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Abstract—The high-frequency and high-power operation of
power converters has imposed stringent requirements on the
switching loss and electromagnetic interference performance of
power devices, particularly for the increasingly popular high-
speed insulated-gate bipolar transistors (IGBTs). Conventional
soft-switching techniques with snubbers encounter significant chal-
lenges in high-frequency and high-power scenarios due to their
inherent complexity and the substantial influence of parasitic
parameters. This article presents an easy-to-implement flexible
commutation design aimed at reducing switching losses, di/dt
and dv/dt simultaneously in high-speed power IGBTs for high-
frequency and high-power applications. The proposed design in-
cludes a snubber capacitor and two printed-circuit-board-based
coupled inductors as the busbar, facilitating soft-switching condi-
tions for the IGBTSs, along with a lossless energy recovery circuit
to achieve lossless operations. Importantly, the design incorporates
only passive components and specially utilizes distributed parasitic
parameters, ensuring both ease of implementation and high perfor-
mance. The proposed design is experimentally validated through
double-pulse tests using a high-power and high-speed IGBT rated
at 1.2 kV/140 A, with the switching performance analyzed compre-
hensively in comparison to a conventional hard-switching design.

Index Terms—di/dt and dv/dt, flexible commutation design,
high-frequency and high-power converter, high-speed insulated-
gate bipolar transistors (IGBTs), switching loss.

1. INTRODUCTION

IGH-FREQUENCY converters have become increasingly
H attractive for modern high-power conversion applications
such as renewable energy systems [1], [2], data center power
supplies [3], [4], electric vehicle charging [5], [6], and motor
drives [7]. The primary advantage of high-frequency operation
is the reduction in size and weight of passive components,
such as filter inductors and capacitors, which leads to increased
power density and reduced costs. In addition, higher switching
frequencies enable faster response times and reduced harmon-
ics. In high-frequency and high-power applications, insulated
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gate bipolar transistors (IGBTs) are preferred over metal-oxide-
semiconductor field-effect transistors (MOSFETs) and gallium-
nitride high-electron-mobility transistors due to their superior
voltage and current handling capabilities. Recently, high-speed
IGBTs have been commercially developed, which can operate
at frequencies ranging from tens to hundreds of kilohertz [8],
[9], [10]. However, high-frequency operation significantly in-
creases switching losses, which account for a large portion of
total energy dissipation. Furthermore, high-frequency operation
demands power semiconductor devices with high switching
speeds, introducing challenges such as increased voltage and
current stresses and substantial electromagnetic interference
(EMI) due to high di/dt and dv/dt. To mitigate these issues,
soft-switching techniques are employed.

Soft switching can be achieved through converter-level topol-
ogy design. Resonant converters, one of the earliest soft-
switching methods [1], [11], [12], [13], [14], [15], [16] have
gained considerable attention in recent years, particularly L LC-
based converters (e.g., LLC, CLLC, CLLLC). These converters
employ a resonant tank, composed of inductors and capacitors,
in combination with appropriate control strategies to achieve
zero-voltage switching (ZVS) or zero-current switching (ZCS)
conditions for the power switches. While resonant converters
reduce switching losses and facilitate high-frequency opera-
tion, they also present several challenges, including topology
limitations, as well as increased conduction losses and high
voltage and current stresses resulting from the circulating en-
ergy, and the need for wide-frequency-range operation due to
pulse-frequency-modulation control.

In contrast, power-switch-level soft-switching designs, such
as snubber circuits, offer the advantage of preserving traditional
pulsewidth modulation (PWM) control while achieving soft
switching. These designs incorporate auxiliary switches and LC'
components into the commutation loop to create soft-switching
conditions without altering the overall converter topology. The
additional switches and LC components function only during
the commutation processes, allowing the converter to revert to
traditional PWM operation once the power switches are in their
steady ON/OFF states. This approach decouples power-switch-
level commutation from converter-level control, making it ap-
plicable across a wide range of topologies and control strategies.

Over the past several decades, various active and passive
snubber circuits have been proposed. Active snubber circuits
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employ auxiliary active switches and LC components to manage
switching transitions [17], [18], [19], [20], [21], [22], [23],
[24], [25], [26], [27], [28], [29]. Notable active snubber circuits
include zero-voltage transition (ZVT) [17], [18], [19], [20], [21],
[22], [23], [24], [25] and zero-current transition (ZCT) [20],
[23], [25], [26], [27], [28], [29] circuits, which utilize LC' com-
ponents and appropriate control of auxiliary switches to achieve
soft-switching for the main power switches during switching
transitions. A key challenge in designing ZVT and ZCT circuits
is ensuring soft switching for both main and auxiliary switches
to enhance overall efficiency. Furthermore, the resonant nature
of these circuits subjects auxiliary switches to higher stresses
than the main switches, increasing costs. The need for high-
bandwidth sensors, control, and gate drive circuits for auxiliary
switches adds complexity and reduces reliability as well.
Passive snubber circuits offer a simpler, more cost-effective,
and reliable alternative to active methods, as they require only
passive diodes and LC components. Traditional passive snub-
bers, such as the resistor-capacitor-diode snubber, are easy
to implement and effective in reducing turn-OFF losses and
suppressing voltage stresses [30], [31], [32], [33], [34], [35].
Howeyver, the resistive elements in these circuits result in in-
efficiencies, especially at high switching frequencies, limiting
their application to low-power and low-frequency scenarios.
Recently, nondissipative snubbers have been proposed [36],
[371, [38], [39], [40], [41], [42], [43], [44], [45], [46], [47], [48].
Some provide either soft turn-ON or soft turn-OFF conditions.
For example, in [36], a snubber capacitor is applied in parallel
with the power switch to provide ZVS turn-OFF condition. This
snubber is effective for the dual-active-bridge (DAB) converter
as the converter normally operates in ZVS turn-ON condition.
However, the snubber will induce large turn-ON current stresses
and losses when the DAB converter loses its ZVS condition.
And this snubber is not suitable for traditional hard-switching
power converters either. Meanwhile, Kwon et al. [37] proposed a
snubber that achieves zero-voltage turn-ON for the active power
switch. But the power switch operates under hard turn-OFF
conditions. Conversely, other nondissipative snubbers achieve
both soft turn-ON and soft turn-OFF simultaneously [38], [39],
[40], [41], [42]. However, these designs often face topology
limitations, making them applicable to boost/buck structures
and less suitable for half-bridge or full-bridge configurations. In
addition, they often induce higher voltage and current stresses
on the main power switches. Previous works, such as [46],
[47], [48], have explored the properties required for effective
snubber circuits that simultaneously can achieve soft turn-
ON and soft turn-OFF conditions and synthesized a series of
snubber topologies for both buck/boost and half/full-bridge
structures.
However, several common challenges associated with exist-
ing solutions persist in high-power, high-frequency applications.
1) Complexity: Existing designs often incorporate a great
number of high-voltage and high-current components,
which complicates the overall system. This can also intro-
duce additional constraints in terms of heat management,
efficiency, and reliability, particularly when scaling for
higher power levels.
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2) Challenges of lumped elements: The use of lumped ele-
ments in snubbers presents several technical challenges.
For instance, the lumped inductors are required to handle
high currents without saturating when the power switches
are in the steady ON/OFF states, resulting in increased
losses, volume, weight, and costs.

3) Difficulties in layout design: As switching speeds and
frequencies rise, the inductance and capacitance values
required for snubbers are often in the nanohenry (nH) and
nanofarad (nF) ranges, which are comparable to the para-
sitic parameters in the commutation loop. Consequently,
parasitic parameters can significantly impact and even
participate in the snubbing process in high-frequency and
high-speed scenarios, leading to difficult layout design of
the commutation loop.

To address these challenges, this article proposes an easy-
to-implement flexible commutation design aimed at reducing
switching losses, di/dt and dv /dt of the high-speed IGBTs used
in high-frequency, high-power converters. The proposed design
targets systems operating at voltages ranging from hundreds to
thousands of volts and currents in the several hundred ampere
range, with switching frequencies spanning from tens to hun-
dreds of kilohertz. The main features of the design include the
following.

