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Abstract: Electromagnetic compatibility (EMC) design of high-frequency ultrasonic power supplies
is crucial for ensuring their performance and reliability. This review discusses common EMC design
strategies for high-frequency ultrasonic power supplies, including shielding design, grounding and
electromagnetic isolation, and layout optimization. Special emphasis is placed on the role of the
three-stage EMI filter in reducing electromagnetic interference (EMI) and improving power supply
performance. Through a detailed analysis of the filter design, its effectiveness in suppressing low,
medium, and high-frequency noise is demonstrated. Additionally, the paper explores the applica-
tion of novel materials and technologies for EMC optimization and looks ahead to future develop-
ment trends.
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1. Introduction

High-frequency ultrasonic power supplies have gained significant attention due to
their versatile applications in various fields, including medical, industrial, and consumer
electronics. In the medical sector, they are widely used in ultrasound imaging, therapeutic
treatments, and diagnostic tools. In industrial applications, high-frequency ultrasonic
power is essential for processes such as ultrasonic cleaning, welding, and non-destructive
testing. Moreover, these power supplies are crucial in consumer electronics, where they
are integrated into devices like ultrasonic sensors and atomizers [1].

The growing demand for high-performance ultrasonic devices has led to the wide-
spread adoption of high-frequency ultrasonic power supplies. These systems offer high
precision, efficiency, and compact designs, making them indispensable in modern tech-
nological applications. However, as these power supplies operate at high frequencies,
they often generate significant electromagnetic interference (EMI), which can disrupt the
normal functioning of nearby electronic devices and violate electromagnetic compatibility
(EMC) regulations. Therefore, ensuring the EMC of high-frequency ultrasonic power sup-
plies is essential for both system performance and compliance with regulatory standards.

2. Analysis of Electromagnetic Interference (EMI) in High-Frequency Ultrasonic
Power Supplies

High-frequency ultrasonic power supplies, due to their high-speed switching opera-
tions and complex power conversion processes, are a significant source of electromagnetic
interference (EMI). EMI in these systems can lead to the degradation of system perfor-
mance, interference with other electronic devices, and non-compliance with electromag-
netic compatibility (EMC) standards. This section explores the primary sources of EMI in
high-frequency ultrasonic power supplies [2].
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2.1. Electromagnetic Radiation from Switching Frequency

One of the main sources of EMI in high-frequency ultrasonic power supplies is the
electromagnetic radiation generated during the switching process. Power electronic de-
vices such as transistors or IGBTs (Insulated-Gate Bipolar Transistors) operate at high
switching frequencies (often in the range of hundreds of kHz to MHz) [3]. The rapid
switching of these devices produces high-frequency noise that can radiate as electromag-
netic waves, causing potential interference with nearby electronic systems. This radiation
is particularly problematic in high-frequency ultrasonic applications where the operating
frequencies are close to those of sensitive communication systems or measurement equip-
ment.

2.2. Conducted Interference in Power Conversion Process

Another major source of EMI is conducted interference that occurs during the power
conversion process. In high-frequency ultrasonic power supplies, the conversion of AC to
DC or DC to AC involves complex switching circuits that can generate high-frequency
noise, which propagates through the power lines [4]. This conducted interference is often
coupled onto the input or output power cables and can extend beyond the power supply,
affecting adjacent equipment or the power distribution system. The high-frequency
switching transients, if not properly filtered, can significantly degrade the power quality
and performance of other systems [5].

2.3. Nonlinear Effects in Power Converters

Power converters, especially in high-frequency ultrasonic applications, often operate
under nonlinear conditions. These nonlinearities result from the switching characteristics
of semiconductor devices, load fluctuations, and other dynamic effects. The nonlinearity
in the converter's operation can produce harmonic distortions and intermodulation prod-
ucts, which contribute to both radiated and conducted EMI [3]. These unwanted harmonic
frequencies can interfere with sensitive circuits in nearby electronic devices, causing mal-
functions or improper operation. Additionally, the harmonics may lead to electromag-
netic pollution, which is difficult to mitigate without effective filtering and shielding strat-
egies.

