductor thickness at or below one skin depth), the first-layer AC
resistance factor approaches 1.0 and the effect of additional layers adds only approximately (2m?2-1)/
3 x (h/d)'/45 per layer — typically negligible at 2 layers. For round wire with d/3 > 2, the multi-layer
factor rises steeply with the square of the number of layers, which is why reducing layer count is
critical in round-wire high-frequency designs.

5. Saturation Current (Isat): Behaviour and Specification

Saturation current is defined as the DC bias current at which the inductance has decreased by a
specified percentage from its zero-bias value. The most common definition is L -20%, though L
-10% is used in stricter designs and L —30% appears in some fast-transient applications.

5.1 What Determines Isat

Isat is primarily a function of the magnetic circuit, not the winding conductor geometry:
» Core material saturation flux density (Bsat): higher Bsat allows more ampere-turns before saturation
» Core cross-section area (Ac): larger area carries more flux at the same flux density
* Number of turns (N): Isat x N = H x |_c (the field at saturation x magnetic path length)

» Air gap length: an air gap stores energy and linearises the B-H characteristic, raising Isat for a given
core

The conductor geometry — round versus flat — does not directly change Isat for the same core and turns.
What it does change is how efficiently the winding window is used, which has an indirect effect on Isat
optimisation.

5.2 Indirect Effect of Fill Factor on Isat Optimisation

Because flat wire achieves higher fill factor, a given DCR specification can be met with fewer turns in
the same core window, or with the same turns in a smaller window. These options each affect Isat
differently:

DCR

Same turns, same core (higher
fill > lower DCR)

Best choice when DCR is binding

—. 0, i
| 20-30% No direct change constraint and Isat is comfortable

Fewer turns, same core (fill
advantage — less turns
needed for same DCR)

Same as 1 Higher Isat (fewer Best when Isat margin is tight; trade
round turns, same core) inductance if possible
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Flat Wire Strategy Effect on Trade-off
DCR

Same turns, smaller core (fill Same as | Lower Isat Best when size/height is binding;
enables size reduction) round (smaller core) requires Isat re-verification

5.3 Saturation Characteristic Shape: Soft vs. Hard

The shape of the inductance roll-off with DC bias current differs between core types and affects
system behaviour near the saturation point:

» Iron powder and iron silicon aluminium (KoolMu) cores: "soft" saturation — inductance decreases
gradually with current, providing early warning and forgiving transient behaviour. Flat wire inductors
on these cores maintain useful inductance well above Isat(L-20%), which is advantageous for PFC
and bidirectional energy storage applications.

» Ferrite cores with air gap: "hard" saturation — inductance is relatively flat until the saturation point,
then drops steeply. Isat(L-20%) is very close to Isat(L-50%), so the L-20% definition is critical and
must be verified with appropriate safety margin.

Isat Temperature Warning: Bsat of iron powder and iron silicon aluminium cores decreases with
temperature — typically 10—20% from 25°C to 100°C. Always verify Isat at maximum operating
temperature, not only at room temperature. A design with comfortable Isat margin at 25°C may fail
at 85°C operating temperature.
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6. Thermal Performance: Why Flat Wire Runs Cooler

The thermal performance of an inductor depends on the total power loss and the thermal resistance
from the heat source to the cooling medium. Flat wire improves both:

6.1 Lower Total Loss
Total inductor loss consists of copper loss and core loss:
P total = I_rms®? x R AC + P_core(f, B _ac, core volume)

Flat wire reduces R_AC through two mechanisms: lower DCR (fill factor advantage) and lower skin/
proximity effect AC resistance at high frequency. Core loss is not directly affected by the winding
conductor type, so the copper loss improvement of flat wire becomes the dominant factor in total
loss reduction at high current.

6.2 Shorter Thermal Path

In a round-wire winding, heat generated in the winding must conduct from each conductor through
the inter-conductor medium (air gaps filled with potting compound or air) to the outer winding
surface or core wall. Air has thermal conductivity k = 0.026 W/m-K; standard potting compound k =
0.5-2.0 W/m-K; copper k = 400 W/m-K. The inter-conductor medium is the thermal bottleneck.