1) Soft-switching performance and lossless operation: The

proposed design enables both soft turn-ON and soft turn-
OFF for the main power switches and auxiliary diodes, ef-
fectively reducing switching losses. Furthermore, it avoids
the use of resistive elements, ensuring a lossless operation
of the snubber circuit.

2) Low voltage and current stresses: By carefully managing
the parasitic parameters and utilizing the inherent induc-
tances of printed circuit board (PCB) traces, the design
ensures smooth operation of the main power IGBTs,
without causing additional voltage and current stresses
theoretically.

3) Minimal auxiliary component requirements: The proposed
design employs only passive components, eliminating the
need for complex control systems or sensors. It requires
only three high-voltage components (one capacitor and
two diodes), while the remaining components are rated for
low voltage and current levels. The high-voltage capacitor
is rated at half the voltage of the dc input, while the diodes
have voltage ratings equivalent to the dc input. Notably,
all these high-voltage components only need low current
ratings.

4) Easy implementation with full utilization of parasitic pa-
rameters: The design constructs an optimal power current
commutation path in a spatially concise and clear manner,
and develops a corresponding PCB layout which incor-
porates the parasitic inductance generated by PCB traces
into the overall design of the snubber circuit, facilitating
a smaller overall design size compared to alternatives
utilizing lumped inductors or lumped coupled inductors.
In addition, it eliminates the need for a magnetic core in
the coupled inductors, reducing both volume and weight
while avoiding additional losses.
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Fig. 1. Schematic circuit of the proposed design.

5) Topology generalizability: The proposed design supports
the basic half-bridge structure and can be easily extended
to other configurations, such as full-bridge and three-phase
bridge structures.

The rest of this article is organized as follows. Section II
provides the schematic circuit of the proposed design. The
implementation method of the proposed design is discussed in
Section III, highlighting the design of the PCB-based distributed
coupled inductors and summarizing the requirements for each
component, demonstrating the easy-to-implement characteristic
of the proposed design. The operating principles, including
theoretical waveforms and the current paths for all circuit modes,
are elaborated in Section IV. Double-pulse tests (DPTs) are
conducted on both the proposed design and the conventional
hard-switching design in Section V, where the key switching
performances and the influences of circuit parameters in the
proposed design are analyzed. Finally, Section VI concludes
this article.

II. SCHEMATIC CIRCUIT OF THE PROPOSED DESIGN

Fig. 1 illustrates the schematic circuit of the proposed commu-
tation design for the half-bridge structure utilizing IGBT devices
(S7 and S5). This configuration includes a snubber circuit and
a lossless energy recovery circuit (ERC). The snubber circuit
consists of a snubber capacitor (Cyy,), two coupled inductors
(T and T5), two auxiliary capacitors (Cyyx1 and Cyyx2), and two
auxiliary diodes (Dqyyx1 and Dyyx2). The lossless ERC is depicted
in Fig. 2, which consists of two diodes (Der1 and Degeo), an
inductor (L) and a capacitor (Cy).

In this design, the ZCS turn-ON condition for S; and S5 is
facilitated by the primary-side self-inductances of 7} and 75,
while the ZVS turn-OFF condition is ensured by Cy,,. When
either S or Sy turns ON (depending on the direction of the
load current), the load current commutates directly from one
IGBT to the other, inducing significant voltage drops across 1}
and T5. These voltage drops allow the voltage across S; (Vs1)
or Sy (Vgo) to decrease rapidly before its current increases.
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Fig. 2. Schematic circuit of the lossless ERC.

After the IGBT is fully turned on under ZCS conditions (i.e.,
the voltage across the IGBT drops to its on-state voltage), the
current begins to rise. During this phase, 7% and T5 serve to limit
the current slew rate (di/dt). Similarly, when S} or S, turns OFF,
the load current commutates first from one IGBT to Cy,,, and
subsequently from Cj, to the other IGBT. The existence of
Cqnp facilitates a rapid decrease in the current flowing through
S1 (Ig1) or Sy (I52) before the voltage begins to rise. Once the
IGBT is fully turned-OFF under ZVS conditions (i.e., the current
flowing through the IGBT drops to zero), its voltage begins to
rise, meanwhile Cyyp, limits the voltage slew rate (dv/dt).

The negative impact on the turn-OFF voltage overshoots in-
duced by T and 75 is mitigated through their secondary-side
circuits. Specifically, during the turn-OFF transient of either Sy
or Sy, both D,1 and D, conduct, clamping the voltages
across 77 and T5 through capacitors Cyyx1 and Cyyxo, thus pre-
venting additional voltage spikes across S and S2. Moreover,
the negative impact on the turn-ON current overshoots caused
by Cypnp is also eliminated by the cooperation of T, T5, Dyux1,
Dyux2, Caux1, and Cyuo. Specifically, when S7 or S5 turns ON,
Cqnp 1s discharged by the resonance between Cypy, 77 and 7.
The existence of 73 and 75 prevents the direct short-circuiting
of Cyyp upon IGBT turn-ON, thereby avoiding surge currents
in the IGBT. During the resonance process, when the currents
flowing through the primary windings of 7 and 75 begin to
decrease, D,yx1 and D,yxo turn-ON, and the resonant energy is
absorbed by Cyux1 and Cyx2. Consequently, the energy in 77,
Ty, and Cyyyp is softly transferred to Ciyx1 and Cyyxo, resetting
the components without inducing additional turn-OFF voltage
overshoot or turn-ON current overshoot on S7 and S5.

The energy stored in Cyyx1 and Cyyyo is further recycled by the
lossless ERC. In this circuit, Cuux1/Caux2, Derc1/Dere2, Lere, and
Cere form a resonant pathway, through which the energy stored
in Cyx1 and Cyyxo is transferred unidirectionally to Ce.. The
energy accumulated in Cy is then used to power the low-voltage
subsystems, including components such as the sensing system,
control circuitry, gate drivers, cooling fans, and other elements
operating within the voltage range from 5 to 24 V.

In the proposed design, the turn-ON and turn-OFF losses of the
IGBTs can be flexibly controlled by adjusting the Cy,, and the
self-inductances of T3 and T5. Larger self-inductances of 77 and
T, improve the turn-ON switching losses of the IGBTs, but may
also lead to higher turn-OFF voltage overshoots even though with
high coupling coefficients. On the other hand, a larger Cyyp helps
to decrease the turn-OFF switching losses, but may also result in
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higher turn-ON current overshoots during the resonance process.
The value of Cj,, can be easily controlled through appropriate
device selection. And the self-inductances of 7% and 75 can be
precisely controlled by designing the geometrical dimensions of
the winding loops.

Therefore, the key of this design lies in the implementation
of T} and 7%, which establish the pathways for power current
commutation. It is essential that 77 and 75 are designed with
high coupling coefficients, superior efficiency, robust current-
handling capabilities, compact sizes and weights, and a sufficient
level of simplicity. Consequently, the following section offers a
detailed discussion on the implementation and the dimensional
design equations of 7 and T%.

III. IMPLEMENTATION OF THE PCB-BASED DISTRIBUTED
COUPLED INDUCTORS THROUGH DC BUSBAR DESIGN

A. Integration of Coupled Inductors Within DC Busbar Design

In conventional dc busbar designs, laminated configurations
are typically employed to minimize stray inductance in the
commutation loop, as excessive stray inductance can lead to
detrimental effects such as voltage spikes and additional switch-
ing losses, particularly in high-speed switching applications.
However, this article introduces a novel approach where the
stray inductance of the dc busbar is not merely tolerated but
purposefully designed to function as the distributed coupled
inductors 7 and 75. By strategically engineering the distributed
parameters of the dc busbar, the coupled inductor structure can
be realized directly within the busbar itself, eliminating the need
for additional discrete magnetic components. In this implemen-
tation, the stray inductance of the dc busbar are deliberately
increased, enabling ZCS conditions for the IGBTs during their
switching transients.

Given the high switching speeds at which IGBTs operate,
the role of the coupled inductors in this system is primarily to
regulate the di/dt during the switching transient, while hav-
ing minimal impact on steady-state operation. Thus, the self-
inductances of these coupled inductors must remain low, typi-
cally in the range of 50—100 nH. Since switching transients occur
on extremely short-time scales, where the voltage and current
waveforms exhibit high-frequency components in the tens of
megahertz, the designed coupled inductors must ensure excellent
high-frequency performance while also maintaining high cou-
pling coefficients to facilitate efficient energy transfer from the
primary side—where voltage and current spikes occur—to the
secondary side, where this energy can be absorbed. Furthermore,
during the steady-state operation, the coupled inductors will
be subjected to relatively large currents, necessitating careful
attention to magnetic saturation and core losses in the design.