3. Impact of EMI on Power Supply and Devices

Electromagnetic interference (EMI) can have a significant impact on the performance,
safety, and functionality of high-frequency ultrasonic power supplies, as well as the de-
vices in their vicinity. The unwanted electromagnetic energy generated during the opera-
tion of these power supplies can lead to a variety of issues that affect both the power sup-
ply itself and other surrounding electronic equipment. Additionally, strict regulations and
standards govern the allowable levels of EMI, making it essential to manage and minimize
EMI in design.

3.1. Impact on Power Supply Performance

EMI can degrade the performance of high-frequency ultrasonic power supplies in
several ways. One of the most notable effects is the disruption of power regulation, lead-
ing to instability or reduced efficiency. High levels of EMI can cause voltage fluctuations,
switching noise, and ripple in the power output, which, in turn, can reduce the precision
and reliability of the ultrasonic waves generated. This is particularly critical in medical
and industrial applications where accurate and stable power is essential for proper oper-
ation.

In addition, excessive EMI may also result in power losses, which can negatively af-
fect the overall efficiency of the system [6]. The additional noise and interference can cre-
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ate problems in the power conversion process, leading to more heat generation and re-
duced lifetime of electronic components. Therefore, managing EMI is vital to maintain the
high performance and longevity of the power supply system.

3.2. Impact on Device Safety

EMlI is not only detrimental to the performance of the power supply but can also pose
safety risks to both the power supply unit itself and other connected devices. For example,
high EMI levels can cause erratic behavior in safety-critical systems, such as medical de-
vices, potentially leading to equipment failure or improper operation. In severe cases, EMI
may trigger malfunctioning of protective circuits, which could result in overheating, com-
ponent damage, or even fire hazards.

Moreover, the improper functioning of safety systems due to EMI can endanger users,
particularly in environments where high-frequency ultrasonic power supplies are used in
close proximity to sensitive biological systems, such as in medical treatments. Therefore,
ensuring low EMI is crucial for safeguarding both the equipment and its operators.

3.3. Interference with Other Electronic Devices

One of the most common problems caused by EMI is interference with other nearby
electronic devices. High-frequency ultrasonic power supplies often operate in environ-
ments with a variety of sensitive equipment, such as communication systems, measure-
ment tools, and other electronic devices. EMI from the power supply can induce noise and
disrupt the normal operation of these devices, causing errors, data loss, or complete sys-
tem failures [7].

For instance, ultrasonic devices used in medical imaging may experience degraded
signal quality due to EM], leading to inaccurate readings or loss of diagnostic capability.
In industrial environments, EMI may affect automation systems, sensors, and control
equipment, resulting in operational delays or even failure of critical machinery.

3.4. Regulatory Standards and EMI Limits

To mitigate the adverse effects of EMI, various international and regional regulations
have been established to limit the amount of interference that electronic devices can emit.
These standards are designed to protect both the equipment from damage and other de-
vices from interference. Some of the most widely recognized standards include:

1) CISPR (International Special Committee on Radio Interference): Sets limits on

radiated and conducted EMI from electrical and electronic devices.

2) FCC Part 15 (Federal Communications Commission): Regulates EMI in the

United States, particularly for devices that emit radiated or conducted energy.

3) IEC (International Electrotechnical Commission) Standards: Provides interna-

tional guidelines for EMC testing and compliance.

Compliance with these regulations is essential for manufacturers to ensure that their
products are safe to use, meet quality requirements, and are legally marketable [8]. High-
frequency ultrasonic power supplies must therefore be designed with EMI reduction strat-
egies to meet the stringent limits imposed by these standards.

