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Application Note PRD-08734

Understanding and Simulating Parasitic Inductance in
Silicon Carbide Systems

In power electronics, the effects of parasiticinductances are an important consideration in the application and
characterization of SiC converter and inverter systems. The fast switching speeds of SiC devices can greatly
improve inverter efficiency and power density, but fully leveraging the technical capability of the devices
requires careful system-level design. Parasitic inductance, which is a result of the system’s impedance and
geometry, directly scales the voltage overshoot induced on the semiconductor for a given di/dt. This
application note describes the fundamentals of parasitic inductance and highlights the critical need to
characterize power terminals and busbars, as they are a major contributor of stray inductance in converter
systems. FEA software (for example, COMSOL and ANSYS) is a powerful tool for visualizing the magnetic field
distributions and quantifying parasitic inductances, and the basic utilization of this software is explained.
Through efficient characterization and simulation of parasitic inductance, followed by the implementation of
mitigation measures, designers can create resilient SiC-based power electronics that achieve higher reliability,
lower EMI, and improved efficiency.
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1. Introduction

Power electronic converters have strict performance requirements, including high efficiency, fast transient
response, high reliability, and electromagnetic compliance (EMC). These performance requirements, and other
design goals such as power density and system cost, are often mutually exclusive and cannot be simultaneously
accomplished. However, many system designers are choosing to adopt SiC over traditional Si solutions as the
technological advantages of the material allow for a more optimal curve in the design optimization space. In
general, SiC can enable significant increases in electrical performance and volumetric density while making it
possible to operate at elevated temperatures, at higher current and power levels, and at higher switching
frequencies.

Operation at higher frequencies enables a reduction in the size and cost of passive components and is highly
desirable at the system level. In general, higher operational frequencies reduce efficiency due to increased
switching losses, but the faster switching speed of SiC reduces switching losses and enables high switching
frequencies for a given efficiency or thermal envelope. The fast-switching capability of SiC, however, also
presents several challenges such as increased overshoot from the excitation of parasitic inductance. The faster
voltage transients can also induce larger EMI currents in the system if not considered. The impedances in the
power module packaging, the gate driver, and the grounding paths through heat sink and load, can all
contribute to the total emissions of the system. The parasitic inductance and capacitances of the system
contribute substantially to the oscillations and overshoots that are commonly observed in switching
waveforms. These parasitics are a natural consequence of the physics, but their impact on system dynamics
should be carefully considered for SiC converters, as they can limit the maximum switching speed of the system.
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Figure 1: Comparison of fast-switching and slow-switching CAB400M12XM3 power module, (a) 0 Q gate
resistance, (b) 10 Q gate resistance

Figure 1 provides typical switching behavior of a high-performance SiC power module in a relatively low-
inductance system. Figure 1(a) shows that, when switching very aggressively (67 V/ns, 50 A/ns), high-frequency
ringing will be induced even with low parasitic inductance. Of course, when reducing the switching speed to 12
V/ns and 10 A/ns as shown in Figure 1(b), for example, that ringing is effectively eliminated, and the overshoot
voltageis reduced from 430 Vto 120V. Because the peak voltage overshoot is linearly dependent on inductance
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(L*di/dt), the maximum switching speed will be determined by parasitic inductance. One of the keys to
effectively utilize SiC in power electronics systems is to minimize system parasitics, particularly stray
inductances and capacitances.

There are many parasitic reduction schemes, including minimizing distance between the capacitors and
transistors, optimizing PCB layout or busbar design, and utilizing flux cancellation. To get the best performance
out of SiC modules and converter systems, it is important to understand the root cause and effects of system
parasitics on the performance of the wide bandgap devices and techniques to mitigate them. This application
guide covers the fundamentals to a theoretical and practical understanding of parasitic effects and focuses on
inductance. Important derivations and quantifications of the parasitics will also be presented in this document.

1.1 Inductance in Power Electronics Systems

MOSFETs are most commonly packaged individually into discrete parts, such as the TO-247 package design,
which offers flexibility in system design. While multiple discrete devices can be used in parallel, for high-power
systems, moving from a discrete device to a power module can simplify thermal management, layout, and
system integration. A few of the commercially available MOSFET configurations are shown in Figure 2.

Increased Packaging Complexity

Discrete Devices Half-Bridge MCPM Six-Pack

-“p

(b)

Figure 2: MOSFET packaging with increased complexity for thermal management and high-power handling
Capability, (a) Discrete (b) Half-bridge configuration (c) Six-pack configuration
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Figure 3 presents a simple half-bridge power module configuration with the associated inductances connected
to a DC link bus.
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Figure 3: Simple Half-Bridge topology with DC-Link

The associated inductances, i.e. Lstray and Lwopuie, are important to analyze and quantify for several reasons:

1)

Circuit Performance: The presence of the associated inductances can affect the overall system
performance of the power circuit. The switching speed of the devices may be affected, ringing during
transients may be introduced, and the stability of the DC link voltage may be affected by the presence
of the inductances.

2) Voltage Overshoot: Stray inductance in the power path will induce voltage onto the transistor during

switching events, proportionate to the di/dt of the transition. These spikes can exceed the voltage
rating of components and can lead to premature failure.

EMI: High-frequency current transients can induce ringing between parasitic inductance and
capacitance, which can generate electromagnetic interference (EMI) and disrupt other electronic
devices.

