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According to the "Green Growth Strategy for Carbon Neutrality in 2050," research
on next-generation power semiconductors (GaN, SiC, etc.) is based on the scenario
of expanding their introduction and entering the independent commercial phase af-
ter 2025, with power conversion circuit technology playing a role. For example,
the use of next-generation power semiconductors in power conversion circuits for
electric aircraft and vehicles is accelerating, aiming for further miniaturization and
lower loss. Fast switching, a feature of next-generation power semiconductors, has
been the subject of many research reports as a technology for reducing power loss
in power conversion circuits; however, problems related to fast switching have also
emerged. Many of these problems are caused by parasitic inductance in the wiring.
Parasitic inductance generates an induced electromotive force (EMF) for the current
change (di/dt) of a power device switching at high speed. This induced EMF can be
applied to the power device beyond the rated voltage, which has been considered
a problem by many research reports. One way to address this problem is to reduce
the parasitic inductance of the wiring. Parasitic inductance in wiring exists in the in-
ternal wiring and terminals of devices such as power devices and capacitors; hence,
there has been a lot of research on reducing this inductance. Furthermore, parasitic
inductance also exists in the wiring called busbars that electrically connect these de-
vices. Therefore, it is necessary to reduce the parasitic inductance of busbars to fully
utilize the performance of next-generation power semiconductors. To reduce the
parasitic inductance of busbars, laminated busbars, which consist of flat conductors
sandwiched between insulating materials, are used. Most of the research on lam-
inated busbars has focused on simple structures, but some studies have reported
that the connection holes and the distance between terminals required for connect-
ing elements have a significant impact on the parasitic inductance. While laminated
busbars can reduce parasitic inductance, their structure increases parasitic capac-
itance. This parasitic capacitance, together with the parasitic inductance, forms a
resonant circuit that causes large voltage and current oscillations during switching.
Furthermore, because of these parasitic parameters, when multiple capacitors are
connected, the current flowing through each capacitor is reported to be unbalanced.
Thus, many studies on laminated busbars and the reduction of parasitic inductance

have been reported, but it is impossible to reduce the parasitic parameters to zero
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owing to the physical constraints of the structure. In other words, the design of
power conversion circuits must allow for a certain amount of parasitic parameters.
In conventional silicon semiconductors, the effect of parasitic inductance was within
the acceptable range; however, in next-generation power semiconductors, it is neces-
sary not only to reduce parasitic inductance but also to design appropriately. How-
ever, laminated busbars are focused only on reducing parasitic inductance, and no
clear design guidelines for parasitic parameters have yet been provided. In addition,
detailed structures such as terminal hole diameter and distance between terminals
are currently designed based on the circuit designer’s rule of thumb, which makes
them unsuitable for higher switching speeds.

The objective of this study is to establish a laminated busbar design method to
realize high-speed switching. This study proposes a design method to solve the
problems caused by fast switching and parasitic parameters, and clarifies the effec-
tiveness of the proposed method through experiments. This thesis is divided into
six chapters, each of which is summarized below.

Chapter 1 describes the necessity of this study in terms of social and technologi-
cal backgrounds. It also clearly states the issues and objectives of this study.

In Chapter 2, the related and previous studies of this research are summarized
to clarify the high-speed switching issues to be addressed in this research. Unlike
the previous studies in which parasitic inductance and capacitance are considered,
this study considers parasitic resistance and parasitic conductance as well as their
effects are discussed. A literature survey reveals that the parasitic parameters and
fast switching challenges are surge voltage, oscillation, and unbalance.

Chapter 3 analyzes the current unbalance that occurs in capacitors connected in
parallel to laminated bus bars. The parasitic parameter of the hole diameter at the
busbar terminal, which is one of the causes of current unbalance, is calculated by
electromagnetic field analysis, and its effect on current unbalance is summarized.
Based on the results, we solved the problem of unbalance by presenting a design
method for appropriate hole diameters for the operating conditions.

Chapter 4 describes the vibration phenomenon after switching from the view-
point of laminated busbar design. Vibration phenomena occur mainly from a few

MHz to about 100 MHz, and it is clear that factors such as skin effect and proximity
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effect are significant. Therefore, an equivalent circuit including parasitic resistance
and parasitic conductance is applied. Using the equivalent circuit, a design method
for a laminated busbar structure that suppresses vibration phenomena within a tar-
get value in terms of time and frequency axes is presented to solve the vibration
problem.

Chapter 5 describes a design method for laminated busbar structures that can
be designed simultaneously with conventional surge voltage, in addition to the vi-
bration phenomena described in Chapter 4. It is clarified that parasitic inductance
affects surge voltage and parasitic capacitance affects oscillation phenomena and
that these are trade-offs. A design method is then proposed to integrate these dif-
ferent dimensions into a single design method. Experimental verification using a
400 V, 30 A buck chopper circuit is conducted to demonstrate the effectiveness of
the proposed method. The method simultaneously solves the vibration and surge
voltage issues in the design of laminated busbar structures.

Chapter 6 presents the conclusions of this thesis from the results obtained in the
previous chapters. The impact of this research on the power conversion field as well

as the future prospects are also discussed.
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Chapter 1

Introduction

1.1 Social background around power electronics

The Paris Agreement [1] was adopted in 2015 as a countermeasure for global warm-
ing. Japan’s CO, reduction target for 2030 is a 26% reduction from the fiscal 2013
level. In addition, the share of renewable energy in the total electricity generated
by power sources is 16% in FY17, while the target for FY2030 is 22 — 24% (Fig. 1.1).
Although the introduction of feed-in tariffs (FIT schemes) has reduced the price of
renewable energy overseas, there are many issues that arise from the actual introduc-
tion of renewable energy. The Fifth Basic Energy Plan of the Ministry of Economy,
Trade and Industry (METI) includes the promotion of low-cost renewable energy,
overcoming grid constraints, and distributed energy as major measures [2]. Further-
more, for a long-term sustainable society, it is necessary to shift from fossil energy to
renewable energy, and this trend will not be temporary but will continue in the long

term (2050) [3].
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Total Generated Energy Total Generated Energy

1060 GWh 1650 GWh

Photovoltaic 7.0%

2017 2030

FIGURE 1.1: Breakdown of the energy supply in Japan [2].

Demand and supply of electricity must be in balance; if demand exceeds supply,
the equipment cannot be used due to lack of necessary power, and if supply exceeds
demand, energy overload must be handled strictly. Because power generation from
renewable energy sources depends on the environment, it is difficult to predict the
amount of power that will be generated, and even if power is generated, it may not
be available, or it may not be generated when power is needed. For example, in
mainland Kyushu, output control of solar power was implemented for the first time
in 2018, and discussions are underway to fully utilize the benefits of solar power
generation [4]. Therefore, the research, development, and diffusion of power elec-
tronics (hereafter referred to as "PE"), a technology for freely storing, transmitting,
and consuming electrical energy, has become an urgent issue. In Japan, one of the
goals is to develop a smart grid to solve these problems. A smart grid monitors the
supply and demand of electricity at intermediate points in the power grid and op-
timizes the flow of electricity based on the calculated results. Therefore, the energy
generated at each home or facility is not unstable when it is fed into the grid, and
losses are minimized because the distance over which the power is transported is
small. However, an energy storage system is also needed to store the energy gen-
erated by each power plant and renewable energy source, and a part of this energy

storage system is the battery of the EV.
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Figure 1.2 shows the forecast of electric vehicle sales based on the International
Energy Agency survey [5]. The share of EVs is expected to be larger than that of
PHEVs. Figure 1.3 depicts the ratio of greenhouse gas emissions that electric vehi-
cles result in. ICEs and HEVs, whose main power source is fuel, emit the major-
ity of their GHGs from fuel, while PHEVs and BEVs, whose main power source is
the energy stored in their batteries, emit less than 50 percent of their GHGs from
fuel. However, because of the large amount of GHG emissions from storing electric
charge in the battery, the GHG emissions of BEVs, which do not use fuel for driving,
are not significantly different from those of HEVs. Therefore, it can be said that the
overall GHG emissions of BEVs can be reduced by using power generation methods
that do not emit GHGs, such as renewable energy, to generate the electricity that is
stored in the battery. Therefore, power generation from renewable energy sources
and the widespread use of electric vehicles have a significant bearing on the reduc-

tion of greenhouse gas emissions.

EV sales (million vehicles) Shares
50 50%
40 — 40%
30 o 30%
20 20%
10 10%
[
0 0%
2018 2025 2030 2025 2030
New Policies Scenario EV30@30 Scenario
[ | [ | [ | [ | [ ()
China Europe Us India Japan Other PHEV sales share EV sales share

FIGURE 1.2: Projection of electric vehicle sales and share.



4 Chapter 1. Introduction

- Effect of larger
tCOzeq battery (+200 km)
40

Tank-to-wheel
fuel cycle

30 M Well-to-tank fuel
cycle

Vehicle cycle
(batteries (200 km))

20

Vehicle cycle
(assembly, disposal,
10 and recycling)

M Vehicle cycle
(components and
0 fluids)
ICE HEV PHEV BEV FCEV

FIGURE 1.3: Ratio of the total energy for vehicles.

For them to be widely used in the future, EVs and devices such as power condi-
tioners must be easy to use from the viewpoint of the consumer. For example, the
power control unit (PCU) used in electric vehicles had a power density of 35 W/cc
in 2014, and through research and development, a power density of 70 W/cc has
been achieved so far. The power density is increasing year by year to improve fuel
efficiency.

There is another example to reduce GHG emissions from the aviation point of
view. Air Transport Action Group (ATAG) has released a report exploring the sce-
nario to meet net-zero CO, emissions by 2050 [6].

CO2 emissions [millions of tonnes]

2,500
2,000
Aviation technology
1,500
_ Operations and infrastructure
1,000
.---------.~
L) - g c o
~s Sustainable aviation fuel
500 See
L - N N
<
L]
04 | | | | | | o Carbon offset, etc
2020 2030 2040 2050

FIGURE 1.4: Net-zero carbon from aviation field[6].

Figure 1.4 displays the perspective CO, emissions with Scenario 1: pushing tech-
nology and operations. According to the report, aviation technology will reduce
12% of emissions reduction contributions by 2050, while the operations and infras-

tructure, and sustainable aviation fuel (SAF) reduce 9% and 71%, respectively. This
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indicates that aircrafts such as drones, eVTOL, and civil airplanes must be operated
with more and more high efficiency.

Table 1.1 shows the maximum motor output power for an electric aircraft [7].
The Maximum output power rises to 260 kW as of 2018 and the number of passen-
gers are up to four. Additionally, the electricity for auxiliary units in electric aircrafts
has several tens of kW to several hundreds of kW. Buticchi ef al. [8] has reviewed
the electricity generation and consumption in the on-board microgrids in the more
electric aircraft (MEA). There are a lot of energy utilization (loads) in that system
such as Wing Ice Protection System (WIPS), Electrical Environmental Control Sys-
tem (EECS), Electromechanical Actuators (EMAs), and Fuel Pumps (FP). These are
summarized in Table 1.2. The number of these systems will increase when the scale
of MEA increases and for further all electric aircraft. From these points, the demand
of the power electronics circuits of around 10 kW to several hundreds kW must in-
crease.

TABLE 1.1: Maximum motor output power

Year 2001-2010 2011-2015 2016—

Elec. Motor —-92 kW - 192kW  —-260 kW

TABLE 1.2: Power consumption in the MEA

Power [kW]

WIPS  40-60 and up to 200

EECS -70
EMAs 2-40
FP 200 kVA

1.2 Technical background

1.2.1 Trends of high power density converters

There are numerous studies that predict the efficiency of automotive and electrified

airplanes [9]-[13]. The electrification of airplanes can increase the energy efficiency
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from the batteries to motors, although there are inevitable issues. One is the relia-
bility of the electric equipment and mechanical system since aircraft safety must be
highly guaranteed [11]. Another issue is that the weight of the batteries and elec-
tric equipment may reduce the cruising distance when compared with conventional
aircrafts. The required power weight density is 16.4 kW /kg according to the STARC-
ABL Rev. B power system architecture designed by NASA [14]. Additionally, many

researchers have reported on converters with high power weight density [15]-[30].

TABLE 1.3: Specifications of electrical components in STARC-ABL
Rev. B [14]

Component  Power / Weight  Efficiency

Generator 13.2kW/kg 96%

Motor 13.2kW/kg 96%

Inverter 16.4 kW /kg 98%
Cable 3.9kg/m 99.6%

This concept was presented in 2017, and since then, the required power weight
density has been increasing for further large-scale and electrified airplanes. More-
over, the voltage applied to the DC bus will be adopted in future aircraft over 1
kV to 3 kV. In such a system, the inverter technology has been developed using the
power semiconductor devices. Recent wide-bandgap (WBG) power devices have
a tremendous ability compared with conventional silicon devices [31]-[36]. One of
the advantages of WBG devices is the high electron speed, which makes the speed
of switching faster by approximately three times. This is called "High-Speed Switch-

ing," which can be applied to hard-switching inverters.

1.2.2 High-speed switching technology

The high-speed switching technology has been also investigated to reduce the losses

in power devices [37]-[43].
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-~

Period Tsw = 1/fsw >

Ploss = vdsx id = Psw + Pcond

on . off time

time

(b) High-speed switching

FIGURE 1.5: Switching waveform and switching loss.

Figure 1.5 shows the diagram of the power device waveforms and losses. At the
off state, the power device has almost no loss. At the on state, there is a loss Pong
on the on-resistance of the device, which depends on the power device operating
point and output current. Assuming that the load of the converter is inductive,
higher power is consumed during the switching transition time At. The loss during
switching transient is called switching loss Ps,,. Since the switching loss occurs twice
during the switching period, it is proportional to the switching frequency. Figure
1.5(b) depicts the high-speed switching compared with (a) normal switching. It is
evident that the voltage and current derivative with respect to time is larger and

hence, the switching loss P, is lower.
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TABLE 1.4: Specifications of Nch Power MOSFET provided by Rohm

Product Material =~ Voltage rating  Current rating  Rise time f,  Fall time #;
R6020PN] Si 600 V 20A 60 ns 70 ns
SCT3120AL SiC 600 V 21 A 21 ns 14 ns

Table 1.4 lists the switching speed of power devices from datasheet [44], [45].
This example shows that the SiC power device has three times or faster switching
speeds than the Si device. The switching loss Ps,, ideally reduces by three times in

this example. The main advantages of high-speed switching are as follows:

1. Reduce the size of a cold plate (heatsink) because of the reduction in the loss

2. Increase the switching frequency fsw by keeping the loss and thereby maintain

the size of a cold plate

This dissertation targets the swithching speeds listed in Table 1.5.

TABLE 1.5: Target of switching speed in this dissertation.

device turn-off transient time
Si-IGBT 100 ns - 400 ns
SiC MOSFET 10 ns - 100 ns

1.2.3 Issues of high-speed switching

Besides the advantages of high-speed switching, there are many issues that must be

addressed [46].