Considering these requirements—high-frequency operation,
high current handling, and low inductance values—traditional
lumped inductor designs that rely on bulky ferrite cores and
cylindrical conductors are not ideal for this application. Instead,
this article presents a distributed coupled inductor design that
is well-suited for integration into PCBs, leveraging the intrinsic
distributed inductance of the dc busbar itself. The PCB-based
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distributed coupled inductor design offers several notable ad-
vantages: First, the design capitalizes on the stray inductance
inherent in the current commutation path through the PCB
layout. This inherent inductance can be engineered to meet
the required values without the need for large, bulky magnetic
components. Second, the flat planar copper conductor structure
of the PCB enhances high-frequency performance compared
to conventional cylindrical copper wires. This is particularly
important as the flat conductors help mitigate issues such as the
skin effect, thereby enhancing the current handling capacity and
reducing high-frequency losses. Another significant advantage
of the PCB-based design lies in the ease with which the pri-
mary and secondary windings of the coupled inductors can be
accurately laminated within the PCB layers. This layer-coupling
configuration allows for a much higher coupling coefficient
ensuring efficient energy transfer and absorption of transient
spikes.

By embedding the coupled inductors within the dc busbar
design, this approach optimally utilizes the available PCB real
estate while simultaneously enhancing circuit performance. The
proposed integration method enables the dc busbar to play
an additional role to support commutation and facilitate ZCS
conditions, leading to improved switching performances.

B. Implementation of the Coupled Inductors

The distributed coupled inductors proposed in this article are
composed of the following four distinct loops.

1) Loop #IP: the primary-side loop of 77 .

2) Loop #1S: the secondary-side loop of T7.

3) Loop #2P: the primary-side loop of 7T5.

4) Loop #28S: the secondary-side loop of T5.

It is important to clarify the coupling relationships between
these loops by analyzing the spatial current commutation paths.
To illustrate the coupling dynamics, consider the turn-OFF tran-
sient of S5 as an example. In the initial stage of the turn-OFF
process, the load current commutates from S5 to Cyp, leading
to a significant variation of the magnetic field linked with Loop
#2P, which induces a substantial voltage. In response, Loop #2§
is designed to absorb the induced voltage, and the magnetic field
generated by the current in Loop #2S must spatially compensate
for the magnetic field variation caused by Loop #2P. Therefore,
it is essential that Loop #2P and Loop #2S overlap completely
to ensure effective coupling. In the latter part of the turn-OFF
process of Sy, the load current commutates from Cyyp, to S7,
leading to a similar change in the magnetic field associated with
Loop #IP, which also induces a large voltage. To absorb this
voltage, Loop #1S must be well-laminated with Loop #IP.

As a result, the PCB layout for the proposed distributed
coupled inductors can be designed as depicted in Fig. 3. The
dc+ and dc— polygon planes are laminated to minimize stray
inductance between the dc input and the bus capacitors (Chpys1
and Chys2). The PCB traces connecting the bus capacitors and
the IGBTs are intentionally designed as two large loops, forming
the primary-side windings of the distributed coupled inductors.
Specifically, the branches containing Chys1, Csnp, and S on the
top layer form Loop #1 P, while the loop comprising Chys2, Csnbs
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Fig.4.  Shielding design with high-permeability layers to achieve a higher cou-
pling coefficient and reduced EMI. (a) Layer structure. (b) Side cross-sectional
view.

and S5 on the top layer forms Loop #2P. On the bottom layer,
the loop consisting of Cyyx1 and Dy,x1 forms Loop #1S, and the
loop consisting of Cyuxo and Dyyxo forms Loop #28. To ensure
high coupling coefficients for both T and 15, Loop #1P is fully
overlapped with Loop #1S, and Loop #2P is entirely overlapped
with Loop #2S.

To further enhance the coupling coefficients, two shielding
layers composed of high-permeability and high-resistivity ma-
terials can be applied to the upper and lower surfaces of the
PCB, as depicted in Fig. 4(a). A side cross-sectional view of
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Fig. 5.
inductors.

Simplified layout for analyzing the PCB-based distributed coupled

the design, along with the magnetic flux distribution, is pre-
sented in Fig. 4(b). These shielding layers serve to confine the
magnetic flux within the designed structure, thereby reducing
EMI to the surrounding environment. Moreover, the shielding
layer enhances the permeability of the mutual magnetic flux
(®,,) path while minimally impacting the permeability of the
leakage flux (P and Po) paths, significantly improving the
coupling coefficients of the coupled inductors. The shielding
layer’s design is particularly advantageous because it lacks a
central magnetic limb, which prevents the overall magnetic
flux from becoming excessively large and potentially leading
to saturation of the magnetic material. In addition, the high
resistivity of the shielding layer reduces eddy current losses,
further improving the system’s efficiency.

C. Equivalent Circuit of the Coupled Inductors

For simplicity, both the primary and secondary windings of
the distributed coupled inductors are modeled as single-turn rect-
angular spiral coils, as illustrated in Fig. 5. The four conductor
edges that make up the primary winding are designated as 1"y
to I'y, while the four conductor edges of the secondary winding
are designated as I'5 to I's. The lengths of the outer sides of
the coils are represented as X, and Yy, while the lengths of
the inner sides are represented as Xj, and Yj,. The trace widths
of the coils can be calculated as W, = (Xout — Xj,)/2 and
W, = (You — Yin)/2. The distance between the primary and
secondary coils is denoted as d, which is approximately equal
to the thickness of the PCB.

The equivalent circuit of the PCB-based distributed coupled
inductors, considering the parasitic parameters, is shown in
Fig. 6(a). In this equivalent circuit, Ly , and L , represent
the leakage inductances of the primary and secondary sides,
respectively, while L,, denotes the magnetizing inductance. C),
denotes the equivalent lumped capacitance of the primary wind-
ing, which accounts for the effects of interturn and interlayer
capacitances within the primary winding. Similarly, C's denotes
the equivalent lumped capacitance of the secondary winding.
C\, represents the interwinding capacitance between the primary
and secondary windings. Since both the primary and secondary
windings of the coupled inductor consist of a single turn and
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form.

a single layer, the capacitances C), and C; are negligible. C,,

can be calculated using the parallel-plate capacitor model, as

expressed in (1), where gg = 8.85 x 10~'2 F/mi s the free-space

permittivity, and &, represents the relative permittivity of the

PCB material. For the commonly used FR-4 material, ¢, ~ 4.4
o €0Er (Xout out — XinY;n)

Cw - d . (1)

The circuit shown in Fig. 6(a) can be transformed into its
equivalent form, as illustrated in Fig. 6(b), where L , and
Ly s represent the self-inductances of the primary side and
secondary side, and M denotes the mutual inductance between
the primary and secondary windings. The relationship between
the two circuit forms can be expressed as follows:

Lsf,p = le,p + Lm (23)
Lsf,s = le,s + Lm (Zb)
M = L,,. (2¢)

The coupling coefficient « of the coupled inductor is defined
as (3). In the rest of this article, the mutual inductances (or
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magnetizing inductances, which are equal in this case) of 77 and
T, are denoted by L,,,; and L,,, respectively. The primary-side
self-inductances of 77 and T, are represented by L1, and
Lyt 2, while the secondary-side self-inductances are denoted
by Lsf,ls and Lsf,QS

Ly,

Pl — 3)
Lsf,pLsf,s

D. Dimensional Design Equations of the Coupled Inductors

According to the Greenhouse’s formula [49], the partial
self-inductance of a finite straight rectangular conductor [as
shown in Fig. 7(a)] with width w, thickness ¢, and length [,
can be calculated as (4), where po and pu, are the free-space
permeability and the relative permeability of the conductor. For
copper material, i1, = 1. The correction factor 7" is frequency-
dependent: it is equal to 1 under dc conditions and approaches
0 as the frequency tends to infinity. GMD and AMD represent
the geometrical mean distance and the arithmetical mean dis-
tance, respectively. For thin-film conductors, such as PCB traces,
GMD = 0.22313(w + t) and AMD ~ (w +t)/3

l 21 AMD 1, T
Lsf,partiul = ’;% |:1n <GN[D> —1.25 + T + ’u4 :| .

