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Abstract

The realization of integrated solutions for electric machine drives is a way to achieve higher
space utilization in industrial and transportation electrical power applications. In some cases,
limited space affects heat dissipation and the performance of a cooling system, so harsh
operating conditions, i.e., high ambient (or cooling) temperature, are a possible additional
requirement for integrated drivers. This research investigates in detail the design of some
essential or sensitive parts of IMD, highlighting their behaviour under a high-temperature
environment. An initial selection of switching power devices is a cornerstone of the inverter
design that determines a number of crucial electrical, thermal, and mechanical parameters of
the final assembly. Traditionally power modules or custom-designed power devices are the
preferable choices for such challenging power electronics applications. An alternative
approach based on the parallel connection of discrete MOSFET is underestimated by
researchers and is less popular nowadays, although it can offer some valuable advantages.
This work presents a comparative analysis of different power devices' packages with a
generalized evaluation algorithm focusing on thermal and mechanical aspects in addition to
conventional analysis of devices' electrical characteristics. The proposed method helps
evaluate the range of feasible power density for PE and the drive itself. The results could give
reference figures to demonstrate the capabilities of all popular power packages of novel SiC
MOSFETs in the 2-level 3-phase inverter. In selecting power devices, special attention is paid
to highlighting possible trade-offs between losses, junction temperature, and occupied volume.
Another comparison analysis considers the characteristics of different capacitor materials
under various operating conditions and evaluates the required volumetric parameters for DC-
link capacitor of the inverter. Several technical challenges related to the adoption and
balancing of MOSFET parallel connection are discussed in the thesis. The possible protection
of paralleled power devices against the crosstalk effect is studied in detail with a proposed
simulation model of the gate driver circuit. Limitation of typical clamping methods if applied
to parallel devices is demonstrated. The modified gate driver with a reduced current clamping
path generates a lower voltage pulse and enhances the protection against spontaneous turn-on;
its efficiency is verified by model simulation and experimentally. New thermal protection for
current sensors, providing acceptable conditions up to 130C degrees of ambient temperature,

is described and tested.
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Chapter 1

Introduction

1.1 Progress of electric transportation

Technical progress and population growth triggered intense emission of greenhouse
gases in the second half of 20" century ([1] see Figure 1). Greenhouse gas (GHG), mainly
carbon dioxide, is a typical by-product of fuel combustion (according to [2]). Concomitant
emission of GHG has a significant long-term harmful effect on the Earth’s atmosphere and
leads to lifting average temperature[1].

Observed
Greenhouse Gages

2.0

All Human
Drivers

Land Cover

10 Aerosols
1880 1900 1920 1940 1960 1980 2000 2020

Temperature Difference from Average (°F)

Figure 1 — Increase in global temperature due to natural and human influences[1].

According to the results of climate research (presented in Figure 2), the most optimistic
forecast for temperature difference in 80 years is about 1°C if emissions of CO2 fall to
almost zero level[1]. Without any attempts to address the climate problem, the emissions
reach 20Gt/year by 2050, and the temperature rises by 2 °C every 50 years (see Figure 2).
Therefore, the absence of actions from the society today leads to dramatic consequences
later. Considering the inertia in adopting new technological processes by industries, global

society has to start applying more sustainable policies as early as possible to prevent
irreparable damage.
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Figure 2 - Observed and projected changes in carbon emissions and temperature[1].

Transportation is the one of serious sources of GHG. For instance, it is responsible for
about 18%][3] of pollution over the world and 34% in USA (according to [4], see Figure 3).
Therefore, the transition from internal combustion engines of all kinds to fully electric
drives becomes an important target for automotive industry on the way to lower CO;
emissions and more sustainable environment. Together with renewable energy generation,
transport electrification is considered one of the prior fields in research of power
electronics over the last two decades.
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Figure 3 - Total greenhouse gas emissions per sectors of human activity (a — world
distribution, b — US distribution).

Continuous development in semiconductor power devices, battery technologies, and
electronics miniaturization has contributed significantly to the evolution of all kinds of
electric vehicles (hybrids, battery-only, etc.). As a result, the forecasts suggest that EVs
occupy the market for up to 60% (or even more if considering the most optimistic Net Zero
Scenarios, see Figure 4) in 2035 and almost replace internal combustion vehicles by 2050

[5].
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Figure 4 — Forecast for sales share of EVs for period of 2020-2050 [5].

International Energy Agency expects to reduce the total emission of CO, generated by
transportation from 6 Gt to 0.8 Gt by 2050 (the current level is 3.1 Gt) if the most
sustainable scenario occurs (Net zero scenario) [6]. Broad utilization of EV/HEV is
responsible for half of that reduction, while the remaining half is expected to come from
the increased efficiency of conventional engines and fuel cells (see the forecast for
distribution in Figure 5).

The most realistic scenario (solid colour areas in Figure 4) shows that the replacement
rate is lower than the optimal value (shaded colour areas in Figure 4), and tremendous
efforts from governments and industry are required to make EVs preferable for consumers.
Despite the long history, EVs still require government and automotive industry support to
become as popular and widespread as ICEV. In [7] the authors study influential factors for
EV popularisation in China, including government policy, manufacturer interest, people's
education and their awareness of the ecological situation. According to this study, one of
the key factors concerning the experts and customers is the technical difficulties with
manufacturing and maintenance of EVs (especially battery capacitance and its lifetime).
Although the increase in battery capacity and charging rates are considered the most
beneficiary technologies to help EVs in their popularization[8], the development of the
drive also could provide advantages in terms of efficiency, maintenance requirements, and
manufacturing cost. In addition, the creation of new motor drive concepts and designs
opens the way to change the conventional representation of road vehicles (for example, the
motor-in-wheel structure[9]). Implementing such new concepts is a challenging task as it

also requires new designs for traditionally used and trustful systems and components
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(power line connections, cooling systems, etc.[10]).

EV contribution
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Figure 5 — Forecast of possible reduction in CO2 global emissions (in transportation) due
to development of different EV[6].

Aviation experiences a different situation as its emission is only 1.5-2% of total value
due to serious attention to engine efficiency and reduction of fuel consumption. Therefore,
replacing the jet propulsion system with the electric one cannot significantly change the
amount of air pollution. Moreover, the commercial success of battery-powered aircraft
with fully electric propulsion is highly dependent on the achievements in the energy
storage density of batteries. Hybrid airplanes are likely to be available in 10-15 years
(according to [11], see Figure 6), offering a decent trade-off between reduction of CO;
emissions and required technological progress. At the same time, total electrification of
other airplane systems provides numerous advantages in maintenance cost, mechanical
complexity, and flight safety. Avionics, oil, and fuel pumping require direct (by gears)
mechanical connection with an engine or a net of high-pressure pipes to operate. With
electrical motors, the mechanical power can be generated exactly at the necessary area
without the usage of more traditional but less cost-efficient non-electrical methods of

power transferring[12].

2020-26 2025-30 prial Battery
: Hybrid- 40 or Fuel
Electric Electric |l Cell
Air Taxi 50- 100 seats
«Potential CO, Aircraft /0T Powered
reduction: 80-100% reduction: 1,3-40% 40-80% Aircraft

Figure 6 - Step-by-step approach in the penetration of electrically-powered aircraft into
the market.
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According to the Aircraft Technology Roadmap[11] first fully electrical aircraft enters
into service in the next five years. Large passenger aircraft with significant utilization of

electrical propulsion systems becomes available only in 2035[11].

1.2 Integration concept in the design of a motor drive.

The rapid spreading of middle-size (personal electrical cars, light airplanes) or small-size
(unmanned aerial vehicle, UAV) electrical transport systems raised the problem of space
and weight optimization of the powertrain used. Conventional solutions traditionally
exploited in the industry or large-size (trains and ships) transportation did not fully satisfy
new design requirements. New approaches addressing mass and volume limitation are
proposed to increase power densities of power electronics and machines. One of the
methods is the integration of a motor and a power converter to achieve better space
utilization and reduce the number of housings [13].

An integrated motor drive (IMD) usually includes a motor, an inverter, and a controller
that occupy a single enclosure and could be treated as a single unit. Its features could be
beneficial at different points of the product lifecycle, and possible pros of the integration
approach are summarized in the following list:

Reduction of mass. As mass is a crucial parameter in aviation, the lesser total weight of the
housing makes the IMD a preferable candidate to replace traditional mechanical airplane
systems.

Reduction of volume. An integrated system occupying less space gives more freedom to
achieve desired shapes of the final product or to apply modern design concepts.
Improvement of manufacturing and maintenance. The integrated device is considered a
completed and self-efficient entity that the simplifies overall system structure. Single
enclosure reduces installation time during the assembling stage and makes logistics for
support service during maintenance easier.

The idea of combining both motor and power electronics inside one package was
implemented more than 30 years ago in heating, ventilation, and air conditioning (HVAC)
applications. However, the number of successful high-power products was quite limited
due to their specific features and undeveloped level of power electronic components.
Integration was taken seriously into consideration with the development of electrical and

hybrid traction systems with motor power levels up to hundreds of kW. For example, the
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early generations of EVs (2000 Toyota Prius, Nissan Leaf 2011) often were designed with
the classical approach of having separate enclosures for a motor and an inverter connected
with thick high-current power cables. From the system structure point of view, high-
current cables and connectors are not convenient to use because they are featured bulky
sizes and significant weight to maintain the required current without overheating and
deterioration of contact quality. With the following modifications, these elements were
excluded from powertrains as integration technology was applied (see Figure 7). In
addition to the smaller number of enclosures and connection elements, the manufacturer

stated a weight reduction of about 10% for the new configuration [14].
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Figure 7 — Adoption of integration approach in commercial EV drive units (left -2011
and 2013 model Nissan Leaf[14], right — Gen 1 and Gen 2 Chevy Volt model[15])
Broad adoption of integrated motor drives in the automotive industry could be
considered a success of that approach in achieving better weight and space optimization
than traditional concepts. With the development of new car models, engineers try different
combinations, shapes, and structures of drive units. For example, Tesla Model S has IMD
shaped in 2 cylinders (motor and inverter) with a gearbox between them (see Figure 8).
The inverter was designed as a complex prism structure of 3 power modules. The new
Tesla Model 3 has a similar motor and gearbox appearance, but the inverter has a classical

single-unit configuration though it is built from custom-made components to increase

space utilization.
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Figure 8 — Examples of commercial integrated inverters demonstrating different
structure design (radial 3 boards Tesla Model S - left, flat inverter Tesla Model 3 - right).

Another evidence of significant attention to the progress in this field from researchers

and manufacturers is that Advanced Propulsion Centre has included the topic of integrated

drives into the list “Industry Challenges 2020-2035+” in the category of Power

Electronics[16]. The list consists of research topics that were highlighted by industry

representatives, such as:

The development of lightweight high-efficient drive units, including the
usage of advanced material.

Integration of thermal management for traction systems.

assembly and disassemble techniques of integrated drives, serviceability.
Managing noise, vibration, and harshness.

Advanced control systems for integrated drives.

Integrated motor drives have already passed the stage of purely scientific interest, and

their development is beneficial for today’s commercial projects and future technologies,

aiming for higher sustainability.
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1.3 High temperature issues and benefits

Similar to standard electric drives, thermal requirements for IMDs could vary in a wide
range depending on the application. However, thermal management of IMD's power
electronics is usually more challenging than the one of typical PE due to the influence of
EM, limited space, and mechanical complexity of its housing. If harsh environmental
conditions are applied together with restrictions on available space or shape of a housing,
the design process becomes a problematic multidisciplinary task.

The reasons for the high-temperature operation of IMD could be divided into introduced

by the design of PE and external (required by operating conditions).
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Figure 9 — HT IMD can eliminate additional gears or power cables in case of HT
environment.

External (high ambient/coolant temperatures, see Figure 9). Some applications feature
high operating temperatures due to fuel burning in vicinity of IMD or excessive heat
generation with the lack of cooling. If also applied, the requirements for high
gravimetric/volumetric power density could limit the usage of conventional cooling
techniques, low-temperature components, and traditional motor drive structures. An
excellent example of such an application is any motor drive system near a jet enclosure[17].
The heat generated by the airplane engine creates a high-temperature environment where
traditional electronics cannot operate properly (+150°C is the absolute maximum of
junction temperature for most Si components). In addition, strict space limitations common
for avionics are also a severe obstacle to thermal management or insulation. Hybrid EV
also might be equipped with HT IMD to unite cooling loops of a powertrain and an internal
combustion engine. The typical maximum temperature of cooling for ICE is about 125°C,

and the maximum temperature under the engine hood reaches 120 °C[18]. Usage of HT
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coolant for the inverter reduces the overall weight and complexity of the traction system,
but it also might decrease reliability and increase cost due to more expensive components.
Therefore, trade-off is present, and many factors should be considered with the

implementation of HT for automotive applications.
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Figure 10 — Smaller heatsink (or the change of cooling type) might save volume in

expense of low junction temperature

This method implies the intentional selection of operating point with very high junction
temperature in exchange for a smaller/lighter cooling system (or different type of cooling,
for example air cooling instead of liquid[19]). This idea might become feasible with the
development of new package technologies for advanced semiconductor materials with
wide bandgap (such as SiC and GaN) which can operate at very high junction temperatures.
The maximum junction temperature of Si power switches does not exceed 175°C. At the
same time, specially designed prototypes of SiC switches can work at 300-400°C (with a
special HT package and some characteristics limitations)[20]. Unfortunately, most of them
are laboratory prototypes and unavailable for purchasing. Today the highest junction
temperature of SiC MOSFETSs is limited by 200°C for the samples available on the market.