In a flat wire winding, the conductor surfaces are in near-direct contact through a thin film. Copper
lateral thermal conduction (400 W/m-K) dominates the path from the conductor interior to the
conductor edge and then to the core wall or baseplate. This creates a fundamentally shorter thermal
resistance path.

Thermal Parameter Round Wire Winding Flat Wire Winding

Copper loss at 100A, same core 11.2W (1.12mQ DCR) 7.8 W (0.78 mQ DCR) —30% copper loss

Peak-to-surface AT (windi . . —-60% | hot-
- ea- to-surface AT (winding 18-35°C typical 6-15°C typical 50-60% lower hot
interior) spot

Thermal resistance (winding to Higher (air gaps) Lower (film only) 30-50% lower R_th
core wall)

Measured temperature rise at 68°C typical 45-52°C typical 15-23°C reduction

100A

The 15-23°C reduction in temperature rise shown above is consistent with published measurements
across multiple design examples. The actual improvement for any specific design depends on the
operating frequency, ripple current ratio, core material loss, cooling method, and potting compound.

Thermal Validation Requirement: Temperature rise data from this article represents engineering
references. Production thermal performance must be validated by measurement at rated current,
rated frequency, rated ambient temperature, and with the actual cooling method and mounting
configuration used in the final assembly.
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7. Production Consistency

For high-volume power electronics manufacturing, batch-to-batch parameter consistency is a
reliability specification, not merely a quality metric. Wide DCR or inductance variation can push
outlier units to the edge of their operating envelope even when the nominal design appears well-
margined.

Quality Parameter Round Wire Round Wire Flat Wire Impact of Variation

(Semi-Manual) | (Automated) (Automated)

DCR variation (batch o/ DCR variation directly

+10-15% +6-10% +3-5% varies copper loss and
mean) .
temp rise
Inductance variation +6—-12% +4-8% +3-5% Affects cc.Jr.werter control
loop stability at extremes
Tension Geometry variation =
Winding geometry control Operator skill controlled Tooling defined  thermal resistance

variation

Cpk < 1.33 means
Cpk (DCR) 0.6-0.9 0.9-1.2 1.3-1.8 >0.27% out-of-spec
units expected

Consistent geometry =
In-field thermal variation High Moderate Low consistent thermal
resistance

PROMAGTECH targets Cpk 2 1.33 on DCR as a standard production commitment for flat wire
inductor programs. This corresponds to a process capability where statistically fewer than 66 units
per million will fall outside the DCR specification limits. Achieving this level on round wire inductors
without automated tension control and 100% DCR screening is significantly more difficult.
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8. Cost Structure and Economic Analysis

Flat wire inductors typically carry a unit cost premium of 15-40% over comparable round wire
inductors. The economic justification for paying this premium depends on the application
characteristics.

8.1 Cost Components

Cost Element m Flat Wire Cost Driver

Conductor material Lower (wire Higher (flat Flat copper has higher processing cost per

commodity) profile) kg

- M I Al . . .

Winding process an.u ator uto.mated Tooling amortised over production volume

semi-auto (tooling)
Core size (same spec) Larger Smaller Fill factor enables smaller core at same

P 9 possible DCR
C . +

Tooling investment Low Moderate—High (C:I:rsétom winding fixture per wire gauge
Qualification cost Lower Higher initially =~ More extensive process validation required
In-warranty repair rate AL (=it Lower Lower temp rise reduces failure probability

stress)

8.2 Break-Even Analysis

The economic break-even between flat wire and round wire depends primarily on operating current
and production volume:

» Below 20A continuous current: round wire copper loss is usually acceptable; fill factor improvement
does not reduce core size below round wire minimum practical size; round wire is typically the better
economic choice

» 20A-50A continuous current: break-even depends on frequency and package constraints; flat wire
justifies cost at higher frequencies or tighter thermal budgets

» Above 50A: flat wire copper loss advantage directly reduces system-level thermal management cost
(smaller heatsink, lower fan power); total system cost advantage often exceeds flat wire component
premium

* Production volume below 5,000 units: tooling amortisation makes flat wire more expensive unless the
design cannot be achieved with round wire

* Production volume above 20,000 units: tooling amortisation becomes negligible; flat wire Cpk benefit
reduces warranty and rework cost, often making the total cost of ownership lower than round wire

Total Cost of Ownership: When evaluating flat wire versus round wire for a high-power program,
calculate the full system cost impact: smaller heatsink, lower airflow requirement, reduced warranty
claims from thermal stress failures, and fewer in-process DCR rejects. In programs above 100A and
50,000 units per year, the system-level economics consistently favour flat wire.