“)

The partial mutual inductance between two finite straight
conductors is given by (5).

ol
Lm,partial = /;777

! 2
_ 14—
. (GMD Tyt GMD2>
GMD? GMD

—1/1
+l2+l

®)

The expressions for GMD depend on the configuration of the
two conductors. There are two primary configurations for two
rectangular conductors: width-to-width [as shown in Fig. 7(b)]
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or thickness-to-thickness [as shown in Fig. 7(c)]. Assuming the
two conductors are separated by a distance p and v = w/p, the
GMD for these configurations can be calculated by (6a) and (6b),
respectively [49], [50], [51]

GMD 42—1 2

In—— =7 5—In(1+7)+ — arctan~y — 3 (6a)
p gl gl 2

GMD 2 4 6 8 10

ZOMD 2 9t 50 0t
D 12 60 168 360 660

Next, the loop self-inductance of the primary-side (or
secondary-side) winding can be calculated as the sum of the
partial self-inductances of all its edges, minus the sum of the
partial mutual inductances of its parallel edges, as expressed
by (7). Here, Ly 1, represents the partial self-inductance of I';,
and Ly, r,r; represents the partial mutual inductance between
I'; and I';. Note that the partial mutual inductance between two
orthogonal conductors is zero, so only the mutual inductances of
parallel conductors contribute to the total loop self-inductance

4
Ly = Lt s = Z Lgr, —2(Lmrrs + Linrory) - (7)
i—1

The loop mutual inductance between the primary-side and
secondary-side windings can be calculated as the sum of the
partial mutual inductances of all parallel primary and secondary
conductors, as expressed in (8). Note that the partial mutual
inductance between two parallel conductors carrying currents in
the same direction is positive, while it is negative for conductors
with currents in opposite directions

Ly, =2 (Lm,rirs + Lin,ryrg — Lin,ry0s — Linryrg) - (8)

Equations (4)—(8) provide a dimensional design guideline
for the coupled inductors. In practical design, the target values
of the self-inductance and mutual inductance should be deter-
mined first. Then, the geometrical dimensions of the primary
and secondary loops are derived using the above equations.
Finite element analysis can be employed to validate the design
and extract precise inductance values. To achieve the desired
inductance values, the dimensions of the PCB traces should be
optimized through iterative design. For example, increasing the
size of the loop (i.e., increasing Xi,, Xou, Yin, and You) can
help increase both the self-inductance and mutual inductance
of the coupled inductor. In addition, decreasing the distance d
will improve the mutual inductance and coupling coefficient.
However, decreasing d too much may reduce the mechanical
strength of the PCB, leading to potential structural issues.

E. Case Study and the Impacts of Parasitic Parameters

In this article, the target values of L, and Ly , are set to
approximately 50-60 nH based on practical experience. The
dimensions of the coupled inductors are then designed according
to (4)—(8), as shown in Table I. It should be noted that the length
l in (4) and (5) should be replaced with the effective length of
the conductor. For example, the effective length of I'; can be
calculated as (9), where A € (0, 2) is a calibration factor. In this
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TABLE I
GEOMETRICAL DIMENSIONS OF THE COUPLED INDUCTORS
Dimension Value (mm) Dimension Value (mm)
Xin 28.6 Yin 273
Xout 61.6 Yout 53.2
d 0.6 t 0.14

ol
W
Fig. 8. Ansys Q3D model of the coupled inductors.
TABLE II
CALCULATION AND SIMULATION RESULTS
Parameter Frequenc Value Value (sim- Relative
q ¥ (formula) ulation) error
@f=0Hz 56.61 56.07 0.96%
Lyp(s) H) —G7=s 48.96 489 0.12%
Ly (nH) @f=0Hz 52.09 53 -1.72%
Cy (pF) / 211.41 241.13 -12.33%
case, A ~ 0.7
lett = Xin + AW, )

An Ansys Q3D model, as shown in Fig. 8, is built to precisely
extract the parasitic inductances. Table II shows the calculation
results using (1), (4)—(8), and the simulation results from Ansys
Q3D. The calculation results show high accuracy compared
with the simulation, which validates the analysis and design
procedure described above.

The leakage inductances can negatively impact the IGBTs
during commutation, producing excessive voltage overshoots as
the IGBT currents decrease. In an ideal case with no leakage
inductance and a coupling coefficient of 1, the voltage across
Lg1p and Lg oy is clamped by Cyuxi and Cyuxo When Dy
and D,ux2 conduct, which absorbs the voltage overshoots on the
IGBTs. However, when leakage inductances are considered, the
equivalent circuit from the primary sides of 77 and 7% during
the turn-OFF transient process becomes as shown in Fig. 9.
The equivalent busbar inductance and the voltage overshoot
produced by the busbar inductance are then calculated as (10)
and (11). Although both the formula calculations and simulation
results show alow leakage inductance of about 3—4 nH and a high
coupling coefficient of about 0.95, the actual leakage inductance
can be higher than these results due to the equivalent series
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Ly1p L

VCauxl

VCauxZ

ISZ

Ly L.

Fig. 9. Equivalent circuit during the turn-OFF transient considering the leak-
age inductances.

inductance (ESL) of the components, including the IGBTS, Cyyp,
Cauxts Caux2s Daux1, and Dyyo in the primary and secondary
loops

Llek,s

Leqg = Lip + I L. (1-#%) Lgp  (10)
dl dl
Vos = Leg (dil + d;”) . (11)

The parasitic capacitance ', mainly affects the resonant
frequency of the coupled inductor and may cause unwanted os-
cillations, producing extra losses at high frequencies. However,
in this article’s case, it has very little impact on the switching
transients. From Fig. 6, the impedance view from the primary
side (with the secondary side open) is expressed as (12), where
w = 27 f represents the angular frequency

,Uil B .wOJ2Cw (Lsf,pLsf,s - L72n) B 4L5f1p
it Y W2C, (Lup + Las — 2Lp) — 4

Then, the resonant frequency can be calculated by (13). In
this case, the resonant frequency is 230 MHz, which is much
higher than the frequency components of the switching tran-
sients (typical below 20 MHz). Fig. 10 shows the impedance
characteristics calculated from (12), which exhibit ideal induc-
tance behavior across most frequency bands, except near the
resonant frequency. Therefore, the parasitic capacitance has very
little impact on the switching transients

1
7T'\/(Lsf,p + Lsf,s - 2Lm) Cy '

Another important observation from Fig. 10 1s that the coupled
inductors are primarily active during the switching transients,
which occur on the order of 100 ns. These transients correspond
to a frequency range typically around 10 MHz. However, during
the steady-state operation of the IGBTs, where the switching
frequency is generally below 50 kHz, the impedance of the

AT

12)

fres =

13)
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Fig. 10. Impedance characteristics of the coupled inductor considering C',.

coupled inductors becomes negligible, effectively behaving as a
short circuit.

This observation is confirmed by the impedance calculations
presented in (12), where the impedances at 50 kHz and 10 MHz
are 17.8 m{2 and 3.56 2, respectively. This low impedance at
the switching frequency indicates that the coupled inductors do
not have a significant effect on the steady-state performance of
the IGBTs. Consequently, the influence of the IGBT’s switching
frequency on the inductor design is minimal, as the inductor’s
role is primarily limited to the switching transient period. The
inductor does not actively engage in the circuit’s behavior during
the steady-state operation, which is crucial for ensuring that the
design of the coupled inductors does not compromise the IGBT’s
static performances.

E. Implementation of Other Components

Cinb: Conp is rated at only Ve /2, which reduces both the cost
and size of the snubber. The capacitance of Cyy;, typically ranges
from several to tens of nF, which is comparable to the output
capacitance of the IGBTSs. Since that Cyyy, is also part of Loop
#1P and Loop #2P, it is important to ensure that it possesses
a low ESL to maintain high coupling coefficients. Multilayer
ceramic capacitors (MLCCs), known for their compact size and
low ESL, are, therefore, a suitable choice for Cy,,. Furthermore,
Ciqnp must exhibit stable capacitance and a low dissipation factor.
To meet these requirements, Class I ceramic capacitors, such as
COG capacitors, are recommended.