Nevertheless, significant improvements in semiconductors characteristics and relatively
high availability of SiC components created acceptable conditions to perform research in

the field of HT motor drives and their integrated versions.
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1.4 Contribution of this study.

The main target of this work is to analyse crucial points in the design process of HT IMD

and propose a generalized approach to its performance evaluation.

In contrast with more specific studies investigating characteristics of a particular HT
IMD design, this research focuses on multi-parametric analysis with several types of power
devices to highlight their strong and weak points and determine the most influential factors
maximizing the output power. The proposed calculation model takes into account the
electrical, thermal, and mechanical characteristics of switches, different thermal stacks, and
cold plate cooling properties to perform an accurate comparison. The capabilities of
parallel connected discrete power switches are studied in the proposed analysis to
demonstrate the possible advantages of such structures in high-power traction applications.
This work uses components currently presented on the market and available for purchase
to exclude any unmatured technologies and solutions that could give a mistaken advantage
to either switch type. Moreover, this restriction helps demonstrate the development of SiC
industrial manufacturing and the feasible borders of prototypes' power ratings today.

The proposed algorithm analyses PE as a structural part of IMD, considering both PE
and EM parameters simultaneously, although typically, in the design process, they are
regarded as independent parts of a motor drive. Additional analysis studies required DC
link capacitors' dimensions as they might occupy a significant portion of IMD volume and
greatly affect total power density.

Further research on HT inverter design has investigated the problem of crosstalk
suppression of paralleled MOSFETs which is not addressed in the literature yet. A
calculation model that includes the influence of additional parasitic inductance is proposed
to assess the amplitude of gate voltage. The simulation demonstrates that the problem
becomes more severe with higher junction temperature. The updated design of the gate
driver is presented to reduce the influence of the crosstalk and prevent false turn-on of the
device.

In order to solve the absence of HT current sensors for HT version of IMD, two
methods of maintaining the required temperature environment are proposed in this research.
In one method a thermo-electric cooling module is used to cool an external envelope of the
low temperature sensor. In the second method, the cooling module acts as an internal
heatsink for the hottest parts of the sensor. Thermal models are developed to calculate
temperature distribution, power consumption and maximum operating temperature of

modified sensors.-
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1.5 Structure of thesis.
Chapter 2.

The first part of this chapter reviews the state-of-art of integrated motor drives, the

most influential technologies, and trends. Special attention is paid to the design,
optimization algorithms, and models used to describe motor drive systems. The second part
of the chapter is dedicated to the review of HT power electronics and the possibility of
applying proposed methods within the integrated motor drive is discussed. Different
cooling systems are included in the analysis, and their features are described.

Chapter 3.

This chapter reviews several typical semiconductor power switch devices, and some
important characteristics are analysed to indicate the pros and cons of different packages.
The typical cases study are explained, and ranges of input parameters are also mentioned.
A parametric model of an integrated power inverter with a list of input parameters is
described, and the influence of machine parameters is discussed. VVolumetric analysis of
DC link capacitors is also added to this chapter.

Chapter 4.

The chapter describes the influence of parallel MOSFETSs connection on the gate
driver circuit and the analysis of the crosstalk mechanism. A simulation model of the
injected current is described, and results for different design parameters are presented. The
chapter includes special requirements for the modified gate driver and a review of known
solutions. One of them is modified to perform with parallel MOSFET, and simulation and
experimental testing results are added to the chapter.

Chapter 5.

The chapter includes considerations regarding HT current measurement. HT current
sensors are subject to restricted access; novel techniques could help to obtain reliable and
accurate current measurements. A review of available traditional methods is presented, and
two different cooling methods are proposed to increase the operating temperature range of
an off-shelf current sensor. Successful testing of the prototype gives the opportunity to
perform measurement with guaranteed accuracy under harsh temperature conditions
without using rare components.

Chapter 6.

Conclusion.

The structure of the thesis is explained in Figure 11 with the links between each
chapter and additional comments
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Chapter 2

2  State of art in power electronics of IMD and
related technologies

2.1 Integration and its recent trends in literature and
Industry.

The term “integration” regarding the structure of a motor drive system implies that
the motor and the power inverter form a single unit that can operate without additional
connections in between. Due to the long history of IMD development since the first
introduction in the 1980ths[21], many variations in structure and appearance are presented
both in the industry as commercial products and in literature as prototypes or concepts.
Several main classifications of IMD are listed here to give a brief introduction to the topic:

Classification due to IMD modular structure (simplified structures are in Figure 12):

e Classical IMD (by default IMD). The motor has a solid structure, i.e. its stator/rotor
cannot be disassembled into smaller parts without damage. The inverter can operate
only when fully assembled into a single package and cannot be separated
mechanically into several independent equal parts. Usually, the design provides
higher power density figures by comparison with other structures due to the
absence of connection lines between segmented parts and repeated elements
(controllers, sensors, power supply, etc.) inside the drive. All commercial drives
observed in the literature review belong to this category (see Table A3).

e Integrated semi-modular motor drive (ISMD). This class of IMD includes devices
that have only one modular part or part that is built by combining several identical
slices into a single unit. The second part of the drive has a traditional design. In
most cases, ISMD does not differ functionally from classical IMD, but a different
name helps highlight the distinct structure of the prototype.

e Integrated modular motor drive (IMMD). It is a relatively new branch of IMD
evolution (the first paper in the literature used was published in 2013 [22]). An
IMMD is usually divided into several equal blocks (including the stator core and
the winding). While assembled, blocks are connected in a serial or parallel system

with some redundancy of switching devices; therefore, such structure, in theory,
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could provide higher robustness than the classical one. Another attractive feature of
the modularity is that a new block could easily replace the damaged one in case of
failure. There is no reported IMMD available for commercial exploitation found
during the literature review, and only laboratory prototypes with different
percentages of technology implementation are mentioned in the literature ([23],
[24], [22]). High-speed synchronization between modules is crucial for efficient

operation.

Segmented stator

Solid EM

Segmented PE

Solid PE Segmented PE

Solid EM

a b C

Figure 12 — IMD classification based on its structure modularity (a — IMD, b — ISMD
with segmented PE, ¢ - IMMD).

IMD could be divided into several classes according to the position and orientation of PE
to the motor housing:

1) Inner/External (I/E). Inner PE (PCBs and modules) occupies space inside the
machine housing, sharing the same cooling contour and thermally interacting with

EM. There are quite a few examples of IMD with inner PE in the literature review

for power levels of more than several kW. Thermal management and convenient

access to PE components might be challenging for IMD with the inner location of

PE. External PE has lower thermal interaction with EM due to separated cooled
volume. Easier thermal conditions could be why IMDs with external PE locations

are more widespread (see Figure 17). Figure 13 illustrates the difference between

these two structures.
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Figure 13 — Examples of external (left) and inner (right) location of PE.

2) Axial/Radial/Circumferential/Top(A/R/C/T) — orientation of normal vector of PE
PCB or housing regarding the machine’s axis of rotation (see Figure 14 for detailed
explanation). Top orientation is a case of radial when PE is implemented as a single
box and located only on one side of the machine. It is one of simplest and popular
ways to integrate EM and PE as it offers more freedom in terms of PCB shape,

volume etc than other structures.

Radial

Circumferential = Axial

Figure 14 — Classification for different orientations of PE PCB’s normal vector with
respect to the machine’s axis of rotation.

3) End plate/Stator (Ep/S) — characterizes the location of PE with reference to parts of
machine housing (see Figure 15).

End plate location

Stator location

\\

|

}

|

\
\

Figure 15 — Examples of end plate and stators accommodations of PE elements.

Examples of structure design for the most of options are presented in Table 1. Although

the classification includes many theoretically possible designs, several options have
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significantly more complex mechanical structure (for example, those with circumferential
orientation) and, most probable, higher difficulties in manufacturing. A number of
parameters are indicated in the table to characterize dimensions of each design.
Normalized increase in IMD diameter D;yp/Dgy show relative difference in outer

diameters between the motor and whole system. Normalized increase in total length
ALADD/ Rpuy is used when PE locates after EM. The machine does not have any particular

length in the analysis, so its stator radius is used as reference parameter. PE volume
Vg case 1s normalized by Vpg cask pagp to demonstrate the difference in weight of housings for
different designs, as it might be important for weight-restricted applications. Supplementary
parameters used for calculations are described after the table.

Literature review includes over 35 samples of various IMD types from industry and
academia to show a variety of implemented technologies and structures. Due to distinct
and simplified thermal management (mostly natural air convection by motor housing)
many commercial low power IMDs (peak power less than several kW) are not included in
the list. Samples are divided into three groups based on the stage of the project’s lifecycle
to indicate the technological feasibility and commercial success of a certain design. Group
“Concept” includes samples described only by simulation and 3D modeling without
evidence of an actual prototype (not presented in the same paper or next publications).
These designs usually present some new trends or ideas without (or limited) engineer
postprocessing. Group "Prototype” includes IMDs with a real sample built and tested.
Group " Product” consists of commercial products that could be purchased separately or as
a part of another device; thus, the group presents the most mature technologies from
manufacturing points of view. At the same time, this group is affected by non-technical
factors such as logistics, expenses on manufacturing and design, maintenance costs, etc.
Detailed information about all drivers is presented in Table Al, Table A2, Table A3 for
groups “Concepts”, “Prototypes”, and “Products” respectively.

The overall view of IMDs is presented in Figure 16 with peak power and year when it
was mentioned in literature first time. Projects with WBG semiconductors are marked to
indicate the difference in the spread of new materials in academic research and industry.
First reported prototypes of IMD with high power levels were developed by 2006
([25],[26]). In 2012 two EV powertrains with IMD from Nissan and Tesla finished testing
and became available for the market. Since then, scientific interest in IMD remained
almost the same with a gradual increase in inverter peak power. WBG semiconductors

have been almost the only material used in concept and prototype projects since 2015,
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showing the fast adoption of new components by academic researchers. By 2015-2016

automotive industry accepted integration technology as a standard, and four new IMD
became available. Most inverters were built with Si IGBT modules which remained the
most popular semiconductor type of power switchers until recent years. A few inverters
were reported as fully SiC by the end of 2021. An increased number of presented IMD and
a rise in their peak power could be noticed as a general trend.
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Figure 16 — Inverter peak power for industry/academic designs over 2005- 2022 and
usage of WBG components.

Distributions for various drive’s structures among considered IMDs are presented in
Figure 17. Non-modular IMD is still the most popular structure for both research and
industry is the classical IMD. Although research projects (both prototypes and concepts)
are presented in all categories, there are no commercial products in modular and semi-
modular types. Such difference could be explained by manufacturing and control

difficulties at the current technological level.
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Table 1 — Examples of structure design for different PE locations and orientations.

State of art

External PE
(individual cooling contour and housing for EM and PE)

Internal PE
(cooling contour common for EM and PE)

End plate location

Stator location

End plate location

Stator location
D D 1 EAE 1.42 1 1.4
mmp/Dem P EAS IAEp IAS
ALADD/ 0.33 - 0.25 -
_ Rem
5+
= VpE 1 1 0.97 1
<
Vpg EAED
VPE caske 1 1.1 0.2 0.85
VPE cASE EAED
Single-board — for simple topologies;| -Simple inverter assembling;| -Simple inverter assembling; -Simple inverter assembling;
-Simple inverter assembling; - external axial air cooling; | - Single-board,; - external axial air cooling;
.Tg ALADD/ 0.67 - 0.62 -
§ Rem
“E Vpg 1 1 1 1
§ Vpg EAEp
O Veecase 1.73 1.45 0.85 1
VpE cASE EAEp

- Multi-board inverter;
- internal axial airflow cooling;

- Multi-board inverter;

- - external axial air cooling;

Multi-board inverter;
internal axial airflow cooling;

- Multi-board inverter;
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State of art

Table 1 continue.

External PE
(individual cooling contour and housing for EM and PE)

Internal PE
(cooling contour common for EM and PE)

End plate location

Stator location

End plate location

Stator location

Dimn/ Dem 1 EREp 131 cRS 1 REp 1.12 —
AL4pp - -
'}55 Vpg ol :
x v 1.16 \ 1.1 = 0.87 1
PE EAEp r
_PECASE | 413 142 | 0.38 1.04
VpE cASE EAED

- Multi-board inverter;
-internal axial airflow cooling;

--Simple inverter assembling;

Multi-board inverter;
- external axial air cooling;
-Simple inverter assembling;

- Multi-board inverter;
- internal axial airflow cooling;

-Single-board — for simple
topologies;
-Simple inverter assembling;

*- feasible IRS structure is a subject of mechanical and thermal analysis as significant stator surface should be occupied by PE, so ETS is

presented instead.

D;yp — Maximum diameter of IMD housing, Dg), — diameter of EM housing; AL,pp— increase in the length of IMD due to PE part, Rg, - radius

of EM stator, Vpg — volume of PE part, Vpg gagy, - volume of PE part for EAED design, Vpg casg — Volume of PE case material, Vpg casg pagp - Volume of PE
case material for EAEp design.

