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Parasitic phenomena in inverter circuits, arising from semiconductor
switching devices, are a well-recognized challenge that causes voltage
spikes, high-frequency oscillations, and PWM signal distortions, thereby
reducing the reliability of electric motor drive systems. Unlike prior studies
that address snubber design without explicitly deriving parasitic
parameters, this work presents a systematic approach to RC snubber design
based on analytically derived parasitic inductance and resonance frequency
parameters. A series-parallel RC snubber is designed for each
semiconductor switch using mathematical models for spike voltage,
resonant frequency, snubber capacitance, and damping resistance.
Experimental validation is conducted using a three-phase inverter with a
switching frequency of 25 kHz, controlled by a Field Programmable Gate
Array, and connected to an electric motor. Without the snubber, ringing
reaches approximately 70-75% of the nominal PWM voltage, and current
spikes exceed 33% of the peak value. After applying the designed snubber,
oscillations are reduced to approximately 1.5-1.8% of the nominal PWM
voltage, and current spikes are confined below 10% with an oscillation
duration of less than 1 millisecond. These results demonstrate that the
analytically designed snubber effectively suppresses parasitic ringing,
reduces switching stress, and improves inverter stability and motor control
accuracy under high-frequency PWM operation.
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1. INTRODUCTION

The era of global energy transformation and industrial digitalization has indirectly made power
conversion systems a crucial component of modern technological transformation, including new
renewable energy generation systems, green energy-based vehicles, and artificial intelligence-driven
industrial optimization [1], [2], [3], [4]. It necessitates efficient, reliable, responsive, and high-
performance power conversion systems to achieve significant increases, particularly in electrical energy
conversion, electric vehicles, and industrial motor drive systems. A DC to AC Converter, also known
as a Voltage Source Inverter (VSI), is one of the power conversion systems widely used in power
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conversion systems because it has a primary output in the form of AC power, which can be implemented
in electrical energy conversion systems and drive systems in electric vehicles and industries. In addition,
VSI offers high performance and accuracy, as well as ease of controlling the output voltage [5]. The
primary factors contributing to the optimal performance and high accuracy of VSI are circuit design,
component quality, and real-time control capabilities [6], [7]. The biggest challenge in operating VSI is
that during switching conditions, switching losses are caused by overlapping voltages and currents [§],
[9]. In addition, other phenomena that occur during switching losses, such as voltage overshoot, ringing,
and increased dv/dt, can damage components and produce high electromagnetic interference [10], [11],
[12].

The use of soft switching to replace hard switching in VSI switching systems offers a practical
solution to reduce switching losses caused by overlapping voltages and currents, as well as other
phenomena [13], [14]. However, the application of soft switching in VSI has its own challenges,
especially in terms of circuit complexity, controller capabilities, and high costs. It makes soft switching
in VSI very difficult to apply to the needs of the industrial sector. Another approach used is the
application of a snubber circuit in the VSI. The snubber circuit can reduce switching losses and mitigate
transient phenomena [15], [16].

The approach to improving VSI performance in controllers involves applying digital modulation
techniques, such as space vector modulation or sinusoidal pulse-width modulation, which offer various
advantages, including reduced total harmonic distortion, improved efficiency, and high performance
[17], [18]. However, to implement it, a microprocessor-based control device, such as a microcontroller
or a Field-Programmable Gate Array (FPGA), is required, providing high flexibility in adjusting the
control architecture. Microprocessor implementation in VSI is used for simple computations, such as
controlling the Speed of a three-phase induction motor using a square-wave pulse-width modulation
signal or flux control [19], [20]. Microprocessors have a weakness in terms of high latency compared to
microcontrollers and FPGAs. On the other hand, microcontrollers can provide high Speed, power
efficiency, and ease of integration with different hardware, making them very suitable for real-time
processing-based control applications, albeit within a limited scope. Meanwhile, FPGAs have
advantages over microprocessors and microcontrollers for implementing high-performance systems in
real time, precise synchronization, and high control-flow complexity, as they can run multiple processes
simultaneously with very low latency.
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Figure 1. Voltage source inverter-based FPGA

The implementation of suppression and mitigation techniques for parasitic effects arising from
switching components is essential in motor drive systems, as these effects can introduce voltage spikes,
current oscillations, and electromagnetic interference, degrading motor current quality and distorting
PWM control signals. Uncontrolled parasitic elements may lead to increased switching losses, reduced
efficiency, and unreliable operation of both the power devices and the control circuitry. Figure 1
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illustrates the architecture of an FPGA-controlled three-phase motor drive system with a clear separation
between the control and power stages. On the FPGA side, high-side and low-side gate control signals
for each phase are generated using digitally implemented control algorithms. These signals are then
delivered to an isolated gate driver stage that provides electrical isolation between the low-voltage
control domain and the high-voltage power domain, while ensuring sufficient drive strength for reliable
switching of the power devices. In the power inverter stage, the semiconductor switches are arranged as
a three-phase inverter to convert the DC supply into a three-phase AC voltage for motor operation. R—
C snubber circuits are integrated to attenuate voltage transients and switching-induced disturbances,
thereby improving current stability, signal integrity, and overall system reliability.