D1 and Dg,2: To ensure effective absorption of volt-
age overshoots, fast turn-ON and turn-OFF characteristics are
required for Dy, and D,o. Silicon-carbide (SiC) Schottky
barrier diodes (SBDs) are recommended. Theoretically, Dyyx1
and D,,xo must be rated to withstand a maximum transient
voltage of Vpc during the turn-ON transients of the IGBTs.
Consequently, the voltage ratings of Dgyyx1 and Dyyxo should
correspond to the dc-bus voltage, which is considerably lower
than the voltage rating of the main power IGBTs because of
the voltage margin required in practical applications. However,



TABLE III

XIAO et al.: EASY-TO-IMPLEMENT FLEXIBLE COMMUTATION DESIGN WITH REDUCED SWITCHING LOSSES

COMPONENT REQUIREMENTS OF THE PROPOSED DESIGN

Components Values Voltage ratings Current ratings Other requirements Suggested devices
Clsnb several tfo tec?s of Vbe /2 Low ESL, low dissipation factor, C0G MLCC
nanotarads About 10% of the IGBTs stable capacitance
Daux1 and Dy / Vbe Fast turn-oN and turn-OFF SiC SBD
several to tens of
Claux1 and Cayx2 microfarads Low Low Low ESL MLCC
Derc1 and Derca /
Lere seve.ral to teps of Low Low / SMD or IC
microhenries
C several to tens of
ere microfarads
the current ratings of D,,x1 and D,x2 can be significantly lower . N ) i ' )
l'urn-off PWM  iTurn-on: PWM
than those of the IGBTS, as D,,x1 and D2 only conduct current .

during switching transients. No current flows through D,y or
Dauxo in steady states.

Caux1 and Ciyyo: These capacitors absorb the transient en-
ergy stored in 77 and 75 during the switching transients of
the IGBTs. Since that the transient energy is relatively small,
capacitors rated at low voltages (e.g., several tens of volts) can
be used. Their capacitances typically range from several to tens
of microfarads (uF). Moreover, because these capacitors are part
of Loop #18 and Loop #2S, alow ESL is required to ensure high
coupling coefficients. Therefore, MLCCs are suitable for Cyyy;
and Ciuxo.

Components in the lossless ERC: The lossless ERC is de-
signed to handle the relatively small energy stored in Cyux1
and Clyx2. Therefore, all components within the lossless ERC
are rated for low voltages and currents, resulting in low costs
and minimal impact on the overall commutation design layout.
Suitable surface-mount devices (SMDs) or integrated circuits
(ICs) can be selected as the components for the lossless ERC.
Moreover, since the lossless ERC operates at relatively low
frequencies, component design requirements are less stringent.
Ordinary rectifier diodes can be utilized as Dey; and Deyeo. And
parasitic parameters in the recycle loop have minimal impact,
negating the need for special layout optimization.

In summary, the proposed design requires only three high-
voltage-low-current components (Cypy, Daux1 and Dyyxo), while
all other components are rated for low voltages and low cur-
rents. The component requirements of the proposed design are
summarized in Table III.

IV. OPERATING PRINCIPLES

This section presents a theoretical analysis of the commuta-
tion process of the proposed design. The scenario considers a
load current injecting into the mid-node of the half-bridge. In
this case, S remains inactive while the antiparallel diode D,
functions as the freewheeling diode (FWD) for S;. The load
current can be treated as a constant current source during the
commutation process. The theoretical operation waveforms of
the proposed design are illustrated in Fig. 11, while Fig. 12 shows
the current paths for each mode. The theoretical analysis of the
commutation process is described as follows.

\ i transient ! étmnsienti mode
V. ' , X H : s H
g2 : : : H ;

J DC

I

§v (I B
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Fig. 11.  Theoretical operation waveforms of the proposed design.

A. Turn-Off Commutation

Mode 1 (t; — t3): At {1, the gate drive voltage of Sy (Vj2)
transitions from the high value of V¢ to the low value of Vgg,
resulting in the turn-OFF of S5. The presence of Ci,, enables
So to turn-OFF under ZVS conditions. Consequently, the load
current is transferred to C,, from S5, leading to a linear rise in
the voltage across Cyyp (Vosnn) from —Vpe /2, as expressed by
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5(ts — te). (f) Mode 6(te — t7). (g) Mode 7 (after t7).

(14). Meanwhile, D, conducts, clamping the voltage across
T through Cjy2, thereby suppressing the voltage overshoot on
So. The energy in T is subsequently transferred to Cyx2 and
recycled by the lossless ERC, causing the current through D, 2
(Ipaux2) to gradually decrease
dUC’snb
C(snb dt =1 L-

Mode 2 (ta — t3): At to, Vg reaches Vpe/2, activating Dy
under ZVS conditions. The load current shifts from Cyy, to D1,
generating an induced voltage across 7. Subsequently, D,,x1
conducts, and the voltage across 77 is clamped by Cyx1, further
suppressing voltage overshoots on S5. Energy stored in 77 is
transferred to C,x1 and recycled by the lossless ERC, causing
the current flowing through D,x1 (Ipaux1) to diminish during
this mode. In the ideal scenario, where the coupling coefficients
for both T3 and 75 are equal to one, the theoretical voltage spike
of VS2 is given by VDC + VCauxl + VCaux2~

Mode 3 (tg — ty): At ts, Ipauxe reaches zero, resulting in
Dgyx2 turning OFF under ZCS conditions. At this stage, the
energy stored in 75 is fully recycled.

Mode4 (ty — tg): Atty, when I p,yyq falls to zero, D,y turns
OFF under ZCS conditions. The energy stored in both 7} and 75

(14)

Current paths of the proposed design at each mode. (a) Mode 1(¢t1 — t2). (b) Mode 2(t2 — t3). (c) Mode 3(t3 — t4). (d) Mode 4(t4 — t5). (e) Mode

is fully recycled, marking the end of the turn-OFF commutation.
S5 then enters into the steady-OFF state.

B. Turn-On Commutation

Mode 5 (ts — tg): The turn-ON commutation begins at 5
when V2 increases from Vgg to Vee. Lt 1p and Ly o, enable
a ZCS turn-ON condition for S;. Vo is perceived as a sudden
drop from Vpc to O at ¢5. Lyt 1, and Ly 9, then resonate with
Clnp under the influence of Vpe and Iy. Igo increases, while
the current flowing through D; (Ip;) decreases. A discharging
current flows through Cyyp, causing Vg to drop from Ve /2.
The secondary sides of 77 and 75 are blocked by Dgx1 and
Dauxe. The state equations of the DPT circuit during this mode
can be expressed as

AV
ISl :IS2+Csnb dc; b
dlsq 1
Lsﬂlpw + Vs — §VDC =0
Al 1
Lgop,—— — Vo — = =0. 15
sh2p Vesnb 2VDC 0 (15)
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Fig. 13.  Picture of the DPT platform. (1: DC power supply; 2: Laminated DC
busbar; 3: Load inductance; 4: PCB of the proposed design; 5: Gate drive board;
6: Control board; 7: Power supply for the control board; 8: Oscilloscope; 9: High-
voltage differential probes; 10: High-voltage passive probe; 11: High-frequency
Rogowski coils.).

Mode 6 (tg — t7): When [y falls to zero, D, turns OFF under
ZCS conditions. Ly 2, continues to resonate with Cipp. As Igo
begins to decline, D, 2 activates, allowing the secondary side
of T5 to absorb the resonant energy, effectively dampening the
resonance.

Mode 7 (after t7): At t7, when all resonant energy is fully
dissipated, So transitions into the steady-on state.

V. EXPERIMENTAL VERIFICATION

The proposed design is implemented and verified in a DPT
platform, as depicted in Fig. 13. The high-power, high-speed
TRENCHSTOP IGBT7 IKY 140N 120CH?7 from Infineon, rated
at 1200 V/140 A and housed in a TO-247-4 package, serves as the
device under test. The SiC SBD C6D10065 G from Wolfspeed,
rated at 650 V/10 A and housed in a TO-263-2 package, is
selected as Dgux1 and Dyyxo. A double-pulse signal is applied
to the gate terminal of S, while S; remains in the OFF state via
a constant negative gate drive voltage.