Consequently, the following advantages can be obtained by analyzing and quantifying the related inductances:

1) Optimized layout obtained by minimizing loop area for current flow, using wide and short bus bars,
and placing components together for flux cancellation to reduce inductance.
2) Proper component selection, such as choosing power modules and DC link capacitors with low
inductance.
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3) Predicting voltage spikes, switching speeds, and overall performance of the circuit in simulation by
incorporating stray inductances into the circuit model. Simulation study can be used to make sure
reverse-bias safe-operating-area (RBSOA) is not being exceeded during switching.

2. Impedance Theory

Impedance is defined as a frequency-dependent measure of the opposition to current flow in an electric circuit.
The term “complex impedance” may also be used interchangeably. Impedance is a two-dimensional complex
quantity that consists of resistance (real component) and reactance (imaginary component). The real part,
resistance, is caused by electrons in the conductor colliding with the ionic lattice of the conductor. This means
that a portion of the electrical energy is converted into heat. The other impedance quantity, “reactance,” is an
additional opposition to the movement of the electric charges that arises from the changing electric and
magnetic fields in the conductor. The complex quantity impedance can be represented as a vector on a complex
plane, as shown in Figure 4.

Imag 4
e Zz
1Z| Z: Complex Impedance (1)
|Z|: Absolute impedance (1)
R: Resistance (1)
X: Reactance ({1)
0 . 6: Phase angle (degrees)
R Re

Figure 4: Complex Impedance Plane Diagram and Variable definition.

Impedance and resistance calculations are based on Ohm’s law (V = I * R) and they are both measured in
ohms (Q). A phase difference is caused in the impedance, which arises due to the current lagging the voltage
by 90 degrees (in the case of an inductor) or the voltage lagging the current by 90 degrees (in the case of a
capacitor). The capacitor stores electrical energy in the form of an electric field, while the inductor stores
electrical energy in the form of a magnetic field. Mathematically, the phase difference is represented using
complex numbers. Therefore, complex impedance (Z) can be expressed mathematically in both rectangular
and polar form, and is given in Equation (1) and Equation (2) as:

Z=R+jX (1)
Z = |Z|40 (2)

where Z, R, Xand 6 are the compleximpedance (Q), resistance (Q), reactance (Q) , and phase angle (in degrees)
respectively. The reactance, which can be purely inductive, purely capacitive, or a combination of both
quantities, can be calculated as follows:

Z, = jwL (3)
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1
Zcz—jm (4)

where Z;,Z., w, L, and C are the inductive reactance (({), capacitive reactance(Q), angular frequency
(radians/second), inductance (Henry), and capacitance (Farad), respectively.

Additionally, the rectangular form and polar form of impedance of Equation (1) and Equation ( 2 ) are related
by the following equations:

1Z| = VR? + X2 (5)

X
@ = arctan (E) (6)
R =|Z| cos® (7)
X = |Z|sin@ (8)

Any component, material, or circuit has an impedance that is a combination of R, L, and C components, most
times occurring by design. However, electrical components have unwanted impedance parasitic elements
associated with their physical geometry. For instance, the electrostatic coupling of adjacent turns in inductors
results in parallel parasitic capacitance, whereas the contribution of the leads or terminals in capacitors results
in series parasitic inductances. Electrical components often contain a variety of common combinations of
parasitic elements, and the arrangement of these elements defines the impedance profile with respect to
frequency. Combinations of series-R-L-C and parallel-R-L-C impedance terms are most frequently employed to
model electrical components, as shown in Figure 5.

Impedance —— — ¢ 1 "
M fﬂnim de Capacitive : Inductive 90° 90° Inductive : Capacitive Impedance
s : Phase S/ . Resonance Magnitude
I Phase :
1 1
I 1
1 1
I 1
1
e |
1 ol
| 0%}
I 1
I 1
I 1
\lR I -90°

-9(° IResonance :
I 1
] .
@ (b)

Figure 5: R-L-C Impedance Combination, (a) Series R-L-C Circuit (b) Parallel R-L-C Circuit.

The resonance pointed denoted in Figure 5 is produced by the series or parallel combination of parasitic terms
in electrical circuits, which are represented by a 180-degree phase shift that occurs when the reactive
components of impedance are equal in magnitude.

2.1 Impedance Estimation Techniques

Impedance estimation techniques are primarily divided into two categories: analytical method and the
empirical method. The former technique utilizes physics-based relationships and sophisticated software to
predict the conductorimpedance based on the physical geometry of the device. Some examples of this method
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include the partial element equivalent circuit (PEEC) method and the finite element analysis (FEA) method. The
latter technique involves the use of instrumentation equipment to measure the impedance of the device under
test (DUT). Both techniques can be used in conjunction as a form of cross-validation, leading to increased
confidence in the impedance model. Some examples of the empirical measurement implementation include:
LCR meters, time-domain reflectometry, vector network analyzers (VNA), and impedance analyzers (ZA). The
FEA and the impedance analyzer (ZA) are the most often used for measuring and quantifying impedances for
both the analytical and empirical impedance estimation techniques, respectively. Despite FEA requiring more
processing power than the PEEC, it is generally chosen because it can be employed to analyze complex
structures. The ZA is preferred over alternative empirical techniques due to its user-friendliness and accuracy.
A summary of impedance estimation techniques is shown in Figure 6 below.