9. Selection Framework: Decision Guide
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9.1 Quick Selection by Operating Current

Current Range | Recommended Key Reason
Winding

< 10A Round wire Cqst advgn'tage decisive; fill factor High frequency (>500kHz)
gain negligible may favour flat
Cost usually wins; evaluate at Height-constrained
10A - 30A Round wire preferred y ’ designs; high volume
>100kHz
programs
Fill factor benefit starts to offset cost Flat wire if frequency
30A 504 Evaluate both premium >100kHz or AT limit tight
50A — 100A Tt gt DCR and thermal advantage clear; SllmpleT LF deS|g.ns may
cost offset begins still suit round wire
> 100A Flat wire strongly rec. DCR, thermal, and consistency Vgry.hlgh turn count
advantages all apply windings at low V/turn

9.2 Quick Selection by Switching Frequency

Switching Round Wire AC Flat Wire Benefit Recommendation
Frequency Loss Penalty

Negligible (AC/DC < Round wire if current < 50A; flat wire

<30 kHz 1.1%) Fill factor only above 50A
30-100 kHz Moderate (1.2— Fill + reduced AC loss Flat wire above 30A; round wire for
2.5x%) lower current
100-500 kHz Significant (2-8x) Major AC loss Flat wlre strongly preferred; match t to
advantage 2x skin depth
500kHZz—2MHz Severe (>8x) Critical; thickness must Thin flat wire or Litz wire; PCB

match skin depth winding above 2MHz

9.3 Full Decision Matrix

Choose Flat Wire When:

* Continuous current per winding exceeds 50A and DCR is a binding constraint on thermal performance
» Switching frequency is above 100 kHz and AC copper loss contributes significantly to total winding loss
» Package height is constrained and the fill factor improvement is needed to fit the design in the envelope
» Temperature rise limit is below 40°C above ambient and every degree of thermal margin matters

* Production volume exceeds 10,000 units/year and Cpk = 1.33 is a quality programme requirement

* Application is automotive (AEC-Q200) or energy storage where process traceability is contractual

 System-level thermal management cost (heatsink, fan, cooling) is significant and can be reduced by
lower inductor temperature rise
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Choose Round Wire When:

 Continuous current per winding is below 20A and thermal margin at rated load is comfortable
« Switching frequency is below 50 kHz and skin effect contribution to AC resistance is below 20% of total

* Turn count per winding exceeds 30 turns and the per-turn cost advantage of flat wire is offset by higher
wire cost at small gauge

* Production volume is below 5,000 units and the tooling investment for flat wire cannot be amortised in
the programme

» The converter topology requires complex multi-layer interleaved winding structures where flat wire layer
management adds complexity without proportional benefit

* Budget is the dominant constraint and the thermal penalty of round wire is manageable with the
available cooling
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10. Application-Specific Selection Guidance

10.1 EV On-Board Charger (OBC) — PFC Boost Inductor

Typical Specification Winding Technology Recommendation

Rated Current 15-60 ARMS Flat wire above 30A; round wire below 20A
Switching Frequency 65-200 kHz Flat wire: AC loss advantage significant
DCR Target 1-8 mQ Flat wire: 25-30% lower DCR in same core
Temperature Rise Limit < 45°C (automotive) Flat wire: 15-20°C lower rise typical
Insulation Requirement :;t?:r):)ov (800v Both: insulation design issue, not wire type
AEC-Q200 Compliance Required Flat wire: easier Cpk achievement

10.2 Energy Storage PCS — Bidirectional Inductor

Energy storage PCS inductors must handle bidirectional current with identical forward and reverse
Isat margins. The saturation current in the reverse direction is often lower than forward for
asymmetric designs; a symmetric flat wire winding ensures the same Isat in both directions.