A Surge voltage A
DFT Oscillation

time freq

FIGURE 1.6: Issues caused by high-speed switching.

Figure 1.6 shows an overview of the issues reported with high-speed switching.
As the switching speed increases, the time derivative of voltage and current (dv/d¢t
and di/dt) increases. This results in higher noise generation understood by the volt-

age and current spectra derived from the Fourier transform of the waveforms. The
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increase in the generation of high-frequency components results in noise issues [47]-
[50]. The other issue is the voltage overshoot, which is the excess of the converter

input voltage [51]-[53].

1.2.4 Parasitic parameters and high-speed switching

The issues of high-speed switching occur unexpectedly, even though the circuit de-
signers construct the power electronics circuit. In most cases, the cause is parasitic

parameters, which exist on every component in the circuit.

Inductor

Busbar — ST wSA
N =l Parasitic resistance

Power devices
N I “ _~~. Parasitic inductance

Cold plate
Capacitor

Actual circuit

Q

T Parasitic capacitance

Busbar GDU ﬂw\]:i zgl

Inductor + +
Capacitor ]
== || SDU ||
Power Devices J
Ideal circuit Actual circuit
diagram diagram Cold plate

FIGURE 1.7: Differences between the ideal circuit and practical
ciruits.

GDU

_|

| |

— Capacito

L L

GDU

=
L

Figure 1.7 depicts the differences between the ideal (known as a textbook) and
practical circuits. The ideal circuit includes only the passive components (capacitors
and inductors) and power devices. The actual circuit is manufactured according to
the ideal circuit. The practical circuit, however, includes parasitic parameters, mul-
tiple capacitors, cold plates on power devices, wirings (called "Busbar") for their
connection, etc. The busbar is a metal bar (usually made of copper/aluminum) that
connects the components electrically. The parasitic parameters are categorized into

four; parasitic inductance, parasitic resistance, parasitic capacitance, and parasitic

Parasitic conductance
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conductance. These parameters impose the circuit operation, especially to the high-
speed switching transient [54]. The parasitic inductance and time derivative of cur-
rent di/dt invoke the voltage as shown in eq. 1.1.

di

v=Lx 4 (1.1)

The parasitic capacitance and time derivative of voltage dv/dt invoke the current as

shown in eq. 1.2.

. do
i=Cx T (1.2)

For example, consider a converter rated at 500 V, 20 A, and transition time At of 10
ns; the voltage and current caused by dv/dt and di/dt are dramatically large due to

the high-speed switching, as shown in Table 1.6. This can be explained by Fig. 1.8.

FIGURE 1.8: The voltage and current induced by the voltage and cur-
rent derivatives of time.

For future converters, the switching speed increases more and more such that

the increase in the invoked voltage and current is inevitable.

TABLE 1.6: The voltage and current invoked by the parasitic param-
eters and time derivative of current/voltage.

Voltage/current ratings ~ Transition time At  Parasitics  Time derivative  Invoked voltage/current

20 A 10 ns 50 nH 2 A/ns 100V
500 V 10 ns 100 pF 50 V/ns 5A
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1.2.5 Parasitic parameters on the circuit components

Parasitic parameters exist on each component in converters. Figure 1.9 shows the

categorization of the parasitic parameters on each component.

‘ Components including parasitic parameters ’

‘ Capacitor ’ ‘ Busbar ’ ‘ Power device ’ ‘ Cold plate ’

Provided by Designed Provided by Designed
Manufacturers individually Manufacturers individually
Designed after selecting other Designed afterevaluating/calculating
components power devices’ losses

Main parasitic parameters

Parasitic parameters L Parasitic capacitance C

Main voltage /current

Main switching current di/d# Device voltage v4s

x voltage overshoot . L
x Noise current injection

across the power devices

FIGURE 1.9: The main parasitic parameters on the components in the
converter.

The main parasitics on the components are as follows. The capacitors have par-
asitic inductance, parasitic resistance, and parasitic conductance. The busbars have
parasitic inductance, parasitic resistance, and parasitic capacitance. The power de-
vices with a cold plate attached have parasitic inductance and parasitic capacitance
[55]. Out of these components, the capacitors and power devices are provided as
manufactured components, which the circuit designers cannot design inside these
manufactured parts. This means that the circuit designers can just select the capac-
itors and power devices (though they can be designed by dedicated effort). There-
fore, in this dissertation, the parasitic parameters in capacitors and power devices
are assumed to be constant owing. On the other hand, the busbars and cold plates
are designed individually after selecting the capacitors, power devices, etc. The cold
plates are designed considering the heat dissipation of the power devices and the

thermal management of the whole system. Because the cold plates have a heat
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transfer function and not electron transfer, the parasitic parameters considered in
the design is only parasitic capacitance. The busbar transfers the electrons from one
component to the others; hence that the main current/voltage on the busbar is di-

rectly affected by the parasitic parameters.

Issues

Voltage overshoot / oscillation / current imbalance

.

.

Design of dv/dt, di/dt . .
Addition of circuit to absorb . Appropriate design of
caused by power device .
the issues : : parasitic parameters
specifications

(e.g.) Adds snubber circuits (e.g.) Innovative gate drivers (e.g.) Laminated busbars
v/ Can be added to existing circuits v/ Reduction of voltage overshoot v Geometry design of busbars only
X Increase in num of components keeping dv/di, di/dt levels v/ Can be added to existing circuits
X Formation of a new resonance path X Increase in num of components

FIGURE 1.10: Coping therapy and cause remedy.

Figure 1.10 depicts the solutions to overcome the issues related to the parasitic
parameters on the busbar. There are many ways to overcome these issues using
coping therapy and cause remedy. For example, in coping therapy, addition of a
sunbber circuit can absorb the voltage overshoot. However, this leads to increase in
the number of components and formation of a new resonance path. Of course, the
snubber circuit is actually effective; however, cause remendy will be a better solution
for future power conversion circuits. Recent researches have proposed the use of
innovative gate drivers that reduce voltage overshoot while maintaining the high-
speed switching. However, it is difficult to implement the additional active gate
drivers. To overcome the issues, an appropriate design of parasitic parameters, for
exmaple, laminated busbars, is chosen. All that is required is to design the geometry
of the laminated busbars. This is a simple solution compared to the others. However,
ways to design the geometry of the laminated busbar is yet to be determined.

As the spectra of switching waveforms slide to the higher frequency, the par-

asitic capacitance and conductance on the busbar become crucial. Busbar-relevant
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research has been published targetting such parasitic parameters. To avoid the para-
sitic parameters from affecting high-speed switching, it is desired to make the value
of parasitic parameters to zero. It is of course impossible to perfectly eliminate the
parasitic parameters. A few researchers have now achieved low parasitic parame-
ters, such as low parasitic inductance, with busbar lamination.

Metal conductor

Insulator

Power devices

Capacitors

FIGURE 1.11: Structure of a laminated busbar.

Figure 1.11 depicts the structure of a laminated busbar. The positive and negative
electrodes sandwich an isolation material, which result in low parasitic inductance

because of flux cancellation.

1.2.6 Laminated busbar design for Power Conversion Circuits

A laminated busbar is basically designed to achieve low parasitic inductance. Fig-
ure 1.11 shows the laminated busbar model to analyze the parasitic inductance by
electromagnetic (EM) simulation. It is to be noted that the laminated busbar is not as
simple as just a bar. There are screws on the terminals, apertures for terminals, and
other physical parameters, which affect the parasitic parameters. However, such a
detailed profiles of the laminated busbar has not yet been considered. Instead, the
laminated busbar has been analyzed by EM simulation after designing its structure.
In this design scheme, if the specification of the designed converter is not acceptable
for high-speed switching converter requirements, the converter must be redesigned.
To satisfy the requirements of the high-speed switching converters, the parasitic pa-
rameters, which are the main cause of the issues, must be actively designed during

the designing phase and not the evaluation phase.
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1.3 Objective of this dissertation

This dissertation proposes the design method of a laminated busbar for high-speed
switching converters. The proposed design methods are directed at the issues re-
ported because of high-speed switching. Figure 1.12 shows the steps taken and the

corresponding chapters.

Step 1:Investigation and study of high-speed switching
problems related to parasitic parameters

Chapter2: Literature review and definition of the problems
Sur%(e voltage and noise

Current imbalance Damping time peak value
-Dependent of -Dependent of aperture -Dependent of aperture
aperture diameter diameter, width, diameter, width,
-Conductor thickness, -Conductor thickness,
insulator thickness insulator thickness

Step 2: Design of busbar structure mitigating the
current imbalance

Chapter3: Solution of current imbalance problem by design of aperture d

Step 3: Limit design area of busbar structure

Aperture diameter
by damping time analysis

Width,
conductor thickness|

insulator thickness
(design range)

Chapter 4: Evaluation of damping time after high-speed switching
Visualize the design area based on the design objective

Step 4: Laminated busbar design to mitigate both surge voltage and
noise peak value within the design area limited in step 3

. . . " Width, conductor thickness,
The designed laminated busbar is able to mitigate the surge voltage <[insula tor thickness

and noise peak value simultaneously

Design method for laminated busbars that simultaneously solves various issues
related to high-speed switching

FIGURE 1.12: Dissertation outline and relationship between chapters.

1.4 Dissertation outline

This dissertation is structures as follows:
1 Indroduction

1.1 Social background around power electronics
1.2 Technical background

1.2.1 Trends of high power density converters
1.2.2 High-speed switching technology

1.2.3 Issues of high-speed switching
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1.2.4 Parasitic parameters and high-speed switching
1.2.5 Parasitic parameters on the circuit components

1.2.6 Laminated busbar design for power conversion circuits
1.3 Objective of this dissertation

1.4 Dissertation outline
2 Literature Review

2.1 Circuit and busbar scope of the dissertation
2.2 Issues of high-speed switching
2.2.1 Current imbalance
2.2.2 Surge voltage
2.2.3 Damped oscillation
2.2 Laminated busbar and parasitic parameters
2.3.1 Parasitic inductance
2.3.2 Parasitic capacitance
2.3.3 Parasitic resistance
2.3.4 Parasitic conductance
2.4 Design consideration

2.5 Summary

3 Impact of Aperture Size on a Laminated Busbar to Current Imbalance Ratio

among DC Link Capacitors

3.1 A laminated busbar with apertures

3.1.1 Laminated busbar model

3.1.2 Parasitic parameters and aperture size

3.2 Analysis of current imbalance between the DC link capacitors

3.2.1 Theoretical analysis

3.2.2 Numerical analysis

3.3 Experimentation
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3.3.1 Current sensing method

3.3.2 Double pulse test

3.4 Conclusion
4 Laminated Busbar Design to Mitigate Parasitic Oscillation
4.1 Frequency characteristics of parasitic resistance and conductance of lam-

inated busbars

4.1.1 Electromagnetic simulation to extract parasitic parameters

4.1.2 Correction of dissipation factor
4.2 Coupled oscillation analysis

4.2.1 Simulation results

4.2.2 Experimental results

4.3 Design of damping characteristics to mitigate the oscillation based on the

laminated busbar relevant map

4.3.1 Target circuit

4.3.2 Damping coefficient map
4.4 Summary
5 Laminated Busbar Design to Mitigate both Surge Voltage and Peak Amplitude
at Resonant Frequency
5.1 Switching waveform and evaluated items
5.2 Design strategy

5.2.1 Strategy to optimize the switching waveform
5.2.2 Simulation setup

5.2.3 Simulation results
5.3 Experiments

5.3.1 Experimental setup

5.3.2 Experimental result

6 Conclusion and Future Work
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6.1 Conclusion
6.2 Future work

6.2.1 Design automation for power electronics

6.2.2 Electromagnetic radiation
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Chapter 2

Literature Review

This chapter summarizes the investigation of relevant papers on laminated busbar
for high-speed switching and the issues of high-speed switching and parasitic pa-
rameters. The issues covered in this dissertation are defined to be addressed using
the laminated busbar design method. In addition, the compartmentalization of this
dissertation is clarified from the investigation. Figure 2.1 depicts the overview of this
chapter. This chapter identifies problems with the current busbar design method and

defines solutions through the following process.
1. Define the circuits and busbars covered in this dissertation
2. Clarify issues related to high-speed switching and laminated busbars

3. Investigate the relationship between parasitic parameters and laminated bus-

bar geometry
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Target circuits and busbars in this dissertation

10 kW to several 100 kW, SiC MOSFET (Switching transient time of 10 ns to 100 ns)
Laminated busbar length of several 10 mm to 200 mm

Issues related to the high-speed switching and laminated busbars

Current imbalance Damping time Noise peak Surge voltage

Difference of rms I
current among —\_, . '\A\
JAWLY

. AVAVE g i
capacitors

Investigation of relationship between parasitic parameters and laminated busbar structure

Aperture diameter Width, conductor and insulator thickness @
Show design range Mitigate both surge votlage and fut

First design in chapter 3
Hrst design In chapter noise peak within the design range

Parasitic parameters affects each problem

FIGURE 2.1: Outline and objective of this chapter.

2.1 Circuit and busbar scope of the dissertation

This thesis is concerned with power conversion circuits used in industrial, aerospace,
automotive, and other applications described in Chapter 1. As such, voltage source
converters with power ranging from 10 kW to several hundred kW are covered. In
these applications, SiC MOSFETs have recently been applied for loss reduction and

high-speed switching.

Power \

w1t Busbar length: 65 mm approx.  puebar length: 110 mm approx.
1M [56] 26.3 V/ns, 500 kW, 60 kHz [52]
100k
10k
Busbar length: 50 mm approx.
1k [57] 10 kVA, 100 kHz
100 Busbar length: 100 mm approx.

100 1k 10k 100k 1M  10M [16120-35 kW, 20-50 kHz

Frequency [Hz]

FIGURE 2.2: Circuit scope of the dissertation.

In the literature shown in Figure 2.2, switching speeds of 10 V/ns or higher have

been experimentally verified.
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In these power conversion circuits using laminated busbars, their length ranges
from several tens to hundreds of millimeters. The switching speed of SiC is about
several A/ns; therefore, the switching time is 10 ns or longer. The critical frequency
at 10 ns is 15 MHz, and the corresponding wavelength is 18.8 m. Therefore, one-
quarter wavelength is approximately 4.7 m, and the busbars discussed in this chap-
ter can be applied to lumped passive components [58]. Most equivalent circuit of the
laminated busbar is just inductance to simply consider the surge voltage. However,
some papers have proposed a T-type lumped equivalent circuit using resistance, in-
ductance, capacitance, and conductance. This T-type equivalent circuit is a strong
candidate for equivalent circuits of a laminated busbar since it considers all losses
in the busbars. The loss analysis has not been performed dedicatedly because the
loss in the laminated busbar is quite small when compared with that of the power
devices. There is also a Il-type equivalent circuit for the laminated busbar. Both
types have advantages to consider each issue; therefore, this dissertation will use
both the types depending on the issues to be addressed. To simplify the analysis,
this dissertation concentrates on just one leg in the three phase inverters, which is
same as buck chopper circuit configuration. Once the design of laminated busbars
are validated for one leg cicuit configuration, it can be applied to three phases or

more.