4. Electromagnetic Compatibility (EMC) Design Methods

Achieving effective electromagnetic compatibility (EMC) is crucial for ensuring that
high-frequency ultrasonic power supplies operate without generating harmful electro-
magnetic interference (EMI) or suffering from the effects of external EMI. This section dis-
cusses four essential EMC design methods: shielding, grounding and electromagnetic iso-
lation, layout optimization, and component selection with filtering design. These methods
work together to reduce EMI, maintain system performance, and comply with relevant
EMC regulations.
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4.1. Shielding Design: Isolating Interference Sources and Reducing Radiation

Shielding plays a pivotal role in controlling EMI by physically isolating interference
sources and preventing the escape of electromagnetic radiation. The primary goal of
shielding in high-frequency ultrasonic power supplies is to prevent electromagnetic fields
from radiating into the environment or interfering with sensitive circuits. This is achieved
by surrounding the critical components of the power supply with conductive materials
that absorb and reflect electromagnetic waves.

Effective shielding requires selecting materials with high conductivity and permea-
bility, such as copper, aluminum, or steel [9]. These materials can block or reflect un-
wanted electromagnetic waves, ensuring that EMI does not affect nearby components.
Shielding also helps to confine noise generated within the power supply, preventing it
from spreading into other parts of the device.

There are two main types of shielding used in high-frequency systems:

Enclosures: A metal enclosure surrounding the entire power supply can significantly
reduce EMI by forming a Faraday cage. This prevents EMI from escaping and reduces the
system’s vulnerability to external interference. The effectiveness of enclosures depends on
factors such as the material’s thickness, conductivity, and the size of any openings in the
enclosure, which should be minimized.

Cables and Connectors: Shielded cables are used for signal transmission and power
supply connections. By using materials such as braided wire or metal foil, these cables
prevent the transmission of radiated EMI along their length, ensuring that no electromag-
netic energy escapes from the system or enters the system from external sources.

4.2. Grounding and Electromagnetic Isolation: Effective Grounding Design and Electromagnetic
Isolation Techniques

Proper grounding and isolation are vital for minimizing EMI and ensuring the sys-
tem’s stability [9]. A robust grounding system provides a safe path for current to flow and
dissipates excess energy, preventing unwanted interference and enhancing signal integ-
rity. Effective grounding techniques, such as single-point grounding and low-impedance
grounding, are essential to reduce noise coupling and ground loops.

Single-Point Grounding: This technique involves connecting all parts of the system
to a single grounding point. By using a single reference ground, the potential for ground
loops is minimized, which can otherwise introduce EMI into the system. This method en-
sures that no voltage differences exist between ground points, reducing the risk of noise
propagation.

Low-Impedance Grounding: Ground connections must have low impedance to allow
the effective dissipation of electromagnetic energy. A low-impedance path ensures that
EMI is quickly diverted to the ground without re-radiating back into the system, which
could affect sensitive components. A continuous, uninterrupted ground plane is critical
in high-frequency systems to ensure effective EMI dissipation.

Electromagnetic isolation complements grounding by separating circuits to prevent
EMI from propagating through different parts of the system. Galvanic isolation tech-
niques, including isolation transformers, optocouplers, and capacitive isolation, allow sig-
nals to be transferred without direct electrical contact. Isolation prevents the coupling of
noise from high-power or noisy sections of the circuit to low-power, sensitive areas.

Isolation Transformers: These transformers are used to separate the power supply
from the ultrasonic circuits, providing both voltage conversion and EMI isolation. Isola-
tion transformers effectively block high-frequency noise and prevent electrical disturb-
ances from propagating through the system.

Optical Isolation: Optocouplers or phototransistors are used to isolate control signals
from power circuits, ensuring that noise does not transfer between circuits. Optical isola-
tion is particularly useful in high-speed switching applications, as it maintains high-speed
signal transfer while isolating sensitive parts of the circuit from noise.
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4.3. Layout Optimization: EMC Considerations in PCB Layout Design

Optimizing the PCB layout is a critical aspect of reducing EMI in high-frequency ul-
trasonic power supplies. Proper PCB design minimizes radiated EMI, enhances signal in-
tegrity, and ensures that components operate without generating excessive interference.
Key layout considerations include:

Minimizing Loop Areas: The size of current loops directly affects EMI generation.
Large loops in power and signal paths act as antennas, radiating electromagnetic waves.
To minimize EMI, traces should be as short and wide as possible. Power and signal traces
should be routed to minimize loop areas, reducing the likelihood of EMI generation.

