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1. Introduction 

Magnetic components, including power inductors, common-mode/differential-mode chokes, 
magnetic cores and permanent magnet (PM) units, are indispensable electromagnetic energy 
conversion and filtering components of motor frequency converter systems. They undertake core 
functions involving pulse-width modulation (PWM) harmonic suppression, electromagnetic 
interference (EMI) attenuation, voltage spike absorption, energy storage and motor magnetic field 
excitation. With the rapid development of wide-bandgap (WBG) semiconductor-based frequency 
converters toward high switching frequency, high power density and wide-speed-range variable-
frequency drive, traditional magnetic component design schemes face prominent technical 
limitations. Nonlinear electromagnetic response, high-frequency loss escalation, magnetic 
saturation, multi-field coupling aging and electromagnetic compatibility (EMC) mismatch have 
become critical bottlenecks restricting the efficiency, operational reliability and service life of modern 
frequency converter systems. This paper systematically analyzes the generation mechanism of 
typical defects in frequency converter magnetic components based on high-frequency 
electromagnetic theory and system operating characteristics, and proposes hierarchical, 
implementable and verifiable systematic optimization strategies for high-performance industrial 
application. 

 

 

 

 

 

 

2. Core Technical Pain Points and Mechanism Analysis 

2.1 High-Frequency Composite Loss Deterioration 
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Frequency converters generate wide-band PWM harmonics ranging from 2 kHz to 200 kHz during 
operation, inducing severe composite losses in magnetic components, consisting of core 
hysteresis/eddy current losses and winding high-frequency copper losses. Core loss conforms to the 

modified Steinmetz formula 𝑃௖௢௥௘ = 𝑘𝑓ఈ𝐵ఉ, where elevated switching frequency and distorted flux 
density waveforms drastically amplify core loss. For conventional ferrite and silicon steel cores, eddy 
current loss increases quadratically with frequency. Simultaneously, skin effect and proximity effect 
cause uneven current distribution in windings, leading to high-frequency copper loss 3–8 times 
higher than DC loss. 

In SiC/GaN-based high-frequency converters (f>50 kHz), ultra-fast switching edges trigger abrupt 
flux density mutation and anomalous core loss. Non-sinusoidal PWM excitation further breaks the 
linear loss characteristics of magnetic materials, resulting in intensive heat accumulation and 
continuous temperature rise. Long-term thermal load induces insulation aging and irreversible 
performance degradation, which dominates the long-term efficiency attenuation of frequency 
converter systems. 

2.2 Magnetic Saturation and Volt-Second Product Mismatch 

Magnetic cores of inductors and chokes operate under time-varying volt-second product excitation. 
Extreme operating conditions, including low-speed heavy-load startup, grid voltage fluctuation and 
PWM over-modulation, sharply increase instantaneous volt-second load on magnetic components. 
For a 400 V DC bus frequency converter, the actual volt-second product can reach 10 V·ms at 20 
kHz switching frequency, exceeding the rated margin of conventional core designs. Excessive 
magnetomotive force leads to rapid permeability drop, drastic inductance attenuation and complete 
failure of filtering and energy storage functions. 

PM components suffer irreversible demagnetization risks under extreme working conditions. The 
superimposition of stator armature reaction magnetic field and reverse field generated by field-
weakening control deteriorates PM working flux density. Combined with high-temperature and strong 
vibration coupling effects, NdFeB magnets exhibit reduced residual flux density and coercivity, 
resulting in insufficient motor torque output, intensified torque ripple and even permanent excitation 
failure. Traditional rated-condition-based design lacks transient margin optimization, causing 
frequent saturation failure in practical operation. 

2.3 High-Frequency EMI Coupling and Filtering Performance 
Degradation 

Frequency converter operation produces massive conducted and radiated common-mode (CM) and 
differential-mode (DM) EMI noise. Conventional magnetic filter components suffer inherent high-
frequency performance defects. Winding parasitic capacitance and core leakage inductance form 
high-frequency resonant networks, generating MHz-band resonance peaks and aggravating noise 
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amplification, which severely weakens high-frequency filtering attenuation performance. 