H 1
= >
Positive / =)
/C 7

Electrode 1

>
=
D
/C X ) //
Insulator

Negative
Electrode

Clearance r /\/Z
=

DC link capacitor C;

FIGURE 2.3: A 2-layer laminated busbar.
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Before moving on to the detailed disccusion, we must review the layer structure
of the laminated busbars. The most simple laminated busbar is a 2-layer conductor,
as shown in Fig. 2.3. This simple structure enables the current path to be simply
analyzed, easily manufactured and assembled, and has low weight. The biggest
advantage of the 2-layer busbar is its heat transfer compared with three or more
layers. Since the top and bottom layers touch the air for cooling directly, the thermal
resistance is less.

A few other studies have proposed a 3-layer laminated busbar. Two of the three
layers is the positive and negative electrode; third is the ground layer or mid-point
layer, which is on the same net of output terminals or 0-voltage for 3-level NPC. The
ground layer is used for good EMC performance [59], [60]. The 0-voltage net for
3-level NPC is used for achieving low inductance in the current commutation loop
[61]-[63]. This current commutation loop includes the AC side busbar where the
trapezoial voltage waveforms are applied.

There are papers describing 4- or more layer busbars as well. These papers
adopted the multi level converters, which have many connections for the power
devices. It is then inevitable to increase the number of layers for AC side busbars. A
recent paper has proposed the multi-layer busbar to avoid the partial discharge for
high-voltage applications [64].

TABLE 2.1: Review of the number of laminated busbar layers.

Num. of layers ‘ Advantages Refs.
1 Easy implementation [65]
2 Easy implementation, Under- | [37], [38], [59], [61], [66]-[77]

standable relationship between
the physical structure and elec-

trical parameters, Low parasitic

inductance

3 Low parasitic inductance, low CM | [59]-[63], [67], [78], [79]
noise

4 or more Low parasitic indutance, low | [59], [64], [77], [80]

stress of electric field

Table 2.1 is the review of the layer consideration. The 2-layer laminated busbar

is adopted in this dissertation owing to its various advantages.
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2.2 Issues of high-speed switching

2.2.1 Current imbalance

A DC link capacitor is one of the passive componenets to be downsized to decouple
DC bus side and switching device side. In general, there are two roles for a DC link
capacitor. One is as a power buffer for the energy coming from the output power
of converters; hence, an electrolytic capacitor is used in most cases [81]. Another
role of DC link capacitor is for decoupling of switching components whose target
is around /above switching frequency. For such a case, a capacitor bank, which is a
set of capacitors in series and/or parallel, is frequently adopted to cover the voltage
and current ratings of the converters [16]. There are several advantages on applying
capacitor bank, such as lower parasitic inductance than that of a single capacitor that
has the same total capacitance because of the parallel connection. For example, two
film capacitors of EZPV60xxxMTB series (Panasonic) are listed in Table 2.2. It is evi-
dent that four 20 uF capacitors (EZPV60206MTB) (= 80 uF in parallel) has 6.875 nH,
which is 79% less than the inductance 33.1 nH of a 80 uF capacitor (EZPV60806MTB).
In addition, the root mean square (RMS) value of the permissible current is approx-

imately twice higher.

TABLE 2.2: Parameters of capacitors EZPV60xxxMTB series.

Capacitance | ESL ESR Permissible
Product number
[1F] [nH] | [mQ] | current [Arms]
EZPV60206MTB 20 27.5 104 119
4 x EZPV60206MTB 80 6.9 2.6 52.1
EZPV60806MTB 80 33.1 3.9 243

Such a capacitor bank is assembled on a wiring on DC side of the converter.
Thus, the wiring should be a wide plate to connect all capacitors, and their arrange-
ment is important to ensure low parasitic inductance as well as the capacitor bank.
The inductance of the wiring and capacitors is one of the issues of recent wide-band
gap (WBG) devices operation. To consider the manufacturability, designability, and
electrical specifications, a laminated busbar is one of the best solutions [64]. The ter-
minals of capacitors are designed to avoid electrical breakdown with certain clear-

ance. A design guideline specifies the profile for clearance, for instance, in IPC-2221.
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Nowadays, this clearance is a critical parameter for medium/high voltage applica-
tions such as an aircraft DC bus of 3 kV [12]. For medium voltage applications, this
clearance must be designed carefully because the electrical breakdown can cause
failure of circuits and peripheral equipment [18].

There are various ways to avoid electrical breakdown; one possible solution is
from material point of view. Another approach is a structure design of the busbar.
The structure design of the busbar has advantages of simplicity, low cost, and flex-
ibility. Ravi [64] proposed the design method of the conductor/insulator layout to
ensure the electric fields for partial-discharge free operation. In such a structure de-
sign, circuit designers are able to pursue optimal impedance of busbars, which are
parasitic parameters, by simply changing the design layout and keeping the electri-
cal breakdown strength without material improvement even when there is a change
in the design specification of applied voltage.

Regarding the busbar design, the parasitics, especially parasitic inductance, are
minimized to suppress surge voltage [58]. The parasitic inductance between the DC
link capacitors causes an LC resonant loop and increases the losses of the capaci-
tors [56], [82]-[84]. This resonant phenomenon causes current imbalance within the
capacitors and has a potential to degrade the capacitor rapidly whose rms value of
current is the largest value among the cacpacitors [85]. The current imbalance within
the capacitors increases as the parasitic inductance between the DC link capacitors
increases. It is, however, inevitable to increase the clearance (apertures) for termi-
nals of the busbars when applying the conventional (low/medium) circuit design
to medium voltage applications. The parasitic inductane subsequently increases be-
cause the apertures on the busbar are on the way of a current commutation loop.
There are few papers that discuss the relationship between the parasitic parameters
and size of the clearance. Moreover, the resonance among the parasitic inductance
of the busbar and DC link capacitors from an aspect of the busbar parasitics is yet to
be studied.

As mentioned before, the current imbalance causes different rms values of cur-
rent among the capacitors. Hence, this amount must be defined for quantitative

evaluation. Let I;msmax be the highest rms value of current and Iims min be the lowest
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rms value of current. The difference is expressed as a percentage:

Al = Irms,max - Irms,min (2.1)
Irms,min
This difference wears out and deteriorates the capacitors that has the highest current

flow in comparison with the others.

2.2.2 Surge voltage

Fig. 2.4 shows a typical switching waveform under turn-off operation. The surge
voltage V; is evaluated because it may destroy the power device. This is due to high
di/dt, which induces a voltage between the stray inductances as electromagnetic
force. The surge voltage and stray inductance can be related using the expression

given:

I
Vs = _Lloopi (2.2)

The surge voltage is mainly proportional to the total inductance in the commutation
loop and the derivative of the drain current. Thus, the conventional busbar design
promotes it to be wide and thin for low inductance. However, it is hard to numeri-
cally analyze the surge voltage when considering the device output capacitance and
the busbar capacitance. Hayashi and Wada [86] reported that the surge voltage is af-
fected by the loop inductance, common source inductance, and gate resistance. The
common source inductance is present inside of the package of the power device.
This study assumes that the capacitors and power devices are commercial products,
while the busbars are designed. Thus, the parasitic inductance of the capacitors
and power devices are constant in this study. Additionally, the gate resistance is the
smallest possible constant value since the switching speed needs to be high. In chap-
ter 5, the gate resistor design is also presented to guarantee the proposed laminated
busbar design method, while this gate resistor design must be the last resort.

Figure 2.4 shows the turn-off waveforms of drain-source voltage and drain cur-

rent. The surge voltage occurs during ¢, term since the current falls from the output
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current to zero and has the derivative of time. During this term, the voltage is ac-
tually not a constant value as described in eq. (2.2). This is because of the current
derivative of time, which is not a constant value. In addition, the current begins to
oscillate at the start of t,. The voltage during t, also oscillates owing to the current
oscillation. As the result, it will be challenging to detect the maximum voltage. Be-
cause of these reasons, in this study, the surge voltage is defined as the maximum

point of vg4s, and this is seen during ¢, in Fig. 2.4.

Surge voltage |

Oscillation

Iout

t3 time

FIGURE 2.4: Surge voltage waveform.

2.2.3 Damped oscillation

Damped oscillation can be observed after the power devices switching, as shown in
Fig. 2.4. When the MOSFET turns off, parasitic inductance, capacitance, and resis-
tance forms a resonant circuit in the converter circuit. The pulse current and voltage
generated in the power devices stimulate the resonant circuit, leading to the oscil-
lation of the drain current igy and drain-source voltage vgs. It can be observed that
the damped oscillation level becomes high when the parasitic capacitance of the bus
bar and output capacitance of MOSFET are relatively large. The resonant frequency
of the damped oscillation is determined as f; by parasitic parameters, including the
bus bar. Then, the derivative of drain current diy/dt is one of the components that
decides the amplitude of oscillation of voltage v4s. In addition, the spectrum at the

resonant frequency becomes larger as di/dt increases when applying high-speed
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switching devices. Thus, the gate resistor also affects the damping oscillation be-

cause it can control the switching speed.

A -20 dB/dec

-40 dB/dec

DFT(vgs)

|
|
|
|
|
|
}
|
'
1 fr freq

T

FIGURE 2.5: An example in the spectra envelope of trapezoidal
switching waveform of v4s.

Fig. 2.5 shows one example in the spectra envelope of the switching waveform
v4s that has damped oscillation after devices switching. The spectrum is calcu-
lated by using the discrete Fourier transform (DFT). Assuming that the switching
waveform is trapezoidal, the magnitude of the spectrum decreases by 20 dB/dec till
1/7t1, and then decreases by 40 dB/dec [50]. Besides, the spectrum has a peak value
at the frequency f; if the trapezoidal waveform has damped oscillation. The peak
value has a major effect in terms of electromagnetic interference; this peak value V;
of the discrete Fourier transform of v4s is considered as one of the parameters to
evaluate the switching waveform. Many papers concentrate on the evaluation of
the damped oscillation level in the frequency domain and do not focus on the de-
tailed characteristics of the damped oscillation in the time domain. However, the
oscillation in time domain may interfere the communication signal based on the
send /receive timing [87]. In addition, the current to be sensed on the DC side will
fail if the oscillation is not damped enough. Such current sensing on the DC side is
used to reduce the current sensors, and researches related to this technique is widely
performed [88], [89]. Therefore, the oscillation caused by high-speed switching must
be handled in the time domain as well. In this dissertation, the time is evaluated
from the time of MOSFET switching till the oscillation amplitude is damped at a

certain level.
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2.3 Laminated busbar and parasitic parameters

Since the parasitic parameters of the laminated busbar depends on its structure, the
relationship between the parasitic parameters and laminated busbar strucutre has
been investigated by many researchers. This section summarizes this relationship

and discusses the equivalent circuit of the busbar that is suitable for this study.

2.3.1 Parasitic inductance

The flux generated by the current is the principle of parasitic inductance is the
flux generated by current. All components have parasitic inductance with non-zero
value because there is current in each component. The magnetic field strength H

generated by current I is expressed as follows:

Ixr
T 23)
The magnetic field strength can be transformed to the magnetic flux.
i ]{ HdS = @ (2.4)

The current I and flux ® generated by the current has a proportional relationship.

= LI (2.5)

where L is the inductance. From these equations, it is evident that the constant
coefficient of L depends on where the current and magnetic flux flow. Normally,
busbars consist of the copper and oiled paper or ceramics, and hence, the magnetic
flux path can be considered as a vaccum case. This implies that the inductance L
depends on only the current path in this case, which is the conductor structure of a
laminated busbar.

Schanen et al. [66] proposed the calculation of the parasitic inductance on a 2-
layer laminated busbar. The calculation is based on self inductance and mutual in-
ductance. The mutual inductance has a negative value since the current flows in op-

posite directions in the positive and negative electrodes. The conductors are divided
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into many partial pipes and all of them have self and mutual inductances. The pre-
cise value of parasitic inductance can then be achieved. To decrease the inductance,
the negative term, that is, the mutual inductance, must be maximized. This means
that the lamination area should be enlarged and the insulation thickness should be
decreased.

Recent papers concentrate on the inductance of the laminated busbar related to
its terminal geometry. Wang et al. [72] investigated the relationship between the
apertures on the laminated busbar and parasitic inductance. The apertures are holes
on the conductors to connect the capacitors and power devices to the busbar. As the
diameter of apertures increases, the parasitic inductance increases. Xu et al. [61] have
shown the relationship between the distance between the terminals and parasitic
inductance. The inductance increases as the distance of the terminals increases. The
aperture is made by removing the conductor as a round shape while the distance
of terminals does not change the area of the conductor. Therefore, the aperture size
and distance of the terminals are also designed quantatively and covered in this

dissertation.

2.3.2 Parasitic capacitance

The parasitic capacitance exists between the positive and negative electrodes. The
capacitance is expressed as follows:

.S
Cous = EOSrE (2.6)

where g is the vaccum permittivity, €, is the complex relative permittivity, S is the
area of the conductor, and 4 is the thickness of the insulator. It is easy to understand
that the capacitance of the laminated busbar is calculated using the geometric pa-
rameters such as thickness of the insulator. Hino and Wada [90] has proposed the
calculation of the capacitance sweeping the geometric parameters. Figure 2.6 shows
the relationship between the capacitance of the laminated busbar and its geometry.
The capacitance can be reduced by reducing the length of the busbar. In addition,

increasing the insulator thickness reduces the capacitance; however, the inductance
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must increase as discussed previously. Thus, the capacitance and inductance is in a

trade-off relationship and must be carefully designed.
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FIGURE 2.6: Capacitance map.

2.3.3 Parasitic resistance

The parasitic resistance has 2 categories: one is the DC resistance and the other is the
AC resistance.

As the frequency of the current flowing in a conductor increases, the current
density in the cross-section of the conductor is not uniform, but is concentrated on
the conductor surface and corners, resulting in an increase in the resistance of the
conductor. This phenomenon is called the skin effect, where the current concentrates

on the surface from the conductor surface to the skin depth expressed by eq. (2.7).

[ 2
5= oo 2.7)

In general, the skin depth equation is theoretically applicable to a single circular
conductor, and approximations are needed to apply it to other conductor geometries.

When charge (current) flows through one conductor, the charge flowing through
another conductor is attracted to it by the Lorentz force, resulting in the current being
biased toward the inside of the two conductors and increasing the resistance. This
phenomenon is called proximity effect. Another understanding of the proximity
effect can be explained using eddy currents as well as skin effect. The eddy currents
are stimulated by the currents flowing in conductors facing each other in opposite

directions. This means that the single conductor does not produce proximity effect
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[91]. Dowell [92] proposed an approximate formula for transformer windings, and

literature [93] for laminated bus bars.
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FIGURE 2.7: Resistance in simulation with skin effect [93].