Impedance Estimation
Techniques
|

1 1
1 I 1 1 1 : 1 1
"L LT LL L

Figure 6: Impedance Estimation Techniques

The analytical method using FEA simulation will be primarily used in this application note, but the other
empirical method using the impedance analyzer will be discussed in a different app note (described in PRD-
08710). Choosing which FEA software to use depends on several factors, including specific simulation needs,
the type of simulation to perform, familiarity with each software, and the complexity of the simulation. Two
commonly selected FEA tools are COMSOL and ANSYS Q3D.

Some specific advantages of COMSOL include:

1) COMSOL is more suitable for simulations requiring multiple physical domains; i.e., it allows users to
couple different physics phenomena in simulations such as electromagnetic-thermal coupling and
fluid-structural coupling.

2) COMSOL offers a wide range of specialized modules for various industries and applications, and it is
highly customizable to suit the specific need.

3) COMSOL is typically less expensive than ANSYS for a full license.
4) COMSOL provides higher quality renders of simulation results.

Some specific advantages of ANSYS Q3D include:
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1) ANSYS Q3D is widely used and accepted across various industries due to its robustness and reliability
in handling complex domains. This enables collaborative work across organizations.

2) ANSYS Q3D has a faster learning curve as compared to COMSOL, and it is easier to use.
3) ANSYS Q3D has robust solvers that are well suited for complex modeling and large-scale simulations.

4) ANSYS Q3D typically provides more consistently accurate results, as the simplified workflow reduces
the chance of incorrect analysis.

This application note makes use of both FEA simulation tools because of their cited advantages. ANSYS Q3D is
utilized for quantitative analysis, whereas COMSOL is used for visualizing results because of its high-quality
renderings. The next section provides a detailed treatment of inductance measurements in power electronics
systems using both FEA simulation software programs.

2.2 Inductance

Inductance is the tendency of an electrical conductor to oppose the change of electric current flowing through
it. Whenever electric current flows through a conductor, itinduces a magnetic field around the conductor. The
magnetic field strength depends on the magnitude of the electric current. According to Faraday’s law of
electromagnetic induction, a changing magnetic field in proximity to a coil of wire will cause an electromotive
force (EMF) to be induced in the coil. Due to this EMF, the coil inductance opposes an increase or decrease in
the electric current flowing through it. From an energy point of view, inductance is described as the magnetic
energy storage capability of the conductor. The inductance can be expressed in Equation ( 9 ) in terms of
magnetic flux penetrating the current loop as:

JB-ds

I

where L, ®, B, and I are the inductance (H), magnetic flux (Wb), magnetic flux density (Wb/m?), and current
(A) respectively.

(9)

L =

~| &

Theinduced electromagnetic fields from a conductor affect the movement of electrons in the conductor as well
as the movement of electrons in any nearby conductors. Therefore, inductance can be separated into mutual-
inductance and self-inductance. Mutual inductance arises from the voltage induced in one circuit due to the
current flowing in another nearby circuit. The self-inductance of a conductor arises from the effects of
electromagnetic fields generated by the conductor itself. Self-inductance can further be separated into two
components: internal self-inductance and external self-inductance. Internal self-inductance considers the total
magnetic energy stored inside the conductor boundaries. Whenever a conductor carries current, a magnetic
field is generated both inside and outside the conductor. Therefore, some of the total magnetic energy is stored
within the conductor. The stored magnetic field inside the conductor gives rise to its internal self-inductance.
The external self-inductance considers the magnetic energy stored outside the conductor boundaries. The total
self-inductance of a conductor loop includes the contribution of both the internal and external inductance. This
relationship is represented by Equation ( 10).

Lloop = Linternal + Lexternal (10)

The Figure 7 below provides a summary of the various components of inductance.
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Figure 7: Classification of Inductance

2.3 Frequency-Dependence of Inductance

Anidealinductor should have a constant inductance value regardless of the frequency of the current that flows
through it. The magnetic permeability (i) of the core material and its geometry both affect the inductance.
Typically, these characteristics are not affected by frequency. Real-world inductors differ from ideal inductors
in that they are frequency-dependent. To further explain this concept, Figure 8 below shows a comparison
between a real-world inductance trend (plot marked purple) and the ideal trend (plot marked teal). As shown
in the trends of Figure 8, the inductance value changes across frequency for the real-world case, while there is
no observable change in inductance value across frequency for the ideal case.

51 ! T rrrYn ! T rrrTn ! oy rrrrn ! R E R L e e
—Real-World Case
—1ldeal Case

50

49 -

Inductance [nH]
S
co
T

47

46

45 1 1 1 L 1 L1l I 1 1 1 1 1 Ll L I L L L 1 L L1 1 I 1 1 L 1 1 Ll I 1 1 1 1 1 Ll L
108 10% 10° 108 107 108
Frequency [Hz]

Figure 8: Real world inductance trend vs. Ideal case trend

Eddy currents have been identified in the literature as the primary cause of the frequency-dependent nature of
impedance of conductive structures, power modules, and converter systems. Conductors make up a significant
portion of the power modules and converter systems. Owing to the compact design of contemporary power
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modules, high-frequency conductors are frequently arranged near one another. At high frequency, eddy
currents may be induced along these conductive structures in such a way that the resulting current is forced to
a small region beneath the surface of the conductors. Some examples of eddy-current effects include surface
current density, electrothermal heating on certain current locations, and the frequency-dependence of
conductorimpedance parasitics, particularly inductance (which this document aims to address). The principles
governing static electric and magnetic fields do not adequately characterize many dynamic systems, including
eddy currents.