Rated Current (each direction) 50-250 A Flat wire strongly recommended above 50A
Switching Frequency 10-100 kHz Flat wire for frequencies above 30 kHz

Isat (L-20%) >1.4x rated current Verify at 100°C operating temperature

DCR Target < 0.5 mQ at 200A Flat wire: achievable; round wire: very difficult
Temperature Rise at 200A < 45°C continuous Flat wire: 20-25°C lower than round wire

10.3 PV Inverter — MPPT Boost Inductor

MPPT boost inductors in string and central inverters operate continuously at partial-to-full power for
up to 25 years. The dominant constraint is long-term thermal reliability rather than peak power
density. Flat wire's lower DCR reduces I’R heating, which directly extends winding insulation lifetime
(for every 10°C reduction in winding temperature, transformer lifetime approximately doubles per the
Arrhenius model).

10.4 Al Data Centre — 48V POL DC-DC

POL converters in 48V Al server power architectures switch at 300 kHz to 2 MHz using GaN devices.
At these frequencies, round wire AC resistance can be 5-20x its DC resistance, making flat wire with
thickness matched to 2x skin depth the only practical winding technology for achieving acceptable
copper loss.
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11. How to Specify a Flat Wire Inductor — Parameter Checklist

When requesting a custom flat wire inductor design review, provide the following parameters.
Incomplete specifications result in generic responses that may not represent the engineering
optimum.

L in yH or nH at operating bias, +% Core and turns selection; bias

Inductance & Tolerance . e
tolerance characteristic critical

RMS A per winding at rated load and ~ Conductor cross-section and DCR

Rated Current
temperature target

Peak / Saturation Current Aat|_peak = |_rated + Al/2; Isat spec  Core sizing; must be verified at hot

method (L-20%7?) temperature

AC / Ripple Current Peak-to-peak A and switching AC copper loss and core loss
frequency calculation

DCR Limit MaX|m.um mQ at 25°C and at max Copper loss budget; hot DCR often
operating temp overlooked

Max AT°C above ambient; state

Temperature Rise Limit T TR TS

Thermal design basis
Natural convection / forced air /

Determines thermal resistance target
baseplate contact

Cooling Method
Max L x W x H mm; PCB footprint; pin Core geometry and window area

Package Envelope pitch selection

Operating Voltage DC bus voltage and peak transient Insulation class requirement

Working voltage + hi-pot level + test

Insulation / Hi-Pot Film type and inter-layer design

standard
e e AEC-Q200/UL/RoHS/IEC Material and process qualification
Certification
standard class

Prototype pcs / NP1 / production rate Tooling investment and delivery

Quantity & Schedule .
per month planning

PROMAGTECH Response Commitment: Upon receiving a complete specification with the
parameters above, PROMAGTECH engineering will provide a preliminary design assessment
within 24 hours and a formal design proposal or quotation within 3 business days.
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12. Frequently Asked Questions

Q1: What is the DCR advantage of flat wire over round wire?

Flat wire typically reduces DCR by 15-30% versus round wire in the same core and winding window,
due to the higher copper fill factor achieved by rectangular conductors. The precise figure depends
on the fill factor achievable with each winding technology for the specific core geometry and
production process. Fill factors of 75-85% for flat wire versus 55-65% for round wire are
representative production values.

Q2: When should | choose round wire instead of flat wire?

Round wire remains practical and often the better economic choice in three situations: (1) below
approximately 20A continuous current, where the fill factor advantage does not significantly impact
thermal performance; (2) at very low switching frequencies (below 50 kHz), where skin effect
contribution to AC resistance is minor; and (3) when production volume is low (below 5,000 units)
and flat wire tooling investment cannot be amortised over the programme. For high-turn-count
windings with many layers, round wire with Litz wire may also outperform flat wire at high frequency.

Q3: Does flat wire winding affect saturation current?