Figure 2.7 compares the measured and approximate calculated values in Ref.
[93]. It is confirmed that the measured and approximate calculated values agree in
terms of the frequency range, geometry, and number of sample points. When the
frequency of the voltage and current is several MHz, this resistance value of several

ohms is applied.

2.3.4 Parasitic conductance

The insulation material has a complex permittivity that leads to dielectric loss. The

complex permittivity is expressed as follows:

&= —je’ (2.8)
/!

tanD = % (2.9)

where tan D is the tangent delta and ¢’ is the real part of the permittivity. This pro-
g P P Y- P

duces the real part in the admittance as shown below:

Y = weos”g + jwsos’g (2.10)
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The real part is known as conductance in general. Depending on the insulation ma-
terial of the laminated busbar, the conductance may not be ignored. For example,
recent laminated busbars are made using printed circuit boards with the insulation
material of FR-4. The high-speed switching waveform indudes the high frequency
component, and so the parasitic conductance may be a crucial component to be con-
sidered. In general, the dielectric loss dramatically increases over GHz range, which
are not targeted by the power conversion circuits. Djordjevic et al. [94] has reported
that tan D increases in the MHz range though. However, most papers have ignored
the parasitic conductance in the laminated busbar design although they refered to
parasitic conductance since the parasitic conductance has less influence [68]. Com-
pared with the switching loss, the dielectric loss is less than 1% in the simple calcu-
lation (several hundreds of mW to several watts).

In other words, the dielectric loss may have a potential to dampen the parasitic
oscillation caused by the high-speed switching. This is because the energy stored in
the oscillation is at the same level as that of the dielectric loss and the frequency is
over several tens of mega hertz. Thus, the dielectric loss will be considered only for

the oscillation term in this study.

2.4 Design consideration

From the discussions above, the parasitic parameters affects the each problem. If the
surge voltage is mitigated to make a thin laminated busbar, the noise peak will be
large. There is a trade-off relationship between the parasitic parameters and prob-
lems. Hence, the busbar is divided into two sections as shown in Fig. 2.8. It is
evident that the aperture diameter affects all the problems, but the width and thick-
ness does not affcect the current imbalance problem. Thus, the first design is directed
toward current imbalance mitigation with the design of aperture diameter. After the
design of aperture diameter, the capacitor bank with the busbar in capacitor side
can be treated as a single capacitor. In chapter 4, design of the damping time is dis-
cussed, which combination of the single capacitor and busbar on the device side. The

damping time must be mitigated within the design objective; otherwise, the control
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of the circuit will be lost. Chapter 4 will explain the design range, where the damp-
ing time is designed within the objective value. After the design of damping time,
surge voltage and noise peak are mitigated by the laminated busbar structure in the
design range. These two problems are as good as small; hence, they are designed

simultaneously. This procedure is summarized in Table. 2.3.

Chapter 3: Aperture diameter design

Replaced with a single capacitor as a black box

Chapter 4 and 5: width and thickness design

FIGURE 2.8: Target busbar structure and design strategy.
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TABLE 2.3: Design procedure.

Design procedure ‘ Chapter ‘ Problems Busbar structure
Step 1 Ch. 3 Current imbalance Aperture diameter
Step 2 Ch. 4 Damping time Width, conductor and insulator thickness
(show design range)
Step 3 Ch. 5 Surge voltage and noise peak | Width, conductor and insulator thickness
2.5 Summary

Figure 2.9 depicts the summary of this chapter. The issues related to high-speed

switching are defined to be handled quantitatively. To consider the relationship

between parasitic parameters and laminated busbar structure, all the parasitic pa-

rameters of inductance, capacitance, resistance, and conductance must be designed

simultaneously. Otherwise, the design to overcome an issue will worsen the other

issues because parasitic parameters are in a trade-off relationship. The key to design

the parasitic paramters is, of course, by reducing the parasitic inductance, and uti-

lizing the parasitic capacitance as a low value and selecting proper resistance and

conductance to decay the oscillation by considering their frequency characteristics.
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Issues related to high-speed switching

Current imbalance

Oscillation

Surge voltage

Definition

difference of rms curr-
ent in each capacitor

Oscillation waveform

- frequency domain:
Peak value at reso-
nant frequency

- time domain:
time to decay to a
certain value

Maximum drain-source
voltage

Critical
parasitic
parameters

Parasitic resistance

Parasitic inductance

Parasitic resistance
Parasitic inductance
Parasitic conductance

Parasitic capacitance

Parasitic inductance

Parasitic parameters and geometry of a laminated busbar

L G C
Insulator thickness
increase " depends Ve N N
decrease N\ AW Va /
Conductor width
increase N / /
decrease N\ depends /! N ~
* keep the cross-section
area
Aperture diameter
increase Ve » >
decrease N\ N\ — >
Distance between terminals
increase /' / - _
decrease N\ \ - _

FIGURE 2.9: Summary of chapter 2.
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Chapter 3

Impact of Aperture Size on a
Laminated Busbar to Current
Imbalance Ratio among DC Link

Capacitors

This chapter proposes a design procedure for laminated- busbar apertures, and holes
on the busbar for assembly and electrical clearance by considering the current imbal-
ance among the DC link capacitors. In addition, this chapter deals with the analysis
of parasitic parameters on the busbars considering the aperture size. The proposed
analysis reveals the current imbalance phenomena among the DC-link capacitors
for the high-frequency operation of power conversion circuits. This chapter targets
the isolation design for medium voltage applications such as converters in aircrafts,
and the high-speed switching of power devices from the point of view of power
density. Hence, the size of the apertures should be designed from both aspects of
isolation and parasitic parameters. It is shown that the parasitic inductance and re-
sistance of the laminated busbar increase due to apertures on the other side of the
laminated conductor. The electromagnetic simulation displays the imbalance of the
inductance and resistance that causes the current imbalance. When the aperture
size increases from 20 mm to 50 mm, the imbalance of inductance and resistance
increases by 392% and 302%, respectively. Additionally, theoretical analysis reveals

the relationship between the current imbalance ratio and the size of the apertures to
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consider the appropriate switching frequency. In the experimentation section, the
current compensation method for the shunt resistor using convolution analysis is
demonstrated, while high-frequency current sensing has been identified as a chal-
lenge in the wide laminated busbar. The experimentation validates the proposed
procedure using buck converter circuits, rated at 500 V and 20 A. At a switching

frequency of 666 kHz, it is confirmed that the current imbalance ratio is 35.9%.

/'\/é:&
Clearance r
4—» %é -

H 1
(=]
Positive /6) S

Electrode A

/C
Insulator

Negative
Electrode

DC link capacitor C;

FIGURE 3.1: Laminated busbar structure with two capacitors.
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3.1 A laminated busbar with apertures

..................
-
@]
Q
coeccccccscsccccccal
=~
0
N
coeccccccscsccccccal

DC link capacitor C; DC link caTacitor C

M

Lbusl 2n LbusZn

Power devices
(a) Conventional circuit diagram with the

busbar inductance.

DC link capacitor C;

Bus bar

Port 1 Port 3

3-port network

S parameters

Port 2

Power devices

DC link capacitor C;

(b) Busbar model of S-parameters.

FIGURE 3.2: Buck converter circuit with 2 capacitors and a busbar.

3.1.1 Laminated busbar model

Fig. 3.1 shows a laminated busbar structure with DC link capacitors. The upper
conductor is the positive electrode and the lower conductor is the negative elec-
trode, and insulation material is sandwitched between them. The positive and neg-
ative terminals of the DC link capacitor are respectively connected to the positive
and negative electrodes. At those points of connection, there are apertures for the
terminals with certain clearance to avoid electrical breakdown.

Fig. 3.2 is a circuit diagram of a buck converter with the busbar and two DC

link capacitors, C; and C,. In the conventional method, Fig. 3.2(a) considers the



Chapter 3. Impact of Aperture Size on a Laminated Busbar to Current Imbalance

40 Ratio among DC Link Capacitors

busbar inductance denoted as Lyys12p and Lpysion between Cq and Cp, and Lyyszp and
Lpuson between C; and the power device [95]. It is simply understandable to model
the busbar as shown in Fig. 3.2(a), but this model can consider only the busbar
geometry and the arrangement of capacitors as shown in Fig. 3.1. To cover any
arrangement of the capacitors on the busbar, a circuit diagram with a busbar model
of a 3-port network is proposed and shown in Fig. 3.2 (b). Since the busbar has
three ports for DC link capacitors and a power device in this case, it is expressed as
a 3-port network in general. This model does not include the physical placement of
each port, which is the advantage to consider the parasitics generally. These busbar

parasitics can be extracted from EM simulation [96].

Y Zpus] Zdey
— —
Port1 Y Y3313 Port3  Portl Port 3
R N - ~
Y12
Y23 ZE":E
+ +
Port2 iiY» Port 2
—= o-
(a) Y-type 3-port network equivalent circuit (b) A-Y transformed equivalent circuit

FIGURE 3.3: Equivalent circuit of the busbar with a 3-port network.
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FIGURE 3.4: Equivalent Circuit of Fig. 3.2.

Fig. 3.3 shows the equivalent circuit of the busbar with a 3-port network. The
conductance Yj; (i,j € IN) can be calculated from Y-parameters, which are trans-
formed from S-parameters that are the results of EM simulation. The variable Yj;
represents the capacitance and conductance of the busbar. Normally, these param-
eters relate to high-frequency ringing above 10 MHz [97]. This study focuses on

the current imbalance caused by resonant phenomena but for such ringing; thus, Y;;
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is ignored in this study. Then, the Il-type equivalent circuit of Fig. 3.3(a) is trans-
formed as shown in Fig. 3.3(b), where Zy,s1, Zpusp, and Zge, are the impedances of
the busbar. Z,, is also ignored in this study since it exists on the current source side
and does not affect the current imbalance analysis. On applying this equivalent cir-
cuit of the busbar to the circuit diagram in Fig. 3.2, the equivalent circuit in Fig. 3.4

is obtained. Each impedance has its parasitic parameters and are defined as follows:

Zpust = Rpus1 + jwLpust 3.1)
Zpusa = Rpus2 + jwLpus2 3.2)
Zc1 = Re1 + jwLer + ]wlC1 (3.3)
Zcy = Rea + jwLlea + ]wlcz (3.4)

where Zc, (x € {1,2}) is the impedance of the DC link capacitors, and Rps, and
Lpysy are the parasitic resistance and inductance, respectively. Zy,s, depends on the
busbar structure and as a result, the size of the apertures r. Fig. 3.5 depicts the
trapezoidal current source is,, which is equal to the DC side current of the buck

chopper circuit.

Dt — i (a)
Lo b
g =4 ®) (3.5)
~D(t=T/2)+ 3¢ (c)
ER (d)
D = ‘o (3.6)

At

It should be noted that i, starts at time = 0, as shown in Fig. 3.5, where T is a period

equal to the inverse of fg.
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FIGURE 3.5: Switching waveform of current isy in Fig. 3.4.

3.1.2 Parasitic parameters and aperture size

The EM simulation or calculation is practically used [98] to extract the parasitic pa-
rameters. This study utilizes the EM simulator, Pathwave Advanced Design System
(ADS, Keysight Technologies, Santa Rosa, CA, +1). ADS supports the Finite Ele-
ment Method (FEM) in solving Maxwell’s Equations. After solving the fields, the

simulator calculates the S-parameters.
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(a) Parasitic inductance.
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(b) Parasitic resistance.

FIGURE 3.6: Parasitic parameters of the busbar at 100 kHz.

Fig. 3.6 shows the EM simulation results of parasitic parameters. In Fig. 3.6(a),
the inductance increases as the aperture size r increases. In addition, the difference

between Li,;5; and Ly,s» becomes 3.92 times higher at » = 50 mm than that at r = 20
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mm. In Fig. 3.6(b), the resistance seems to decrease as the aperture size r increases.
However, the resistance Rgey increases instead, thereby raising the total resistance.
Furthermore, the difference between Ry,s1 and Rypysp becomes 3.02 times higher at r
=50 mm than that at » = 20 mm; similar is the case with inductance. In both cases of
inductance and resistance, the difference gets wider as the aperture size increases. It
is assumed that the aperture size of C; is on the path of the current coming from C;.
In the next section, it is shown that these difference affects the current imbalance,
resulting in a large current imbalance in the case of a large aperture size.

Power devices Power devices

Under the apertures

Under the apertures ;
of negative electrode

of negative electrodg#®

R = , .
® C; terminal C; terminal
- C; terminal

r =50 mm r =20 mm

le3A/m> HEEENTNT NN le1A/m?

FIGURE 3.7: Current density distribution on the inner surface of the
positive electrode at 100 kHz.

Power devices Power devices

Power devices

Under the apertures  (a) 13 kHz ‘ (b) 100 kHz : (c) 1 MHz
of negative electrode
le3A/m’ TN N el A/m?

FIGURE 3.8: Current density distribution on the inner surface of the
positive electrode with an aperture size of 50 mm.
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Power devices Power devices

e't..

r =50 mm r =20 mm

Positive electrode —— Current to C; on positive electrode

- Positive electrode under

apertures of negative electrode Current from C; on negative electrode

- Apertures —— Current to C; on positive electrode
- Apertures of both electrodes ~ eeee Current from C; on negative electrode

@ Non-laminated area where the
inductance increases

@ High current density area where
inductance and resistance increases

FIGURE 3.9: Explanation of the current distribution on the laminated
busbar with apertures.

Fig. 3.7 shows the current density distribution obtained by EM simulation. In
general, current mainly flows through the path of lowest impedance, which is the
shortest current loop. Thus, the current in the case of r = 20 mm focuses to flow in the
conductors of the laminated area highlighted in red. On the other hand, the current
does not flow much through the conductors under the apertures of the opposite-side
electrodes [99]. For example, in Fig. 3.7, there is a conductor on the green area of the
positive electrodes, but no conductor exists in the same area on the negative elec-
trode because of the apertures. If the current flows through that non-laminated area
on the positive electrode, there is no current on the negative electrode to cancel the
flux generated by the current on the positive electrode, thereby increasing parasitic
inductance.

Fig. 3.8 shows the current density distribution at different frequencies of 13 kHz,

100 kHz, and 1 MHz. It is evident that the current flows in the non-laminated area
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at 13 kHz, that is, there is less green area. Because the impedance of the induc-
tance is low at low frequencies, the current can flow through the non-laminated
area. Besides, the current at 100 kHz and 1 MHz concentrates on the laminated area
highlighted in red.

Fig. 3.9 shows the detailed diagram of the current distribution.The conductor in
the figure is the positive electrode and there are apertures on the negative electrode
on the stripe pattern. The gray area is the apertures on the positive electrode. This
figure deals with the current that flows from power devices to the capacitors on the
positive electrode and from capacitors to power devices on the negative electrode.
Blue and green lines show the currents that flow in capacitor C; and Cy, respectively.