Unshielded magnetic cores produce severe high-frequency magnetic leakage and spatial 
electromagnetic coupling, interfering with adjacent sampling and control circuits and causing signal 
distortion and algorithm jitter. High-power-density integrated layout further enhances mutual 
inductance coupling between multiple magnetic components, triggering cross electromagnetic 
interference and overall EMC performance deterioration. Mismatched high-frequency impedance 
characteristics of CM/DM magnetic devices also lead to unbalanced noise suppression, failing to 
meet standard EMC certification requirements. 

 

 

 

 

 

 

 

2.4 Multi-Field Coupling Thermal-Mechanical Aging Failure 

Magnetic components operate in a coupled environment of alternating electromagnetic field, high 
temperature and mechanical vibration. Long-term loss-induced heat accumulation causes periodic 
thermal cycling and thermal stress fatigue. Mismatched thermal expansion coefficients among 
magnetic cores, copper windings and encapsulation insulators induce structural extrusion and micro-
crack propagation. Brittle amorphous and nanocrystalline cores are particularly susceptible to 
vibration and thermal shock, resulting in magnetic domain disorder and irreversible attenuation of 
permeability and inductance. 

PM components face dual risks of high-temperature demagnetization and mechanical damage. 
Limited Curie temperature of NdFeB magnets reduces coercivity under continuous high-temperature 
operation. Frequent start-stop and load mutation generate alternating mechanical impact, causing 
magnet fragmentation, uneven air-gap magnetic field, increased motor vibration and accelerated 
system aging. 
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2.5 Nonlinear Parameter Drift and Control Strategy Mismatch 

The permeability, saturation flux density and inductance of magnetic components are strongly 
dependent on operating current, temperature and switching frequency, exhibiting significant 
nonlinear drift characteristics. Traditional frequency converter control algorithms adopt fixed 
magnetic parameters for flux observation and current loop calculation. The mismatch between linear 
theoretical models and actual nonlinear magnetic characteristics leads to inaccurate flux estimation, 
degraded dynamic current response and prominent torque ripple. 

In the field-weakening high-speed region, magnetic parameter drift distorts the voltage limit ellipse 
and constant-torque hyperbola of the control system, narrowing the efficient speed regulation range 
and restricting the high-performance operation of variable-frequency drive systems. 

3. Systematic Optimization Solutions 

3.1 Graded High-Frequency Low-Loss Material Matching 
Strategy 

Targeting high-frequency loss deterioration, a frequency-adaptive graded material matching scheme 
is proposed. For medium-low frequency converters (2–50 kHz), high-performance MnZn ferrite with 
high saturation flux density (Bs≥0.5 T) is adopted to optimize microstructure and suppress hysteresis 
loss. For WBG-based high-frequency converters (50–200 kHz), nanocrystalline and amorphous 
cores with ultra-low eddy current loss are deployed to eliminate anomalous loss under high-speed 
switching excitation. 

For winding optimization, multi-strand litz wire replaces solid copper wire to eliminate skin and 
proximity effects, reducing high-frequency copper loss by over 60%. Layered winding topology is 
adopted to uniform current density distribution. For PM components, high-temperature resistant 
high-coercivity NdFeB (Curie temperature ≥180 °C) and magnet segmentation technology are 
applied to suppress high-frequency eddy current loss while maintaining magnetic field uniformity. 

3.2 Dynamic Margin Design and Anti-Saturation Optimization 

A transient volt-second product calculation model covering overload startup, grid voltage sag and 
PWM over-modulation is established to optimize core design margin. High-Bs amorphous materials 
(Bs≥1.2 T) are adopted for power inductors and CM chokes, with finite element analysis (FEA) 
electromagnetic simulation applied to calibrate flux density distribution and avoid local magnetic 
saturation, realizing full-range linear inductance characteristics. 