Eddy currents are loops of distributed electrical current that are induced within conductive structures by a
changing magnetic field in proximity to the conductor. Eddy currents are associated with two important
phenomena within conductive structures: the skin effect and the proximity effect. In power electronics systems
employing SiC, the skin and proximity effects are especially noticeable for two reasons. First, these systems are
operated at elevated switching frequencies and exhibit additional unintended high-frequency behavior due to
the fast-switching action of the SiC devices. Second, several conductors are positioned near to one another
since the semiconductor devices and conductive structures in these systems are typically contained inside a
limited area. The skin effect is the term used to describe the tendency of an alternating current to be spread
within a conductor so that the current density is greatest close to the conductor’s surface and gradually
diminishes toward the conductor’s center. Thisis due to the induced time-varying magnetic field, which creates
an electric field inside the conductor and causes the current to be distributed unevenly over the cross-section.
For very-high-frequency applications, the current crowding is so severe that nearly all the current flows in a thin
layer on the conducting material’s surface, giving rise to a crucial parameter called the skin depth. The skin
depthis defined as the depth in the conductor where the current density drops to e ™! of its value at the surface.
Mathematically, the skin depth is given as:

1
— (11)

where b, f, 4, and o are the skin-depth (m), frequency (Hz), permeability (H/m), and conductivity (S/m)
respectively.

o=

The second eddy current phenomena, proximity effect, which is also closely related to the skin effect, describes
the presence of eddy currents caused by magnetic fields associated with nearby current-carrying conductors.
The proximity effect may occur whenever two or more conductors carrying high-frequency currents are closely
spaced.

2.4 Skin and Proximity Effect Demonstration

Finite element analysis (FEA) software such as COMSOL and ANSYS are powerful tools for visualizing skin and
proximity effect. These programs allow you to define the geometry properties of a conductor, along with
applied magnetic field. By simulating the interaction between the magnetic field and the conductor using
Maxwell’s equations, FEA software can calculate the current distribution within the conductor. Then this
distribution may be seen visually, demonstrating how the skin effect causes current to concentrate close to the
surface and how the proximity effect allows nearby conductors to affect one another.
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Figure 9 adequately provides results showing skin and proximity effect in conductors at high frequency. In both
results, we observe current crowding in the region marked yellow, while little or no current is observed in the
region marked purple. Important boundary conditions and the meshing of the conductor geometry should be
considered in order to capture the skin and proximity effects on conductors as shown in Figure 9. First, with
boundary conditions, it is important to assume a perfect conductor, i.e., zero resistance at the conductor
boundaries. This makes the model simpler while maintaining accuracy at frequencies where the conductor size
is significantly less than the skin depth. Second, using a mesh that resolves the current distribution inside the
skin depth, i.e., utilizing mesh-size components small enough to completely reside within the conductor’s skin
depth at the simulation frequency. Furthermore, when considering proximity effects between multiple
conductors, the mesh near the gaps should be properly refined. This captures the interaction of magnetic fields
and current redistribution due to nearby currents.

Current Crowding

() (b)
Figure 9: Skin and Proximity Effect Demonstration, (a) Skin Effect Alone, (b) Proximity Effect

At high frequencies, the effective resistance and inductance of conductors are significantly altered by the
proximity and skin effects. In terms of resistance, skin effect raises a conductor’s resistance relative to the DC
resistance in proportion to the root of the frequency. However, in the case of inductance, factors such as the
geometry and shape of the conductive structures have a significant impact on its frequency dependence. For
instance, it is anticipated that the frequency-dependent inductance of a rectangular loop conductor and a
circular loop conductor will react differently.

The proximity effect is especially noticeable in the case of the rectangular loop since there is a close return path
conductor, which alters the external magnetic field profile and has a major effect on the inductance. Therefore,
it is necessary to provide a more detailed study of the magnetic fields around a conductor and its effect
inductance in this application note.

Skin and proximity effects, along with magnetic fields, have a significant impact on the internal and external
inductance of conductors, particularly at high frequencies. First, skin effect concentrates the current flow near
the surface of the conductor at high frequencies as shown in Figure 9. This reduces the volume of the conductor
where the magnetic field is significant, effectively reducing the internal magnetic field. Consequently, the
internal inductance of the conductor decreases with increasing frequency due to skin effect. Second, proximity
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effect causes the magnetic fields around the conductors to interact with one another. The interaction of these
fields leads to redistribution of current within each conductor, further influencing the external magnetic field
and external inductance. The proximity effect also acts to modify the interaction between the magnetic fields
of nearby conductors, leading to either a decrease or increase in the inductance depending on the direction of
the currents.