All designs have the equal area of PE attached to a heat sink, so all IMD can accommodate the same number of power devices. Height of PE PCB (green

cuboid) Hpg = 0.25Rg,, and wall thickness Ty, = 0.04Rp,, is also the same for all IMD, however the total PE volume V pg could vary due to different shape of
PE part. EAEp structure is used as a reference because of the simplest design.
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The distribution of the most popular types of power switching devices throughout all
IMD is presented in Figure 18. Custom-made solutions and various commercial devices
form two equal groups. Although there is no dominance of custom power modules in
academic research due to complex manufacturing, this kind of switchers is preferred in the
industry (for the observed set of commercial drives). In most cases, a power module
consists of a half-bridge structure capable of handling the full range of motor phase
current; therefore, paralleling of power switches is almost not found in commercial
products. The only well-known examples of commercial products with wide usage of
parallel devices are Tesla’s traction inverters. At the same time, the growing process of SiC
crystals is more challenging than Si[27]. This might give an advantage for applications
with smaller SiC devices as suppliers can deliver them to customers earlier in the required
quantity. In turn, electrical engineers finish the development faster, and then serial

production can also start earlier.

I Concepts [ Prototypes [ ] Product I Concepts [ Prototypes [ Product
15 = 15

[ IF Y

0
IMD ISMD(PE) ISMD(EM)  IMMD 1AEp ERS ETS EAEp  ICEp

Figure 17 — Distribution of IMD structures

I Concepts [ Prototypes [ ] Product

6 —

u

Custom-designed TO-247  commercial SMD
power module power module

Figure 18 — Distribution of switching devices in IMD reviewed.

The example of Tesla model 3 proved the noticeable advantages of SiC over typical Si.
Gravimetric power density of Tesla model 3 fully SiC inverter is 43kW/kg which is the
highest among other drives with known figures presented in the review (see Table A3 for

details). Likely, other companies will present their own fully WBG inverters soon.
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Considering the aforementioned data, the following trends have been noticed and are
reported in Table 2
Table 2 - Recent trends in commercial IMD

Trend Description

Manufacturers provide more electric drive units (EDU) as a single
module with an integrated motor, an integrated inverter, and a
gearbox [28-32]

OEM traction drive for
automotive industry

Drive modularity
Some manufacturers offer IMD design that allows to combine
two EDUs and form a parallel connection to scale total output

IMD structure mechanical power[33].

Adoption of new form-factors in commercial IMD products
Different structures (not only ETS) became more popular in
automotive industry[29, 34].

Inverter Wider usage of SiC devices in traction inverters

2.2 Design procedures and algorithms.

Standardized design procedures, as a set of rules and stated relations between
parameters, could be a valuable instrument for IMD evaluation or optimization when the
initial characteristics of devices and the system vary in a wide range and affect the overall
performance (or other target parameters) in some complex way. IMD design procedure
should include both calculation models (or a dataset with calculation results) of the motor
and the power electronics to account for their electrical and mechanical interconnections
and obtain accurate results. In the case of ETS configuration, two parts have limited mutual
influence from thermal and mechanical points of view; therefore, usually, they could be
analysed separately. By contrast, EAEp configuration might require more significant
mutual influence of these two parts, and motor structure should be considered during the
inverter’s development.

Recently some publications presented a structural approach to various converter designs
to highlight relationships between different parameters and characteristics of the device.
Summary of reviewed methods with pros and cons is described in Table 3. For example, in
[35], the AC/AC converter analysis focuses on relationships between efficiency, output
current, topology, and chip area. The proposed algorithm calculates the minimum chip area
with account for the motor type and power, characteristics of semiconductors etc. At the
same time, it does not use any real prototypes of power switches, and the model of the
cooling system is simplified to a single value of area thermal resistance. Calculation of
switching losses does not include compensation for gate resistance and temperature. In
design procedure flowchart explains. In [36], parametric analysis determines the
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relationships between efficiency, volume, and power density. Higher losses at higher
switching frequency cause an increase in heat sink volume, a decrease in overall power
density, and a decrease in transformer dimensions. The diagram presents the trade-off, and
the Pareto front is highlighted. The method of indicating the correlation between electrical
parameters (efficiency, temperature etc.) and dimensions (weight, volume etc.) could be
applied to IMD. The paper does not include different types of switches and cooling, so
more advanced techniques should be developed to calculate power losses and thermal
conditions of power switches. In [37], optimization analysis considers motor and inverter
characteristics to determine optimal values of some design parameters. The correlation
between total drive weight and power losses is well presented with different initial
conditions. Power electronics is built with only one type of switches without paralleling;
therefore, the physical characteristics of switches are constant throughout the research. The
cooling system includes an air-cooled heatsink with constant case-ambient thermal
resistance that scales with changes in power losses. This study shows deep electrical
relationships between these parts, but no mechanical limitations for the inverter are
imposed by the motor structure.

Table 3 — Studies with highlighted design algorithms

Device Type Analysis Limitations Year Ref
Torque, No Rds on(Tj), no real devices, 2009 | [35]
VBBSC Efficiency/Topology, Chip | no volume analysis

area

Efficiency, Volume/Power | One type of MOSFET, one type 2019 | [36]

Dual active bridge | Density, switching of cooling
frequency
. Weight/losses optimisation | Not detailed analysis of PE part; 2020 | [37]
Motor drive - - .
(Motor+VBBSC) with 14 input parameters Mechanical influence of

integration is out of analysis;

Although the separate design algorithms for motors and power electronics are
widely presented in the literature, the united scheme is rarely explained. Therefore, the
generalized design procedure with a large variety of input parameters is an actual research

topic for optimization and demonstrative purposes.

2.3 Cooling technology in power electronics of IMD.

Thermal management of IMD inverter is a complex multi-disciplinary system of several
semi-independent components (a power switch, PCB or baseplate, a cold plate, etc). The
main aim of a cooling system is to remove a significant amount of generated heat and

provide acceptable operating thermal conditions for power switches without deterioration
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of electrical characteristics. Gate drivers and control devices usually do not require
additional cooling except natural airflow convection due to relatively limited power
dissipation. However, operation under HT conditions might demand extra measures to
keep the temperature of control boards in the permissible range.

The cooling structure depends on the switch device type as it might have a unique design
(a base plate or an integrated cooling heat sink, for instance). In general, two different
groups could be distinguished that include most of the cases:

Discrete switching device with surface mount package (SMT). These devices use a thermal

pad to remove heat from the die, and typical junction-case thermal resistance is about
0.4€/,, (ranges from 0.16 to 1.1). SMT switches (for example, TO-263 packages) have an
electric connection between the drain and the thermal pad, so the PCB has to perform both
good electrical and thermal conductions and interact with a cold plate or other types of
cooling. In that case, a power PCB is also included in the structure of the cooling system.
In literature, the usage of discrete power transistors in IMD is not so widely presented
(see Figure 18) compared to power modules. Moreover, half of the studies do not focus on
high power density and use natural air convection as the main heat transfer mechanism. In
one case [38], designers use liquid cooling with typical FR-4 material enhanced by thermal
vias to obtain moderate thermal resistance of PCB without manufacturing difficulties. A
drawback of this approach is the significant thermal resistance of insulating
material/thermal interface material that prevents electrical contact between PCB

traces/thermal vias and the heatsink surface. The reported value of PCB to ambient thermal
resistance reaches 12 K /W, which is not acceptable for MOSFETS with high power losses.

Moreover, the mechanical characteristics of FR-4 PCB make it challenging to maintain the
minimal and constant thickness of the insulation layer over large areas. Therefore local
hotspots and non-equal heating are possible[39].

Advanced PCB materials could be used to increase heat transfer coefficient of PCB, for
example, insulated metal substrate (IMS). Typical thermal resistance lays within 0.5-1
K/W per cm? which is lower than for FR4 PCB with thermal vias.

Commonly used thermal stacks for SMD switchers are shown in Figure 19.
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Figure 19 — Reported cooling stack for IMD with discrete components
(IMS with water cooling[29], FR-4 with liquid cooling[38], FR-4 with air cooling[40])

Although they are rarely presented in the IMD literature together with discrete
components, ceramic PCB is a well-known technology in high-power electronics due to its
high insulation characteristics and thermal conductivity (typical is 25 W/mK for Al,Os3, the
maximum is 180 W/mK for AIN). The ceramic substrate is widely used in power module
fabrication as a heat interface layer and an insulator. In some cases, it might be reasonable
to use ceramic substrate in combination with high-performance cooling to obtain an
effective way for heat dissipation. In [41] and [42], two different versions of custom-made
power modules are presented with ceramic PCB made by Direct Copper Bonding (DBC)
technology. Authors use SiC dies, however, the same approach is suitable for SMT power
components. Advanced jet direct cooling applied in the project should provide high overall
thermal conductivity, but no figures for experimental or simulation thermal resistance are
released. Design of the single switching module with cooling system is presented in Figure
20.

Figure 20 — Example of ceramic PCB for power electronics of IMD [42].

Another advantage of ceramic board is the absence of poor heat conductive insulation
layer that becomes a “bottle-neck” for IMS solutions (see Figure 21). SMT MOSFET
packages feature a small area (about 50 mm?) of thermal pad. Unfortunately, in IMS PCB
only a thin (usually 70-200um) copper layer performs initial heat spreading along the
surface of PCB. If PCB insulation layer (called prepreg) has low thermal conductivity, its
impact on total thermal resistance might be significant. Then an increase of transferring
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heat area is essential for its reduction. Although specific thermal resistance of both IMS
2
and ceramic PCB through the board O TH(mTK) have comparable values, ceramic PCB has

noticeably higher thermal conductivity along the PCB surface ©gp4g, SO larger area

participates in heat transfer.

Cu e —
Prepreg

Al

Coolant

X 4

I TN -
AN

Coolant

Figure 21 — Heat spreading and temperature distribution in IMS and ceramic PCBs with
typical value of ©,5_, for water cooled cold plates (0,5_, is comparable with O cergmic)-

The influence of PCB thermal resistances on total junction-heat sink thermal resistance
Is demonstrated in Figure 22 (thermal resistances of MOSFET and TIM are typical values).

It is noticeable that the impact of PCB becomes limited for high-grade ceramic materials.

Ceramic
IMS FR4

100%
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uTIM
m Case

EPCB
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40%
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Proportion in total thermal
resistance

07 08 1 1,4 22 38 7 10,6

Total thermal resistance, K/W

Figure 22 — Total thermal resistance for SMT MOSFET with different PCB material
(©)-c =04 K/W, Orm = 0.5 K/W, Spce arpa = 1.5 cm?)

Discrete switching device made by through-hole technology (THT). Another type of

discrete MOSFETS has a THT package (for example, TO-247) which usually does not use
a thermal pad as an electric conductor. Thus, PCB could be excluded from the thermal
stack, giving more freedom in selecting insulation materials and heat sink structure.

Usually, the package offers larger thermal pad’s area than SMT versions and higher heat
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transfer capabilities. Typical junction-case thermal resistance is about 0.4X/,, (ranges from
0.16 to 1.1), and resistance of insulation layer has average value of 1 X/, (mica+grease).

Power modules with base plate (with or without surface modification).

Several advanced methods of heat transfer have become available for power modules
thanks to their complex inner structure and developed package. For example, in contrast
with discrete transistors, modules can be cooled at both sides of their cases (double side
cooling, DSC) with an increase in thermal performance by up to 30%[43]. Nowadays, DSC
technology for discrete components is still under development, with only a short list of
components available either with top or bottom (not with both at the same time) locations
of the thermal pad. It is worth mentioning that most DSC modules are custom designed for
the use of automotive companies, and they are not presented freely on the market.

Due to embedded insulation inside a power module, its base plate can be connected to a
cooling surface without an additional insulation layer. If the coolant does not have contact
with the power device (i.e., sealed inside a cold plate), the cooling is called indirect a cold
plate (indirect cooling, Figure 23 b, d) or can be cooled by direct contact with the coolant
itself (direct cooling Figure 23 g, ¢). In turn, the direct variant provides another 30% of the
increase in cooling performance due to the elimination of TIM and additional metal layers
[44]. Typical cooling technologies applicable for power modules are demonstrated in
Figure 23.

Modules with direct cooling might have some surface modification of their baseplate to
form even water-flow pattern (pin array, wave fins, etc)[26]. Also, pins create an extra area
of heat exchange and, therefore, decrease the total thermal resistance of the power module.
Theoretically, the method could be used with discrete components and advanced types of
PCB, although it is not yet presented for IMD in the literature.

((Ij i . Cooling
 —— Power "‘ Filer_)) ‘\: ]

device Power
DBC | Ceramic TIM | device
. y) [ Ceramic__) | TIM ]
ase plate /4 VAR T | e Va
Cold plate ] >E mm mm  Cooling S B mm Em Cooling
a b c d

Figure 23 — Typical cooling technologies for power modules
(a, b —single side cooling; ¢, d— double side cooling; a, ¢ — pin fin direct cooling; b, d —
indirect cooling)

There is a special type of power modules that has an integrated cold plate instead of

typical solid heat-spreading baseplate (details could be found in [45], simplified structure

42



Chapter 2 State of art

is presented in Figure 24). In this case, an engineer does not need to design a cooling

structure, but only provide required characteristics of the coolant.

Power module

 — S
|

device
DBC { [ Ceramic
Solder
negrated | N N NN NN BN DO
cold plate

Figure 24 - Typical cooling stack for power modules with integrated cold plate.

Wider usage of power modules in IMDs also affected the diversity of cooling types used
with discrete components. According to the IMD review (see Table 4) only two inverters
with discrete elements out of 6 use materials with high thermal conductivity to cool power
switches. These papers do not show parametric analysis of IMD thermal management and
do not study deeply the influence of cooling system on PE performance and power density.
Correct estimation of cold plate’s thermal resistance is important to maintain

manufacturing complexity of the design in reasonable range.