A composite magnetic pole structure combining ferrite main magnets and rare-earth overhangs is 
designed to resist armature reaction reverse magnetic field and enhance anti-demagnetization 
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capability. Meanwhile, dynamic reverse magnetizing current protection thresholds are configured for 
field-weakening control to avoid excessive reverse excitation and eliminate artificial demagnetization 
risks. 

3.3 Parasitic Parameter Suppression and Broadband EMC 
Optimization 

Closed magnetic shielding and interleaved winding structures are adopted to reduce winding 
parasitic capacitance and core leakage inductance, flatten high-frequency impedance response and 
eliminate MHz-band resonance noise. FEA-based layout optimization minimizes mutual inductance 
coupling between magnetic components and isolates magnetic leakage interference to control 
circuits. 

A graded CM/DM composite EMI filtering system is constructed to realize full-band noise 
suppression compliant with IEC 61800-3 EMC standards. Optimized busbar layout and decoupling 
configuration reduce commutation loop inductance, suppress switching voltage overshoot and lower 
the electromagnetic stress of magnetic components. 

3.4 Multi-Field Coupling Thermal Management and Structural 
Reinforcement 

A full-condition thermal simulation model is built to guide targeted heat dissipation optimization. 
Thermally conductive encapsulation and embedded heat sink structures are deployed to reduce core 
temperature rise. Insulation materials with matched thermal expansion coefficients are selected to 
eliminate thermal stress-induced micro-cracks. 

Elastic damping fixing structures are added for brittle magnetic cores and PM components to resist 
mechanical vibration and impact. Vacuum encapsulation and integral shielding enhance 
environmental adaptability and anti-erosion capability. Optimized bearing current suppression 
strategies mitigate system vibration and indirectly improve the operational stability of magnetic 
components. 

3.5 Nonlinear Magnetic Parameter Adaptive Control 

Based on frozen permeability (FP) FEA simulation, an offline parameter calibration database is 
established to obtain the quantitative mapping relationship between inductance and operating 
current, temperature and frequency, forming a high-precision lookup table. An online adaptive 
parameter identification algorithm is embedded into the digital control platform to realize real-time 
dynamic correction of magnetic parameters, eliminating model mismatch errors and improving flux 
observation and current control accuracy. 

The vector and field-weakening control strategies are optimized based on nonlinear magnetic 
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characteristics to dynamically correct control boundary curves, expand the high-efficiency speed 
regulation range, and suppress current distortion and torque ripple caused by magnetic nonlinearity. 

4. Performance Verification and Engineering Analysis 

Engineering verification on medium and high-power frequency converter platforms demonstrates the 
effectiveness of the proposed systematic optimization scheme. The high-frequency composite loss 
of magnetic components is reduced by 25%–40%, with a maximum temperature drop of 15–25 °C 
and a 30%+ increase in anti-saturation margin. The broadband EMI suppression capability is 
improved by 15–30 dB, fully meeting industrial EMC standards. The full-condition parameter drift 
error is controlled within 5%, motor torque ripple is reduced by over 20%, and the overall system 
efficiency is increased by 1.5%–3%. Meanwhile, the service life of magnetic components is extended 
by more than 50%, significantly improving the reliability and environmental adaptability of high-

power-density 
variable-
frequency 
drive systems. 

5. 

Conclusion 

The core defects of frequency converter magnetic components stem from the mismatch between 
traditional material/structural design and the high-frequency, high-power-density and nonlinear 
operating characteristics of modern frequency conversion systems, mainly including high-frequency 
loss escalation, magnetic saturation failure, EMI performance attenuation, multi-field coupling aging 
and parameter-control mismatch. The proposed hierarchical optimization scheme integrating 
material upgrading, electromagnetic structure optimization, thermal management reinforcement and 
adaptive control compensation effectively solves the above technical bottlenecks. This work realizes 
the synergistic optimization of electromagnetic performance, thermal stability and control adaptability 
of magnetic components, providing a solid theoretical and engineering reference for the high-
reliability and high-efficiency iteration of modern motor frequency converter systems. 
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