2. RESEARCH METHOD

2.1. The Snubber Circuit

A VSI device enables control of a three-phase induction motor. Inverters generally use IGBT or
MOSFET semiconductor devices. Inverter topologies typically employ a two-level topology with
complex controls to generate an AC voltage that approximates the sinusoidal shape depicted in Figure
2. In controlling a three-phase induction motor, the inverter uses a switching control principle, with the
output voltage adjusted to meet specific needs. This switching control allows the inverter to control the
Speed, voltage, current, flux, and power consumption of the induction motor. In addition, the
implementation of advanced control methods for induction motors, such as Field-Oriented Control and
Direct Torque Control, enables more complex controls for stability, robustness, and optimization of
induction motor performance [21], [22].
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Figure 2. Three-phase inverter topology

The design of a snubber circuit in power electronics is intended to reduce phenomena that cause
losses, especially switching losses. The snubber circuit controls voltage during transients and current
surges that occur during the switching process in semiconductor devices. A basic snubber circuit consists
of a resistor, a capacitor, and a diode. The snubber circuit can reduce voltage overshoot (surge voltage.
Vsurge) resonant oscillation, and electromagnetic interference by flowing energy stored in inductive

elements.
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Figure 3. Inductance parasitic phenomena
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Semiconductor components in switching devices and inverter circuit designs can cause parasitic
inductance to trigger voltage spikes during significant transient conditions in the switching signal. It is
sufficient to trigger ringing or voltage overshoot, as shown in Figure 3(a). The overlap between current
and voltage, as shown in Figure 3(a), causes energy losses during switching that depend on the shape
of the switching signal, as illustrated in Figure 3(b). The implementation of a snubber circuit in an
inverter, as shown in Figure 4, can significantly reduce voltage overshoot, enabling the inverter to
operate at high frequencies while maintaining reliability [25]. Additionally, a snubber circuit design that
accounts for parasitic inductance effects provides DC voltage stability, increased efficiency, and reduced

energy losses [26].
G0 [
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(a) Switch-side snubber circuit (b) Bus-side snubber circuit

Figure 4. Classification of the snubber circuit

2.2. The Parasitic Element Phenomena

In modern motor drive systems that employ high-speed switching devices, parasitic electrical
elements inherent in semiconductor devices and circuit layouts play a crucial role in determining
switching behavior and waveform integrity. Figure 3(a) and Figure 5 illustrate the physical origins and
dynamic behavior of parasitic effects that commonly occur during the switching operation of power
semiconductor devices. As shown in Figure 3(a), the rapid transition of the drain—source voltage (V)
and drain current (Ip) during turn-on and turn-off excites unavoidable parasitic inductances and
capacitances, resulting in voltage overshoot, current drop, and oscillatory ringing in the gate—source
voltage (V;s). These phenomena are primarily caused by the interaction between device parasitic
capacitances and stray inductances in the gate loop, power loop, and load path, leading to increased
electromagnetic interference, switching losses, and distortion of the intended PWM waveform [27].
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Figure S. Parasitic elements phenomena
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Figure 5 further represents an equivalent circuit model that explicitly includes parasitic gate
inductances, source inductances, and intrinsic capacitances of the switching devices, as well as the
parasitic resistance and inductance of the load. This model explains how rapidly switching edges can
couple energy into parasitic elements, forming resonant circuits that amplify voltage spikes and ringing.
The presence of a common-source inductance, in particular, introduces negative feedback into the gate
drive, affecting the effective gate voltage and slowing or destabilizing the switching process.
Consequently, these parasitic-induced phenomena directly affect motor current quality, control
accuracy, and system reliability, underscoring the need for effective suppression techniques, such as
optimized layout, gate resistance tuning, and snubber networks, in high-performance motor drive
applications.