Table 4 — Summary of thermal stacks used in IMD

Type of devices Cooling technology Quantity | Reference
FR-4, Air 2 [43],[40]
. . FR-4, Indirect, liquid 2 [46], [47]
Discrete switches e ndirect, Liquid 1 | [29]
TO-247, Indirect, Liquid 1 [48]
Indirect, 1 side 4 [49], [50], [24], [51]
Direct, 1 side 5 [26],[52], [53], [54], [42]
Power module Indirect, 2 sides 2 [55], [56]
Direct, 2 sides 2 [57], [58]
Integrated, 1 side 1 [14],[45]

Review of cold plate types and methods of direct cooling

Nowadays, designers have many options to build a cold plate with required
characteristics for any kind of power devices.

Pipes/Channels. The coolant channel is formed by a metal pipe or a milled groove in the
metal plate. This type features the simplest design, low manufacturing difficulty, and high
robustness due to the large section of the channel (no clogging). On the other hand, the
design is sensitive to layout of the channel, so hotspots are possible if the coolant channel

covers the surface with blank areas. The average heat transfer coefficient is from 0.17 to
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0.33W/_ . (at 1 GPM, [59]), and the cooling performance highly depends on the coolant

flowrate.

Channels with fin structure. Fins placed along the flow path of coolant increase heat
exchange area and make uniform flow patter over large area. In addition, the flow has
higher level of turbulence, and the fin cold plate removes heat with higher efficiency. The
design and manufacturing processes demand more efforts than the simple channel
structure. Shape, size, and location of the fins influence heat transfer coefficient.
Moreover, flow pattern should be analysed carefully to avoid uneven coolant distribution
and zones with low coolant velocity. The average heat transfer coefficient is from 0.25to 1
W/szK (at 1 GPM [59, 60]). Wave fins are a combination between fin structure and single
channel cold plate design, as wave fins create several separate (or partially separate) liquid
paths in the direction of the coolant flow. It helps to reduce the temperature gradient and
increase heat exchange area.

Microchannels. The cold plate consists of a large number of microchannels (the height
is less than 1mm) connected in parallel providing efficient coolant distribution and high
heat exchange rate. At the same time, coolant temperature has a significant gradient along
the flow direction, therefore it is challenging to use microchannels for large cold plates.
Another drawback is that narrow passes of microchannel cooling are sensitive to the
quality of the coolant and require filtering to keep the system in operating conditions. The

average heat transfer coefficient is 2.4 W/sz « ([61]).

Jet impingements. The coolant jet is directed towards the heat source and fired under
high pressure to create an intensive heat exchange process at the designated area. Jets can
form a regular array to cool relatively large area with evenly distributed heat transfer. At
the same time, a single jet (or a small group of them) can be used to cool a particular
element with direct cooling. The design process of jet cold plate requires to perform multi-
physics calculations for nozzle geometry optimization. The performance of complex array
structure is also sensitive to pressure distribution, and incorrect layout of nozzles might
affect outgoing coolant velocity and create a local overheating. Additional space is
required to accommodate nozzles, an inlet and an outlet distribution channels, increasing

the height of the cold plate. The average heat transfer coefficient is 2.4 W/szK (range

0.17-14.2, [62]).
Spray cooling. The cold plate is similar to a jet cold plate, with coolant going out
through nozzles under high pressure. In contrast with jet cooling, small drops created by

the nozzle are used to remove heat from the heat sink surface. These drops create a thin
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coolant layer covering the surface of the heat sink and efficiently removing excessive
energy from it. Spray cooling also requires space for nozzle accommodation and spray
chamber, so the overall dimensions are larger than typical cold plate. The average heat
transfer coefficient is 1.6 W/szK for the single phase cooling (ranges from 0.9 to 7.1,
[63]).

The last three methods also can operate in 2-phase mode when the coolant evaporates
from the hot surface if its temperature reaches a specific threshold value. The efficiency of
2-phase cooling is significantly higher than that of 1-phase methods [64], but the
complexity of the cooling system also increases as designers have to deal with a mix of
liquid and vapour coolant at the output of the cold plate.

The summary of cooling technologies commonly used in power electronics is illustrated
in Figure 25.

Single phase Phase-change
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Figure 25 — Comparison of different heat transfer methods [65]

There are several important characteristics of thermal management and the IMD itself

that play significant role in selection of proper cooling method:

1) Target heat exchange coefficient of a coldplate (hc). Thermal capabilities of
cooling system should be comparable with heat transfer capabilities of power
device’s thermal stack. Very high h.p does not improve total thermal resistance
60;,_amp OF assemblance if other layers have poor thermal conductivity but might
increase development and manufacturing cost (see Figure 26).

2) Complexity of design process, manufacturing, and operating conditions should
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3)

be evaluated, as coolers with high h.p (especially types with two-phase cooling)
require understanding of heat transfer physics (bubbles creation, wetting etc.). For
example, performance of jet cooling is sensitive to jets layout due to its influence on
coolant pressure distribution[66]. Filtering of coolant can be an issue if the cooling
involves tiny channels or holes.

Maximum coolant pressure. This parameter could be important in case of direct
cooling due to limited capabilities of seal materials and the baseplate itself. Typical
values of maximum pressure for O-rings do not exceed 15bar without special
measures (better materials or higher tolerance of manufacturing), and relative
maximum pressure for commercial power modules with a metal baseplate is only
2.5bar. It is strictly forbidden to violate these restrictions due to possible damage to
the module (deformation) and coolant leakage. Indirect cooling usually is not

affected by the issue thank to its robustness and thickness of metal.
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Figure 26 — Influence of cooling method on total thermal resistance for SMT MOSFET

with IMS (heat transfer coefficients are typical for LGPM coolant flowrate)

Among the reviewed IMDs, preferable choices are cold plates with simple water

channels and pin fin structures (see Table 5). Cold plates with water channels are easy to

design, and they do not require advanced manufacturing to produce. Pin fin cold plates

usually are the most effective commercially available heatsinks, however, the only

rectangular shape with standard dimensions is available.

Table 5 — Variety of cooling techniques in IMD prototypes

. Number of
Cooling technology prototypes References
Pipes/Channel 4 [48], [24], [46], [49]
Fins Wave 2 [53], [55]
Pin 6 [26], [51], [52], [54], [57], [58]
Microchannel/flat channels 2 [14], [56]
Jet 1 [42]
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2.4 High temperature power electronics in IMD.

High-temperature power electronics for power converters is still a subject for research
due to the thermal limitations of packages[67]. Moreover, analysis of recent publications in
HT power electronics shows that thermal issues of packages prevent further research
progress in this area.

Well-known electronics made by silicon-on-insulator (SOI) or silicon-on-sapphire (SOS)
were the only choice for engineers and researchers till recent years if extreme operating
conditions were required. Such components are expensive, limited in performance, and
generally unavailable for civic applications. Therefore, the area of HT power electronics
applications traditionally belongs to very specific industrial, military or space fields with
strong government support. Due to security clearances and trade secrets, the related
information is usually outdated or not available. This situation did not change until the
popularization of EV/HEV happened in the early 2000". Electrification of private transport
raised new challenges for power electronics in thermal management and mechanical
structure. The idea of a unified cooling system and housing integration with combustion
engines became popular. The average temperature of engine cooling is more than 105-115
C ([18]), so ordinary commercial Si power devices experience excessive heat load and
reliability issues. However, the standard HT components are too expensive and cannot
satisfy price requirements and production rates. Enhancement of classical Si materials and
overall technological progress resulted in serious improvement of power modules’
characteristics (lower ohmic resistance, better thermal conduction, reduction in parasitic
inductances, etc.). As a result, several HT prototypes were designed and built with Si IGBT
power modules. In [49], the authors use a commercial IGBT Si HB power module (650V,
150A), indirect cooling with an ordinary multichannel round cold plate. Thermal FEA
simulation shows that difference between coolant temperature and junction temperature of
IGBT does not exceed 15K, thus the design is capable of maintaining a safe margin for T;
at Tepnr = 115°C and relatively low maximum output power. In [26] custom Si IGBT
power module (600V, 320Arms) utilizes direct cooling with a diamond-shaped fin

structure over the whole chips’ area achieving junction-coolant heat transfer coefficient

w
Kcm?'

hj_c =22 It is mentioned that the junction temperature rise does not exceed 40K,

and the inverter can operate at coolant temperature of 115°C.
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A noticeable example of HT power electronic for EV is presented in 2007 by RINI
technologies [68]. Although IGBT technology was used in this inverter, the maximum
output power is 250kW with 100°C of maximum coolant temperature. Such high values for
IGBT modules were achieved by paralleling power switchers (6 IGBTs and 3 diodes per
phase), elimination of a baseplate, and a two-phase spray cooling system (spray targets are
recognizable on the cooler’s side of the module in Figure 27). The design of power
electronics is based on the power inverter SKAI 4001GD06 from SEMICRON, which is
initially equipped with an integrated cold plate (its characteristics are close to pin fin

technology). The new spray cooler drastically increased heat transfer performance from the

typical 0.6

. Cooling system is described in details in

[69]. Unfortunately, there is no descrlptlon for the rest part of the cooling system (pump,
condenser etc.), so it is not easy to estimate its volume and other technical characteristics.
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Figure 27 — Bottom side of RINI inverter with windows for direct spray cooling (golden
colour) [68] and one of its inner DBC boards with array of parallel devices, top view[69].

With serial production of WBG components, researchers got an opportunity to extend
power density limits, dimensions, and maximum operating temperature. In 2013 two tested
prototypes of HT power converter with custom SiC modules were presented in [70] an
[71]. Both devices utilize air cooling thanks to high maximum junction temperature T; y 4,
and junction temperature measured experimentally exceeds 220°C for both of them. At the
same time the prototype described in [70] only is able to operate at high ambient
temperature (150°C), because all control chips are manufactured with SOI technology. In
[19] authors also want to benefit from high T; 4 in order to operate at high ambient
temperature with air cooled heatsink. According to simulation results the heatsink
maximum temperature reaches 235 if inverter’s output power is limited by 10kW.
Thermoelectric cooling and thermal insulation protect gate drivers and controller from
excessive temperature. Although the proposed cooling approach might give advantages
with higher junction temperature of power modules (at least 250°C), commercial transistors

presented on the market today cannot work under such conditions.
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Further development of HT power devices results in a number of prototypes ([72], [73],
[74], [75], [76], [77], [78]) with outstanding power density and ability to work with HT
coolant (up to 115°C, detailed characteristics of inverters in Table A4). All these projects
include commercial HB SiC modules (CAS325M12HM2 for high power density and
CAS300M17BM2) manufactured by Cree company due to the best combination of

electrical and thermal characteristics with a significant reduction in module’s height (see

Table 6). In Figure 28 section of CAS325M12HM?2 is presented to indicate some features

of its design, for example, large number of parallel devices and very wide traces for power

lines.

Table 6 — Characteristics of Cree power modules

Parameter CAS325M12HM?2 CAS300M12BM2 | CAB4A50M12XM3
Drain-Source Voltage, V 1200 1200 1200
Continuous Drain Current, A 444 (25°C) 404 (25°C) 450 (25°C)

409 (90°C)
Junction Temperature, °C 175 150 175
Power dissipation 1500 1660
Thermal resistance, X/, 0.1 0.07 0.11
Dimensions, mm 65*110*10 62*106*30 80*53*19
Weight, g 140 300 175

Figure 28 — Section of power module CAS325M12HM?2

Most converters use cold plates with inner fins for indirect cooling as it provides enough

heat transfer to keep case and junction temperatures low despite the high temperature of

the coolant. This approach is quite effective if the desired parameters are high power

density and maximum possible output power. Wolfspeed designed an evaluation kit to

demonstrate the capabilities of its high-performance power modules (see Figure 29).
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Figure 29 — OEM 300kW inverter CRD300DA12E-XM3 by WolfSpeed[79].

2.5 Conclusion

IMD is a well-known research topic and a rapidly developing field of engineering or
industrial interest. It is shown above that power modules are the preferable choice for any
type of IMD (especially for industrial samples), and they mostly dominate the area of HT
prototypes. Module biased position of developers in terms of PE design is understandable.
Advantages of power modules (such as high current, simple thermal interface, simple
electrical connection, etc.) simplify the system design process. Therefore, engineers need
to solve fewer serious technical problems related to the design of a power board and focus
on other parts of the device.

D [CAS300M17BM2 — .

CCS050M12CM2

LI ';lzll‘ | 0
CAS325M12HM2—"

TO-247 TO-263" FF23MR12WIM1_Bl1

|—‘|

Figure 30 — Different packages of semiconductor power switches

However, there might still be applications where some characteristics of power modules
do not satisfy the required conditions, and developers have to search for alternative
solutions. First, usage of specific power components comes at the cost of reduced
flexibility in terms of the geometry and shape of a converter. Pre-configured packages of
power modules cannot always fit the designated area’s shape and ultimately limit the
optimal usage of effective space in some cases. The square or rectangular shape of power
modules fits well if the inverter’s case has a square shape without openings, or shape is not
a crucial parameter and could be adjusted according to the module’s shape. The round
shape of the base might cause some extra space to be left without usage. For some
applications, a specific value for the height of the inverter is required, and only the most
advanced power modules can compete with discrete components (see Figure 30). Second,

power modules are unique products produced by a few companies (only one for HT
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samples in Table A4). Therefore, the components' availability and guaranteed market
access become crucial for prototyping and serial production. The absence of exact
components might lead to a delay in the production or a redesign of the inverter due to

differences in packages.