Ground Plane Design: A solid, continuous ground plane is crucial for minimizing
EMI and maintaining signal integrity. Ground planes serve as the return path for currents,
and any interruption or discontinuity in the plane can result in noise and interference. By
keeping the ground plane continuous and avoiding gaps, the PCB minimizes the potential
for EMI coupling between layers.

Power Distribution Network (PDN): The PDN must be designed to ensure stable
voltage and current throughout the system. This includes using decoupling capacitors to
suppress high-frequency noise and prevent voltage ripple. Properly placing decoupling
capacitors near power-sensitive components helps maintain clean power, reducing the
chances of noise coupling into sensitive circuits.

Trace Routing and Layer Stack-Up: High-speed signals should be routed away from
noisy power traces to avoid interference. Critical signal traces should be routed on inner
layers to provide shielding from external sources of EMI. The layer stack-up of the PCB
must be designed to optimize the placement of power planes and ground planes for better
EMI control.

4.4. Component Selection and Filtering Design: Low-Noise Components and Filtering Technolo-
gies

The selection of low-noise components and the integration of filtering technologies
are essential for reducing EMI in high-frequency ultrasonic power supplies [3]. Certain
components are designed to minimize the noise they generate, and filtering techniques
are used to suppress high-frequency EMI before it can propagate through the system [10].

Low-Noise Components: Choosing components with inherently low noise character-
istics is essential. For example, low-noise resistors, capacitors, and inductors help reduce
the overall noise in the system. Additionally, selecting components with proper electro-
magnetic shielding properties reduces the risk of these components becoming sources of
EML

Filters and Filter Design: Filters are used to prevent EMI from spreading into other
parts of the system or into the external environment. EMI filters are placed at critical
points, such as power inputs, signal lines, and connectors, to block unwanted frequencies.
These filters typically consist of combinations of inductors and capacitors, designed to
block high-frequency noise while allowing the desired signals to pass through. The filter
components must be carefully selected based on the frequency range of the EMI to ensure
effective suppression.

Common-Mode Chokes: Common-mode chokes are used to filter out common-mode
noise on power supply lines, preventing the noise from coupling into the system. These
chokes provide inductive impedance to high-frequency noise, effectively suppressing
EMI at its source.

Challenges in EMC Design:

Design Complexity: As the frequency of the ultrasonic power supply increases, the
challenges of managing EMI grow more complex. High-frequency circuits are more sus-
ceptible to noise, and achieving effective EMC requires a more thorough design approach.
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Cost and Size Constraints: While shielding, grounding, and filtering are highly effec-
tive, they often increase the size and cost of the system. Designers must balance these
factors with performance and size limitations.

5. Design and Application of Three-Stage EMI Filters

In the previous sections, we explored various methods for achieving electromagnetic
compatibility (EMC) in high-frequency ultrasonic power supplies. One of the most effec-
tive strategies to manage electromagnetic interference (EMI) is the use of three-stage EMI
filters. These filters are specifically designed to suppress EMI across a wide range of fre-
quencies, ensuring that high-frequency ultrasonic power supplies operate efficiently with-
out generating harmful interference [11].

5.1. Overview of Three-Stage EMI Filters

A three-stage EMI filter is designed to suppress EMI across low, mid, and high-fre-
quency bands, each stage addressing a different range of noise [12]. This multi-stage de-
sign approach enables effective attenuation of EMI at various stages of the signal path,
thereby improving the EMC performance of the system.

The filter works by employing a combination of inductors, capacitors, and resistors
that are selected to match the frequency characteristics of the noise. This allows for effi-
cient suppression of unwanted EMI while ensuring that the desired signal passes through
without distortion [13].