The VSI design, utilizing an FPGA as a switching signal generator, is illustrated in Figure 1. The
inverter circuit is equipped with a switch-side snubber circuit, which is connected to the switch for
testing its performance. The FPGA generates an SVPWM switching signal, which is connected to the
gate after signal conditioning, as shown in Figure 6. The signal conditioning is performed to obtain a
peak value that matches the semiconductor device's characteristics. The switching signal conditioning
circuit consists of an optocoupler and a semiconductor device driver. The optocoupler device, in addition
to serving as a signal conditioner, also acts as a safety device for the FPGA, protecting it from
electromagnetic interference and short circuits that may occur during VSI operation [28].
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Figure 6. Three-phase inverter-based FPGA

The design of a three-phase induction motor control based on an FPGA is shown in Figure 7. The
three-phase inverter circuit uses SV-PWM modulation with a switching frequency of 25 kHz. The FPGA
Z7-20 generates the switching signal. The switching method, combined with the SV-PWM modulation
technique, was chosen for its ability to minimize switching losses [29]. The generated SV-PWM signal
is connected to the TLP521 optocoupler circuit. The switching signal from the optocoupler circuit has a
15-volt voltage level and will be connected to the IGBT FGA25N120 driver circuit. The IR2110 driver
circuit maintains the switching signal voltage level within the tolerance limits of the semiconductor
components.

Figure 7. Experimenal setup of VSI-based FPGA
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A three-phase VSI is designed with a switch-side RC snubber. The snubber circuit is designed with
a switch that allows testing its performance and its effect on parasitic inductance. The performance
testing of the three-phase VSI is conducted with a load in the form of an induction motor. The gate
signal switching response and stator current on the three-phase VSI are measured using an oscilloscope
connected to a personal computer, allowing oscilloscope data to be read and processed directly.

3. RESULTS AND DISCUSSION

3.1. Analysis of Snubber Circuit, and Parasitic Element Phenomena

High-speed switching in power electronics can generate parasitic phenomena arising from
semiconductor components, interconnections, and circuit layouts. Parasitic element phenomena cause
voltage spikes, current oscillations, and ringing during switching transitions, leading to increased
switching losses, electromagnetic compatibility issues, and degradation of electric motor current
waveforms [30], [31]. An effective snubber circuit design can mitigate the adverse effects of parasitic
element phenomena, thereby enhancing the overall stability and reliability of the power conversion
system. The development of capacitance and resistance parameters for the snubber circuit in the power
conversion system is based on calculating the spike voltage and switching transition. During the
switching transition, voltage overshoot caused by parasitic effects or spike voltage (Vsp;xg) can be
expressed in (1).

Vspike = Vip + Vs (1)
v L dip
tp = Lp—r

Where I, is the drain current, V;p is inductance parasitic voltage and Vs is a high-voltage DC
source. The parasitic inductance in the inverter circuit induces resonant behavior during high-speed
switching, leading to oscillations in both voltage and current. This resonance equation is expressed in

2).
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Where the parameters wspixg, Fspixkg—n> and Fspixg_p, represent the resonant frequency
associated with the ringing phenomenon, the natural ringing frequency due to the intrinsic device
capacitance, and the modified ringing frequency resulting from the addition of external capacitance,
respectively.

The effect of parasitic inductance on spike voltage and resonant behavior is evaluated by adding a
capacitor and a damping resistor to the circuit. The ringing frequency equation (Fsp;xg—p and Fspixg—1.)
shown in (3) can be used to estimate the parasitic inductance. Based on these frequency components,
the parasitic inductance (Lp) can be calculated using (4). In addition, ringing current occurs when the
switching device transitions to the ON state and the DC source excites the equivalent series LC network
formed by the parasitic elements. Given the desired damping ratio and switching frequency, the
capacitance and resistance values of the ringing suppression circuit can be determined using (5) and (6),
respectively.

Lp

412 (Fspige—H FspikE-L)? Cin

(Lp Ip)*
Cep = —LPIF)”
SP T (Vspike+ Vs)? ©)
2¢./L
Ry = 2 ©)

Where, I is the floating current under the OFF condition, Csp is the snubber capacitance, Rgp is
the snubber resistance, Cygs is the intrinsic output capacitance of the semiconductor devices, C;, is the
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external parasitic capacitance, Rpp is the pull-down resistance, € is the damping factor used for
suppression design, and Fg is the switching frequency. Based on the analysis, the gate driver circuit
design must explicitly account for parasitic element effects to suppress ringing-induced switching losses,
thereby enhancing system efficiency, stability, and overall reliability in motor drive applications. Based
on the experimental measurements of ringing frequencies in the fabricated inverter circuit, the parasitic
inductance is estimated as Lp = 120 nH using (4). The snubber capacitance is calculated as Csp = 4.7 nF
from (5) using this value along with the floating current and the DC bus voltage. The snubber resistance
is obtained from (6) with a damping factor € = 0.5, yielding Rsp = 10 Q. These calculated values
represent analytically derived design parameters validated against experimental measurements.