; [ Power modules [IIN Discrete MOSFETs

08

06}
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02t

0

Typical IMD HT inverters

Figure 31 — Usage of different power devices in typical IMD and HT inverters.

At the same time, the capabilities of discrete MOSFETS connected in parallel to perform
in such conditions are barely studied in the literature (see Figure 31). Usage of these
components could be challenging in thermal management and assembling processes. On
the other hand, it might be beneficial to have an alternative way to achieve comparable
power levels without unique and expensive components. Parallel connection of switching
devices is one of the methods in power electronics to achieve high output current, and it is
successfully applied in the design of power modules (see Figure 27 and Figure 28). It is
worth investigating the theoretical boundaries of discrete components in combination with
different types of PCB and cooling techniques in HT applications.
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Chapter 3

3 Performance analysis of PE for optimized switch
selection and integration-oriented
gravimetric/volumetric theoretical model of IMD

3.1 Inverter Topology

In contrast with a typical motor drive, the topology selection for IMD considers the
higher number of factors related to the mechanical design of the machine and the housing.
Volume restrictions and the tight layout of mechanical and electrical components inside the
inverter force engineers to select fewer complex solutions in terms of switching device
numbers and interconnections between parts of inverters. Moreover, system requirements,
e.g., overall dimensions, location of power inputs, machine’s characteristics or quantity,
etc., might predetermine the structure of the inverter.

A) 3-phase 2-level voltage source topologies.

The most popular topology of the IMD inverter is the 2-level 3-phase Voltage Source
Inverter (VSI) and its variations with multiplied quantity of phases due to the simplest
structure and the minimal number of switching components. Simplified structure is

presented in Figure 32.
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Figure 32 — 3-phase 2-level VSI (single drive — left, double channels - right).

This topology is widespread among experimental samples and commercial drivers. Many
power modules, both Si and SiC in “half-bridge” configuration, are available on the market
or designed by researchers. Although this topology shows approximately twice as higher
total losses as the 3-level Neutral-Point Clamped topology (according to [80]), a twice
lower number of switches makes the system more compact. All phases share DC-link
capacitance; thus, it implies the close location of all half-bridges to reduce the influence of
parasitic inductance. Therefore such topology better fits ETS or EAEp IMD structures

which have only one power board. A single full-bridge structure is not a fault-tolerant
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topology, and any fault of switch or phase conductor leads to inverter’s malfunction. It is
possible to increase its robustness either by adding extra half-bridges circuits [81] or by
organizing fully parallel operations with two or more individual 3 phase structures and the
same multi-winding machine (see Figure 32, [49]). Parallel connection of VSI could
reduce the switching current of the MOSFET group by increasing the number of power
PCBs (or 3-phase power modules) while maintaining the group area. Therefore, power
connections between switching groups could be shorter, and parasitic inductance does not
affect the inverter as it could in the case of large groups and long power traces. Separating
the 3-phase inverter into individual half-bridge PCB is possible but requires accurate
simulation of current distribution and DC voltage ripples on each module[40].

A number of studies investigate the serial connection of 3-phase 2-level inverters [43, 47]
in order to use low voltage MOSFETs with a higher maximum current. Its structure is
presented in Figure 33.

Total power losses for single 3-phase inverter Ps;, 4, and N number of series inverters
Py could be expressed as following:

PSingle = Pcona s + Psw s, Pn = N(Peona ns + Psw ns), (1)
where P.yna ns» Psw ns — POwer losses of a series inverter. If MOSFETS in both inverters

are from the same type family and differ by maximum drain voltage, approximation of

their characteristics could be made:

RDSN 1 (2)
Peonans = condSFS:=PcondSE' Py ns = st( ) st( )
N P (3)
Peonan N(Pcond ns + Psw Ns) Peonas g B + NA
PcondS PcondS+Pst PcondS+Pst

In case of 2 serial inverters coefficients by using MOSFETs from Cree C3M0025065J1
for 650V and C3M0032120J1 for 1200V are:

condN 108*PcondS+Pst (4)

PcondS PcondS+Pst
Therefore, there is almost no difference in total power losses and doubled number of

B=184,A=1,N =2,

switching devices. This approach might be effective to utilize GaN and Si MOSFET with
relatively low blocking voltage in high input voltage applications. Also it could be useful
in case of distributed areas of PE or modular structure. However, the advantage of the
method is not evident if SiC devices are selected, and it should be investigated deeply.
Usually, their blocking voltage is high enough to cover the typical voltage range for EV
application (<900V) without voltage sharing. Moreover, the method requires extra voltage

control and balancing for each stage.
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Figure 33 — Serial connection of 3-phase 2-level VSI

Topologies with the increased number of phases or parallel/serial inverters are also able
to operate with interleaving to reduce the current through the DC-link capacitance.

B) 3-level topologies

Today 3-level topologies are frequently used in AC/DC power devices in automotive and
industrial applications. Serial connection of MOSFETS reduces their maximum blocking
voltage required, and the total resistance and conduction losses also become lower. This
topology has lower output Total Harmonic Distortion (THD) and lower machine losses
which could be valuable for reducing machine dimensions. At the same time, the higher
numbers of switches and connections between switching groups complicate the arranging
of the inverter structure inside the limited volume. The exact result of such a “trade-off” is
not studied yet and needs further investigation. Lower electric stress on the machine’s
winding insulation could be an advantage for high power and high voltage motor drives,
but it is probably not an issue for EV traction application.

Nevertheless in this study a number of 3 level inverter topologies are evaluated to
demonstrate their advantages over the typical 2-level system. Simple NPC (with diodes),
active NPC (ANPC), and T-connected NPC (TNPC) represents 3 level inverters (see their

schemes in Figure 34).
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Figure 34 - 3-level topologies (from the left NPC, ANPC, and TNPC)
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C) Current source inverters (CSI)

Some studies present the CSI as a good candidate to be exploited in IMD[21, 23]
because of the different type of main energy store component (inductors instead of
capacitors) that has a wider range of operating temperature, sinusoidal output voltage, and
lower CM EMI[23]. The prototype is built and tested to proof the theory. Moreover, if
common mode and differential mode filters are included in the design model, the total
component volume and relative costs are less for CSI type [82]. Conversely, CSls are
featured with higher inverter power losses and a greater number of power elements [80].
Therefore, such a structure requires a better cooling system and more space for power
electronics to maintain the operating conditions.

Similar to 3-level inverters, CSI might be beneficial for total IMD characteristics even
with worse inverter parameters, and the influence of each part on the final result could be
additionally studied in further research.

Conclusion

Single 2-level 3-phase VSI topology is selected for the analysis due to several reasons:

- Low DC voltage does not allow 3-level topology to show its advantages because
the current THD and insulation stress of the machine winding is still at the
acceptable level. Most novel MOSFETs have enough high blocking voltage to
operate without voltage sharing in EV traction applications.

- Advantages of CSI also are not clearly applicable for low voltage applications;
therefore, the topology is not included in consideration for further analysis.

- Multi-phase and parallel/serial inverters can show comparable results to the
traditional topology, but, generally, the power density of these solutions is lower.
Therefore, in the absence of requirements for fault tolerance or non-standard
machine structure, simple topology looks like a preferable choice. At the same
time, IMD parameters are subject to individual requirements and design. Thus, final
values might be different under certain conditions.

- Further research is required to evaluate the achievable levels for IMD power
densities with various non-typical topologies (3-level and CSI) as they have the
opposite effect on the inverter and the machine. It is also interesting to compare the
performances of single and multi-phase inverters (especially with parallel 3-phase

power modules).
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3.2 Power switches. Types and characteristics.

In this study, three families of semiconductor power switches are considered as a
candidate for the role of a power switch of IMD. They are power modules, discrete
MOSFETs with THT package, and discrete SMT MOSFETs package. Dies are not
included in the analysis due to the complexity of install process; however, all methods
described here could be applied with some modifications to them as well.

To compare different models within the same type of switching devices figure-of-merit
(FOM) parameter could be used. Although the parameter provides a rough assessment and
does not consider detailed characteristics, it can give a brief review of MOSFETS'
performance. The classical equation for FOM of MOSFET proposed in [83] is

FOM = Rgs onQg, ®)

where R o, IS drain-source on-state resistance to present conduction losses, @, is total
gate charge to indicate switching speed and gate driver requirements. However, another set
of parameters would be a preferable option for high-power electronics as the maximal
possible output power of the inverter depends on the maximum current I, ;q,, drain-

source voltage Vyc max, and junction-case thermal resistance ©,, of MOSFET. In general,

the continuous drain current presented in datasheets correlates with R, ,,,, but it takes into
account also current capabilities of the MOSFET inner connection. For example,
SCTL90N65G2V and SCTHI90N65G2V-7 have the same die and different packages. As a
result, values of R, ,, are very close, but I .4, IS different. Thermal properties of
MOSFET presented by junction-case thermal resistance are also always stated in its
datasheet. Gate characteristics (i.e., input capacitance, total gate, and gate-drain charges)
are not so important as modern integrated gate drivers provide wide ranges for their output
current. However, if several MOSFETSs are connected in parallel or a power module is
used, gate charges become too large, and the maximum gate current reaches tens of amps.
Further increase of current is a challenging task with standard solutions.

The proposed FOM for power MOSFETS could be calculated according to the following
equation:

FOM = Idc madec max’ (6)
QgG)]C
Drain-source voltage might be excluded from the equation if the voltage is limited by

some requirements and cannot be changed (current-focused FOM). It could be helpful to

add total volume V,,,,, for power modules as most of them have different types of packages
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(volume-focused FOM). Total gate charge could be excluded from the expression if the
gate circuit is considered ideal without limits for gate current. In that case, FOM correlates
with achievable output power only (output-focused FOM).

FOMy,; = M FOM _ Idcmax,FOMout _ M )

, t = A~ A =
QgG)]Cvinv curren Qg®]C ®]C

A) Power modules

Power modules are high power density switching devices that use large dies or parallel
dies to achieve high values for output current. Advanced technological processes and
standardized approaches in industrial manufacturing enable high heat transfer performance,
good reliability, and repeatability.

The significant drawback of power modules is the difference in packages and pin layouts
for different manufacturers or modules' families of the same manufacturer. Attempts to
achieve unification could be noticed only in dimensions and attachments of the module’s

heat sink in order to use the same cold plate for different modules (see Figure 35).

<  ay
-

Figure 35 — Power modules with 106x62 form-factor (pin layout is completely different).

In general, power modules are unsuitable for parallel connection without additional
measures due to difficulties with current balancing. Relatively large dimensions cause high
parasitic inductances in gate circuits and high-power lines and, therefore, current
inequality. If power scaling is required with power modules, a parallel connection is
usually created on the system (inverter) level. Parallel operation of power modules is not
considered in the analysis.

Although the current study addressed the role of discrete SMT MOSFET in IMD design,
the analysis includes several recently designed power modules for comparison. These
modules represent the best-achieved values in output current and package dimensions for
all leading manufacturers in the market. Most modules include two switches in a “half-
bridge” structure, and two modules are full 3-phase 2-level inverters. Before, 3-phase
modules had significantly lower output current (less than 50A) due to small die areas; now,
the current capabilities are enough to use the modules in small traction applications. These

modules are strong competitors to other designs within their power limits.
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Figure 36 — Different FOM variants for power modules (a— FOM, b — FOMy;, C —
FOMy:)

The recent development of SiC modules increases both power density and maximum
output current (see Figure 36). As mentioned earlier, the modules produced by Wolfspeed
show excellent figures for maximum output power and thermal performance; moreover,
the improvement of module’s characteristics has been steady in recent years. The top
position in FOM rating belongs to the module MSCSM120AMO2CT6LIAG by Onsemi
due to the lowest thermal resistance (due to AIN substrate) and the second rating in the
maximum output current. Detailed parameters of power modules considered are listed in
Table 7
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Table 7 — Power modules included in comparison analysis

Ne Name Year Rasons | lacmaxs | Vaer | Cissy | Qg | ©j—¢c, | T}, Length, | Width, | Height, | Weight,
mOhm | A V nF uC K/W | °C mm mm mm g
Wolfspeed
1 | CAB760M12HM3 22022 | 133 | 1015 | 1200 | 79,4 | 2,72 | 0,068 | 175 | 110 65 12,2 180
2 | CAB530M12BM3 32021 | 2.67 719 | 1200 | 396 | 1,36 | 0,065 | 175 | 1035 | 604 30 300
3 | CAB450M12XM3 6.2019 | 26 450 | 1200 | 38,0 | 1,33 | 011 | 175 | 80 53 15,75 175
INFINEON
4 | FFEMR12KM1P 52020 | 5.8 250 | 1200 | 14.7 | 049 | 0.181 | 150 | 106 61 30,5 340
Onsemi
5 | MSCSM120AMO2CT6LIAG [ 1.2020 | 2.1 947 | 1200 [ 362 | 2.78 | 004 | 175 | 108 62 16 320
6 | *MSCSM120TAMIICTPAG [ 1.2020 | 84 251 | 1200 | 9 | 0.69 | 0144 | 175 | 108 62 115 250
7 | *MSCSM70TAMI10CTPAG 42020 | 75 238 | 700 | 9 [043| 0222|175 | 108 62 115 250
Rohm
8 | BSM600D12P3G001 42019 | 18 576 [ 1200 | 31 | 15 | 006 | 175 | 152 62 20,8 300
9 | BSM400D12P3G002 42019 | 45 400 | 1200 | 17 | 1.1 | 0,096 | 175 | 152 62 20,8 300
GE Aviation
10 | GE12047CCA3 | 5.2021 | 3.1 475 1200 | 293 [ 125 | 01 [175] 893 | 512 | 148 120

* 3-phase module
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B) Through-hole pin SiC MOSFETs
SiC MOSFETSs could be found in wide ranges of drain current and blocking voltage on

the market to provide engineers with freedom in balancing required performance, losses,
and cost. Generally, every manufacturer has series for 650V/900V, 1200V, and 1700V
with different die area that gives scaled values for R, ,,, inner parasitic capacitances, and
0,_¢. Devices with the highest figures for the current are selected for the analysis to
increase power density of the system. Maximum drain voltage is limited by 1200V to
target typical requirements for EV traction drivers. It is possible to use MOSFETSs with
higher blocking voltage, but they have worse dynamic characteristics and higher R s o,.
All MOSFETSs selected for the analysis are implemented with package TO-247-4 (or its
modifications) due to improved switching behaviour by comparison with classical TO-247,
where the gate circuit shares the source pin with power output. Although 4-pins packages
were rare several years ago, all new modifications are presented in TO-247-4 today.

