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Why Toroidal Power Inductors Are Preferred for High-Current PV

Inverter Applications
Key Takeaway

In the high-current power-inductor stages of PV inverters — boost, PFC and output filtering — the
toroidal iron-silicon (FeSi) powder-core inductor is preferred not because it leads on any single metric,
but because it strikes the best balance across a set of conflicting engineering constraints: a distributed air
gap yields low fringing-flux loss and low EMI; high saturation flux density gives strong anti-saturation with a
gentle soft-saturation roll-off; a closed magnetic path minimizes leakage; and a single-body structure
delivers high batch consistency at low cost. lts trade-offs are equally clear — inductance cannot be tuned
after forming, and edge-winding large-section flat wire demands real process capability. This article
unpacks the physics, the quantitative methods and the design pitfalls behind each of these trade-offs, so
an engineer can make a verifiable judgement at the selection stage.

A note up front: all material parameters, loss and temperature-rise statements use publicly available reference values,
flagged as subject to per-project confirmation; no confidential measured data of any specific product is disclosed. The
aim is a transferable design framework, not the datasheet of one finished part.

1. Application Context: Real Operating Conditions of PV Power Inductors

The power inductor is one of the most underestimated yet most failure-prone components in a PV
inverter’s conversion chain. To understand why a toroidal FeSi core wins here, we must first break apart
the loose term "PV power inductor" — it serves different roles, at different currents and frequencies,
depending on its position in the topology.

I 1.1 Three Typical Positions in the PV Chain

In mainstream string and central PV inverters, power inductors appear in three positions whose operating
differences drive the choice of core shape and material:

» Boost inductor: at the MPPT stage, storing energy to raise the module DC voltage to the bus voltage. It
carries high DC bias plus switching ripple, at high current and medium-low frequency, demanding the
strongest anti-saturation and DC-bias behavior.

« PFC inductor: in AC-interfaced topologies, shaping the input current. It carries large fundamental plus
ripple components and is sensitive to soft saturation and inductance stability across the full current range.
+ Output / filter inductor: suppressing switching ripple and improving waveform quality, prioritizing
inductance retention and low loss at rated current.

Their common profile — tens to hundreds of amperes, line frequency to tens of kHz, and the need to hold
target inductance under significant DC bias — is exactly what frames the core-selection space.

I 1.2 Core Operating Requirements at a Glance

Typical Range
Operating Dimension P g Core Requirement Consequence of Mismatch
(reference)

Working current Tens to hundreds of A St.ror?g anti-saturation, low Excess copper loss, over-
winding loss temperature
Switching frequency Line freq. to tens of kHz Controlled core loss High core loss, lower efficiency
DC bias High DC + AC ripple Soft saturation, good DC-bias Hard saturation, inductance
collapse
Temperature rise Bounded by efficiency/life  Good cooling, low total loss Insulation aging, shorter life
Cost Mass-production sensitive Material & structural economy  Not mass-producible
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Each requirement maps to a concrete failure mode. The value of the toroidal FeSi core is that it lowers all
five risks at once, rather than excelling at one while failing another.

2. Magnetic-Path Physics: Why the Toroid Wins at Medium-Low Frequency, High

Current

The most fundamental difference between a toroid and a gapped split core (EE, EQ, UU, etc.) lies in the
form the air gap takes. That single difference cascades into the behavior of fringing flux, winding eddy
current, EMI and saturation. Following this causal chain is the key to understanding the toroidal
advantage.

I 2.1 Concentrated vs. Distributed Gap: The Origin of Fringing Flux

A gapped split core uses one concentrated gap in the magnetic path to tune inductance and DC-bias
capability. But as flux crosses the gap it spreads into the surrounding space, forming fringing flux. This
fringing flux does not follow the ideal path; it diverges through the space near the gap — including any
winding conductors placed there.

The toroidal FeSi powder core works differently: it is pressed from insulation-coated metal powder
particles, and the non-magnetic gaps between particles form countless micro-gaps inside the material — a
distributed gap. The equivalent gap is spread uniformly through the whole core volume, with no
concentrated gap, so essentially no macroscopic fringing flux is produced. This is the physical root of the
toroid’s advantages.