3.2. Experimental Validation

The switch-side RC snubber is tested in a three-phase inverter circuit to validate its effectiveness
in mitigating parasitic inductance. The inverter circuit is designed as a prime mover for an electric motor,
featuring a high switching frequency and rapid voltage transitions. The main electrical parameters,
switching characteristics, and protection features of the inverter are summarized in Table 1. These
specifications define the operational limits of the inverter and ensure compatibility with both the control
platform and the driven motor during experimental evaluation.

The control and signal generation tasks are implemented using an FPGA-based platform to ensure
precise timing, high-resolution PWM generation, and reliable gate signal control. The FPGA enables
flexible implementation of control algorithms and facilitates real-time adjustment of switching
parameters, which is essential for evaluating parasitic effects and snubber performance. The main
specifications of the FPGA platform, including logic resources, clock frequency, and interfacing
capabilities, highlight its suitability for high-speed motor drive control applications.

Table 1. The parameter value of IGBT (FGA25N120)

The Parameter Value
Maximum Voltage 1200 V
Maximum Current 25 A
Rated Power 260 watt
Isolated-driver side Optocoupler + IGBT Driver

Based on experimental observations of the switching signal behavior of a three-phase inverter, the
switching signal shape without a snubber circuit is shown in Figure 8(a), which exhibits ringing due to
parasitic inductance on the switching gate signal. This ringing phenomenon results in high-frequency
oscillations in the shape of the PWM switching signal. Based on (7), the ringing phenomenon (RP) for
this condition can reach 70% to 75%, indicating imperfect damping of parasitic energy during the
switching transition. The switching signal shape after using a resistive-capacitive snubber circuit is
shown in Figure 8(b), indicating oscillation damping and eliminating ringing during the switching
transition. The residual voltage spike is effectively reduced and remains within approximately 1.5-1.8%
of the nominal PWM voltage, demonstrating strong attenuation of high-frequency oscillations. This
improved damping behavior confirms that the proposed snubber configuration effectively suppresses
parasitic resonance, thereby reducing switching losses, minimizing electrical stress on power devices,
and enhancing the overall reliability of the inverter system under high-frequency PWM operation.

RP = Vringing high™ Vringing low x 100% (7)
Vpwm

Figure 8(c) shows that, under the no-snub condition, the inverter output current waveform
connected to the motor experiences an average current spike of more than 33%, corresponding to a peak
current of over 1 A. In this case, the spike persists for approximately 4 ms within one cycle period.
These results indicate that parasitic effects in power inverter components, as discussed earlier, induce a
ringing switching loop that directly affects the inverter's PWM waveform, as illustrated in Figure 8(a).
In contrast, the effectiveness of the proposed system is demonstrated in Figure 8(d), where
improved performance is observed. When the inverter output current connected to the motor is 3 A, the
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voltage spike in the PWM signal driving the IGBT power inverter is effectively suppressed.
Furthermore, as shown in Figure 8(b), the output current waveform becomes consistently smoother. In
the presence of a current spike, the maximum magnitude does not exceed 10% of the 3 A peak current,
and the oscillation duration is reduced to less than approximately 1 ms. Moreover, minimizing current
distortion in phases A and B helps maintain the accuracy and stability of the motor control performance.
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Figure 8. The effect of parasitic elements (a) PWM — gate signal switching without the snubber circuit; (b)
PWM - gate signal switching with the snubber circuit; (c) stator current of the electric motor without the snubber
circuit; (d) stator current of the electric motor with the snubber circuit.

S

4. CONCLUSION

This study presents an experimental analysis of parasitic ringing phenomena in an FPGA-controlled
three-phase VSI and demonstrates the effectiveness of an analytically designed RC snubber circuit. The
principal contribution is a model-based snubber design procedure that extracts parasitic inductance from
measured ringing frequencies and derives snubber parameters using closed-form equations.
Experimental results confirm that the designed snubber reduces gate-signal ringing from 70-75% to
1.5-1.8% of the nominal PWM voltage and motor stator current spikes from above 33% to below 10%
of the peak value, with oscillation duration reduced from approximately 4 ms to less than 1 ms per cycle.
These results demonstrate the effectiveness of the proposed approach in suppressing parasitic resonance
and improving inverter signal integrity under high-frequency PWM operation. A limitation of the
present study is that direct switching-loss measurements and frequency-domain analysis were not
performed; these represent important directions for future work. Extending the validation to MOSFET-
based inverters would further assess the generality of the proposed design framework.
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