5.2. Filter Structure
5.2.1. First Stage: Low-Frequency Noise Suppression

The first stage of the EMI filter focuses on low-frequency noise, typically in the range
of 50 Hz to 100 kHz. This noise is generated by the power supply’s switching components
and low-frequency harmonics from the power conversion process.

Inductors: High-impedance inductors are used to block low-frequency noise currents.
They prevent the propagation of EMI by restricting the flow of low-frequency signals.

Capacitors: Capacitors are employed to bypass low-frequency noise directly to
ground, effectively suppressing unwanted signals that might otherwise affect the system.

The goal of this stage is to mitigate bulk noise produced by switching devices and
ensure that it does not interfere with other components or external systems.

5.2.2. Second Stage: Mid-Frequency Noise Attenuation

The second stage targets mid-frequency noise, typically ranging from 100 kHz to 10
MH:z. This noise is mainly associated with switching harmonics from PWM circuits and
power conversion processes.

Inductors: The inductors in this stage block the flow of mid-frequency currents, sim-
ilar to the first stage but with a higher inductance tailored to the mid-frequency range.

Capacitors and Resistors: Capacitors are used to ground the mid-frequency noise,
while resistors are employed in parallel to dissipate excess energy, further reducing EMI.

This stage addresses noise produced by power switching, ensuring that the EMI is
controlled within the system before it can affect sensitive components.

5.2.3. Third Stage: High-Frequency Noise Precision Filtering

The third stage of the filter focuses on high-frequency noise, which generally occurs
in the range of 10 MHz to several GHz. High-frequency EMI is usually caused by parasitic
elements in the circuit, such as stray capacitance and inductance from switching devices.

High-Frequency Inductors: These inductors provide high impedance at the high-fre-
quency range, blocking unwanted noise effectively.
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Ceramic Capacitors: Ceramic capacitors are used in this stage due to their low ESR
and low inductance characteristics, which are ideal for bypassing high-frequency noise to
ground.

The third stage ensures that high-frequency noise is effectively filtered out, prevent-
ing interference with nearby electronic devices or the radiated emission of noise into the
environment.

5.3. Application in High-Frequency Ultrasonic Power Supplies

In high-frequency ultrasonic power supplies, EMI can originate from various sources
such as the switching devices, power converters, and interconnects [14]. A three-stage EMI
filter helps mitigate EMI at different frequency bands and ensures clean, stable power
delivery.

5.3.1. Filter Functionality Across Frequency Bands

Each stage of the EMI filter addresses a specific frequency range of noise. By targeting
low, mid, and high-frequency EMI separately, the filter ensures that the ultrasonic power
supply operates with minimal interference. This approach is essential in systems where
high-frequency noise can negatively affect signal integrity and performance.

5.3.2. Reducing EMI and Enhancing EMC

By incorporating a three-stage EMI filter, the ultrasonic power supply can achieve
electromagnetic compatibility (EMC), preventing interference with other electronic de-
vices and ensuring compliance with EMC regulations. This not only enhances the perfor-
mance of the power supply but also protects sensitive components from external noise.

5.4. Design Considerations

When designing a three-stage EMI filter, several important factors must be taken into
account to ensure that the filter is effective and operates efficiently:

5.4.1. Component Selection

The choice of components plays a critical role in the filter’s ability to suppress EMI
effectively.

Inductors: Inductors must have the correct current rating and inductance value. For
high-frequency applications, ferrite-core inductors are typically used due to their superior
performance in attenuating high-frequency noise.

Capacitors: Capacitors must be chosen based on their ability to handle high frequen-
cies and their low ESR. Ceramic capacitors are preferred for high-frequency filtering due
to their stability and low impedance.

Resistors: Resistors are used in parallel with capacitors to absorb excess energy and
help dissipate noise. Proper resistance values must be selected to ensure effective filtering
without excessive power loss.