I 2.2 How Fringing Flux Becomes Winding Eddy Loss — Especially for Flat Wire

The harm of fringing flux is not the flux itself but the eddy currents it induces when it cuts the winding. As
alternating fringing flux passes through the copper near the gap, it induces circulating eddy currents that
dissipate as ohmic heat — concentrated locally near the gap, forming hot spots.

This effect is especially pronounced for flat wire. To achieve high fill factor and low DC resistance, flat-
wire conductors are wide and thin; when the wide face faces the diverging fringing flux, the cut area is
large and the induced eddy current is stronger. In other words, flat wire in a concentrated-gap structure
may pay an extra AC-loss penalty from fringing flux. The toroidal powder core has no concentrated gap
and removes this hot-spot source at the root — which is exactly why the "toroid + flat wire" combination is
viable at medium-low frequency and high current.

I 2.3 Closed Path and EMI

A toroid is an inherently closed magnetic path: the main flux closes inside the core body with minimal
external leakage. This brings two engineering gains: lower EMI coupling into nearby sensitive circuits
(sensing, drive, communication), easing EMC compliance; and reduced eddy loss induced by leakage in
adjacent metal parts. A gapped structure, by contrast, necessarily radiates field at the gap — a common
source of system-level EMI.

I 2.4 The Trade-off: Inductance Is Not Adjustable

The toroid’s advantages come with one clear cost: the equivalent gap is set by material permeability and
cannot be fine-tuned after forming the way a concentrated gap can. The design must hit target inductance
in one shot, by choosing the permeability grade and calculating turns precisely. This shifts the precision
burden forward into the design and calculation stage — addressed in the next section.

3. Saturation and DC Bias: Why Soft Saturation Is Mandatory at High Current

I 3.1 Hard vs. Soft Saturation

High-permeability materials such as ferrite see permeability collapse as flux density approaches Bs, and
inductance drops off a cliff — hard saturation. Metal powder cores such as FeSi, owing to their distributed
gap, see permeability decline gradually and inductance roll off smoothly — soft saturation.

In high-DC-bias scenarios like PV boost and PFC, soft saturation is not a bonus but a requirement. The
reason: high-current scenarios often involve surge, load steps and ripple superposition, so the
instantaneous current may far exceed rated. With a hard-saturation material, once the instantaneous
current crosses the knee, the inductance collapse triggers runaway current spikes that endanger the
switches. A soft-saturation material retains a meaningful fraction of inductance under overload, leaving the
system a safety margin.
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I 3.2 The Saturation-Current (Isat) Criterion Trap

Saturation current is the parameter most prone to miscommunication, because the definition of Isat is
itself not unique. A common criterion is "the current at which inductance drops to a given percentage of
its initial value," but that percentage varies by vendor — some use a 10% drop (Idrop<10%), others 20%
or 30%. For the same core, the Isat judged at 10% drop is clearly lower than the value judged at 30%.
So, when selecting and communicating with a customer, align the Isat criterion first, then compare
numbers. Otherwise two specs that both read "Isat = 65A" may rest on entirely different drop bases and
are not comparable. The table contrasts common criteria:

Isat Criterion (common) Engineering Meaning Effect on Selection

Strict; lower Isat value, conservative

Idrop <10% Current at <10% inductance drop design
Idrop < 20% Current at £20% inductance drop Moderate; a common compromise
Idrop < 30% Current at £30% inductance drop Loose; higher Isat, assess overload

risk

I 3.3 Designing for Roll-off

Since the toroid hits target inductance by calculation rather than adjustment, the core of the design is to
predict the high-current inductance roll-off accurately. The usual approach: first define the target as
"the minimum inductance under bias current" (not the no-load value), then back-calculate the required no-
load inductance — because a powder core’s inductance falls under DC bias at rated current. If a target
must be held at rated current, the no-load design value is often set significantly higher to reserve roll-off
margin. Get this right and the toroid reliably hits target, with better batch consistency than a gapped
structure.

4. Loss Mechanisms: Decomposing and Balancing Core and Copper Loss

Total loss sets temperature rise, which sets volume and lifetime, so loss is central to high-current inductor
design. Loss splits into core loss and winding (copper) loss; their optimization directions often conflict, so
decomposing them is the prerequisite for the right trade-off.