Regarding the understanding of EM simulation results, the current avoids flow-
ing through the non-laminated area. This current is depicted as arrows in Fig. 3.9.
Furthermore, there are two cases that increase the parasitic inductance and resis-
tance.One is the current path on the non-laminated area, highlighted as (0. The
larger the aperture size, the longer the path of current on the non-laminated area. In
this case, the inductance becomes large because the current on (1) is unable to get the
effect of mutual inductance.

The second case is the current concentration along the apertures, highlighted
as (2. In the conventional understandings of busbars and at low frequencies, there
exists much area where the current flows on the positive electrode even though there
are apertures on electrodes on the other side. However, EM simulation shows that
the current avoids flowing on the non-laminated area at high frequency. At a radius
of 50 mm, the current flowing to C; especially goes in the detour path because of the
apertures for C;. Therefore, it can be concluded that analysis of parasitic inductance
and resistance must be performed considering the apertures on both electrodes at

high frequency.
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3.2 Analysis of current imbalance between the DC link ca-

pacitors

3.2.1 Theoretical analysis

This section shows the principle of current imbalance between two DC link capac-
itors. Current imbalance occurs because of the impedance imbalance between the
current paths. This analysis is based on Fig. 3.4.

From the simplified circuit in Fig. 3.4, the following equations hold:

dicy 1 .
L]F + Ryic1 + Cf / icpdt =
Ly dd + Rpicr + — G /iczdt (3.7)
iCl + iCZ = lsw (38)
where
Ly = Lcx + Lbusx (3'9)
Ry = RCx + Rbusx (310)
Cy = Ccy (3.11)
x € {1,2}

The solution for eq. (3.7) is as follows:
ic = Kie ™ cos(wqt + 6:) + Kiat + Kia (3.12)
icy = — Kiie ™ cos(wgqt + 05) + Kot — K3 (3.13)

(Case: x=a, )

K*l = CD ((% + CR) CiR1—GRy _ C]L]-Csz)

cos(0+¢) G+C Gi+G
C1
K= DCH—CZ (3.14)
K.3=—CD CGRI-GRy _ T G

C1+Co 2 G+C
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(Case: * =b, d)

(k. — cD At CiR1—CoRy
= os(@t+¢) \ 2~ C+C
Kio = 0 (3.15)
— Iout Cl
K = % Ci+C;

where the asterisk * represents the term among (a) to (d) in eq. (3.5) and Fig. 3.5,
8, is the initial phase of oscillation, K., is the coefficient calculated from egs. (3.14)-
(3.15), and wy is resonant angular frequency. The resonant angular frequency wqy

(and resonant frequency f4) is expressed as follows:

1 Ri+ Ry \?

ST N L L) - (8% Cien) 10
The first term with K, in (3.12) has an exponential to the power of negative time and
a cosine function, which converges to zero. Besides, before the first term converges
to zero, the current imbalance occurs because of the parasitics difference such as
Ry, Ry, Ly, and Ly. The second term with K, represents the switching current of
slope D depending only on the capacitance of DC link capacitors. If the capacitors
are identical, there is no current imbalance in this term. The third term with K3
is a constant coefficient that depends on the capacitance of DC link capacitors and
parasitics difference between R; and R,.

Assuming C; = C, the terms in (3.15) has no effect on the current imbalance
except for K,1. In terms of (b) and (d), the constant value of K.3 is balanced between
C; and C,, while the coefficient of damped oscillation, K., has an imbalance term
depending on R; and R;. This means the rms value of each current is equal if the
term of K, in (3.13) converges to zero. In terms of (a) and (c), K,; has a subtraction
term depending on L; and L,. This difference between L; and L; also causes current

imbalance.
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3.2.2 Numerical analysis

TABLE 3.1: Constant parameters for the numerical analysis.

r=20mm | r=>50mm

Tout 20A
fow 20 kHz - 1 MHz
At 20 ns
G, G 50 uF
Lew, Lea 355nH @10 MHz

*Parasitic parameters of the busbar have frequency characteristics

which are the EM simulation results.

Resonant frequency at r = 50 mm Resonant frequency at r = 20 mm
=114 kHz =179 kHz
30 fa | fa
I r =20 [mm] :
I ]
20 —— r=>50[mm] i
r ]
]
= I
g 10 - :
& !
!
!
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!
L ]
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10* 10° 106 107

Frequency [Hz] (fsw)

FIGURE 3.10: Current imbalance ratio Al.yns versus switching fre-
quency fsw with aperture r of 20 and 50 mm.
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FIGURE 3.11: Switching waveforms with aperture » = 20 and 50 mm
at switching frequency fsw of 50, 200, 500, 1000 kHz.

Based on (3.12)-(3.13), numerical analysis is performed. Table 3.1 shows the con-
stant parameters used in the numerical analysis. For the other parameters such as
parasitics of the busbar, the value at the switching frequency is extracted from EM
simulation results and used in the numerical analysis. The current imbalance ratio

Alms is defined as follows:

I — 1
Alims = C2,rms Cl,rms (317)
ICl,rms

where I yms and Icp yms are the rms value of the current ic; and icy, respectively. Fig.
3.10 shows the relationship between current imbalance ratio Alms and switching
frequency fsw. At frequencies, less than 100 kHz, the current imbalance ratio Alyms
is approximately zero. In the case of r = 50 mm, the current imbalance ratio Alims
dramatically increases around the resonant frequency of 114 kHz. The waveforms
around the resonant frequency can be oberved in Fig. 3.10(b) at 200 kHz. Above
the resonant frequency, the current imbalance ratio Al increases by 20%, where
the resonance phenomenon is not seen for this narrow pulse. In the case of r = 20
mm, the current imbalance ratio Al has the same trend as the case of r = 50 mm.

Because the resonant frequency at ¥ = 20 mm is 1.57 times higher than that of at
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r = 50 mm, the current balances till fs,, of 200 kHz. However, above the resonant
frequency, current imbalance occurs and leads to the faster degradation of Cy.

Fig. 3.11 depicts the switching waveforms of the current ic; and ic; at frequencies
of 50, 200, 500, and 1000 kHz from top to bottom. At 50 kHz, the current oscillation
converges to % as expected from the theoretical analysis; At 200 kHz, the switching
frequency fs, is similar to the resoant frequency f4 and oscillates above /below %

The current, thus, balances even though the oscillation occurs.

3.3 Experimentation

The experimentation is performed along with the following phases: (i) Current sens-
ing method consideration, (ii) experimental environment setup, (iii) implementation

of circuit, and (iv) experimental results.

FIGURE 3.12: Photo of the Circuit and busbar.

3.3.1 Current sensing method

In recent technologies, it is still challenging to sense high frequency and high current
derivative to time. This study proposes the shunt-resistor-sensing current compen-
sation method considering the frequency characteristics of the shunt resistor. Many
papers have discussed the current sensing method by shunt resistors for mainly two
cases. One is for the current control in power converters. Another is for experi-
mental visualization, which does not require sensing time; this study focuses on the

mentioned case. Hauke et al. [100] have attempted measuring the high di/dt current
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with extremely low inductance without disturbing the actual current waveforms. To
measure the current, the constant parasitics are considered for calculation. Besides,
this study focuses on the frequency characteristics of the shunt resistor because the
shunt resistor has frequency characteristics of parasitics at a wide range of frequen-
cies. This method is based on the convolution of a current waveform and a step

response of the shunt resistor.

Ush

&
<

o——uw—W—

jsh Lgn (w) Rgn (w)

FIGURE 3.13: Equivalent circuits of the shunt resistor.

Fig. 3.13 shows the equivalent circuit of the shunt resistor as an example. The
current ig, at low frequencies is calculated from the measured voltage v, over Rgp.
For high-frequency current, the voltage vgy, is affected by the parasitic inductance
Lgn, and hence, the current must be compensated by the additional calculation of
Ush. One method calculates the product of the Fourier transform of vg, and the in-
verse of the shunt impedance, then takes the inverse Fourier transform of the result
to obtain the current in the time domain. However, this method is suitable for pe-
riodical sinusoidal waveforms and not for rectangular and trapezoidal waveforms
stimulated by active power devices. This study utilizes the compensation method

as given below:

igh = (Ush * ish,impulse) (t)

= /7 Ush(T)ish,impulse(t - T)dT (3~18)

where ish,impulse(t) is the current impulse response of the shunt resistor. ADS implic-

itly calculates this impulse response ish,impulse(t) for convolution.
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(i) Prepare current source igr(t) e

. i
(= actual experimental current) Shl

Measure the transient response

- . Ush (t )
(ii) Isrc (t)
of the voltage vg, (t) <¢> \ Zsh

(i) Prepare the impedance data in (i)
frequency domain Zg, (w) freq

Simulate/calculate ig, by the convolution of

(iv)

the vy, (t) and impulse response of Zg,

FIGURE 3.14: Current compensation process.

Fig. 3.14 shows the current compensation process. In this study, the ideal cur-
rent of is(t) cannot be directly measured, but the voltage of the shunt vy, (t) can be
measured instead. In addition, since the frequency characteristics of the shunt resis-
tor is measured by an impedance analyzer, the current ig, (¢) is obtained. It should
be noted that the obtained current iy, is filtered by a low pass filter to eliminate the
high-frequency components above several tens of mega Hertz since the current must
have a high-frequency component [97]. The cut-off frequency of the first order low
pass filter is 10 MHz. This is effective enough because this study focuses on the cir-

culating current between the capacitors on the DC side at frequencies ranging from

a few kHz to 1 MHz.

3.3.2 Double pulse test

A double pulse test (DPT) was performed to validate the analysis and simulation of
the current imbalance. The circuit diagram is based on Fig. 3.2. Each component

and each piece of equipment are listed in Table 3.2.

TABLE 3.2: Components and equipment for experimentation.

Letter Description Product number ‘ Maker ‘ Basic data

Q1 SiC MOSFET SCT2280KE Rohm | 1.2kV, 35 A(pulse)

D1 SiC Diode SCS208KG Rohm | 1.2kV, 87 A(pulse)
C1,C2 MLCC FA10 TDK 700V, 5 uF x 10
- Oscilloscope MDAS8000 Lecroy 2.5GS/s, 1 GHz

- Passive probe P6139B Lecroy 500 MHz
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Fig. 3.15(a) shows the measured current waveforms at periods of 50 kHz, 200
kHz, 500 kHz, and 1 MHz. It must be noted here that the currents ic; and i, are
measured in a different sessions; the waveforms are superimposed just to see the
appearance of current imbalance. It can be seen that the peak current is approxi-
mately twice of I, immediately after the switching because of the reverse recovery
current in Q1 and D1. Fig. 3.15(b) shows the calculated waveforms for comparison.
Theoretical calculation results do not consider these peaks to simplify the discussion
because the duration of the peak current is much less than the switching periods
where the current imbalance mainly occurs.

At 50 kHz, the current oscillates with the opposite phase in ic; and icp; the cur-
rent then dampens toward the value of a half of Iy. At 200 kHz, the current oscil-
lates and does not dampen enough to be converged; however, the rms value of the
current becomes similar resulting in the no imbalance Alims = 0. At 500 kHz, the
current imbalance can be seen. At 1 MHz, the current imbalance occurs, but is not
observed in sine curve oscillation. The current imbalance ratio is 21.9%, which is
similar to the calculated results. For such high-frequency oscillation, it is difficult to
view the oscillation of the sinusoidal curve because the switching period is ten times
smaller than the oscillation period.

Fig. 3.16 shows the measured current imbalance ratio Alm,s with different switch-
ing frequencies fs,. In the range of low frequencies (< 100 kHz) the maximum cur-
rent imbalance ratio is 5.1%. Around the resonant frequency, the current imbalance
ratio increases to 20.7%, as shown in the calculation results. The maximum value of
Alms is 35.9% at 666 kHz, which is twice higher than the theoretical analysis result.
These phenomena are confirmed as well as calculated and are avoided during the
converter design. The whole tendency of the current imbalance ratio in the experi-
ment agrees with theoretical analysis. The difference between the experimentation
and calculation is still large (e.g., a maximum of 10%) with respect to the current
imbalance ratio. This absolute value of the difference must be improved in the fu-
ture work. With respect to the resonant frequency f;, the difference is 75%, which
is acceptable after adding the design margin (the margin is often twice the design

objective).
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FIGURE 3.15: Experimental waveforms of DPT with aperture size r
of 50 mm.

—=— Calculation r = 50 mm
+— Experimentation r = 50 mm

Jl_rms [0/0]

104 10° 100 107

Frequency [Hz] (fsw)

FIGURE 3.16: Experimental results of current imbalance ratio versus
switching frequency with aperture size r of 50 mm.

3.4 Conclusion

This study proposed the analysis of the parasitic parameters and current imbalance
concering the apertures of the laminated busbar. The increase in parasitic parame-
ters has been confirmed as two main facts from EM simulation, one is the increase in

inductance due to the non-laminated area and another is the current concentration.
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The difference between inductance and resistance increases by 392% and 302%, re-
spectively, as the aperture size increases. The proposed analysis reveals the current
imbalance phenomena among the DC-link capacitors for high-frequency operation
of power conversion circuits. In the experimentation section, this study demon-
strates the current compensation method for the shunt resistor using convolution
analysis.

From the discussions in this study, the authors have concluded the design guide-

line as follows:

1. The busbars and capacitors can be designed considering the switching fre-
quency and current imbalance ratio with the resonant frequency in the current

path among the DC-link capacitors.

(@) If fow < fq4, the current imbalance ratio converges to zero.

(b) If fow = fq, the current imbalance ratio dramatically increases and unex-

pected oscillation occurs.

(c) If fow > fa, the current imbalance ratio converges to a certain value de-

pending on the parasitic parameters.

2. At high switching frequency, the size of the apertures is required to be de-
signed by considering apertures on both electrodes to avoid the large differ-

ence of parasitic parameters.

The experimentation validates the proposed procedure using buck converter cir-
cuits, rated at 500 V and 20 A. When the switching frequency is around the resonant
frequency, a large oscillation is confirmed in experimentation, which is not mod-
eled in the theoretical analysis. To avoid this phenomenon, this study proposed to
analyze the resonant frequency considering the parasitic parameters with apertures
and avoid using the busbars and capacitors at the switching frequency around the

resonant frequency.
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Chapter 4

Laminated Busbar Design to

Mitigate Parasitic Oscillation

This chapter summerizes the laminated busbar design to mitigate the damped os-
cillation after power devices switching. Damped oscillation waveforms of current
and voltage measured during high-speed switching are a cause of EMI and are dif-
ficult to counteract when the natural frequency is in MHz or higher. In addition to
the EMI problem, it is also known to be a factor responsible for malfunctioning of
power conversion circuits. In particular, when the power circuit wiring and control
signal wiring are coupled by magnetic and electric fields, damped oscillation wave-
forms propagate and affect the operation of the control circuit. Since the damped
oscillations are caused by parasitic components in the capacitors and power devices
on the DC side, including busbars, it is necessary to design parasitic parameters
aggressively to suppress the oscillations.