Saturation current is determined by core material, core cross-section area, number of turns, and air
gap length — not directly by the conductor geometry. However, flat wire's higher fill factor allows the
same DCR to be achieved with fewer turns in the same window, which increases Isat for the same
core. Alternatively, the same turns can be used in a smaller core, which reduces Isat. The design
strategy (same turns / fewer turns / smaller core) determines the Isat outcome.

Q4: How does flat wire affect inductance tolerance?

Flat wire winding improves inductance tolerance indirectly through better fill factor consistency. The
dominant contributors to inductance variation in production are: turns count accuracy (usually
exact), core permeability variation (£10-25% for ungapped cores), and air gap length variation (for
gapped cores, typically the dominant variable). Winding consistency affects DCR more than
inductance for gapped-core designs.

Q5: Is flat wire suitable for transformers as well as inductors?

Yes. Flat wire winding is used in transformer primaries and secondaries for PFC stages, LLC and
CLLC resonant converters, isolated DC-DC converters, and bidirectional converter designs. In
transformer applications, the primary benefit is the same: lower DCR and better thermal
management in high-current windings. The inter-winding insulation system must be designed for the
required creepage, clearance, and hi-pot test voltage between primary and secondary windings.

Q6: Can flat wire performance numbers in this guide be used in production directly?

No. All numerical values in this guide are engineering references and illustrative examples based on
typical designs. Actual production values depend on the specific core geometry, winding
configuration, conductor cross-section and thickness, insulation material and thickness, operating
waveform, cooling method, and thermal environment. Production values must be confirmed through
approved samples, DCR measurement at operating temperature, DC bias inductance measurement,
thermal validation at rated current, and hi-pot testing before production release.
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13. Related Technical Resources

Resource Description URL

High Current Flat Wire Custom high-current flat wire inductors for ~ promagtech.com/products/flat-

Inductor EV, storage and industrial converters wire-inductor.html

SMD Flat Wire Inductor !_ow-proflle surface-mount flat wire promggtgch.com/products/smd-
inductors for compact power modules flat-wire-inductor.html

120V/40A/66kHz Flat Wire

Anonymised high-current design case: DC
bias, compact envelope, sample-stage

promagtech.com/technical-
resources/

Case Study anonymized-120v-40a-66khz-flat-
checks L .
wire-inductor-design-case.html
promagtech.com/technical-
High Power Density White =~ Round-wire vs. flat-wire trade-offs: fill resources/high-power-density-
Paper factor, AC loss, thermal path, production flat-wire-magnetics-white-

48V Al Data Center Article

Thermal and winding-limit analysis for
high-density 48V Al server POL converters

paper.htmi

promagtech.com/technical-
resources/48v-ai-data-center-flat-
wire-inductors.html

AIDC & ESS Inductor 12-chapter deep guide: core materials, promagtech.com/tech/aidc-ess-
Design Guide V4 DCR, temperature rise, saturation, cases inductor-design-guide

Shenzhen PROMAGTECH Co., Ltd.
A ITIEHA B RAE]
www.promagtech.com

zyong@promagtech.cn

Flat Wire Inductors - Transformers - Custom
Magnetics

Request a Design Review

* Send current, frequency, inductance, DCR limit,
and package size
*  24-hour preliminary response to complete