I 4.1 Core Loss and Its Frequency Dependence

Core loss comprises hysteresis and eddy-current loss, commonly described by Steinmetz-type empirical
relations of frequency and flux swing: loss rises with frequency and increases sharply with flux-density
swing. This explains a key fact — FeSi powder-core body loss rises relatively quickly with frequency, so its
sweet spot is medium-low frequency; above a few hundred kHz, low-loss FeNi (MPP) or ferrite often wins.
PV power inductors operate precisely in the medium-low band — FeSi’s home turf.

I 4.2 The DC and AC Components of Copper Loss

Copper loss comprises a DC part and an AC part. DC copper loss depends on the winding DC resistance
and the square of the RMS current; AC copper loss arises from skin and proximity effects, pronounced at
high frequency and in multi-strand/multi-layer windings. For a high-current inductor, the key to lowering DC
copper loss is to increase effective conductor cross-section and shorten the winding path — exactly where
edge-wound flat wire excels.

Repeated domain Lower-loss grade, lower flux

Hysteresis loss Frequency, flux swing, material

magnetization swing
. F ! icle size, . .
Core eddy loss Eddy currents in the core re.qu.elncy particle size Choose suitable powder material
resistivity
DC copper loss Winding DC resistance Cross-section, length, current Larger section, shorter path
AC copper loss Skin / proximity effect Frequency, shape, winding Optimize shape and arrangement

layout
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I 4.3 The Temperature Amplification of Copper Loss (Often Underestimated)

An easily overlooked fact: copper resistance rises with temperature (about +0.39% per °C). This means
copper loss computed from cold (25°C) DC resistance is optimistic. When the winding reaches 80—
120°C, the actual DC resistance may be about 25-40% higher than cold, amplifying copper loss. So
temperature-rise assessment must use hot resistance, not cold, or it systematically underestimates the
rise. This is a leading reason why many "paper-compliant" designs exceed temperature in test.

5. Material Selection: FeSi vs. Mainstream Powder Cores

Toroidal power inductors can use several soft-magnetic powder materials, each trading off saturation, loss,
cost and usable frequency. The table gives public reference characteristics and positioning to establish a
first-level judgement:

Frequency
Saturation Bs | Rel. Loss | Rel. Cost Band Typical Use

High current, cost-sensitive

Iron Silicon (FeSi) ~1.5-16T Medium Medium-low (PVIESS)

Sendust (FeSiAl) ~1.0-1.05T Lower Medium Medium Lower-loss needs, general

MPP (FeNiMo) ~0.7-08T Low High Med-high High freq, low loss, high
performance

High-Flux ~15T Low-Med Higher Med-high High DC bias, higher freq

The selection logic in brief: frequency sets the material class; current and cost set the specific
grade. The medium-low frequency, high current and cost sensitivity of PV power inductors make FeSi the
overall optimum — it trades medium loss for high Bs (strong anti-saturation) and low cost, and its loss
weakness is not pronounced in the medium-low band. Only if project frequency moves up significantly, or
loss becomes critical, should Sendust or MPP be considered, accepting the cost increase.

6. Winding and Process: The Value and Threshold of Edge-Wound Flat Wire

I 6.1 Why Edge-Wound Flat Wire Suits High Current

Compared with round wire, edge-wound flat (rectangular-section) wire offers three benefits at high current:
first, the rectangular section gives a higher fill factor, placing more copper per window and lowering DC
resistance; second, the wide face contacts the core surface for a shorter, more direct heat path, helping
limit temperature rise; third, the compact, mechanically stable structure resists vibration and thermal
cycling, suiting the long-life demands of outdoor PV.

I 6.2 Winding-Option Comparison

Edge-wound flat wire  High fill, low AC R Good cooling, ngh process bar, High-current first choice
stable tooling
Multi-strand round Process-flexible Fits small bore Lower fill factor Small ID / niche

Suits some high-

Foil winding Very high fill freq

Special cost/process  Special cases

I 6.3 The Process Threshold: Window and Inner-Diameter Hard Constraint

Toroidal winding has a hard constraint designers easily overlook — the winding window is limited by
the inner diameter. All turns must sit on the inner ring, whose circumference is smallest; with wide-section
flat wire, the conductor occupies bore space radially, narrowing the usable bore. The smaller the ID, the
wider the wire, and the more turns, the tighter the bore — there is a physical "cannot-fit" boundary. This
means core size, wire gauge and turns cannot be chosen independently; they must be co-verified. A

SHENZHEN PROMAGTECH CO.,LTD. | www.promagtech.com | zyong@promagtech.cn Page 4/7



PROMAGTECH

High-Performance Magnetic Solutions

specialist manufacturer’s value is finding a solution within this constraint space that meets the electrical
targets and is process-realizable, validated by a trial winding before production — rather than committing
on paper and cutting tooling directly.