During the analysis of parasitic parameters, in many cases, the damped oscilla-
tion waveform equation is approximated and analyzed with a single frequency and
damping factor combination. However, the effect of parasitic components becomes
more pronounced owing to miniaturization, which results in the formation of mul-
tiple current loops and the complex behavior of the damped oscillation waveforms,
making it impossible to apply conventional analysis methods as they are. In the
literature, the resonant frequency due to the parasitic component is derived analyti-
cally by taking into account the parasitic capacitance of the busbar, but the damping

coefficient cannot be calculated because the parasitic resistance is ignored. Since this
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parasitic resistance oscillates at natural frequencies above several MHz, the resis-
tance of the conductor increases due to skin effect and proximity effect. However,
since the AC resistance varies with the conductor geometry and frequency, it is dif-
ficult to simulate it in the circuit analysis stage. Fig. 4.1 shows the buck chopper
circuit discussed in this dissertation. The laminated busbar is expressed as a 2-port
network for general expression. In this analysis, T-type equivalent circuit is adopted
to consider the capacitance and conductance.

In the literature, it has been shown that the AC resistance of busbars has a signif-
icant effect on damped oscillations. The author has performed an analysis consider-
ing the parasitic inductance and capacitance of the busbars and the AC resistance.

The attenuation analysis discussed in this chapter contributes to reducing elec-
tromagnetic noise, which is a problem when applying high-speed switching, simpli-

tying filters, and analyzing noise propagation inside circuits in detail.

Capacitorpy P2 __ Diode _ _
| o] o : ;
| |

| | | :
: : | | IO
T E

| |

| Rpcl Bus Bar e |
| | |
| | |
. §lnc Uds
| | |
| | |
| | |
L____1 [ [

P3 P4 MOSFET

(a) Buck chopper circuit.

P3 P4

(b) T-type equivalent circuit of bus bar.

FIGURE 4.1: Circuit configuration.
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4.1 Frequency characteristics of parasitic resistance and con-

ductance of laminated busbars

4.1.1 Electromagnetic simulation to extract parasitic parameters

Parasitic parameters are extracted by electromagnetic field analysis using the finite
element method for the laminated busbar shown in Figure 4.1, which is the DC side
wiring of the buck chopper circuit. Figure 4.2 shows the structure of a laminated
busbar, in which currents flow in opposite directions to each other in the positive
and negative conductors that sandwich the insulator. Since the cross-sectional area
A of the conductor is expressed as the product of the conductor thickness ¢ and
width w, the DC resistance is equal when the cross-sectional area is constant. On
the other hand, since the AC component flowing through the busbar during switch-
ing reflects the AC resistance considering the skin effect and proximity effect, the
resistance value increases as the frequency increases.

The software used for the analysis is the finite element method of ADS (Keysight
Technology). The governing equations are obtained by Maxwell’s equations as given

below:

V x <; -V x E) —K&E=0 (4.1)

where €, is complex relative permittivity, ji, is complex relative permeability, and
ko = w/pogo- The electric field E is a three dimensional space vector. The conduc-
tor material is Cu (conductivity ¢ = 5.8 x 107 S/m) and the insulator material is
FR4 (relative permittivity €, = 4.6, dielectric tangent tanD = 0.016 (1 GHz) from
datasheet). The relative permittivity model is described in detail later. In Figure
4.2, the terminals are installed at the positive and negative electrodes of the busbar
conductor. To assume the experimental terminal condition, the lead wires are con-
nected to the terminals in their lower direction, and electric field as the excitation
field is applied between the wires in the opposite side of the terminals. Figure 4.3
depicts the simulation space to be calculated. Here, let the excitation fields be Eex
and Ey. Based on the electric field excited, the electromagnetic fields in the model

space is calculated. The absorption boundary condition is applied to the boundary
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of the model space. The model space size lhight and £yigim are 2 m and the busbar is
located in the center of the model space. The power of reflection and transmission is,
then, calculated at the terminals of the excitation field. The electromagnetic model
is equivalently expressed as a circuit schematic as shown in the right of Fig. 4.3.
The voltage sources Vexy1 and Vex correspond to the excitation fields Eey¢ and Eexeo,
respectively. The simulated electromagnetic fields are treated as a black box that is
equivalently a 2-port network circuit. S-parameters are then calculated based on the

power of reflection and transmission, so that the Z-parameters are achieved.

FIGURE 4.2: Busbar Structure.

Absorption boundary condition
mn a
bl bZ
— —
high
ght
(- =) Vext1 Simulated Vext2
electromagnetic
rel fields in the
<: 5 model space
L]
EH>S ext2
Eextl

Cyidth

FIGURE 4.3: A model space and exitation field for electromagnetic
simulation.

The busbar is represented as a 2-terminal pair network with the P1 terminal as
positive and the P3 terminal as negative and the P2 terminal as positive and the
P4 terminal as negative to obtain Si1, S12, S21, S22. The mesh is automatically gener-
ated by the Adaptive Mesh function of ADS, which generates a coarse mesh at all

frequencies to be analyzed and calculates the S-parameters. Next, the number of
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meshes is increased and the S-parameters are calculated again to obtain the rate of
change of the S-parameters. The mesh was increased by a factor of 1.25. The mesh
subdivision is repeated until the rate of change of the S-parameter is less than 0.01
at all frequencies to be analyzed, and the mesh is used for the analysis within the
frequency range to be analyzed. Note that the absorption boundary condition was
used as the boundary condition.

Table 4.1 shows the physical parameters of the three busbar structures. Taking
these busbar structures as examples, the author analyzes the frequency response of
the parasitic parameters. Figure 4.4 shows the analytical results of the frequency
response of the parasitic parameters for the three types of busbars.

It is observed that the smaller the insulation thickness and the larger the conduc-

tor width, the smaller the inductance and the larger the capacitance.

TABLE 4.1: Bus bar structure of three models.

Model t h w 4

@) 0.8mm | 52mm | 5.0mm | 90 mm

® 0.105mm | 1.6 mm | 38 mm | 90 mm

® 0.035mm | 0.4mm | 114 mm | 90 mm
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FIGURE 4.4: Parasitic parameters of busbar ) —(®3).
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Figure 4.5 shows the simulated and measured AC resistance of Busbar III. The
agreement between the measured and simulated results indicates the validity of the
resistance map. Note that only the region below 30 MHz is shown in this chapter be-
cause the measurement accuracy cannot be sufficiently ensured for high-frequency

components.

—_ L0, measurement (III)
=) - simulation (III)
g 01
=
8
2 0.01
]
~
0.001
10> 10* 10° 10° 107 108

Frequency [Hz]

FIGURE 4.5: Frequency characteristics of laminated-busbar resis-
tance.

4.1.2 Correction of dissipation factor

Even though the AC resistance of the busbar was simulated in the previous section,
the trend was consistent, but the absolute values were very different. Next, the di-
electric loss, which is the loss part related to attenuation, is modeled together with
the measured values. The busbar resistance R3 represented by the T-type equivalent
circuit that is derived from the dielectric loss. The Rj is represented by the equation
(4.2) using the dielectric tangent tanD.

1
R3 =

= 4.2
w Cbus tanD ( )

where w is the angular frequency. Since the value in the datasheet is 0.016 (1 GHz),
R3 can be calculated using Cy,s obtained from the simulation.

Figure 4.6 is the busbar used to measure R3. This busbar was connected to the
impedance analyzer E4990A (Keysight technology) and R3 was measured.

Figure 4.7 shows the adjusted values of the dielectric tangent tanD of the busbar
parasitic capacitance Gy, and the values from the datasheet. It is confirmed that the
two intersect at a frequency of approximately 10° Hz. Since the natural frequency of

the damped oscillation waveform that occurs immediately after switching is several
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MH2z to hundreds of MHz, the resistance R3 is small in this frequency region, which

greatly affects the damping characteristics.

The terminals inserted to E4990A

FIGURE 4.6: The bus bar to measure the tanD.
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FIGURE 4.7: Comparison of tanD adjusted and datasheet.

The EM software, ADS, is able to utilize the dielectric loss model with frequency

charactristics. ADS deals with Svensson/Djordjevic model [94], [101] as follows:

futj-freq

lfreq) = et fu+j-freg

(4.3)
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where €,(freq) is complex relative permittivity, €1 is a part of a real part of complex
relative permittivity, a is a coeffiecient, and fy and fi, are the upper and lower limits

of the frequency. To transform this equation to tanD, the following equation holds:

freq(fu—fi)
a arctan ( fr: ;ZL ffre qu )
tanD = — (4.4)
1 n (PR
FLT 28 M et 2

This model preserve causality not to violate physical phenomena [94]. The tangent
delta increases at a certain frequency and decreases at the higher frequency. In this

dissertation, the parameters are set as the following condition:

TABLE 4.2: Svensson/Djordjevic Model parameters.

€1 4.6
a 0.06
Jit 1 THz
fu 300 kHz
fand  2MHz
tanD 0.019

The dielectric constant of electric field dependent is not considered since the di-
electric constant of the dielectric material FR-4 does not have the electric field de-
pendency, which means the linear dielectric with constant permittivity with respect

to the applied electric field [102], [103].
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4.2 Coupled oscillation analysis

P1 Lbusl Lbus?. P2

Rpc

Lpc

P3 P4

FIGURE 4.8: Equivalent circuit of buck chopper when MOSFET turns
off.

In the frequency domain, the amplitude of the frequency spectrum at the natural
frequencies increases as di/dt increases. Let f; denote this natural frequency. Since
the damped oscillation waveform oscillating at the natural frequency is a source of
electromagnetic noise, let Vg, be the magnitude at f; of the discrete Fourier transform
of this V;. The magnitude of V; is used to evaluate the electromagnetic noise.

Figure 4.8 is the equivalent circuit of Figure 4.1. The current loop iy ~ i3 is
defined as in Figure 4.8.

First, the following equation holds
Ly 0 0 %

5
0 L, 0|92

0 0 0 d%i

L 4 L d?
— - B % T
R 0 0 af
di
t | 0 Ro+Rpuz —Rouss Fn
0 _Rbus3 Rbus?) diz
L 4L a ]
[ 1 Tr ]
Cous Cous 51
+ 0 & 0 ih | =0 (4.5)
0SS
_ 1 1 i3
L Cbus 0 Cbus - =
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L1 = Lpc + Lpust (4.6)
Ry = Rpc + Rpust (4.7)
Ly = Lpus2 + Laio + Ln + Lq + Ls (4.8)
Ry = Rpus2 + Raio + Ras,off (4.9)

where O is a zero matrix. In this section, the current loop i; ~ i3 is obtained by

numerical analysis. The general solution for i; is expressed as

ih=An e Gt sin(wlt) + Aqp g~ bt Sil’l(édzt)
+ Az e 99! sin(wst) (4.10)

wyx =27fy  (x=1t03) (4.11)

where, Aj; ~ Ajz is the initial amplitude, {; ~ (3 is the damping factor, wi ~ ws
is the eigenangular frequency, f1 ~ f3 are eigenfrequencies. The currents I, and I3
have the same general solution as I;. The combination of attenuation coefficients
and natural frequencies depends on the parasitic parameters of the circuit. For ex-
ample, when two eigenfrequencies exist, there is a damping factor corresponding to
the eigenfrequency. The natural frequencies and damping factors are calculated by

solving equation (4.5).
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TABLE 4.3: Parameters of Fig. 4.8 for analysis and calculated result.

dq 78 mm 6 mm

Ly 90 nH 47 nH

Ly 25.5nH 242 nH
Chus 1160 pF 1160 pF
Coss 27 pF 27 pF
Rpc 68 mQ) 55 mQ)

Rgio + Rasoff | 850 mQ) 794 mQ)

Rpusi 49 mQ) 17 mQ)
Rpus2 49 mQ) 57 mQ)
Rypusa 552 O) 552 O)
fi 15.4 MHz | 21.3 MHz
f 194 MHz | 199 MHz
0 0.015 0.011
0 0.014 0.014
T1wq 2.31x10° | 2.34x10°
Towy 2.72x10% | 2.79x10°

To check the validity of the calculation method, the experimentation is performed.
The experimentation utilizes two cases; the distance between the capacitance termi-
nals d; is 78 mm and 6mm. When the distance is long such as 78 mm, the parasitic
inductance of the capacitor and busbar increase and the resonant frequency must be
lower than that in the case of 6 mm. Table 4.3 shows the circuit constants and calcu-
lation results for d; = 78 mm and 6 mm. At d; = 78 mm, the damping factor {; has a
value similar to {, while the natural frequency f; is 12.5 times smaller than that of
f2. This is because of the larger product of {, and f,, which can be attenuated faster
than the combination of {; and f;.

Comparing the terminal-to-terminal distance d; = 78 mm and 6 mm, the dif-
ference in Jjw; is less than 1%, but there is more error in the natural frequencies.
However, because the parasitic inductance at d; = 6 mm is 50% smaller than at d; =
78 mm, the surge voltage is likewise smaller and therefore the initial amplitude is

also smaller.
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4.2.1 Simulation results

Circuit simulations were performed while varying D;. Table 4.3 lists the parasitic

parameter. The input voltage is 500 V and the output current is 30 A.

Figure 4.9 is one cycle of the drain-source voltage vg4s. The switching waveform
at d; = 6 mm during device turn-off is observed to decay faster than at d; = 78 mm.
Figure 4.10 is the discrete Fourier transformed frequency spectrum of vgs. In the

frequency domain, the peak value V; at the eigenfrequencies d; = 6 mm is smaller

than at d; = 78 mm.

—dy =78 mm
di =6 mm
E% 500 \ Nv" ft{W‘ A JW\ VN M“

Time [0.5 pus/div]

FIGURE 4.9: Simulated switching waveforms of v45 at d; = 6 mm and
78 mm.
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FIGURE 4.10: Simulated DFT of vy at d; = 6 mm and 78 mm.

4.2.2 Experimental results

Figure 4.11 shows the experimental circuit. The power devices used are SiC MOSFET
(SCT2280KE, Rohm) and SiC diode (SCS205KG, Rohm). The parasitic inductance of

the power devices is measured by the TDR method, and is equal to 8 nH and 7 nH
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for the MOSFET and diode, respectively. The input voltage and output current are
500 V and 30 A, respectively.

Figure 4.12 shows the experimental waveform. As in the simulation waveform,
the amplitude of the damped oscillation waveform becomes smaller when d; = 6
mm. Figure 4.13 is the discrete Fourier transform of the drain-source voltage v4s.
The peak value for d; = 6 mm is 48% smaller than that for d; = 78 mm.

Table 4.4 compares the simulated and experimental results. It is observed that
changing d; from 78 mm to 6 mm lowers the peak value of the frequency spectrum
V: by 47% for both simulation and experiment. The relative error of the eigenfre-
quencies is less than 3.3%, which is a good agreement between the simulation and

experimental trends.

(=90 mm [
conductor thickness t = 0.035 mm

insulator height # = 0.4 mm
FIGURE 4.11: Detail of the experimental circuit.