5.4.2. Thermal Management and Size Design

EMI filters can generate heat, particularly when dissipating high-frequency noise.
Effective thermal management is necessary to prevent overheating and ensure that the
components function properly. This may involve the use of heat sinks or additional cool-
ing measures.

The physical size of the components must also be considered, especially in compact
designs where space is limited. Balancing size, thermal efficiency, and filtering perfor-
mance is critical for optimizing the filter design.
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5.4.3. Simulation and Testing

Before finalizing the design, simulation tools are used to model the filter’s perfor-
mance. Electromagnetic field simulation software can help predict how the filter will per-
form across the target frequency bands, allowing designers to make adjustments before
physical implementation.

Once the design is complete, practical testing is crucial to verify that the filter meets
EMC standards. EMI measurements are taken to ensure that the filter suppresses EMI
effectively and that noise levels are within acceptable limits.

6. Optimization Strategies and Future Directions

To further enhance the performance and reliability of high-frequency ultrasonic
power supplies, various optimization strategies and emerging technologies are being ex-
plored. This section outlines key optimization methods and future research directions in
the field of electromagnetic compatibility (EMC).

6.1. Power Supply Architecture Optimization: Modular Design and Power Conversion Technol-
08y

One of the primary optimization strategies involves modular power supply architec-
tures. By dividing the power conversion process into smaller, manageable segments, these
modular designs reduce the overall complexity and enable better control of EMI. Power
conversion technologies, such as isolated converters and multi-level inverters, are also
being refined to minimize noise generation and improve efficiency. These technologies
help maintain stable operation while reducing the power losses and EMI that are common
in traditional designs.

6.2. Harmonic Optimization: Reducing Harmonic Interference to Improve Stability

Another critical aspect of EMI management is the reduction of harmonic interference.
Harmonics are generated by non-linear loads during power conversion, causing distor-
tions in the power waveform. Advanced techniques, including active harmonic filtering
and pulse width modulation (PWM) techniques, can significantly reduce harmonic inter-
ference. By controlling the switching harmonics and shaping the waveform, the stability
of the power supply is improved, resulting in better overall EMC performance [15].

6.3. Novel Materials and Technologies: Application of New EMC Optimization Materials

Emerging materials such as magnetic materials and nano-materials are opening new
possibilities for improving EMC. For instance, magnetic materials with high permeability
can be used to better shield sensitive components from electromagnetic interference. Ad-
ditionally, nano-materials offer unique properties that enhance filtering and shielding ef-
fectiveness, particularly at higher frequencies. The integration of these materials into the
design of power supplies promises to further enhance noise reduction and energy effi-
ciency.

6.4. Future Research Directions

Looking ahead, the development of more efficient EMC optimization technologies
will be key to addressing the growing demands for power supply performance. Future
research may focus on the development of advanced filter designs, including novel multi-
stage and adaptive filters that can respond dynamically to varying noise conditions. Ad-
ditionally, there is potential for the use of Al and machine learning to optimize power
conversion processes and enhance real-time EMC performance in complex systems.

By exploring these strategies and emerging technologies, the next generation of high-
frequency ultrasonic power supplies will achieve even higher efficiency, better stability,
and improved EMC performance.
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7. Conclusion

In conclusion, the electromagnetic compatibility (EMC) design of high-frequency ul-
trasonic power supplies is critical to ensuring optimal performance and reducing interfer-
ence. Key strategies for achieving EMC include shielding design, grounding and isolation,
layout optimization, and the selection of appropriate components. Among these, the
three-stage EMI filter plays a vital role in mitigating EMI across various frequency bands,
significantly improving power supply performance and compliance with EMC standards.

By effectively addressing low, mid, and high-frequency noise, the three-stage EMI
filter not only reduces interference but also enhances the overall stability and reliability of
the power supply. As the demand for more efficient and noise-free systems grows, the
future of EMC optimization will likely see advances in new materials, adaptive filtering
technologies, and innovative power conversion techniques. These developments will fur-
ther refine EMC solutions and contribute to the evolution of high-frequency power sup-
plies.
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