I 6.4 Insulation System and Safety

Insulation Iltem _ Characteristics Applicability

Insulation class Class H (ref. 180°C) Ample thermal margin High temp-rise scenarios
Layer/turn insulation Polyimide / polyester film Voltage & heat resistant Per safety & voltage needs
Impregnation/potting Epoxy / silicone (as needed) Better cooling & mechanics  High vibration / high rise

7. Thermal, Volume and Failure: From Paper-Compliant to Truly Deliverable

I 7.1 The Volume Floor Is Set by Temperature Rise, Not Geometry

Customers often ask for "the smaller the better," but volume cannot shrink without limit. An inductor’s
volume floor is set by three physical walls: the core energy-storage volume (proportional to Y4LI3, set by
inductance and current), the winding window (to hold the turns), and the heat-dissipation surface.
Cooling is usually the hardest wall: with loss fixed, a smaller volume means a smaller surface, higher heat-
flux density and higher temperature rise. So the meaningful goal is not "absolute minimum volume" but
"the minimum volume that still meets the temperature limit" — and the two can be far apart.

I 7.2 The Right Lever for Shrinking Volume Is Reducing Loss

Rather than forcing the size down, reduce loss first: with lower loss, the same temperature limit permits a
smaller volume. Feasible paths include choosing a lower-loss core grade (reducing core loss), optimizing
conductor section and layout (reducing copper loss), and re-balancing turns to find the minimum of the
core-plus-copper loss sum. This is smarter and more reliable than shrinking geometry alone.

I 7.3 Common Failures and Design Pitfalls in High-Current Inductors

- Over-temperature: usually from underestimating copper loss with cold resistance, or insufficient cooling
volume; assess with hot resistance and reserve margin.

« Transient hard saturation: misusing a hard-saturation material or insufficient saturation margin lets
inductance collapse and current run away under overload. Choose soft-saturation material and verify peak
margin.

» Gap hot spots (gapped structures): concentrated-gap fringing flux induces local eddy currents in flat
wire, forming hidden hot spots that paper loss misses. The toroidal powder core avoids this.

» Un-windable designs: failing to co-verify ID, wire gauge and turns yields a design that works on paper
but cannot be wound or terminated. Validate by trial winding before tooling.

- Criterion mismatch: if the test conditions or criteria for Isat or inductance differ from the customer’s,
"compliance" is void. Align all criteria at the outset.

I 7.4 Selection Differences Across PV Sub-scenarios

"PV power inductor" is not a single spec; different system forms and power levels weight the inductor
differently, and the FeSi grade and structure should follow. The table gives the selection emphasis for
typical sub-scenarios as a second-level judgement:

Current / Frequency Selection Emphasis Toroidal FeSi Fit

String inverter Medium current, higher freq Balance loss and volume Medium-p FeSi, control core loss
1. . Y - .
Central inverter T e Anti-saturation, low copper ngh Bs FeSi + flat wire, control
loss rise
ESS PCS High current, bidirectional Soft saturation, wide bias FeSi soft-saturation match
. )
Microinverter Low current, higher freq Small size, efficiency first Small toroid + low-loss grade

option

Even within PV power inductors, central inverters and microinverters sit almost at opposite ends of the
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spectrum: the former favors high current, low frequency and strong anti-saturation — the classic home of
toroidal FeSi plus flat wire; the latter favors low current, higher frequency and size/efficiency, possibly
needing a smaller core or a lower-loss grade. Recognizing this difference is the prerequisite for avoiding
the common "one design fits all" mistake.