specifications

¢ Sample lead time: standard 2 weeks / custom 3—4
weeks

*  Programs: EV - Energy Storage - AIDC - Solar
- Industrial
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	1.  Introduction
	In power inductor design, the choice of winding technology directly affects electrical performance, thermal behaviour, and unit cost. Flat wire (rectangular copper conductor) and round wire (enamelled round copper wire) are the two principal winding technologies, each with distinct engineering characteristics and application scenarios where it holds the advantage.
	This article provides a systematic, quantitative comparison across six engineering dimensions: DC resistance (DCR), AC loss characteristics, saturation current (Isat) behaviour, thermal performance, production consistency, and cost structure. A structured selection framework and application-specific guidance are included to help engineers match the winding technology to their specific converter requirements.
	2.  Geometry and Fill Factor: The Root Cause of DCR Difference
	The performance difference between flat wire and round wire inductors originates at the level of basic geometry. Understanding this origin allows engineers to predict when the difference is significant and when it is negligible.
	2.1  Window Fill Factor Defined
	The window fill factor (kw) is the ratio of the total copper conductor cross-section area to the available winding window area of the magnetic core:
	kw = (N × A_conductor) / A_window
	where N is the number of turns, A_conductor is the cross-section area of one conductor (excluding insulation), and A_window is the total window area available for winding. A higher fill factor means more copper is carrying current per unit of window area, which directly reduces DCR for the same inductance target.
	2.2  Why Round Wire Has a Lower Fill Factor
	When circular conductors are packed into a rectangular core window, unavoidable triangular air gaps form between adjacent conductors — both within each layer and between layers. For the closest possible hexagonal packing, the theoretical maximum fill factor of circles is π/(2√3) ≈ 90.7%, but this is never achieved in practice because:
	2.3  Flat Wire Fill Factor Advantage
	Rectangular copper conductors can be stacked in a core window with near-zero lateral gap between adjacent turns on the same layer — the flat surfaces contact the thin insulation film directly. The dominant voids are the insulation film thickness itself (typically 25–75 μm) and any deliberate inter-layer spacers for voltage grading.
	The 15–25 percentage point improvement in fill factor that flat wire achieves over round wire translates directly to a proportionally lower DCR for the same core, window, and turns count. Equivalently, the same DCR can be achieved in a core with a proportionally smaller window — directly reducing magnetic volume and component height.

	3.  DC Resistance (DCR): Quantitative Comparison
	DCR is the most commonly specified electrical parameter after inductance itself. It determines steady-state copper loss (P = I²R), temperature rise under rated current, and the efficiency debit attributable to the inductor.
	3.1  DCR Formula and Fill Factor Relationship
	For a winding with N turns, mean turn length MLT, conductor cross-section area A_c (net copper, excluding insulation), and copper resistivity ρ:
	DCR = ρ × N × MLT / A_c   and   A_c = kw × A_window / N
	Combining: DCR = ρ × N² × MLT / (kw × A_window). For the same inductance (same N), same core (same MLT and A_window), and same operating temperature, the DCR ratio between flat wire and round wire is simply the inverse ratio of their fill factors:
	DCR_flat / DCR_round = kw_round / kw_flat
	With kw_round = 0.60 and kw_flat = 0.80, the ratio is 0.60/0.80 = 0.75, meaning flat wire DCR is 75% of round wire DCR — a 25% reduction — for the same core and turns.
	3.2  Measured DCR Comparison: Design Examples

	4.  AC Loss: Skin Effect and Proximity Effect
	At DC or low frequency, the fill factor advantage of flat wire translates directly to a proportional DCR improvement. At higher switching frequencies, two additional electromagnetic phenomena raise the effective winding resistance beyond its DC value — and the relative performance of flat wire versus round wire depends critically on how the conductor geometry is matched to these effects.
	4.1  Skin Effect
	At frequency f, current in a conductor concentrates in a surface layer of thickness δ (skin depth):
	δ (mm) = 66.1 / √f(Hz)  →  δ ≈ 0.295mm @50kHz,  δ ≈ 0.093mm @500kHz,  δ ≈ 0.047mm @2MHz
	For a round conductor with diameter d, when d > 2δ, only the outer annular shell of thickness δ carries most of the current. The interior copper is essentially idle, raising AC resistance above DC resistance.
	For a flat conductor with thickness t, when t ≤ 2δ, the current is distributed more uniformly through the conductor cross-section. Specifying flat wire conductor thickness to match 1–2 skin depths at the operating frequency is one of the most effective single actions for reducing high-frequency copper loss.
	4.2  Proximity Effect
	Adjacent conductors carrying alternating current generate time-varying magnetic fields that penetrate neighbouring conductors and induce eddy currents, further distorting current distribution and increasing effective AC resistance. Proximity effect becomes particularly severe in multi-layer windings at high frequency.
	4.3  Dowell Analysis for Multi-Layer Windings
	The Dowell method provides an analytical framework for estimating AC resistance in multi-layer windings. The AC resistance factor F_R = R_AC / R_DC depends on the ratio Q = d/δ (for round wire) or h/δ (for flat wire, where h is conductor height), and on the number of winding layers m:
	For flat wire with h/δ ≤ 1 (conductor thickness at or below one skin depth), the first-layer AC resistance factor approaches 1.0 and the effect of additional layers adds only approximately (2m²-1)/3 × (h/δ)⁴/45 per layer — typically negligible at 2 layers. For round wire with d/δ > 2, the multi-layer factor rises steeply with the square of the number of layers, which is why reducing layer count is critical in round-wire high-frequency designs.