—d; =78 mm
—d; =6mm

1

Time [0.5 ps/div]

FIGURE 4.12: Experimental switching waveforms of v4s at d; = 6 mm
and 78 mm.
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FIGURE 4.13: Experimental DFT of v4¢ at d; = 6 mm and 78 mm.

TABLE 4.4: Comparison of simulation and experimentation.

Simulation

di=6mm | d; =78 mm

Resonant frequency | 21.1 MHz | 15.0MHz

Damping factor 0.017 0.017
Peak value V;
37V 71V
in frequency domain
Experimentation

di=6mm | di =78 mm

Resonant frequency | 21.5MHz | 15.5MHz

Damping factor 0.029 0.025

Peak value V;
22V 42V

in frequency domain

4.3 Design of damping characteristics to mitigate the oscilla-

tion based on the laminated busbar relevant map

Using the parasitic parameter maps, including the AC resistance and dielectric loss,
the relationship between the busbar structure and the natural frequency and damp-
ing coefficient is clarified. A plot visualizing this relationship enables the design of

busbar structures to obtain arbitrary damping characteristics.
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4.3.1 Target circuit

The natural frequencies and damping coefficients in the range of the parasitic param-
eter map of the busbar were analyzed for the circuit in Fig. 4.1 and the equivalent
circuit in Fig. 4.8. Parameters other than the busbar were assumed to be constant

values. Table 4.5 are the circuit constants used in the analysis.

TABLE 4.5: Parameters of Fig. 4.1 for Damping factor map.

Lpc freq. dependent
Laio + Ln + Ly + Ls 24.2 nH
Coss 40 pF
Rpc freq. dependent
Raio 127 mQ)
Rgs,off freq. dependent

The frequency dependent parameters are measured by using an impedance an-
alyzer. In the out of measured frequency range, the parameters are extrapolated
as a constant value. Rgsoff is also known as a voltage dependent parameter, thus,
the measured value at highest voltage bias in the impedance analyzer (40 V) was

applied.

4.3.2 Damping coefficient map

Because of the frequency characteristics of the busbar parasitic parameter map, the
busbar parasitic parameters applied to the equivalent circuit in Figure 4.8 must be
the values at the natural frequency. For example, if a coupled oscillation analysis
of equation (4.5) is performed using the parasitic parameter map at a frequency
of 1 kHz, the natural frequency will be several MHz. Since the frequencies of the
parameters used and the calculated natural frequencies are different, the natural
frequency values cannot be trusted and the parasitic parameters at the natural fre-
quencies must be used. Therefore, the author matched the eigenfrequencies with
the parasitic parameters used according to Figure 4.14. First, the frequency to be
analyzed is determined (I), and a coupled oscillation analysis is performed with the

parasitic parameters at that frequency (II). Next, the frequency set in (I) is checked to
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see if the calculation results agree with the frequency set in (I) and (III). If they do not
match, increase the frequency at which the parasitic parameters are extracted and re-
turn to the flow in (I). If they match, multiply the calculated natural frequencies by

the attenuation coefficients to obtain the attenuation characteristics.

(I) Set the frequency at which

the parasitic parameters are applied.

}

(IT) Calculate the natural frequency and

damping factor by eq. (4.5)

The frequency gets '
incremented.

(III) Compare the set frequency and

NO | the natural frequency which result in.

jyes

(IV) The damping characteristic is calculated

by multiplying the damping factor and natural frequency

FIGURE 4.14: Procedure of electro-magnetic and circuit simulation by
sweeping the geometry of the bus bar.
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y axis: Insulator thickness /1 [mm]

x axis: aspect ratioa = ¢

FIGURE 4.15: Frequency map with parasitic conductance.

Figure 4.15 shows the relationship between natural frequency and busbar struc-
ture. The natural frequency tends to decrease as the aspect ratio a of the conductor
cross section increases and the insulation thickness i decreases. When a = 3265 and
h = 0.4 mm, the natural frequency is 27.6 MHz. Thus, the relationship between the
natural frequency and the busbar structure varies in a complex manner, indicating
that it is necessary to consider the influence of parasitic capacitance, in addition to

the higher natural frequency due to skin and proximity effect.
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FIGURE 4.16: Damping coefficient map with parasitic conductance.

Figure 4.16 shows the relationship between damping coefficient and busbar struc-
ture. The tendency of the value is opposite to the natural frequency. As the aspect
ratio 4 increases and h decreases, the damping coefficient increases. Since this analy-
sis includes the parasitic conductance, the higher value is confirmed comparing with

the conventional analysis result (shown in the last of this section).
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FIGURE 4.17: Damping characteristics map with parasitic conduc-
tance.

Figure 4.17 shows the relationship between damping characteristics and busbar
structure. The damping characteristics can be calculated by the product of resonant
angular frequency and damping coefficient with frequency characteristics such as
AC resistance and dielectric loss. The product results in the high damaping char-
acteristics band, from upper left to lower right in the figure. Thus, to mitigate the
oscillation, this band will be advantages on the fast decay. To consider the amplitude

after the switching to a certain time, the initial amplitude must be calculated.
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FIGURE 4.18: Amplitude map with parasitic conductance.

Figure 4.18 shows the relationship between amplitudes and busbar structure.
The amplitude also has low and high value bands in the figure. This band is based
on not only the parasitic parameters but also the switching transient time. As for
the frequency of 27.6 MHz (a=3265 and h=0.4), the half period is 18 ns which is
approximately the switching transient time. This can be revealed by the numerical

and analytical calculations.
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FIGURE 4.19: Design map that indicates decay time to the 2% of out-
put current.

Figure 4.19 shows the relationship between decay time and busbar structure.
This decay time map can be achieved from the previously shown maps. In this case,
the DC side current oscillates mainly in the loop of DC link capacitor and busbar
capacitance. The design objective of amplitude at a certain time is 2% of the output
current (0.6 A). The longest decay time is seen in the busbar structure having a=3265
and /#=0.4 mm. In addition, from the amplitude and damping characteristics map,
there are bands that dampen the oscillation faster. The highlighted area as blue box
is the design range that satisfy the design objective (i1=0.6 A at 0.5 us after switch-
ing. It is evident that the conventional busbar design will fail in this evaluation since
the busbar which has the lowest inductance does not satisfy the design objective of
the decay time. Using this design map, it is possible to design arbitrary attenuation
characteristics and to discuss the attenuation after a certain time of power device
switching. Furthermore, since the relationship with the busbar structure is clear, it

is also possible to design the busbar structure.
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FIGURE 4.20: Simulation waveforms corresponding to the out of de-
sign points in Fig. 4.19.

Figure 4.20 shows the simulatoin waveforms based on the busbar structures
shown in Fig. 4.19 when h = 0.4 mm and t = 0.035 mm. It can be confirmed that
the switching waveform shows the good agreement with the analysis. The error of
the calculated decay time is 26% with respect to the simulation. The difference is
acceptable since the design margin is often set to twice of the design objective value.

Thus, this analysis has been validated.

4.4 Summary

In chapter 4, the author analyzed damped oscillation waveforms and proposed a
busbar structure design method to obtain switching waveforms with arbitrary damp-
ing characteristics. Coupled oscillation analysis was performed using an equivalent
circuit with parasitic parameters that cannot be expressed by the conventional para-

sitic oscillation equation. By considering the parasitic parameters of the busbar and
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the circuit, the parasitic parameters with frequency characteristics were calculated in
terms of values at natural frequencies, and the relationship with the busbar structure
was clarified. Also, the parasitic conductance greatly decays the damped oscillation
waveforms.

For the design point of view, the time domain design method was validated.
Based on the damping characteristic map, the design range is analyzed and visu-
allized. By choosing the geometry of the laminated busbar in that range, the less
oscillation waveform will be achieved even though the high-speed switching is ap-

plied.
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Chapter 5

Laminated Busbar Design to
Mitigate both Surge Voltage and
Peak Amplitude at Resonant

Frequency

This chapter proposes a design procedure for the switching waveform considering
a bus bar geometry. In this proposed procedure, two items—the surge voltage and
damped oscillation—are evaluated to achieve user-defined design objectives for re-
alizing the optimized switching waveform. This study targets a bus bar geometry
for high-speed switching using wide band-gap devices; thus, parasitic parameters
in the power converter are considered. The parasitic parameters, which are the in-
ductance, capacitance, conductance, and AC resistance, of the bus bar are analyzed
by finite element analysis (FEA) because it should be discussed the frequency char-
acteristics for realizing the optimum switching waveform. The experimentation is

performed using buck converter circuits, rated at 400 V and 30 A.

5.1 Switching waveform and evaluated items

This section defines the evaluated items in the switching characteristics such as the
surge voltage, damped oscillation level, and switching loss. Each switching charac-

teristic relates the parasitic parameters shown in chapter II.
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FIGURE 5.1: Typical turn-off waveform of a MOSFET.
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FIGURE 5.2: One example in the spectra envelope of trapezoidal
switching waveforms v45, which has the damped oscillation in one
term switching.

Fig. 5.1 shows a typical switching waveform under turn-off operation. The surge
voltage V; is evaluated because it may destroy the power device. This is because of
the high di/dt, which induces a voltage between the stray inductance as the elec-
tromagnetic force. As mentioned in chapter 2, the maximum drain-source voltage is

defined as the surge voltage to be evaluated.

Vs = max(vgs) (5.1)

When MOSFET turns off, parasitic inductance, capacitance, and resistance forms
a resonant circuit in the converter circuit. The pulse current and voltage made by
power devices stimulate the resonant circuit, resulting in the oscillation of the drain
current iy and drain-source voltage vgs. It can be observed that the damped oscil-
lation level becomes high when the parasitic capacitance of the bus bar is too large.
The resonant frequency of the damped oscillation is determined as f, by parasitic

parameters, including the bus bar. Then, the derivative of drain current diy/dt is
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one of the components that decides the amplitude of voltage vys oscillation. In addi-
tion, the spectrum at the resonant frequency becomes larger as di/dt is much larger
when applying high-speed switching devices. Thus, the gate resistor also affects
the damping oscillation because it can control the switching speed. Fig. 5.2 shows
an example in the spectra envelope of the switching waveform vg4s, which has the
damped oscillation after the devices switching. The spectrum is calculated by the
discrete Fourier transform (DFT). Assuming that the switching waveform is trape-
zoidal, the magnitude of the spectrum decreases by 20 dB/dec till 1/7tt;, and then
decreases by 40 dB/dec. Besides, the spectrum has a peak value at the frequency f;
if the trapezoidal waveform has the damped oscillation. The peak value has a major
effect in terms of electromagnetic interference, and hence, this peak value V; of the
discrete Fourier transform of vy is taken as one of the parameters to evaluate the
switching waveform. This chapter concentrates on the evaluation of the damped
oscillation level in the frequency domain and does not focus on the detailed charac-

teristics of the damped oscillation in time domain.

Vi = DFT (vqs)| =, (5.2)

From the discussion above, the surge voltage Vs and damped oscillation V; will

be evaluated.

5.2 Design strategy

5.2.1 Strategy to optimize the switching waveform

This chapter explains the ways optimize the switching waveform. The relationship
of the bus bar structure with the parasitic parameters has already been mentioned
in section II, and the relationship of the parasitic parameters and switching charac-
teristics in section III. This indicates the switching characteristics are designable by
the bus bar structure. The evaluated items such as V5 and V; cannot be minimized

simultaneously. They have different order, then these items have to be normalized
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to evaluate them equally so that normalization is applied:

Vs - Vs,min

Von= 55—
Vs,des - Vs,min

(5.3)

where Vg, is the normalized surge voltage Vs, Vs min is the minimum value of V;, and

Vs, des is the design value of V.

Vr - Vr,min

Vin=5——F—
Vr,des - Vr,min

(5.4)

where Vi, is the normalized peak value of DFT(v4s) Vi, Vimin is the minimum value

of Vi, and V, 4 is the design value of V.

TABLE 5.1: Symbols used in (5.3)-(5.4).

Symbol Description
Vs Surge voltage
Ve min Minimum value of Vg
Vs des Design value of Vg
Vi Peak value of DFT(vys)
Vi min Minimum value of V;
Vi des Design value of V;

TABLE 5.2: Swept variables.

[ [

Minimum value 0.035mm | 0.4 mm

Maximum value 0.8 mm 5.2 mm

Table 5.1 summarizes the symbols in (5.3)—(5.4). The minimal values are obtained
by a number of simulation results. These minimal values change if the boundary
conditions in Table IV change. Thus, the minimal values are firstly simulated with
the boundary conditions. In the design procedure, the minimal values need to be
updated if the evaluated items lower than the current minimum values are obtained
from the simulation. Circuit designers can determine the design values to satisfy the
specification of the power converter circuit. By using these design values in (5.3)-
(5.4), the switching waveform is optimized to achieve all design values. If the surge
voltage is equal to the minimal value, the normalized surge voltage becomes zero.

If the surge voltage is equal to the design objective, the normalized surge voltage
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becomes one. Thus, the normalized value takes the value between 0 and 1 if the
design variables satisfy the objectives. That is the reason for the minimal value being
seen in the numerator and denominator in the normalized equations. The damped
oscillation level can be evaluated as well.

The objective function denoted as ey; is defined as

€obj = 1/ V52n + Vr2n (5.5)

When egp; < V2 and all evaluated items are less than 1, which means all design
values are satisfied, the pair of the laminated bus bar structure and gate resistor is
available. In this chapter, those pairs are defined as the optimal points. The design

parameters are the bus bar structure and gate resistor that are swept to find the

aj— —a
b = b,
) = o), E@
Eeth extl Vext2
Eo =

extl

minimum point of egp;.

- Busbar thickness ¢
- Busbar width w
- Insulator thickness h

(a) Define variables (b) Create 3D model (c) Calculate EM fields and power (d) Calculate a and b
and meshing w.r.t. excitation fields ,and S-param

Equation 5.5
€obj = V Vszn + Van

from equations 5.3-5.4

Bus
Bus b 1
= % j;l o DR lision
bar (:5"'_1" o Fo

(h) Calculate objective func- (g) Extract evaluated (f) Circuit simulation accomp- (e) Transform
tion items anying frequency dependent
models

FIGURE 5.3: Design procedure considering the frequency character-
sitcs of laminated busbar parasitics.

5.2.2 Simulation setup

Fig. 5.3 shows the design procedure proposed in this chapter. The simulator ADS
is able to handle not only the FEA but the circuit simulation as well. To include the
frequency characteristics, the simulator ADS performed the FEA and circuit simu-
lation according to Fig. 5.3. First, the geometric bus bar parameters are defined in
Fig. 5.3(a), and then, the bus bar model is generated as a three-dimensional (3-D) ge-
ometry model in Fig. 5.3(b). ADS automatically generates and meshes the 3-D bus

bar model. From Fig. 5.3(b)-(d), the S-parameters of the bus bar are computed along
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with the calculations described in chapter 4. In phase Fig. 5.3(e), the transient and
convolution simulation is performed including the S-parameters model of the bus
bar, which is able to calculate the transient simulation with the frequency-dependent
model such as S-parameters[27]. After the transient and convolution simulation fin-
ishes, the data of the waveforms is obtained as the results of the simulation. The re-
sults are then evaluated by the surge voltage, damped oscillation, and switching loss
in phase Fig. 5.3(f). The surge voltage is obtained from the maximum voltage in the
data. To calculate the damped oscillation, discrete Fourier transform is performed
with respect to the drain-source voltage v4s. The switching loss is numerically cal-
culated integrating the product of the drain-source voltage v4s and drain current i4.
The values of the evaluated items are then numerically calculated by normalization
equations according to (5.3)-(5.4), and then, the objective function is calculated by
numerical analysis in phase Fig. 5.3(g).