2.5 Magnetic Field Demonstration

To demonstrate how the magnetic fields surrounding conductors affect both the internal and external
inductance, different test subjects were selected. First, a circular loop composed of one meter of round wire
was used. This test subject was selected because it has been established in the literature that the low-frequency
internal inductance of a round wire is approximately 50 nH /m [1], [2], [3]. Second, a rectangular cross-section
conductor with a close enough return path was also used. This test subject was chosen because its simplicity
facilitates the studies being described in this section. Figure 10 shows the final CAD model for both test subjects
designed in COMSOL with appropriate boundary conditions defined. To support simulation and guarantee
accuracy, appropriate boundary conditions must be set on the computer aided design (CAD) file in the FEA
software. Similar processes are needed to define boundary conditions for ANSYS Q3D and COMSOL. Because
of its solver robustness, ANSYS Q3D has an advantage over COMSOL in that it does not require definition of
boundary conditions such as terminal envelope or air-domain magnetic insulation, whereas COMSOL does.

Air-Domain
a b
(a) (b) (Magnetic Insulation)

Figure 10: Study test subjects, (a) Test subject 1 with terminal envelope, (b) Test subject 1 placed in an air-
domain, (c) Test subject 2, (d) Test subject 2 placed in an air-domain
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As shown in Figure 10(b) and Figure 10(d), the magnetic insulation envelope was provisioned around the test
subject conductors in the shape of a sphere and a rectangular box, respectively. The magnetic insulation serves
as a gaussian surface around the conductor for preservation of Gauss’s law for the magnetic and electric fields.

The required magnetic flux lines are therefore captured in the simulation. This step is also only required in
COMSOL and not ANSYS Q3D.

Furthermore, since inductance is only defined for a closed loop, a coil excitation current of 1A was configured
for application into one of the terminals, with the other terminal specified as the return. Finally, a meshing
sequence was applied. Meshing enables the discretization of the geometry into small units of simple shapes,
referred to as mesh elements. A free tetrahedral mesh was applied to all domains to create small, discretized
polygons. Figure 11 shows the final result of applying meshing to the test subjects in COMSOL.
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Figure 11: Fully meshed geometries, (a) Circular test subject, (b) Rectangular cross-section test subject

Finally, a frequency-domain study that makes it possible to evaluate the electrical parameters of the coil across
awide frequency is applied. A log-spaced frequency sweep from 500 Hz to 30 MHz with 10 steps per decade was
applied to the study. This frequency range was selected because the spectral envelope of power electronics
applications based on SiC is usually dominated by content within this range. Figure 12(a)-(d) below shows the
low-frequency and high-frequency magnetic field behavior for conductors experiencing both skin and
proximity effect. The magnetic flux density is related to the magnetic field intensity by the isotropic
permeability of the conductor, which in this case is the permeability of free space. Therefore, the magnetic field
intensity around the conductors will behave identical to the magnetic flux density demonstrated in Figure 12.
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Figure 12: Magnetic Fields around conductors, (a) Skin effect at 1kHz, (b) Skin effect at 10MHz, (c) Skin and
Proximity effect at 1kHz, (d) Skin and Proximity effect at 10 MHz

Figure 12(a) and Figure 12(b) demonstrate the magnetic flux density around test subject 1 at different
frequencies, 1 kHz and 10 MHz respectively. The magnetic field lines at both frequencies mentioned appear to
be same, as shown in the results of Figure 12(a) and Figure 12(b). Despite being suggestive, this visual
comparison is not quantitative. Consequently, a volume integration of the fields both internal and external to
test subject 1 at each frequency point was carried out. This analysis isimportant and provides more insight into
the difference between internal and external inductance, because internal inductance depends only on the
fields inside the conductor, while the external inductance depends on the fields outside the conductor. The
result of the volume integration of the B-fields is shown in a normalized fashion in Figure 13.
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Figure 13: External and Internal Magnetic fields of conductors with skin effect acting alone.

At present, COMSOL does not directly calculate the internal inductance of a conductor. Other quantities such
as total loop inductance and the external inductance of the conductor can be calculated directly in the results
node of the study. To evaluate the internal inductance of the conductor, the following formula [4] was used:

1
Line = WJuIHIZdS (12)

where Liy, I, 1, and H are the internal inductance (H), current (4), permeability (H/m), and magnetic field
intensity (4/m) respectively. Figure 14 shows the extracted results, as well as the results from implementing
Equation (12). Asshown in Figure 13, the external magnetic fields are not affected by the increase in frequency
as shown in Figure 13. The magnetic fields around the conductor do not lose their symmetry around the
conductor as the frequency increases, but the magnetic field into the conductor reduces as the frequency
increases as shown in Figure 13. Therefore, for conductors experiencing skin effect alone, only the internal
inductance reduces as the frequency increases, while the external inductance remains the same across
frequency as shown in Figure 14(a) and Figure 14(b). The drop in total inductance is explained only by the
internal inductance in Figure 14(a) and Equation ( 10) is valid.
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Figure 14: Various Inductance results for the one-meter circular geometry

According to Figure 14(a) results, the internal inductance of test subject 1 at DC is predicted by COMSOL to be
50 nH. This value is also consistent with the internal inductance analytical approximation that the authors of
[1], [2] predicted.

Figure 12(c) and Figure 12(d) demonstrate the magnetic flux density around test subject 2 expecting skin and
proximity effect at different frequencies, 1 kHz and 10 MHz respectively. The magnetic field lines at both
frequencies mentioned appear to be different, as shown in the results of Figure 12(c) and Figure 12(d). Despite
being suggestive, this visual comparison is not quantitative. Consequently, a volume integration of the fields
both internal and external to test subject 2 at each frequency point was carried out. The result of the volume
integration of the B-fields is shown in a normalized fashion in Figure 15.