	5.  Saturation Current (Isat): Behaviour and Specification
	Saturation current is defined as the DC bias current at which the inductance has decreased by a specified percentage from its zero-bias value. The most common definition is L −20%, though L −10% is used in stricter designs and L −30% appears in some fast-transient applications.
	5.1  What Determines Isat
	Isat is primarily a function of the magnetic circuit, not the winding conductor geometry:
	5.2  Indirect Effect of Fill Factor on Isat Optimisation
	Because flat wire achieves higher fill factor, a given DCR specification can be met with fewer turns in the same core window, or with the same turns in a smaller window. These options each affect Isat differently:
	5.3  Saturation Characteristic Shape: Soft vs. Hard
	The shape of the inductance roll-off with DC bias current differs between core types and affects system behaviour near the saturation point:

	6.  Thermal Performance: Why Flat Wire Runs Cooler
	The thermal performance of an inductor depends on the total power loss and the thermal resistance from the heat source to the cooling medium. Flat wire improves both:
	6.1  Lower Total Loss
	Total inductor loss consists of copper loss and core loss:
	P_total = I_rms² × R_AC + P_core(f, B_ac, core_volume)
	Flat wire reduces R_AC through two mechanisms: lower DCR (fill factor advantage) and lower skin/proximity effect AC resistance at high frequency. Core loss is not directly affected by the winding conductor type, so the copper loss improvement of flat wire becomes the dominant factor in total loss reduction at high current.
	6.2  Shorter Thermal Path
	In a round-wire winding, heat generated in the winding must conduct from each conductor through the inter-conductor medium (air gaps filled with potting compound or air) to the outer winding surface or core wall. Air has thermal conductivity k ≈ 0.026 W/m·K; standard potting compound k ≈ 0.5–2.0 W/m·K; copper k ≈ 400 W/m·K. The inter-conductor medium is the thermal bottleneck.
	In a flat wire winding, the conductor surfaces are in near-direct contact through a thin film. Copper lateral thermal conduction (400 W/m·K) dominates the path from the conductor interior to the conductor edge and then to the core wall or baseplate. This creates a fundamentally shorter thermal resistance path.
	The 15–23°C reduction in temperature rise shown above is consistent with published measurements across multiple design examples. The actual improvement for any specific design depends on the operating frequency, ripple current ratio, core material loss, cooling method, and potting compound.

	7.  Production Consistency
	For high-volume power electronics manufacturing, batch-to-batch parameter consistency is a reliability specification, not merely a quality metric. Wide DCR or inductance variation can push outlier units to the edge of their operating envelope even when the nominal design appears well-margined.
	PROMAGTECH targets Cpk ≥ 1.33 on DCR as a standard production commitment for flat wire inductor programs. This corresponds to a process capability where statistically fewer than 66 units per million will fall outside the DCR specification limits. Achieving this level on round wire inductors without automated tension control and 100% DCR screening is significantly more difficult.
	8.  Cost Structure and Economic Analysis
	Flat wire inductors typically carry a unit cost premium of 15–40% over comparable round wire inductors. The economic justification for paying this premium depends on the application characteristics.
	8.1  Cost Components
	8.2  Break-Even Analysis
	The economic break-even between flat wire and round wire depends primarily on operating current and production volume:

	9.  Selection Framework: Decision Guide
	9.1  Quick Selection by Operating Current
	9.2  Quick Selection by Switching Frequency
	9.3  Full Decision Matrix