In total, 9 types by 7 companies are selected, and their parameters are presented in Table
8. Despite the leading position in the production of power modules, Wolfspeed does not
have relatively new devices in the TO-247-4 package, and their most advanced sample was
presented in 2019. Therefore, its characteristics do not impress when compared with new
devices of other companies. Cascode devices by UnitedSiC offer significantly lower value
for both Ry on and ©,_c. In contrast to other MOSFETSs the maximum current is limited
by bondwires at 120A and case temperature of 125°C. New chinese company PNJ semi
produces MOSFET P3M12017K4 with interesting combination of characteristics. The
state-of-art is IMZA120R007M1H by Infineon, which has characteristics similar to
cascode devices and almost doubled maximum drain current. It would be worth
mentioning that it is almost impossible to reach such a high current due to the incredible
amount of generated heat (about 700W at 25°C). The maximum drain current could be
expressed as:

Ty max — Tcoorant (8)

IDMAXRMS ds on 'IDMAXRMS 0 C+9C Amb
- —-Am

A, J A2 T wax — TeooLant

Ip max rRMs = —
2Rds on 4R¢215 on Rds on(gj—C + QC—Amb)

{ZFSWESW T RATED
A=

, PWM AC current
7lp RaTED

0, Continuous current
According to the experimental results, the cooling system with sufficient performance

includes 2-phase direct cooling (required heat transfer coefficient is about 30 W/cm?K).
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Reasonable range for drain current for typical applications is below 40-50% of maximum

value (see Figure 37).

200

PWM mode current
Continuous current

150

100

/
Fs
Advanced /
j’
s
rd

PinFins / /

50

Maximum drain current, A
/
Advanced / .
/ Pipes

Pin Fins //

Pipes

0
107 10°
External thermal resistance, K/IW

Figure 37 — Maximum current vs case-ambient thermal resistance (left group — with AIN
heat spreader, right group — mica insulation pad/grease, MOSFET - IMZA120R007M1H,
flowrate 1GPM)
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Figure 38 - Different FOM variants for THT MOSFETs (a— FOM, b — FOM .;rrent, C —
FOMgy)

The set of FOMs for THT devices, including FOM, FOM_, ren: » and FOM,,,; is
presented in Figure 38. Volume-related FOMy,; is not presented as the package’s
parameters are almost identical for all devices.

Developing the most powerful THT devices focuses on increasing the die area and
improving inner connections as it boosts current capabilities and reduces thermal
resistance. Addition attention to this package could be obtained if developers implement
embedded insulation for the thermal pad (similar to advanced isolation by Infineon for
IGBT packages).
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Table 8 — THT MOSFETS included into analysis.

Ne Name Year Rasonr | lacmaxer | Vaer Ciss, | Qg» O,¢ |T, Package
mOhm | A V nF nC K/W °C
ST Microelectronics
1 SCTWAQON65G2V-4 | 11.2020 | 18 119 | 650 | 338 [ 0157 | 0.31 [ 200 HiP247-4
2 SCTWAT70N120G2V-4 | 62021 | 21 91 [ 1200 | 354 | 015 | 0.32 | 200 HiP247-4
PNJ semi
3 | P3M12017K4 | 62021 | 17 | 151 | 1200 | 729 | 027 | 019 | 175 | TO-247-4
Wolfspeed
4 | C3M0016120K | 42019 | 16 | 115 | 1200 | 6 | 021 | 0.27 | 175 | TO-247-4
Infineon
5 | IMZA120R007TM1H [ 12022 | 7 | 225 [ 1200 | 917 | 022 | 015 [ 175 | PG-TO247-4-STD-T3.7
Cascode UnitedSiC
6 UF3SC120009K4S 122019 | 86 120 [ 1200 | 85 | 0.23 | 015 | 175 TO 247-4L
7 UJ4SC075006K4S 72021 | 5.9 120 | 750 | 831 | 0.16 | 016 | 175 TO 247-4L
GeneSiC Semiconductor
8 | G3R20MT12K | 52021 | 20 | 100 | 1200 | 58 | 018 | 03 | 175 | TO 247-4
Onsemi
9 | NTH41015N065SC1-D | 42021 | 12 | 142 | 650 | 479 | 028 | 03 | 175 | TO 247-4L
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C) Surface-mount discrete MOSFET
The number of manufacturers producing SiC MOSFET in SMT packages has risen since

their first appearance in 2015. Despite the outstanding characteristics of early devices
compared with the Si ones, nowadays, these MOSFETS are obsolete as many companies
have developed new generations with significantly improved characteristics. In details
important characteristics of many most advantageous serial SiC MOSFETSs are presented
in Table 9. Surface-mount SiC MOSFETS are presented on the market with wide ranges of
commutated current and maximum drain voltage (standard values are 650V, 900V, 1200V,
1700V). Trends are to reduce Rgs,, and ©,_ by increasing the die area and inner
connection techniques. At the same time, developers started to use more compact packages
to reduce the area occupied by the chip. ST Microelectronics presented SCTLI90ON65G2V
in PowerFLAT 8x8 HV package, offering a twice smaller and significantly thinner
package that can be useful in compact, low-current applications. Although the die can
conduct high current (SCTH90NG65G2V-7 in TO-263-7 package has maximum current
116A), package capabilities limit the value by 40A. In 2022 Onsemi developed
NTBLO045N065SC1 in package H-PSOF8L, which has a larger thermal pad area, very
short pin length, and reduced package thickness. MOSFETSs in TO-263-7 package suffer
the same problem as TO-247 MOSFETs when high drain current is mostly virtual as it
requires complex thermal management to maintain case temperature closed to ambient
value and, therefore, avoid current reduction (Figure 39 illustrates current derating due to

limited performance of the cooling).
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Figure 39 - Maximum RMS current vs case-ambient thermal resistance (left group — with
AIN heat spreader, right group — IMS PCB, MOSFET - SCT011H75G3AG) and
appropriate cooling techniques (flowrate 1GPM).

With typical cooling solutions (IMS PCB with/without thermal grease and a single phase
cold plate), it is hard to achieve more than 50-60A RMS current per MOSFET even at
25°C of ambient temperature.

Some companies presented package modifications with straight leads to use with non-
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standard PCB structures (vertical or elevated control boards with gate traces).

The market of SiC SMT MOSFETSs is a dynamic and rapidly developing field with both
steady improvements of existing technologies and new approaches. Every 1-2 years new
series of semiconductor devices become available and push the boundaries of PE power
density (see continues rise of FOMs over last 7 years, Figure 40). Engineers and designers
of PE have a significant advantage in using SMT power switches as all MOSFETSs can be
replaced by other types (for example, better ones) without modification of PCB layout. The
only condition is to be compatible with the gate circuit due to higher (in most cases) gate

capacitance of novel MOSFETS.
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Figure 40 - Different FOM variants for SMT MOSFETs (a — FOM, b — FOM .,,yrent» € —
FOMout)
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Table 9 - SMT MOSFETSs included into analysis.
Ne Name Manufacturer Year ﬁ‘g;’rln i‘fc max: {//dc’ (Z]/\_AC/ gll:ss ’ r?é’: ' ;Fé 2’:52 Package
1 | SCTHION65G2V-7 3.2017 18 116 650 | 0,31 | 3.38 | 157 | 175 | 533 | H2PAK-7
2 | SCTLION65G2V ST 12.2020 18 40 650 | 0,16 | 3.38 | 157 | 175 | 31,7 | PowerFLAT 8x8
3 | SCTO11H75G3AG Microelectronics 3.2022 11 110 750 | 0,23 | 383 | 144 | 175 | 533 | H2PAK-7
4 | SCTH70N120G2V-7 8.2020 21 90 1200 | 0,32 | 354 | 150 | 175 | 533 | H2PAK-7
5 | C3M0025065J1 11.2021 25 80 650 | 046 | 298 | 110 | 150 | 619 | TO-263-7L XL
6 | C3M0065090] Wolfspeed 10.2015 65 35 900 1,1 | 076 | 30 | 150 | 44,6 | TO-263-7
7 | C3M0032120J1 10.2021 32 68 1200 | 045 | 3.42 | 110 | 150 | 619 | TO-263-7L XL
8 | C3M0075120J 1.2015 75 30 1200 | 11 | 135 | 50 | 150 | 44,6 | TO-263-7
9 | IMBG65R022M1H infineon 12.2021 22 64 650 05 | 229 | 67 | 175 | 51,0 |PG-TO263-7-12
10 | IMBG120R030M1H 9.2020 30 56 1200 | 0,38 | 229 | 63 | 175 | 51,0 |PG-TO263-7-12
11 | UF3SC065030B7S Cascode Unitedsic. | 12-2020 27 62 650 | 054 | 15 | 43 | 175 | 446 | D2PAK-7
12 | UF3SC120040B7S 1.2021 35 47 1200 | 054 | 15 | 43 | 175 | 446 | D2PAK-7
13 | G3R60MTO07J GeneSiC 3.2021 60 44 750 | 069 | 095 | 47 | 175 | 446 | TO-263-7
14 | G3R30MT12J Semiconductor 11.2020 30 85 1200 | 0,3 | 3.86 | 118 | 175 | 446 | T0O-263-7
15 | NTBLO045N065SC1 4.2022 33 73 650 | 043 | 187 | 105 | 175 | 552 | H-PSOFSL
16 | NVBGO15N065SC1 2.2021 12 145 650 03 | 469 | 283 | 175 | 52,0 | D2PAK-7L
17 | NVBG020N090SC1 Onsemi 8.2019 20 112 650 | 0,31 | 442 | 200 | 175 | 52,0 | D2PAK-7L
18 | NTBG014N120M3P 4.2022 16 104 900 | 0,33 | 6.31 | 337 | 175 | 52,0 | D2PAK-7L
19 | NVBG040N120SC1 2.2019 40 60 1200 | 042 | 179 | 106 | 175 | 52,0 | D2PAK-7L
20 | SCT3030AW?7 Rohm 11.2020 30 70 650 | 044 | 153 | 104 | 175 | 52,0 | TO-263-7L
21 | SCT3040KW7 10.2020 40 56 1200 | 044 | 134 | 107 | 175 | 52,0 | TO-263-7L
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3.3 Comparison analysis of MOSFETSs with different
packages.

A) Losses calculation and thermal model

Designers of PE have to operate power switches at the edge of their thermal stability if
the high power density is prior target. Proper assessment of the MOSFETS' operational
point and heat transfer is crucial to maintaining the junction temperature below the rated
value. At the same time, the number of MOSFETSs should be minimal to reduce weight and
dimensions.

The total dissipation of a single device can be obtained with the sum of conduction and
switching losses

9)

ESW tot rated

Pyosrer = Pc + Psw = Ifs rmsRas on (TJ, Ips) + Faw KriKyacKiKrg,

where Ipg -ms IS RMS current of a single MOSFET, E;y¢ rqteq — total switching losses at
the operation point specified in the datasheet, K, are scaling coefficients which value depends on
junction temperature (for Kr;), input DC-link voltage (for Ky ), drain current (for K,4), and
external resistance of gate circuit (for Kr,4). Usually, all figures and charts regarding losses,
temperature influence, and drain current are shown at one or several specified operating points in
the datasheet to ease the analysis if many parameters change simultaneously. MOSFET’s
parameters, measured at this operating point, have an index “rated" in their description

There is no need to calculate reverse recovery losses and recharge losses of output capacitance
separately or distinguish them from total switching losses, because a body diode of the same
MOSFET is used to obtain experimental values of switching losses specified in datasheet.

Only 2-level 3 phase topology with sinusoidal PWM is considered in the analysis, therefore,
RMS current of each switching group is equal to a half of the maximum phase current

(10)

I _ I max
DSRMSG =~ 5

Dead-time related losses also are not included (MOSFETs generate all conduction
losses). For the majority of devices voltage drop on the Ry, INn reverse conduction is
lower than forward voltage of body diode (especially for negative biased gate voltages)
within reasonable values of drain current, therefore, diode conduction losses are not
included in this model. All parallel devices are considered equal with an even share of
drain current, and the drain current of single devices is calculated as follows:

_Ipsruse (11)

I =
DS rms
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Detailed discussion on issues of MOSFETSs parallel operations is added at the end of this
chapter.