Vsa is measured using a high-voltage passive probe with a
bandwidth of 300 MHz, while Vg; is measured using a high-
voltage differential probe with a bandwidth of 100 MHz. Both
Isy and Igo are measured by high-frequency Rogowski coils
with a bandwidth of 50 MHz. Table IV details the equipment
used in the DPT platform, and Table V provides the circuit
parameters of the DPT platform. As a comparison, a DPT PCB
utilizing a conventional hard-switching design is also imple-
mented and tested within the same platform. Figs. 14 and 15
showcase the PCBs of the proposed design and the conventional
hard-switching design, respectively.

A. Inductance Extraction

The electronic network analyzer E5061B from Keysight
is employed to measure the impedance characteristics of the
designed PCB by analyzing its scattering parameters (S-
parameters). In this study, the Port 1-2 Shunt Through method is
utilized for S-parameter measurement. Fig. 16 illustrates the test

TABLE IV
EQUIPMENT INFORMATION
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Product Signal
Equipment Manufacturer| Ratings under
model
test
DC power RU-18- 0-1kV,
supply VARIED 10001 0-1A /

. Teledyne 500 MHz,
Oscilloscope LeCroy HDO6054B 10 GS/s /
High-voltage 15KV

differential PINTECH NI1015A 100 MHz Vg1
probe
High-voltage 15KV
passive TT-HV150 TESTEC 300 MHz Vo
probe
High-
frequency PEM CWT Mini 300 A, Igy and
Rogowski S50HF 1/B 50 MHz Igo
coil
TABLE V
CIRCUIT PARAMETERS
Parameter Value Parameter Value
Vbe 600 V Vee ! VEE +15V/0V
I, 0-140 A Ry ext 0-3 Q
Lioad 300 uH Cisnbp 6.6-13.2 nF
Claux1 and
1uF
CauxZ b
PCB-based Laminated DC busbar
BNC voltage distributed I’ \I
e coupled 1
measurement 3 1
inductors 1 DC input |

interface

Fig. 14.

[ p——

Il

Low-side IGBT

aux2

i7i Cauxt

ligh-side IGBT

PCB-based distributed
coupled inductors

(b)

interface I

PCB of the proposed design. (a) Top view. (b) Bottom view.
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Fig. 15. PCB of the conventional hard-switching design. (a) Top view.
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Port 2

sround

ENA E5061B Signal

Coaxial Cable

Fig. 16.  Test setup for measuring the S-parameters.

setup. S-parameters, shown in Fig. 17(a), describe the reflection
and transmission characteristics of a two-port network in the
frequency domain and are defined in (16), where a; and ao
represent the incident waves at port 1 and port 2, while by and bo
correspond to the reflected or transmitted waves at the respective

ports
|: b1 :| |:511 512:| |: aq :| S |: a1 :|
ba So1 Soo as as |-

The impedance parameters (Z-parameters), shown in
Fig. 17(b) and defined in (17), can be derived from S-parameters
using (18), where Z; is the characteristic impedance of the

(16)
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Fig. 17. Diagram of a two-port network. (a) S-parameters. (b) Z-parameters.

system (typically 50 €2), and I is the identity matrix

Vil |Zu Zi2| || _ ., |1
= 2ol -2ln] o
Z=ZyI+S)(I-8)". (18)

Inthis case, the parameters Z11 and Zo5 directly indicate the self-
inductance of the primary and secondary sides of the PCB-based
distributed coupled inductors, while Z152 = Z5; represents the
mutual inductance between the primary and secondary sides, as
expressed in (19). Consequently, the inductance parameters can
be efficiently extracted by processing the measured impedance
data using curve fitting techniques

Z11 = Jjwlsty
Zog = ijsf,s

Zig = Zo1 = jwLy,. (19)
Fig. 18 presents the curve fitting results of the Z-

parameters, where the extracted inductance parameters are

L = 53.89nH, L s = 52.97nH, and L,, = 46.89nH.

The designed PCB is also imported into Ansys Q3D to extract
its inductance parameters, as shown in Fig. 19. The simulation
results yield L, = 56.98nH, Ly, = 54.35nH, and L, =
45.65nH, demonstrating good agreement with the measured
results. The self-inductances of the primary and secondary sides
closely match their target values (approximately 56 nH) calcu-
lated in Section III-E. However, the actual mutual inductance
is lower than the target value (around 52 nH), primarily due
to the large dc bus plane on the primary side, which results in
imperfect alignment between the primary and secondary current
loops. The measured results yield a coupling coefficient of 0.88,
which remains acceptable for this application.
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Fig. 18.  Curve fitting results of the Z-parameters. (a) Z11. (b) Z2a. (¢) Z12, Z21.

Fig. 19.  Ansys Q3D model of the designed PCB.

B. Switching Transient Waveforms Compared to the
Conventional Hard-Switching Design

Fig. 20 presents the experimental switching transient wave-
forms and the switching loss power calculated by Vso X Igo for
both the conventional hard-switching design and the proposed
design under test conditions of Vpc = 600V, I, = 70 A, and
Ry exi = 0.4€). In Fig. 20(a), the Vs waveform of the proposed
design demonstrates a sharp drop from 600 V to approximately
200 V at the onset of the rise in /g2, indicating that .Sy turns ON
under ZCS conditions. Similarly, as shown in Fig. 20(b), the I g2
waveform exhibits a rapid decrease from 70 A to around 30 A
as Vgo begins to rise, demonstrating that Sy turns OFF under
ZVS conditions. Consequently, the overlap between the voltage
and current waveforms in the proposed design is significantly
reduced compared to the conventional hard-switching design,
directly contributing to lower switching losses. The turn-ON and
turn-OFF losses for the conventional hard-switching design are
measured at 1.17 mJ and 1.79 mlJ, respectively. In contrast,
the proposed design exhibits turn-ON and turn-OFF losses of
1.04 mJ and 1.05 mJ, corresponding to reductions of 11.2%
and 41.3%, respectively. As will be discussed in Section V-C,
these reductions on switching losses are even more pronounced
at higher load currents.

In addition to significantly reducing switching losses, the pro-
posed design effectively maintains acceptable levels of voltage
and current spikes. Specifically, the conventional hard-switching

design exhibits a current spike of 207.9 A during the turn-ON
transient and a voltage spike of 736.5 V during the turn-OFF tran-
sient. In comparison, the proposed design shows a comparable
current spike of 219.6 A and voltage spike of 8§14.2 V. Although
the current and voltage overshoots in the proposed design are
5.6% and 10.6% higher than that observed in the conventional
design, this increase remains within acceptable limits. As will
be illustrated in Section V-C, when the load current is higher,
the current overshoot in the proposed design can be smaller than
that of the conventional hard-switching design. Therefore, the
proposed design is capable of reducing switching losses without
significantly increasing voltage and current spikes.

Furthermore, both the dv/dt during the turn-OFF transient
and the di/dt during the turn-ON transient are substantially
lower in the proposed design compared to the conventional hard-
switching design. In addition, the reduced di/dt also contribute
to lower reverse recovery losses in the FWDs, further enhancing
the overall efficiency of the system.

C. Switching Performances Under Various Load Currents

The switching performances, including switching losses,
voltage, and current overshoots, di/dt and dv/dt, are evaluated
under various load currents (18 A, 36 A, 54 A, 73 A, 92 A,
112 A, and 132 A) while maintaining a constant Vpc = 600V
and an external gate resistor [, i = 0.4 ).

Fig. 21 presents a comparison of the switching loss com-
ponents between the proposed design and the conventional
hard-switching design, where Eq,, FEoff, Frec, Fsw, and Eiy
denote the turn-ON loss of the IGBT, turn-OFF loss of the IGBT,
reverse recovery loss of the FWD, the switching loss of the IGBT
(Esw = Eon + Eof) and the total loss of the commutation unit
(Esw = Eon + Eoff + Erec), respectively.