With the conductor experiencing skin and proximity effect, assumptions and calculations that are valid for
conductors experiencing skin effect alone are not valid for conductors experiencing both skin and proximity
effect. Applications of the right-hand rule to this geometry reveals that the fields external (outer) to the
conductor pair will combine destructively, while the fields internal (inner) to the conductor pair will combine
constructively. The destructive combination of the “outer” flux leads to flux cancellation, while the constructive
combination of the “inner” flux leads to high current concentration in the close conductor regions as shown in
Figure 9(b). As a result, the B-fields both external and internal to the conductor pair are frequency-dependent
as shown in Figure 15 below. This is because the current loses its symmetry across the conductor axis as the
frequency increases. Hence, both the internal and external inductance of conductors experiencing proximity
effect change across frequency. In other words, they are both frequency-dependent.
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Figure 15: External and internal magnetic fields with skin and proximity acting on conductor

3. Three-Phase Inverter System

For commercial and industrial applications, three-phase inverters have high performance requirements that
require low parasitic inductance to achieve. In the inverter system, sources of stray inductance include:

1) PCB traces: Stray inductance can be introduced by the printed circuit board (PCB) layout, namely by
the routes linking the power devices and other components. Long narrow traces have a higher
inductance, which affects performance, EMI, and switching speeds.

2) Busbar layout: Significant stray inductance may be introduced by the busbar architecture connecting
the SiC devices to the load and the DC link capacitors. The overall inductance is influenced by the
busbar length, shape, and orientation.

3) Componentinterconnections: If not properly designed, connections between different parts, including
DC link capacitors, gate drivers, and power devices, can potentially introduce stray inductance.

In an inverter, the presence of stray inductance can lead to the following adverse undesirable effects:

1) Voltage overshoot: High dV/dt can cause voltage spikes across the inductive elements during
switching events, thereby increasing the stress on the semiconductor devices and introducing potential
reliability issues.

2) EMI generation: Electromagnetic interference (EMI), which can interfere with nearby electronic devices
and possibly violate regulatory restrictions, can be produced by excess ringing induced by stray
inductance.

3) Switching losses: Stray inductance limits the maximum switching speed of the power devices. High
stray inductance slows down switching times, increase switching losses, and reduces efficiency.

PRD-08734 REV. 1, July 2024 Understanding and Simulating Parasitic Inductance in Silicon Carbide Systems

© 2024 Wolfspeed, Inc. All rights reserved. Wolfspeed® and the Wolfstreak logo are registered trademarks and the Wolfspeed logo is a trademark of 18
Wolfspeed, Inc. Other trademarks, products, and company names are the property of their respective owners and do not imply specific product

and/or vendor endorsement, sponsorship, or association. This document is provided for informational purposes only and is not a warranty or a

specification. For product specifications, please see the data sheets at www.wolfspeed.com.



N
Wolfspeed.

4) Heat generation: Increased switching losses related to stray inductance necessitates the need for more
cooling, thereby impacting the overall thermal management of the inverter.

3.1 CRD300DA12E- XM3 3-Phase Inverter

The stray inductance of a busbar will be measured using the CRD300DA12E-XM3 three-phase inverter [5]. The
inverter test subject is shown from several angles in Figure 16 below. This three-phase inverter is rated at 300
kW, 800 V, 360 Arws, and is capable of switching speeds of 80 kHz. It demonstrates best-in-class system level
power density and efficiency [5]. The inverter features the XM3, 1200 V, Silicon Carbide (SiC) half-bridge power
module and optimized CGD12HBXMP gate drivers with built-in protection. The XM3 module features Wolfspeed
C3M™ SiC MOSFETs, a low inductance (6.7 nH), high power density, and 175 °C maximum operation
temperature [5]. The XM3 three-phase inverter also features an optimized laminated bussing, which reduces
total power loop inductance, and a high-performance liquid cold plate to maximize power dissipation. System
controller and sensors are included to allow designers to quickly evaluate the XM3 module’s performance in
applications such as motor drives or converters (as described in PRD-06975). The inverter finds use in
applications such as grid-tied distributed generation, high-efficiency converters, and motor and traction drives.

Tasw

Figure 16: CRD300DA12E-XM3 3-Phase Inverter

3.2 Key Features of the Inverter System
The CRD300DA12E-XM3 reference design inverter’s key features include:

e Low-inductance bussing and dc-link capacitors

e Closed-loop current sensors for improved feedback
e High-performance liquid-cooled cold plate

e Integrated protections in gate drivers

e Included sensors and control hardware

e XM3 modules

The inverter design maximizes performance through high-ampacity, low-inductance designs while minimizing
expense and complexity. To achieve this, five important factors were considered. First, a high-performance
thermal stack was used to maximize heat transfer and power capability. Second, low-inductance overlapping
bussing was used to reduce stray inductance. Third, capacitors with high current rating and low inductance are
used to efficiently close the high-frequency switching loop. Fourth, gate drivers with excellent control authority,
high-speed protection, and high-noise immunity are used to efficiently switch the devices and maximize
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survivability during faults. Finally, the system was designed to minimize manufacturing and assembly
complexity, keeping costs to a minimum. The complete system block diagram of the three-phase inverter
system with the relevant components is shown in Figure 17.
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3.3 Component Identification
The components that make up the complete converter system are:

PRD-08734 REV. 1, July 2024

XM3 power modules
Controller board
Current sensors
Voltage sensors
Temperature sensors

CGD12HBXMP gate drivers

Figure 17: Three-phase Inverter system block diagram [5]
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7) Laminated busbars

8) DC bus link capacitors

9) ACand DC power terminals
10) Cold plate and coolant

11) Ground connection

A simplified version of the CRD300DA12E inverter is shown as an exploded view in Figure 18.
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Figure 18: Exploded view of the CRD300DA12E showing relevant parts

3.4 Characterization of the Busbar and Power Terminals

Characterization of the busbars in FEA software like ANSYS Q3D or COMSOL requires the system’s CAD model.
It is possible to utilize the CAD model of the complete inverter system directly, which leads to a simulation that
is more computationally demanding and complex. It is therefore always recommended that the user minimizes
the CAD to only the geometry or domain of interest. Allirrelevant components were eliminated from the model,
leaving the busbar and power terminals, as demonstrated in Figure 19 below.
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(a)

(c)
Figure 19: CRD300DA12E- XM3 3-Phase Inverter, (a) Right view, (b) Exploded Right view, (c) Inverter Bussing

The final CAD, shown in Figure 19(c), is adequate to describe the busbar and power terminals’ inductance, but
not the capacitors’ equivalent inductance (ESL) or XM package inductance. For this application, the datasheets
can be used to determine the inductance of the DC link capacitors and power module.

3.4.1 FEA Simulation of the Busbar and Power Terminals

Following the removal of the unnecessary components from the inverter, the final geometry can be imported

into the FEA software, and relevant assignments such as material properties, current or voltage sources, and
boundary conditions can be defined.

The simulation setup in FEA software involves the following:

1) Geometry: The DC busbar and the AC phase legs are imported into the FEA software. To close the
conductor loop, a short is placed at the area where the high-frequency capacitor terminals bolt to the

DC busbars (shown in Figure 20), since the equivalent series inductance (ESL) of the capacitors can be
readily obtained from the manufacturer datasheet.

2) Boundary Conditions: External conditions such as ambient temperature, surrounding materials, and
electromagnetic shielding are set to reflect real-world conditions. Other boundary conditions, such as
input and output conditions for current conservation, are also assigned as shown in Figure 20.
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Figure 20: Busbar input and output boundary conditions

When using the magnetic fields (mf) physics or the magnetic electric fields (mef) to solve for conductor
coilsin COMSOL, a bias condition is required at the input and output boundaries of the coil. A short void
should be placed touching both terminals as shown in Figure 10(a). The model is solved everywhere
except in the feed gap region created by the void. By keeping this void, its default boundary conditions
support surface currents closing the current loop. In inductor modeling, it is crucial to respect current
conservation according to Ampere’s law [6]. For a more detailed understanding of the boundary
condition settings using the mf physics module in COMSOL, the reader is encouraged to follow the steps
contained in [6].

3) Material Properties: Accurate modeling of electromagnetic behavior requires the definition of the
electrical and magnetic properties of the materials (dielectric and conductor). The conductor regions
in this simulation were defined as copper.

4) Meshing: Accurate results depend on a good meshing sequence. COMSOL provides a range of meshing
options. In general, regions with strong current density gradients require a finer mesh application, and
the appropriate mesh should be carefully selected. ANSYS, however, makes the procedure nearly
automatic and does not require extensive knowledge of meshing techniques. An air-domain fully
encapsulating the meshed busbars is shown in Figure 21(a). For physics involving electromagnetic field
interactions, COMSOL requires an air-domain around the geometry. ANSYS does not require an air
domain and the geometry can be solved directly.
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(b)

Figure 21: Completely meshed Busbars, (a) Encapsulated in air-domain, (b) Zoomed-in mesh view of busbars

5) Select Physics Module
For accurate busbar simulation, a combination of physics might be required in COMSOL:

e AC/DC module: This physics module simulates the current flow within the busbar conductor. It also
accounts for factors such as skin and proximity effect described in this application note, where the
current tends to concentrate on the conductor’s surface at high frequencies.

e Heat Transfer Module: Coupling the AC/DC physics module and the heat transfer module is also
recommended for the reader. The busbar’s power losses (I2R) and the ensuing heat transfer via
radiation, convection, and conduction are all simulated by the heat transfer module.

Solving both electrical and thermal domains in ANSYS requires ANSYS Q3D to solve for the electrical
parameters (or Maxwell, not covered in this app note) and ANSYS IcePak to simulate thermal
interactions.

6) Resultsand Analysis: By combining the above physicsin COMSOL, the following results can be analyzed
and visualized:

e Inductance: The inductance of the geometry can be extracted directly in the results node of the
software.

e Temperature Distribution: With this result, the temperature distribution of the busbar can be
analyzed to ensure the busbar stays within safe operating limits.

e Parametric Sweeps: Parametric sweeps can also be conducted to optimize busbar design (e.g.,
varying materials and dimensions) based on the simulation results.
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e Current Density Distribution: The current density distribution within the busbar can also be
visualized to identify potential hotspots, as shown in Figure 22.

e Electromagnetic Forces: The attractive or repelling magnetic field forces between the busbar
phases can also be visualized as shown in Figure 22.

freq(61)=1E7 Hz Surface: log(mf.normJ) Arrow Volume:

Magnetic Field lines

Figure 22: Current density plot with magnetic Field lines

Table 1 below provides the inductance characterization of the busbar at 10 MHz, as described in an earlier
section of this application note. The inductance must be extracted at a specific frequency, and this frequency
should be selected appropriately (described in PRD-08710). Wolfspeed recommends 10 MHz, but the optimal
frequency can change depending on the system.