Drain-source channel resistance Ry o, depends on the Vip 1max: 1) Las, bUt Vop may is fixed
to the datasheet rated values and excluded from the analysis. Other parameters change their

values with every iteration, and they are taken into account as explained:

Ras on(Tjlas) = Ras onzs (1 + KR (Ty = Tyr) ) - KRy (12)

KR, = alpsgrus +b
] 11— -
Tigr — Tir Rgs onz2s

Rn e — 1
KRT] — ds on TjHT

where Ry onzs - drain-source channel resistance at 25°C, Rngs on 7jur — NOrmalized value
(with respect to R4 on25) Of drain-source channel resistance in the high temperature (Tjyr), Tjpr
— maximum junction temperature where Rng; o, 7; is €qual to 1 (or R oy, IS €qual to Ry on2s)-
The normalized version is used as it is the most popular representation of the relation R o, (T})
in datasheets. Coefficients a, b of KR, extracted from the datasheet for the current range 10A-
60A where it could be approximated as a linear function with acceptable error. Higher equation
order might be used as the curve becomes non-linear for higher current.

Coefficients for switching losses could be calculated as linear, quadratic or power

approximations depending on the shape of the curve:

vV ¢ 13
( DC )  Forvy, (13)
VDCrated
ax®+bx +c
K@) =\—Z=—"—,  forly
Etotal rated
ax+b
_ -, orR,T;
Etotal rated f 9°J

where a, b, and ¢ — parameters extracted from MOSFET’s datasheet.
As mentioned before, usually gate circuit does not limit the performance of MOSFET
due to the high ratings of modern gate drivers. The most popular upper limit of output

current for “single chip” gate drivers is about 25-30A, which is the maximum total gate

dVps
dt

current for analysis. It is assumed that is directly proportional to the rate of charging of

drain-gate charge dfl% and Miller plateau’s voltage Vipumi does not change during this
process. Therefore, the gate current is constant at this moment, and it determines the rise time

trise

I _ Qga _ Vepmax — Vepmiu (124)
G Miller — -
er trise Rg inner T Rg ext

In the analysis t,.;. IS an input parameter (initial value is 10ns) as it is significant for EMI
characteristics of the inverter[84], although gate current itself might be used as an input
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parameter.
The relationship between the total maximum gate current I;r,:q; @nd the number of
parallel transistors could be expressed as follows:

VGDMax - VGDMin (15)
Igtotar = Nppg R <304

g inner + Rg ext

Total gate current increases I;;o:q; With the number of parallel devices in a group and might
reach the limit at some point. Further increase in the number of devices leads to the

increase of gate resistance R . in order to maintain the current at the same level. With

higher gate resistance charging current I; e beCOmes smaller, and t,;5. , In opposite,
becomes higher. So, the current limitation of gate driver might be a reason for higher
switching losses in case of large numbers Nppg;.

For some devices high inner resistance R jnne and significant value of gate-drain charge
Q44 does not allow a driver to charge Cy, fast enough to reach the initial value of the rise
time. For such devices the initial value of external gate resistance Ry .. is set to 0, and
switching time is calculated with the new initial R, ... External resistor R, ., for each

MOSFET is calculated differently with respect to value of gate current:

( Vepmax — Vepmin
Nppg i - Rg inner» Igtotar = 304
GtotalMAX
trise Vepmax — Vepmin)
Rg ext = di - Rg inner» Igtotar < 304 (16)
Lrise (VGDMax - VGDMill)
0, IGtotal < 304, Q 4 < Rg inner
g

The final value R, . is used to calculate coefficient Ky, for switching losses.

Although datasheets for most modern MOSFETs contain all necessary information,
documents for older MOSFETs might miss some plots or figures. In that case, default values
selected by simplified losses equations are used in the calculation (values are listed in Table 10).

Table 10 — Default values of coefficients for losses calculation

KRg KTj, KVdC KI KRT] KRI

a=1,b=0 | a=0,b=Ratedvalue | a=14 | a=0,b=1,c=0 Rngsontjmr =1 | @=0,0=Rys on2s

The junction temperature of a device consists of ambient temperature Ty,,,;,, temperature

drop between MOSFET’s case and junction AT;_..s., and temperature drop between the

case and coolant AT, ;se—ps:

(17)
Tj = ATcase—ns + ATj—case + Tamp = Pmosrer (9 j—c + Oc_ns ) + Tamp,

+
Sl:’CB AREAhCP
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Orim, for power modules
Oc—ns = { Omsulation pad + Orim, for THT components
Opcp + O, for SMT components

where Sy is the area of the thermal pad or the baseplate of a device divided by the
number of switching groups inside the package (assume that heat evenly spreads across the
baseplate), ©._ is the total thermal resistance of layers between the case and the heat
sink. Traditional structure with indirect cooling is selected for comparison analysis,
therefore ©._,, depends on TIM thermal conductivity for power modules. THT
components transfer heat through a thermally conductive insulation pad (mica+thermal
grease), and for SMT components 0._; depends on both PCB and TIM parameters. PCB
also acts as a heat spreader as it has a thermal conductive top layer; therefore, the area
involved in heat transfer is larger than the area of the component’s thermal pad. Analysis
shows that temperature rise (and heat transfer also) of the top copper layer rapidly

decreases with distance from the pad (see Figure 41). For 0.07 mm thickness of copper
layer and thermal conductivity of prepreg equal to 1 %the relative copper temperature

drops to about 30% of its maximum value if the distance from the pad exceeds 2 mm.

B0 - T T
~ Cu layer temperature
Baseplate temperature |

o
=]
s

Copper |
layer -\ Thermal pad*\ H]

Prepreg

Temperature®C
I
(=]

w
=
|

o
=}

Aluminum
baseplate —

P
) losses Distance from chip, mm

Cu layer temperature
Baseplate temperature

Cold plafg

0.5F S

T=const.=Tas

gt
Distance from the chip

Normalized temperature

Distance from chip, mm

Figure 41 — Thermal model of IMS PCB and relative temperatures of different layers
with distance from the thermal pad (P,oss = 20W, Tymp = 0°C).

Thick copper layer able to reduce thermal resistance (see Figure 42) to some extent, but
its efficiency also depends on the size of PCB (or heat spreader). For the given parameters
of thermal stack, prepreg characteristics affect significantly heat conduction capabilities,

therefore, the careful selection of the material and manufacturer are highly important here.
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Figure 42 — Effect of heat spreader size (figures are distances between edge of device
and edge of PCB), copper thickness, and prepreg thermal conductivity on case-heatsink
thermal resistance.

By contrast, temperature spreads along the baseplate surface much further due to the
thickness of the metal. Almost all available areas in a 10-15 mm radius around the
MOSFET transfer heat to the cold plate. The assumption is made in the analysis of SMT
components that heat generated by a group is equally spread across the baseplate area
occupied by this group (similar to heat spread in power modules).

As the inverter’s area is one of the targets, keeping a small distance between devices is
reasonable. For analysis, the distance between two cases is 2mm, and each device uses an
extra 1 mm of copper layer on each side of its thermal pad to spread the heat. Other
important parameters of thermal interface materials and calculated values of MOSFET’s
thermal resistances are stated in Table 11, Table 12, and Table 13.

Table 11 — Thermal resistances of SMT MOSFET

Input Parameter Value Calculated Parameter Value

Extra distance from the chip, mm 1 Prepreg (under the pad) thermal resistance 1.61/3.16
GPre pads

Prepreg thickness, mm 0.1 Pad-baseplate (in vicinity of the pad) thermal 3.65/4.95
resistance 6,44, KIW

Prepreg thermal conductivity, 1 Total prepreg thermal resistance, KIW 1.11/1.92

WimK

Top copper layer thickness, mm 0.07 Baseplate+grease  (per MOSFET)  thermal 0.47/0.84
resistance Ogp, KIW

Grease thermal conductivity, 0.73 Heatsink-ambient ~ (per MOSFET)  thermal 0.63/1.1

W/mK resistance Oy s_ amp » KIW

Heat sink size of each MOSFET, | (L+10)-(W+2) | Case-ambient thermal resistance O¢_mp (PEr 2.22/3.88

mm-mm MOSFET), KIW

Heatsink heat transfer 0.5 Junction-ambient thermal resistance Oy q. (PEr 2.66/4

coefficient, W/m?K MOSFET), KIW

L, W — length and width of MOSFET’s case;
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Table 12 — Thermal resistances of THT MOSFET

Input Parameter Value Calculated Parameter Value

Insulation (mica+grease) thermal 6.45e-5 Insulation thermal resistance 6,5 , KIW 0.34/0.37
resistance per area, K/Im?wW

Heat sink size of each MOSFET, | (L+10)(W+2) | Heatsink-ambient (per MOSFET) thermal 0.33/0.36

mm-mm resistance Oy s—gmp , KIW
Heatsink heat transfer 0.5 Case-ambient thermal resistance 6-_mp (PET 0.67/0.73
coefficient, W/m?K MOSFET), KW
Junction-ambient thermal resistance 5;y,q;e (Per 0.88/1.05
MOSFET), KW

Table 13 — Thermal resistances of power modules

Input Parameter Value Calculated Parameter Value
Grease thermal conductivity, 0.73 Grease thermal resistance O¢yeqse KIW 0.039/0.13
W/mK
Grease thickness, mm 0.1 Heatsink-ambient  (per MOSFET) thermal | 0.057/0.19
resistance 0greqse » KIW
Heatsink heat transfer 0.5 Case-ambient thermal resistance 8g;n g, (per | 0.096/0.32
coefficient, W/m2K MOSFET), KIW
Junction-ambient thermal resistance ;g0 (Per | 0.148/0.54
MOSFET), KIW

Heat flux is an important characteristic to estimate requirements on the heatsink, as high
heat flux needs a more complicated heatsink structure to maintain equal temperature all
over the switching group. Heat flux depends on the area of the device’s thermal pad and, in
general, could be calculated as follows:

Ptotal part (18)
Shs

The volume (V) and the area (A) of a power module are calculated based on their

Qsh =

dimensions from datasheets. The area and the volume of SMT and THT devices include
extra space (values are presented in Figure 43) for connections of power buses and gate
circuits:
Agyr = 6(Nppe (Width + 2mm) + 2mm)(Length + 8 mm), (29)
Aryr = 6(Nppe(Width + 2mm) + 2mm)(Length + 5mm), (20)

71



Chapter 3

£
E o o
i \ .
L j=2]
5 [ §
. 0
Sl 7 mm 2
Height ‘ w7 mm
2mm Height

Figure 43 — Layout for SMT (TO-263-7) and THT (TO-247) components

Vour = Asyr(Height + 7mm + 2mm), Vpry = Apry(Height + 7mm) (21)

High junction temperature T; affects many parameters of MOSFET (mostly drain-source
channel resistance, threshold voltage and body-diode charge) and causes the increase of
both conduction and switching losses, which, in turn, increase generated heat and junction
temperature. The simplified approach assumes that MOSFET always works at the
maximum of its junction temperature, and corresponding values are used in the calculation.
The simplification gives accurate results when the maximum possible power is the target,
but it shows higher losses if the required power is limited; therefore, junction temperature
might be less than its maximum value. A multi-iteration algorithm is used to recalculate
temperature-dependent coefficients and get accurate results for the whole range of junction
temperature (see Figure 44). Initial junction temperature is equal to coolant temperature
and is updated every cycle until the difference between the two steps is less than 2°C. This
method helps both detect possible thermal runaway and evade overestimation of
conductive losses due to too high expectation of Ry ,,. All combinations that led to

excessive junction temperature are excluded from the analysis.
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Save fail of the set

Save results

Figure 44 — Flowchart for the calculation of junction temperature

The total weight W,,,0quie totar OF @n inverter with power modules is given by:
Winoaute = 3Wioduie singt » (22)
where Winoquie singt 1S the weight of the power module according to its datasheet.
The total weight Wyt of an inverter with SMT components includes the weight of a
2mm aluminum baseboard as they cannot be used without a heat spreader and can be
calculated as:

9 2
Wsyr = 6NppcWpare + Asyr * 2mm - 2.7 m? (23)

where W, is the weight of the single discrete element according to its datasheet.

B) Simulation results

A comparative analysis is carried out to determine the advantages and disadvantages of
different package types in terms of losses, occupied space, and generated heat flux.

Results for gate current analysis are presented in Figure 45, Figure 46, and Figure 47. All
three types of behaviour of R, ., could be noticed there, i.e. with current limitation (t, ;.
changes with the increase of Npp), without current limitation (¢, is equal to the target value
and constant), and with R;.,; = 0 (ts. IS constant, but higher than target value). For
example, SMT MOSFETs Ne6, 9-13 can maintain 10 ns switching time for 1-8 parallel

devices without reaching the current limit. Devices Ne8, 20, 21 also stay within the
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required values for gate current, but the minimum switching time is only about 26ns and
36ns, respectively. Others reach the threshold of 30A at the number of parallel devices

between 2 and 5, and switching time starts to rise after that point.
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Figure 45 — Total gate current and rise/fall time for different types of SMT MOSFETSs
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Figure 46 — Total gate current and rise/fall time for different types of THT MOSFETs

The THT MOSFETs show the same pattern with the only difference that more devices

reach the maximum gate current threshold due to larger capacitances.
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Figure 47 - Total gate current and rise/fall time for different types of power modules

Power modules show quite different results in terms of switching time values. Inner

resistance limits switching capabilities significantly as only two of them can reach 30A
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level of gate current. At the same time, 4 devices need more than 100ns to change their
status.