Atload currents below 54 A, the E,, of the proposed design is
slightly higher than that of the conventional hard-switching de-
sign, attributable to the higher current overshoot in the proposed
design under light load conditions. However, as the load current
exceeds 54 A, the E,, of the proposed design becomes much
smaller compared to that of the conventional hard-switching
design, benefiting from the ZCS feature as previously described.
The E, of the proposed design is consistently lower than that of
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hard-switching design.

the conventional hard-switching design across all load currents,
owing to the ZVS feature.

Moreover, the F. of the proposed design is reduced across
the entire range of load currents due to the slower di/dt during
the IGBT’s turn-ON. As a result, the proposed design demon-
strates significant reductions in both Ej, and F\, compared
to the conventional hard-switching design across various load
current conditions. At load currents of 18 A, 36 A, 54 A,
73 A, 92 A, 112 A, and 132 A, the E, of the conventional
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Comparison of switching losses between the proposed design and the conventional hard-switching design. (a) Proposed design. (b) Conventional

hard-switching design are 0.82 mJ, 1.51 mJ, 2.22 mJ, 2.95 mJ,
3.70 mJ, 4.45 mJ, and 5.24 mJ, respectively, while the proposed
design incurs losses of 1.10 mJ, 1.41 mJ, 1.72 mJ, 2.08 mlJ,
2.49 mJ, 2.89 mJ, and 3.36 mJ. This represents an improve-
ment in switching loss reduction by approximately —33.07%,
6.62%, 22.54%, 29.44%, 32.66%, 35.05%, and 35.81% across
the respective load conditions. Similarly, the E, of the con-
ventional hard-switching design are 1.39 mJ, 2.45 mJ, 3.44 mJ,
4.40 mJ, 5.35 mJ, 6.32 mJ, and 7.31 mJ, respectively, while the
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Comparison of voltage and current overshoots between the proposed design and the conventional hard-switching design. (a) Current overshoot of S

during the turn-ON transient. (b) Voltage overshoot of S during the turn-OFF transient. (c) Voltage overshoot of D1 during the turn-ON transient of Ss.
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(c) Switching losses of Sa.

proposed design incurs losses of 1.66 mJ, 2.37 mJ, 2.99 mJ,
3.61 mJ, 4.21 mJ, 4.80 mJ, and 5.42 mJ, indicating reductions
of —19.36%, 3.36%, 13.04%, 18.13%, 21.25%, 24.05%, and
25.80%, respectively. Furthermore, all loss components of the
proposed design exhibit lower sensitivity to load current varia-
tions compared to those of the conventional hard-switching de-
sign. Specifically, the conventional hard-switching exhibits load
current sensitivities of 38.0 uJ/A for E,, and 50.9 uJ/A for Ei,
whereas the corresponding sensitivities for the proposed design
are 19.7 uJ/A and 32.8 ulJ/A. These results clearly underscore

the superior efficiency of the proposed design in minimizing
switching losses, particularly at higher current levels.

Fig. 22 depicts the voltage and current overshoots for both the
proposed design and the conventional hard-switching design.
Both designs show higher peak currents with increasing load
currents. The proposed design displays higher peak currents
under low load conditions, while it shows lower peak currents
under high load conditions compared to the conventional hard-
switching design. For the conventional hard-switching design,
the turn-ON di/dt increases with larger load currents, resulting in
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Fig. 25.  Switching losses with various Ry ex for the proposed design. (a) Turn-ON loss of the IGBT. (b) Turn-OFF loss of the IGBT. (c) Reverse recovery loss
of the FWD.
35 35 N
R —o—F, Ry 704 s —o—E (R, ~049) —F (R 049)
—o—E, R, ~080) —o—E g (R, ~080) —o—E R ~080)
g 25 Ep (R, =1.60) ;,E\ s Epp(R, . ~169) 3 E o R ~1.60)
= ——E, (R, ~220) < ——E g R, =220) ZLst —o—E (R, ~220)
§ 2r ——E, R, = é 2r ——Eg R, =30 g ——E (R, =3D)
51s E1s g
£ £ gl
g 1 e 1 &
0.5 0.5
0 0 0.5
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Load Current (A) Load Current (A) Load Current (A)
(a) (b) ©)
Fig. 26.  Switching losses with various R ex for the conventional hard-switching design. (a) Turn-ON loss of the IGBT. (b) Turn-OFF loss of the IGBT.

(c) Reverse recovery loss of the FWD.

50
0
>
m
=
3
Ef -50
=
g ----- Spectrum of V52 (Conventional Design)
-100 | [—— Spectrum of Vs, (C,,=6-6nF)
Spectrum of VSZ (Csnb=9.9nF)
----------- Spectrum of ¥, (C__ =13.2nF)
150 " N " A
107! 10° 10! 10° 10°
Frequency (MHz)
Fig. 27.  Spectrum of Vgs.

higher reverse recovery currents on the FWD and consequently
higher current overshoots on the IGBT. For the proposed design,
however, the current overshoots on the IGBT are induced from
the oscillation between Cqny, Lyt 1, and Lyt 2, Which results in
di/dt and current overshoots on the IGBT being less sensitive
to load current. As for the voltage overshoots, the proposed
design shows higher peak voltages on the IGBT when load
currents exceed 60 A, which can be attributed to insufficient
coupling coefficients of 7} and T5,. Enhancing these coupling

coefficients is anticipated to effectively mitigate the issue of
voltage overshoots in the proposed design. The peak voltages
on the FWD in the proposed design, however, are comparable
to those in the conventional hard-switching design.

Fig. 23 compares the turn-ON di /dt and the turn-OFF dv / dt be-
tween the proposed design and the conventional hard-switching
design. Both the di/dt and dv/dt for the proposed design are
lower than those of the conventional hard-switching design
across the entire range of load currents, indicating good control-
lability on dv/dt and di/dt of the proposed design. The smaller
di/dt also contribute to reduced reverse recovery losses in the
FWD.

D. Switching Losses With Various Cgpp,

The proposed design is tested with various values of Cypyp,
ranging from 6.6 to 13.2 nF, under the gate drive condition
of Ry exi = 0.4€2 and the load condition of Vpc = 600V, I}, =
73 A.Fig. 24 presents the test results of the switching waveforms
and losses. As the value of Cy,;, increases, the turn-ON loss of S
rises, while the turn-OFF loss decreases. As previously analyzed,
a larger Cy,, enhances turn-OFF performance but negatively im-
pacts turn-ON losses due to increased current overshoots during
turn-ON. The IGBT achieves a minimum switching losses of
1.92 mJ when Cy,, = 6.6 nF.

These results suggest the possibility of flexibly adjusting
the turn-ON and turn-OFF performances of the IGBTs in the
proposed design. For instance, in power converters with ZVS
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TABLE VI
COMPARISON WITH OTHER SOFT-SWITCHING TECHNIQUES
. S Main Main . . . Number of
. Applicable Snubber Bldus'ecftmnal Switch Switch l\éagnetlc T;el?retlcal Main High-voltage/current
Literature Power Type So t. Turn-on Turn-off ompo- witch Voltage Auxiliary Elements for
Level Switching .oe oo nents Stress
Condition Condition a Half-bridge
[20] 1 kW Active No ZNVS ZCS Vbe 3
" . . Voltage spike of
[18] 2kW Active Yes ZVS Hard Lumped hard switching-OFF 7
inductor
[38] 220W Passive No ZCS ZVS with Vbe 5
magnetic
[45] 200 W Passive No ZCS ZVS core Vbe 8
[40] 500 W Passive Yes ZCS ZVS 1.2Vpe 7
[42] 350 W Passive Yes ZVS ZVS Vbe 4
[43] 10 kW Passive Yes ZCS ZVS (n+2)Vpc/n 10
Proposed | Expected to . . - .
design be 40 kW Passive Yes ZCS ZVS Distributed Vbe 3

characteristics, such as during normal operation of DAB and
LLC converters, alarger Ci,, can be employed to improve overall
converter performances.

E. Switching Losses With Various Ry ez

Figs. 25 and 26 illustrate the switching losses for various
external gate resistances in the proposed design and conventional
hard-switching design, respectively. In the proposed design, Cyp
is set to 9.9 nF. As the gate resistance decreases, the F,, of
both designs shows a significant reduction, while the Es and
FEre. remain nearly unchanged, despite only slight increases
in Eor and slight decreases in FEy... The reduction in E, is
attributed to the faster switching speeds associated with smaller
gate resistances, which subsequently leads to a larger voltage
drop on Vgs due to the Igo rise during the turn-ON transient.
In contrast, during the turn-OFF transient, a substantial portion
of E, is attributed to the minority carrier sweep-out process,
which is relatively unaffected by the gate drive circuit.