The values in Table 5.2 are known as the boundary conditions since they decide
the minimum or maximum values of the evaluated items in the objective function.
With respect to t, the minimum thickness of 0.035 mm is selected because it is the
standard thin thickness of PCB manufacturers. Moreover, thickness less than 0.035
mm causes the busbar width since the cross-section is set to a constant value of 4
mm. The maximum thickness of 0.8 mm is selected because it is the maximum limit
of the PCB manufacturer. The length of the bus bar is set to a constant value of 90
mm. The number of simulations is 715, and the objective function eypis applied to
all waveforms.

TABLE 5.3: Circuit parameters for simulation.

‘ Symbol ‘ Value

Bus bar length L 90 mm
Input voltage E 400V
Output current Iy 30 A

ESR of the DC link capacitor Rpc 130 mQ)
ESL of the DC link capacitor Lpc 15 nH
Parasitic inductance of the SBD Laio 7nH
Parasitic inductance of the MOSFET | L4 + Lg 8 nH

Parasitic inductance
Ln 10 nH
between the SBD and MOSFET
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Table 5.3 lists the circuit parameters for simulation. The input voltage E is set to
400 V, and the output current I, is 30 A. In this simulation setup, V; ¢ is set to 120
V, which is 30% of the input voltage, and V; 4 is set to 1 V, which is 0.4% of the AC

component at the fundamental frequency.

5.2.3 Simulation results
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FIGURE 5.4: Design simulation results.

Fig. 5.4 shows the simulated points with respect to the evaluated items of surge volt-
age and damped oscillation. It can be observed that the surge voltage and damped
oscillations are in a trade-off relationship.

If the objective is not satisfied in this configuration, the gate resistor can be in-
creased. However, the switching loss must be carefully designed.

Fig. 5.5 shows the simulation waveforms during MOSFET turn-on and off oper-
ations. The waveform that do not satisfy the design objective have a large level of
surge voltage as shown in Fig. 5.5 (b). On the other hand, the waveforms that satisfy
the design objectives are shown in Fig. 5.5(a). It is evident that the bus bar geom-
etry needs to be designed based on this proposed procedure to achieve the optimal

waveform.
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FIGURE 5.5: Simulation waveforms highlighted in Fig. 5.4.

FIGURE 5.6: Details of the experimental circuit.

5.3 Experiments

5.3.1 Experimental setup

Experimental result is presented to confirm the proposed method. Table 5.4 lists the
parameters of the power devices used in these circuits. The SiC MOSFET (SCT2280KE,
Rohm) and SiC diode (SCS205KG, Rohm) were used in this experiment. Table 5.3
lists the parameters of each component, which are same as the simulation. Rpc and
Lpc are measured by an impedance analyzer at 10 MHz. Lg;, and Lgq + Ls are mea-

sured by time domain reflectometry (TDR) method. It is difficult to separate Ly and
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Ls[104], and hence, they are divided into two: Ly =4 nH and Lgq = 4 nH. Ly is ob-
tained by electromagnetic simulation.

The geometry of the bus bar is shown in Fig. 5.6. The thickness and height are
set to 0.105 mm and 1.6 mm, respectively, to compare with Fig. 5.5(c), which satisfies
the design objective. There is a wire for the AC current probe, P6022 (Tektronix, 120
MHz), between the diode and MOSFET. The input voltage and output current are

set to 400 V and 30 A, respectively.

5.3.2 Experimental result

Table 5.5 lists the objective functions of the simulation and experiments. It is clear
that the simulation results are in good agreement with the measured results. Fig. 5.7

shows an experimental switching waveform.

S
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h =1.6mm,t = 0.105mm, Rg =20 O

FIGURE 5.7: Experimental switching waveform which satisfies the
design objective.
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FIGURE 5.8: Experimental switching waveforms which do not satisfy
the design objective.

On the other hand, this proposed method is able to predict bad designs as well.
Fig. 5.8 shows the bad cases whose surge voltage or damped oscillation level is high
for example. This case indicates that there is a possibility to design the bad case

waveform without the proposed method.
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TABLE 5.4: Power devices for experimentation.

Device SiC MOSFET SiC SBD
Manufacturer Rohm Rohm
Model SCT2280KE | SCS205KG
Package TO-247-3 TO-220-2
Voltage rating 1,200V 1,200V
Current rating (pulse) 35A 80 A

TABLE 5.5: Experimental objective function

Simulation | Experiments

Vin 0.444 0.868
Vin 0.318 0.503
Cob 0.546 1.003

5.4 Expansion of the design method

The proposed design method is able to expand towards not only the surge voltage
and oscillation evaluation but also the switching loss, etc. Because the evaluated
items are normalized to equally evaluate them, other items can be evaluated in the
same manner. This chapter adds the switching loss evaluation as an example into
the evaluated items discussed in the previous sections.

If neither the surge voltage nor damped oscillation cannot be suppressed simul-
taneously by designing the parasitic parameters of the bus bar, then the gate resistor
has to be large to suppress both the surge voltage and damped oscillation. However,
the large gate resistance makes the switching loss large; thus, the gate resistance
needs to be designed to be as small as possible. The switching loss is then consid-
ered as a parameter to evaluate the switching waveform. The switching loss is the

sum of the turn-off loss W and turn-on loss Wpn:
W = Wug+ Won (5.6)

The switching loss can also be normalized as follows:

W — Wmin

Wy = ——min
Wdes - Wmin

(.7)
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where W is the switching loss, Whin is the minimal value obtained in the simulation,
and Wyes is the design objective. If the switching loss obtained in the simulation
is equal to the minimal value, the normalized switching loss becomes zero. If the
switching loss obtained in the simulation is equal to the design objective, the nor-
malized switching loss becomes one.

To consider the surge voltage, damped oscillation, and switching loss simultane-

ously, the objective function is as given below:

oty = |/ V2, + V& + W2 (5.8)

The laminated busbar geometry can be considered as a good design when all the
normalized values are within one and objective function is located near origin.

Table 5.6 shows the swept variables. The difference from the previous section is
the gate resistor. From this condition, the simulation based on Fig. 5.3 is performed.

Figure 5.9 shows the breakdown of the normalized values from the simulation
results. It is evident that the switching loss heavily depends on the gate resistor.
This is because of the switching speed reduction caused by the increase in the gate
resistor. Also, the level of the surge voltage and damped oscillation reduces as the
gate resistor increases. This phonomena is able to be described by switching speed
reduction. As the busbar thickness increases, the surge voltage level increases, while
the damped oscillation level decreases. It must be noted that the lowest value of the
objective function has a different geometry depending on the gate resistor. When
the gate resistor is 10 (), the busbar thickness must be 0.4 mm, while the busbar
thickness must be 0.105 mm when the gate resistor is 20 ). This indicates that the
busbar geomtery with the lowest value of objective function depends on the switch-
ing speed.

The switching loss is able to be considered since the proposed method deals with
the normalized value which does not require the same unit or same order of value.
The ability to include other evaluated items has been validated from this example.
This enables the circuit designer to aquire the wide range of design space of the

laminated busbar.
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TABLE 5.6: Swept variables.
[
Minimum value || 0.035mm | 0.4mm | 100
Maximum value 0.8 mm 52mm | 100 Q)
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FIGURE 5.9: Relationship between objective functions breakdown
and gate resistor.
5.5 Summary

In this chapter, it was clear that the bus bar geometry affects the switching wave-

forms so an design procedure has been proposed. Designed bus bars were achieved,
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and it is detected that there is a minimum point of the objective function by chang-
ing bus bar geometry. The simulation results have been verified by comparing the
experimental results with that of the buck chopper circuit. As a result, it is neces-
sary to design both the bus bar structure and gate resistor using this design proce-
dure to satisfy all of the design values of the surge voltage and damped oscillation.
This method is verified as the solution to handle the issues caused by high-speed
switching. The normalization is able to include other evaluated items based on the
design specification. For example, while the oscillation of the low-side MOSFET is
evaluated in this chapter, the oscillation of the high-side diode can be added to the
objective function as well. The author has confirmed this expandability to include

the switching loss with the surge voltage and oscillation.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

This section concludes the whole previous chapters.

In Chapter 1, the high-speed switching with WBG devices are discussed on the
basis of the recent power electroncis background. The high-speed switching has
both advantages and disadvantages, and the disadvantages are actively overcome
by many studies. In those studies, a laminated busbar with focus only on just low
inductance were examined. However, other aspects are herein discussed from the
perspective of the design method of the laminated busbar geometry.

In Chapter 2, the issues related to high-speed switching and laminated busbar
are revealed. Each issue is defined to be quantitatively evaluated. To solve those
issues using the laminated busbar, the parasitic parameters including the frequency
characteristics are discussed.

Chapter 3 addresses the current imbalance issue. The aperture size is the most
critical geometry in the busbar, and the design procedure of the aperture size is il-
lustrated.

Chapter 4 presents the solution of the oscillation issue. This includes the par-
asitic conductance, which is the most important component to design the damped
characteristics, and the verification of its design method. The notable aspect is the
evaluation of the damped oscillation in the time domain, which no prior study has
reported.

In Chapter 5, the integration of the design method of damped oscillation into the

conventional surge voltage design is detailed. To equivalently evaluate the items



96 Chapter 6. Conclusion and Future Work

have different units, normalization is proposed. The verification of the laminated
busbar design method for high-speed switching on the basis of the design procedure
is presented.

The findings of this study can be applied to not only high-speed switching tech-
nologies, but also to conventional switching speed. As mentioned in Chapter 2, the
switching speed and the wavelength are related; the applied range of this design
method is depicted in Fig. 6.1. This method can also be applied in GaN power de-
vices if the switching speed is within the range shown in Fig. 6.1, and the system

employs the laminated busbars for connection of components.

Switching time
Ins-10ns 10ns-30ns 30 ns - 100 ns
Busbar length
1 mm - 10 mm @ @ O
10 mm - 100 mm © © ©
100 mm - 200 mm X O ©
200 mm - 1000 mm >< >< @

FIGURE 6.1: Compartmentalization of the laminated busbar design
method.

6.2 Future work

6.2.1 Design automation for power electronics

Design Automation for Power Electronics (DAPE) has been undergoing develop-
ment from the start of DAPE conference in 2020. The research field of DAPE expands
the power electronics field to various fields such as artificial intelligence, computa-
tional automated design, and real-time hardware simulationc [105]. The busbar rele-
vant technology is also one of the candidates in the design automation components.
The author has proposed the neural-network-based busbar model. The accuracy in-
creases as the number of datasets increase. Fig. 6.2 shows the schematic of a neural
network to predict the parasitic parameters from geometry inputs. Once the model
is constructed, the calculation cost must decrease compared with that of the electro-
magnetic simulation. This model can be inserted in the design automation schematic

as shown in Fig. 6.3. The flowchart shows simultaneous software and hardware



6.2. Future work 97

simulation. Here, the software is the active gate driver (AGD) pattern, and the hard-
ware is the laminated busbar. Fig.6.3 shows the optimization flowchart, which is
considered as a future work to be based on this dissertation. To test the concept,
the surge voltage, loss, and electromagnetic noise are optimized during power de-
vice switching by using the busbar insulation thickness ti,s as the hardware and the
AGD pattern as the software decision variables. The optimization algorithm used
is particle swarm optimization (PSO). The flowchart is divided into four phases, as

follows:
(1) Updating the decision variables;

(2) predicting the parasitic parameter frequency response from the variables re-

lated to the structure among the decision variables;
(3) performing circuit simulation; and
(4) calculation of the objective function from simulation results

At the beginning of the simulation, both initial and random values determined by
the user are entered into the decision variables (flowchart (1)), and Flowcharts (2)
through (4) are then executed. If the objective function calculated in (4) exceeds the
required value, the decision variable is updated by returning to Flowchart (1). This
calculation is repeated to minimize the objective function. To observe the process of
optimization, the required value is set to minimum, and the calculation is performed

for a given number of trials.

insulator
thickness height frequency
Input layer
Affine transform
Sigmoid function
¢ v e Hidden layer

Affine transform

Output layer

FIGURE 6.2: Neural network layers.
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FIGURE 6.3: Design automation flow chart.

Fig. 6.4 shows the simulation results. From top to bottom, the switching loss,
surge votlage, and damped oscillation level are simulated. L1 - L7 are the level of
the gate resistor; L1 is the largest gate resistor in this condition, and L7 is the smallest
gate resistor value. The red solid lines in Fig. 6.4 are the respective evaluated values
when AGD is operated. The device loss in Fig. 6.4(a) can achieve the target value at

an insulation thickness of ti,s in the analysis range. The surge voltage in Fig. 6.4(b)
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meets the target value in the range of tins < 18.5 mm. This result is equivalent to
that associated with L1 and L2 without AGD and is reduced on average by 38%

when compared to that associated with L7. The noise voltage in Fig.6.4(c) satisfies

the target value in the analysis range.

Finally, the optimal solution was the AGD pattern at insulation thickness tins =

1.23 mm. Fig. 6.5 shows the design space of the insulation thickness.
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FIGURE 6.5: The design space of insulator thickness with and without
AGD.

The main components such as inductors have been widely investigated and de-
veloped. However, there is a paucity of studies that seek to apply the busbar into
design automation. This dissertation demonstrates the impact of the laminated bus-
bar design, and hence, this technology will be expanded to these field in the near

future.

6.2.2 Electromagnetic radiation

The busbar has a certain length ranging from several tens of mm to several hundreds
of mm. In this context, the busbar can work as an anntena at giga hertz region. This
dissertation scopes the frequency range from DC to 100 MHz to handle the busbar as
constant passive components. However, the rectangular or trapezoidal waveforms
such as drain current must have higher frequency components. If the switching
speed increases significantly, in such range of frequency, the electromagnetic noise
must increase. In such a situation, the busbar may form the resonance path, and
the standing wave of current may flows on the busbar at several giga hertz range.
Some busbar designs have a slit for current distribution sharing, resulting in the
electromagnetic radiation as the slit works as a slot anntena. Fig. 6.6 shows the
example of the slit for current sharing. This slot is one of the solutions for sharing the
current for multiple devices; however, this method may make the electromagnetic

environment harsh if the high-speed switching is applied.
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FIGURE 6.6: The slit on a busbar for the parasitic inductance equal-
ization.

This issue may be examined in the future research concering the laminated bus-

bar and high-speed switching issues.
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