	10.  Application-Specific Selection Guidance
	10.1  EV On-Board Charger (OBC) — PFC Boost Inductor
	10.2  Energy Storage PCS — Bidirectional Inductor
	Energy storage PCS inductors must handle bidirectional current with identical forward and reverse Isat margins. The saturation current in the reverse direction is often lower than forward for asymmetric designs; a symmetric flat wire winding ensures the same Isat in both directions.
	10.3  PV Inverter — MPPT Boost Inductor
	MPPT boost inductors in string and central inverters operate continuously at partial-to-full power for up to 25 years. The dominant constraint is long-term thermal reliability rather than peak power density. Flat wire's lower DCR reduces I²R heating, which directly extends winding insulation lifetime (for every 10°C reduction in winding temperature, transformer lifetime approximately doubles per the Arrhenius model).
	10.4  AI Data Centre — 48V POL DC-DC
	POL converters in 48V AI server power architectures switch at 300 kHz to 2 MHz using GaN devices. At these frequencies, round wire AC resistance can be 5–20× its DC resistance, making flat wire with thickness matched to 2× skin depth the only practical winding technology for achieving acceptable copper loss.

	11.  How to Specify a Flat Wire Inductor — Parameter Checklist
	When requesting a custom flat wire inductor design review, provide the following parameters. Incomplete specifications result in generic responses that may not represent the engineering optimum.
	12.  Frequently Asked Questions
	Q1: What is the DCR advantage of flat wire over round wire?
	Flat wire typically reduces DCR by 15–30% versus round wire in the same core and winding window, due to the higher copper fill factor achieved by rectangular conductors. The precise figure depends on the fill factor achievable with each winding technology for the specific core geometry and production process. Fill factors of 75–85% for flat wire versus 55–65% for round wire are representative production values.
	Q2: When should I choose round wire instead of flat wire?
	Round wire remains practical and often the better economic choice in three situations: (1) below approximately 20A continuous current, where the fill factor advantage does not significantly impact thermal performance; (2) at very low switching frequencies (below 50 kHz), where skin effect contribution to AC resistance is minor; and (3) when production volume is low (below 5,000 units) and flat wire tooling investment cannot be amortised over the programme. For high-turn-count windings with many layers, round wire with Litz wire may also outperform flat wire at high frequency.
	Q3: Does flat wire winding affect saturation current?
	Saturation current is determined by core material, core cross-section area, number of turns, and air gap length — not directly by the conductor geometry. However, flat wire's higher fill factor allows the same DCR to be achieved with fewer turns in the same window, which increases Isat for the same core. Alternatively, the same turns can be used in a smaller core, which reduces Isat. The design strategy (same turns / fewer turns / smaller core) determines the Isat outcome.
	Q4: How does flat wire affect inductance tolerance?
	Flat wire winding improves inductance tolerance indirectly through better fill factor consistency. The dominant contributors to inductance variation in production are: turns count accuracy (usually exact), core permeability variation (±10–25% for ungapped cores), and air gap length variation (for gapped cores, typically the dominant variable). Winding consistency affects DCR more than inductance for gapped-core designs.
	Q5: Is flat wire suitable for transformers as well as inductors?
	Yes. Flat wire winding is used in transformer primaries and secondaries for PFC stages, LLC and CLLC resonant converters, isolated DC-DC converters, and bidirectional converter designs. In transformer applications, the primary benefit is the same: lower DCR and better thermal management in high-current windings. The inter-winding insulation system must be designed for the required creepage, clearance, and hi-pot test voltage between primary and secondary windings.
	Q6: Can flat wire performance numbers in this guide be used in production directly?
	No. All numerical values in this guide are engineering references and illustrative examples based on typical designs. Actual production values depend on the specific core geometry, winding configuration, conductor cross-section and thickness, insulation material and thickness, operating waveform, cooling method, and thermal environment. Production values must be confirmed through approved samples, DCR measurement at operating temperature, DC bias inductance measurement, thermal validation at rated current, and hi-pot testing before production release.
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