8. Design Specification Checklist
Drawing on the principles above, confirm the following before designing a toroidal power inductor — any
missing item can cause rework or an undeliverable design:

Confirm the following before designing a toroidal power inductor (all required):
O Rated current (IRMS) and peak current (IPEAK), including surge/overload conditions
O Saturation current (Isat) definition and its inductance-drop criterion (e.g., Idrop < 10% / 20% / 30%)

O Target inductance and its test condition (no-load value vs. minimum under bias current)

O

Switching frequency, ripple current and ripple flux swing

O Temperature-rise limit (AT) and cooling method (natural / forced air), and the ambient used for assessment

O

Volume / form-factor / mounting constraints
O Ambient temperature range, insulation class and safety-certification requirements

O Whether the winding form (flat / round) is mandated, and whether the tooling lead time is acceptable

9. Frequently Asked Questions

Q: Why are toroidal FeSi cores commonly chosen for PV power inductors over gapped split cores?
A: It comes down to magnetic-path structure. The toroidal FeSi powder core replaces a concentrated gap with a
distributed gap inside the material, producing essentially no macroscopic fringing flux, and so avoiding the local
eddy hot spots fringing flux induces in the winding (especially flat wire) and the external radiation. FeSi’s high
saturation flux density also provides strong anti-saturation and soft saturation. Gapped split cores remain
valuable where inductance must be precisely adjustable, but they require extra handling of fringing loss and
EMI. At medium-low frequency and high current, the toroid’s overall balance is better.

Q: Inductance of a toroid is not adjustable — does that hurt design precision?

A: No, provided it is calculated correctly at the design stage. The toroid hits target inductance by choosing the
permeability grade and computing turns accurately; the key is to define whether the target is the no-load value
or the minimum under bias current, and to reserve roll-off margin accordingly. Once that is right, the toroid’s
batch consistency is actually better than a structure relying on gap assembly, because it eliminates the gap-
assembly tolerance variable.

Q: FeSi loss is higher at high frequency — what frequency does it suit?

A: FeSi powder-core body loss rises relatively quickly with frequency, so its overall advantage sits in the
medium-low band (line frequency to tens of kHz), which exactly covers the main operating frequency of PV
boost, PFC and filter inductors. When the application moves well above a few hundred kHz, low-loss FeNi
(MPP) or ferrite is usually better. Frequency is thus the first watershed in material choice.

Q: Two parts are both rated Isat = 65A — are they directly comparable?

A: Not directly; align the criterion first. The definition of Isat depends on the "how much inductance drop" basis,
commonly 10%, 20% or 30%. For the same core, different criteria give clearly different Isat values. Confirm both
sides use the same drop criterion before comparing, or two "65A" figures may not be comparable.

Q: What is difficult about edge-winding flat wire on a toroid?

A: The difficulty is the physical winding-window constraint. Turns must sit on the inner ring, and wide-section flat
wire occupies the bore radially; the smaller the ID, the wider the wire, and the more turns, the tighter the bore —
there is a "cannot-fit" boundary. So core size, wire gauge and turns must be co-verified, and validated by a trial
winding before production. This is where a specialist manufacturer’s process capability shows, and it is key to
the performance and reliability of high-current inductors.

Q: Why can a paper-compliant design still exceed temperature in test?

A: The most common cause is estimating copper loss from cold resistance. Copper resistance rises with
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temperature, and the resistance at operating temperature may be about 25-40% higher than at 25°C,
systematically underestimating copper loss and temperature rise. Gap fringing hot spots and insufficient cooling
volume can also push measured values above prediction. The robust practice is to assess with hot resistance
and validate by measured temperature rise on samples.

10. Related Resources and Support

Resource Description

Applications High-current power inductors for PV inverters, ESS PCS, EV chargers, industrial power

Core selection, inductance & loss estimation, thermal assessment, winding & trial-winding

Design support validation

Custom capability Edge-wound toroidal inductors, PFC inductors, boost inductors — custom development

Contact Us - Request a Custom Solution

If you are designing a high-current power inductor for a PV inverter or energy-storage system, share your
operating conditions — current (including surge), switching frequency, target inductance and its criterion, Isat
definition, temperature-rise limit and volume constraints. We will provide targeted core selection, loss and
temperature-rise estimation, and winding-process evaluation, with a trial winding validated before production.

SHENZHEN PROMAGTECH CO.,LTD.

Web: www.promagtech.com | Email: zyong@promagtech.cn
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