Table 1: Extracted Stray Inductance result of the Busbar and Power Terminals @10MHz

Measurement Value [nH]

DC+1_DC-1 2.30

DC+2_DC_2 2.15

DC+3_DC_3 2.40
AC_1 18.50
AC_2 8.20
AC_3 18.50

From the results shown in Table 1, the inductance for the DC terminals is low as compared to the AC terminals.
The DC busbar is optimized for low inductance, and the results verify that. The total stray inductance would be
the addition of DC busbar inductance, power module inductance, and the equivalent series inductance of the
capacitors. The AC terminal inductances are higher than the DC inductance, however, since the AC terminals of
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the inverter are connected to an inductive load or filter inductor in most applications, the higher inductance of
the AC busbar terminals do not affect system performance.

3.5 Stray Inductance Mitigation strategies

The characterization process can identify the dominant sources of stray inductance. With the sources of stray
inductance identified, appropriate mitigation strategies can be implemented. Some common mitigation
strategies include:

1) Optimized PCB Layout: Parasitic stray inductances can be decreased by minimizing trace lengths and
widths, employing wide and short traces for high-current lines, and carefully placing components.

2) Proper Shielding and Grounding: EMC standards can be met by using appropriate grounding and
shielding procedures and techniques to reduce the amount of EMI caused by stray inductance.

3) Employing Snubber Circuits: Snubber circuits or RC damping networks can be placed across switching
devices to protect them from stray-inductance-induced voltage spikes and to lower EMI.

4) Proper Component Selection: Stray inductance can be greatly reduced by selecting power devices with
low parasitic inductance packaging or by integrating power modules with reduced internal
inductances.

5) Gate Drive Optimization: Auxiliary circuits such as gate drives can be optimized to reduce the negative
externalities of stray inductance by regulating di/dt of the MOSFET.
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4, Summary and Conclusion

This app note highlights the theoretical foundations, practical implications, and modeling methodologies of
parasitic inductance in Silicon carbide (SiC) systems, synthesizing the insights gained from investigating its
careful study. Improperly designed systems with excessive parasitic inductance in the commutation path can
cause voltage overshoots and oscillations that are often managed by increasing gate resistance. However, this
will increase switching losses and reduce efficiency. In order to take full advantage of the performance of SiC,
it is necessary to design systems with minimized stray inductance. Developing capabilities to quantify
inductance is invaluable to designing these systems.

First, the frequency dependence of inductance was discussed. The frequency dependence intensifies in SiC
systems where high-frequency switching is prevalent. In order to successfully predict and limit the
consequences of this frequency dependence, which has an impact on the operation of power converters and
inverter systems, precise modeling and simulation techniques are required.

Second, the effective resistance and inductance of conductors are changed by proximity and skin effects.
Although both phenomena are linked to conductors carrying current, they are exacerbated in SiC systems due
to their fast-switching capability. To minimize switching losses and increase efficiency, conductor geometries
and materials need to be optimized by designers and engineers.

Third, parasitic inductance manifested by magnetic fields highlights how critical and crucial conductor
configuration and shielding are in SiC device implementation. Magnetic field demonstrations validate
theoretical predictions and simulation results, providing substantial evidence of how inductive elements
impact system performance.

Fourth, in three-phase inverters, parasitic inductance plays a crucial role in determining the efficiency and
stability of power delivery. Comprehensive analysis and simulation are indispensable for optimizing inverter
design and minimizing energy losses. In SiC systems, busbars and power terminals are crucial junctions where
parasitic inductance can have a major impact on heat dissipation and current distribution. Characterization
studies reveal the complex interdependencies between mechanical design, material selection, and electrical
performance.

Fifth, FEA provides an effective method for modeling the electromagnetic behavior of busbars and power
terminals. FEA allows for the accurate prediction of parasitic inductance and makes it easier to optimize
component design to reduce electromagnetic interference and improve system dependability by simulating
geometric details. A comparison between the choice of FEA software such as COMSOL and ANSYS was also
discussed in this application note.

Finally, a variety of techniques such as geometry optimization, layout refinement, and magnetic shielding are
employed in mitigating stray inductance successfully. The aforementioned solutions are designed to enhance
the overall performance and longevity of SiC-based power systems by minimizing energy losses, improving
transient response, and reducing electromagnetic interference. When designing and implementing inverters,
power electronic designers and engineers need to pay close attention to and control the stray inductance. The
influence of stray inductance on efficiency, switching performance, thermal management, and EMI emissions
necessitates precise characterization and practical mitigation techniques. Therefore, by understanding the
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source, effects, measurement techniques, and mitigation strategies outlined in this chapter, the three-phase
inverter system can be optimized to achieve higher performance, reliability, and compliance with industry

standards.
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