For the conventional hard-switching design, switching perfor-
mance is typically adjusted by modifying the external gate re-
sistances, but, as demonstrated, this method has limited impact.
In the proposed design, however, Coyp, Lt 1p, and Lgs 2, pro-
vide additional flexibility in optimizing switching performance.
Furthermore, E,, is more sensitive to external gate resistance
changes in the proposed design than in the conventional hard-
switching design, offering enhanced flexibility.

F. EMI Spectrum and Discussion on the Switching Ringing

Fig. 27 illustrates the EMI spectrum obtained by performing
a fast Fourier transform on the IGBT voltage waveform. For
various values of Cyyy, the proposed design demonstrates an EMI
spectrum comparable to that of the conventional hard-switching
design. However, at approximately 30 MHz, the conventional
hard-switching design exhibits a slightly higher EMI level (about
5 dBV) than the proposed design. This difference is primarily
attributed to the higher dv/dt associated with the conventional
hard-switching design.

The waveform of the proposed design exhibits ringing with
a period of approximately 150 ns (about 6.7 MHz) in Fig. 24.
This ringing is primarily caused by the resonance between Cypyp
and Ly ;.

The impact of this ringing can be analyzed from the following
three perspectives.

1) Influence ondead time and switching frequency: Typically,

the IGBT switching frequency is less than 20 kHz (with
a switching period on the order of tens to hundreds of
microseconds), and the dead time is also in the microsec-
ond range. Since the ringing attenuates significantly within
approximately 1us, it does not affect the dead time or
switching frequency.
Energy loss and system efficiency: ldeally, the energy
associated with this ringing is absorbed by the ERC within
one ringing cycle due to the unidirectional conduction
characteristic of Dyy1 and Dy,x2, thereby suppressing os-
cillations. In a nonideal case, most of the ringing energy is
still recovered by the ERC, minimizing additional losses.
EMI spectrum: As illustrated in Fig. 27, the EMI spectrum
remains nearly identical to that of conventional designs,
indicating that the ringing does not introduce significant
EMI issues.

To further mitigate the ringing effect, the following measures
can be implemented.

1) Optimizing the design of Cy,, and Ly ,,: Reducing these
parameters can help minimize the ringing amplitude; how-
ever, this may compromise the loss reduction benefits of
the proposed design.

Increasing the voltage level of C,,: This can be achieved
by either reducing the capacitance of Cy,x or increasing the
voltage level of the low-voltage system. This enables the
ERC to absorb the ringing energy more rapidly, thereby
suppressing oscillations.

Enhancing the coupling coefficient of the coupled induc-
tors: A higher coupling coefficient facilitates more effi-
cient energy transfer to the secondary side of the coupled
inductors, allowing the ERC to absorb the ringing energy
more effectively.

2)

3)

2)

3)
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G. Comparison With Other Soft-Switching Techniques

Table VI summarizes the characteristics of several repre-
sentative studies on soft-switching techniques. Most existing
designs are primarily suited for low-power applications (below
a few kW), such as buck/boost converters and battery chargers.
In contrast, high-power applications (tens of kW), including
grid-connected converters and railway power supplies, pose sig-
nificant implementation challenges for these designs. The main
limitation stems from the reliance on lumped inductors with
magnetic cores, which must conduct extremely high currents in
such applications. This results in challenges such as increased
magnetic losses, saturation issues, large volume, and excessive
weight.

In contrast, the proposed design leverages PCB-based dis-
tributed coupled inductors, which can be seamlessly integrated
into the dc busbar layout, eliminating the need for external
magnetic components. In addition, the proposed design requires
only three high-voltage, low-current auxiliary elements, while
all other auxiliary components operate at low voltage and low
current. Moreover, compared with those active snubber de-
signs, the proposed design incorporates only passive elements,
eliminating the need for complex sampling, control and gate
drive circuits. This significantly simplifies implementation and
enhances reliability, making it a more practical solution for
high-power applications.

VI. CONCLUSION

This article presents an easy-to-implement flexible commuta-
tion design aimed at reducing switching losses, di/dt and dv/dt
in high-speed power IGBTs for high-frequency and high-power
applications. The proposed design incorporates a snubber ca-
pacitor and two PCB-based distributed coupled inductors to
achieve ZVS and ZCS conditions for the main power IGBTs,
meanwhile ensuring that the auxiliary diodes operate under soft-
switching conditions. The design does not employ dissipative
elements, facilitating a lossless operation. The proposed design
requires only three high-voltage-low-current components, with
all other components rated for low voltages and low currents.
This simplicity is further enhanced by the exclusive use of pas-
sive components, allowing for easy implementation. This article
provides comprehensive guidelines on the design of PCB-based
distributed coupled inductors and details the requirements and
selection criteria for other components, with comprehensive
consideration and full utilization of parasitic parameters. Fur-
thermore, the operational principles and current commutation
paths are analyzed in detail.

Validation of the proposed design is conducted on a DPT
platform, and comparisons are made against a conventional hard-
switching design. Key characteristics of the proposed design are
illustrated as follows.

1) Switching losses: The proposed design achieves superior
loss performance to the conventional hard-switching de-
sign. The reductions in switching losses are more pro-
nounced at higher load currents. Specifically, the proposed
design exhibits lower turn-OFF losses of the IGBTs and

2)

3)

4)

5)
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nearly the same reverse recovery losses of the FWDs
across the entire range of load currents, while also display-
ing reduced turn-ON losses of the IGBTs for load currents
exceeding 54 A. Experimental results indicate a maximum
of 35.81% reduction on the switching loss of the IGBTs
and a 25.80% reduction on the total switching loss of the
commutation unit, under the load current of 132 A, for
the Infineon discrete IGBTs with the TO-247-4 package.
All loss components of the proposed design show reduced
sensitivity to load current variations.

Voltage and current overshoots: The proposed design
maintains comparable levels of current overshoots on
the IGBTs and voltage overshoots on the FWDs relative
to the conventional hard-switching design. The voltage
overshoots on the IGBTs in the proposed design at high
load currents is higher than that in the conventional hard-
switching design, but is still within an acceptable range.
Enhancing the coupling coefficients of the PCB-based
distributed coupled inductors is expected to effectively
address this issue.

Good controllability of di / dt and dv / dt: The proposed de-
sign effectively reduces the turn-ON di /dt and the turn-OFF
dv/dt of the IGBTs. By optimizing the self-inductance of
the coupled inductors and the capacitance of the snubber
capacitor, the di/dt and dv/dt can be effectively con-
trolled. Since that there exists close relationship between
EMI noise and di/dt and dv/dt, the proposed design
provides further potential for optimizing the EMI char-
acteristics.

Flexibility: The proposed design provides additional flex-
ibility for adjusting the switching performances by ad-
justing the values of the snubber capacitance and the
self-inductances of the coupled inductors. Increasing the
self-inductances of the coupled inductors while decreasing
the snubber capacitance improves the turn-ON switching
losses of the IGBTs. Conversely, a larger snubber capac-
itance combined with decreased self-inductances of the
coupled inductors enhances turn-OFF loss performance.
In addition, reducing gate drive resistances can further
decrease the turn-ON losses of the IGBTSs, whereas the
turn-OFF losses and reverse recovery losses of the FWDs
exhibit lower sensitivity to the gate drive resistance.
Possibility for power density enhancement: While the pro-
posed design requires additional space for the PCB-based
inductors, potentially increasing the PCB size compared to
traditional hard-switching designs, it still offers opportuni-
ties for overall power density improvement. The reduction
in switching losses enables higher switching frequencies,
which in turn allows for a decrease in the size of passive
components, such as filter capacitors and inductors, ulti-
mately enhancing power density. Furthermore, compared
to existing snubber circuit designs that typically rely on
bulky ferrite-core inductors, the proposed PCB-based in-
ductor eliminates the need for such cores. This reduction
in volume contributes to a more compact system compared
to conventional snubber circuit implementations.
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