Weight and dimension preliminary analysis could be done without losses calculation to
determine general trends. The maximum number of parallel devices for SMT MOSFETS is
set to 8, and the number is 5 for THT MOSFETSs. According to the calculations (see Figure
48), occupied area and volume with their maximum numbers of MOSFETS are almost the
same for both THT (package TO-247-4) and SMT devices (package TO-263-7).
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Figure 48 — Results of dimension analysis for whole range of parallel devices
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Figure 49 - Results of dimension analysis for power modules (maximum values of SMT
and THT devices are added for comparison).

Power modules show significant deviations in dimensions and weight from the average
level due to differences in package design and ampacity (see Figure 49). Nevertheless, all
of the modules considered are heavier than assembles of discrete MOSFET.

The analysis includes several scenarios with different requirements to observe the
capabilities of devices from various points of view.

Scenario 1

Inverter with finite values for maximum phase current Ipy 4 4x @nd DC-link voltage V.
Target: evaluate the performance of different packages and compare their occupied areas,
weight, and volume.

This scenario includes the analysis with two different ambient temperatures (25°C and
105°C). The thermal model considers temperature parameters of semiconductor devices
only; issues of wire conductor overheating are not included and should be addressed

separately. System parameters used in the calculation are presented in Table 14; the values
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are chosen according to the requirements for typical low-power IMD (for example, [47, 48,
85]). The discrete MOSFETSs are connected in parallel, and the number of devices per
group is selected according to the device's calculated maximum junction temperature.

TABLE 14 - IMD Parameters for comparative analysis

Parameter Value
Peak phase current Ipy prax, A 200
DC voltage Vp¢, V 350
Switching frequency F,,,, kHz 50
Coolant temperature Tcoorant, °C 25
HTC of the cold plate hcp, W/cm?K 0.5

Normal ambient temperature T,,,5=25°C

Individual results for different packages are presented in Figure 50, Figure 51, and
Figure 52. For discrete MOSFETS, two sets of data with a different number of parallel
devices (minimum and minimum-+1) indicate the change in thermal conditions for critical
and non-critical operation modes. SMT devices show the highest average junction
temperature, with a significant drop (20-60 °C) in the junction temperature for the larger
group. The average junction temperature for THT devices is lower by about 30°C than the
value for SMT packages and decreases by another 20°C for the larger group. Total losses
also decrease due to lower current through a single MOSFET, but the changes vary from

type to type and are not as large as the change in junction temperature.
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Figure 50 — Total losses and junction temperature of SMT MOSFETS in Scenario 1
(Tamp=25°C)

It is noticeable that the old MOSFET types (SMT Ne6, 8 were presented in 2015) show
worse performance and require a higher number of parallel devices. By contrast, modern
devices (THT Ne5, SMT Ne3, 18 were presented in 2022) can deliver the same output

power with a significantly smaller group size and lower total losses.
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Figure 51 - Total losses and junction temperature of THT MOSFETS in Scenario 1
(Tamp=25°C)

Power modules show the same level of total losses and, in general, low values for
junction temperature (presented in Figure 52). Although 3-phase power modules (Ne6, 7)
have the highest junction temperature among other modules and average total losses for a
given power level, the compact package gives them an obvious advantage in applications

with mass or volume restrictions.
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Figure 52 - Total losses and junction temperature of power modules in Scenario 1
(Tamp=25°C)

Radar diagrams in Figure 53 help compare obtained results between packages. Values
are normalized by maximum value among all types of devices for each comparative
characteristic. The colour area shows the range of values for all components from that
group. Also, for each package, three types are selected (the best, the worst options and
device with average characteristics) to illustrate the trend of a group, as some devices have

significant deviations of parameters from the average value.
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Figure 53 — Normalized analysis results for the minimum number of parallel devices at
Tamp=25°C (a— THT, b — SMT, ¢ — power modules)

Another radar diagrams in Figure 54 show the same information for enlarged switching
groups of SMT and THT MOSFETSs and the same figures for modules. Although there are
no noticeable differences in SMT figures, the picture for THT indicates great improvement
in both losses and junction temperature (primarily due to the second device in a group of
THT Ne5). At the same time, all dimension-related characteristics still have very low
values. In theory, 4-legs THT devices are the best option for this application if other

technical and non-electrical characteristics are not considered.
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Figure 54 — Normalized analysis results for the (minimum+1) number of parallel devices
Tamp=25°C (a— THT, b — SMT, ¢ — power modules)

It is worth mentioning that the analysis considers only mechanical characteristics of
packages and PCB (for SMT); therefore, comparisons in volume, area, and weight give too
high differences of 5-10 times between power modules and discrete components. Some
additional values can be introduced to get adequate values for the characteristics of the
inverter (see Table 15). For the given output power of about 50kW, the assessment for

additional volume is about 1L, which results in a power density of 30-40 kW/L.
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Table 15 — Comparison of inverter’s dimensions after modifying additional data.

Parameter Area, cm? Weight, g Volume, L
Initial average, modules 194 660 0.42
Initial average, SMT 77 59 0.1
Difference, (%) 117(60) 601(91) 0.32(76)
Additional values lcm* 1000** 0.8+a***
New average, modules 417 1660 1.71
New average, SMT 200 1059 1.07
Difference, (%) 217 (52) 601(36) 0.64 (38)

* - to each side of switching group (for screws, tolerance, etc.)
** _ that includes other components, a case and a heatsink
*** - value depends on additional area multiplied by height of package

Modified values do not have such a drastic difference as the initial ones; however,
inverters with power modules still have higher average figures in all dimensional
characteristics.

Operation under high ambient (coolant) temperature T4y =105°C

The same analysis is done for ambient temperature T4,,5=105°C. The detailed results with
calculated total losses and junction temperatures for each package type are presented in Figure
55, Figure 56, and Figure 57.

SMT devices (see Figure 55) show wide ranges of total power losses (from 300W to
900W) and the required number of parallel devices (from 3 to 8). The junction temperature
for the majority of devices is above 160°C. Two types of SMT MOSFETS cannot operate
under required conditions, and there are no results for them in the diagrams.
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Figure 55 - Total losses and junction temperature of SMT MOSFETS in Scenario 1
(TAMBZIOSOC)

By contrast, all THT MOSFETS (see Figure 56) can operate at 105°C without reaching the
maximum number of parallel devices. Similar to figures at normal ambient temperature, junction
temperature of THT devices is lower than those for SMT with comparable amounts of power
losses. As most types require only one extra device in parallel, dimensional characteristics
change insignificantly. Due to the small minimal number of parallel devices, additional transistor

still significantly reduces power losses and junction temperature for some types.
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Power modules show acceptable performance under high-temperature conditions, with
only two modules unable to operate at T,,,5=105°C (results are in Figure 57). Both modules
are 3 phase modules, have a smaller heatsink area per a switch, and, thus, have a higher junction
temperature at T4,,5=25°C. These modules reach the maximum junction temperature much

earlier than others.

o
o

1200

=
=)

1000

w
o

]
=]

@
=1
S

oy

=]

o
(=]
(=]
Junction temperature, C

Total inverter losses, W

IS
=}
=}

100
12345678910 12345678910
Type of power module Type of power module

Figure 57 - Total losses and junction temperature of power modules in Scenario 1
(TAMBZIOSOC)

Normalized radar diagrams (see Figure 58, Figure 59) show almost the same distribution
of characteristics and trends as those for normal temperatures. Shaded areas of SMT and
THT devices are almost the same, but values become much better for THT if an extra

device is added to each switching group.
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Figure 58 - Normalized analysis results for the minimum number of parallel devices
Tamp=105°C (a— THT, b — SMT, ¢ — power modules)
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Figure 59 - Normalized analysis results for the (minimum-+1) number of parallel devices
Tamp=105°C (a— THT, b — SMT, ¢ — power modules)

Graphs of total losses and junction temperature as functions of ambient temperature (see
Figure 60) for SMT devices show the maximum ambient temperature for each type
(vertical line and the number of MOSFET types). For most types, this temperature is
between 120°C and 150°C for given thermal properties of PCB and the heatsink, and only
three types can work at 150°C. In the plot P(T4yp), the region shaded with red colour
shows the maximum amount of heat that can be transferred from the board in the case of 8
parallel MOSFET with surface temperature 175°C. Total MOSFET’s losses must stay below

the red line to keep junction temperature below this level.
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Figure 60 - Total losses and junction temperature of SMT MOSFETS in Scenario 1
(Pyax represents the maximum heat that could be removed by area of 8 packages)

THT MOSFETSs show excellent thermal performance as all devices can work within a
specified temperature range (see Figure 61). A set of lines for maximum heat that can be
dissipated by the cooler for each possible quantity of parallel devices are presented there
(red dash lines), and there is some margin between actual losses and the heat value for the
maximum number of parallel devices Npp;=5. Therefore, those devices can operate at the
ambient temperature even higher than 150°C. Another advantage of THT devices is that
some have T y4x=200°C while some SMT devices are limited by 150°C.
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Figure 61 - Total losses and junction temperature of THT MOSFETS in Scenario 1 (red
lines represent the maximum heat that could be removed by area of mentioned number of
MOSFET packages)

Analysis results for power modules are shown in Figure 62, and 8 of them can operate
with coolant temperature more than 105°C. However, the situation is different for power
modules due to restrictions on maximum case (baseplate) temperature, which is set at
125°C for most devices. For those modules, the maximum acceptable ambient temperature

should always be less than 125°C, and it is a significant drawback for HT applications.
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Figure 62 - Total losses and junction temperature of power modules in Scenario 1
(TAMBZZS_ISOOC)

Conclusion on results of Scenario 1:

e If compared to power modules, discrete MOSFETSs show the same average level of

power losses, and THT devices also have the same junction temperature values.
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e In low-power applications, discrete MOSFETs can show higher values for power
densities and provide higher flexibility in power scaling and MOSFET variety. At the
same time, 3-phase power modules demonstrate comparable figures in dimensional
characteristics, so they also could be an excellent choice.

e All types of packages are suitable for HT applications (T4,,5<105°C). Unfortunately,
3-phase power modules cannot operate at such a high temperature due to great
difference between junction and ambient temperature.

e THT devices show better results for T4,5>105°C thanks to low junction-case thermal
resistance that helps to maintain a low difference between junction and ambient
temperatures. SMT devices experience difficulties transferring heat from the junction at
temperatures T4y >125°C and cannot compensate for it by adding more devices in
parallel. In addition, they are limited by the amount of heat that can be withdrawn by a
cooling system through the area of a switching group (more efficient cooling or a large
baseplate area is required). Power modules can operate under T4,,5>125°C, but some

types are limited by maximum case temperature at T,5>115-120°C

Scenario 2. A 3-phase inverter with maximum possible values for phase current Ip} ,ce

and maximum DC-link voltage V. (30% safe margin for overshooting).

Target: compare inverter’s maximum output power for different packages at normal
and high ambient temperatures.

All devices operate at the absolute maximum of their junction temperature T; and the
maximum number of parallel devices (for discrete MOSFETS), as in this mode, the maximum
output power can be achieved. In real applications, it is impractical to operate at the absolute
maximum of junction temperature because of the high risks of thermal damage if any unexpected
technological factors (variation in thermal resistances, grease/prepreg thickness, fluctuation of
the cold plate temperature, etc.) affect heat transfer process. However, this approach can still
highlight general trends, reveals issues, and helps to compare the performance of different
devices in various operating conditions.

It is essential to mention that DC-link voltage V. is different for different types and

equal to 0.7-Vpe max: therefore, higher maximum blocking voltage helps to reach top
figures in output power having average output current. Also, high output current does not
guarantee the highest output power. For example, in Figure 63 SMT MOSFET Nel6 can
handle almost 800A the highest value among SMT devices, but the output power does not
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show such outstanding figures. DC-link voltage V. used in the analysis is provided in

Maximum Phase Current plot above MOSFETS’ bars.
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Figure 63 — Simulation results of SMT MOSFET with maximum output power
TAMB:250C

Results of performance analysis under the normal ambient temperature of SMT discrete
devices are presented in Figure 63 and include plots for inverter’s total losses, maximum
phase current (initial phase current is 100A) and maximum output power. Different colour
patterns also present correlations between these parameters and the number of parallel
devices. According to the results, 13 out of 21 devices reach 200kW output power, and two
can provide up to 300kW. As expected, devices with 600V blocking voltage show a higher
maximum phase current than 1200V devices. Although new SMT packages (PowerFLAT
8x8 HV Ne2 and H-PSOF8L Nel5) cannot deliver high output power, they can commutate
decent output phase current and, therefore, be useful in height-limited applications

(package height is 0.8mm and 2.3 respectfully against 4.5mm for TO-263-7).
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Figure 64 — Simulation results of THT MOSFET with maximum output power
Tayp=25°C

Results of THT MOSFETSs simulation are in Figure 64 with the same set of data, and the
devices demonstrate significantly higher output power (400kW and more) and an increase
in total losses (more than 4kW in average) with fewer devices in parallel. This package has
trends similar to SMT MOSFET ones, i.e., higher current of 600V devices with the
dominant role of 1200V in maximum output power, etc.

Power module results are presented differently due to the absence of parallel connections (see
Figure 65). There are graphs of T;(Poyr) and Pposses(Poyr) for each power module with the
indication of DC link voltage (again, 0.7V yax)- While V¢ is fixed at a certain level, phase
current determines inverter’s output power independently from characteristics of switching
devices. The maximum phase current can be obtained with the value of maximum output power
and Ipy max (Poyr) Characteristics that are presented for both DC link voltages (455V and
840V).

Due to significant deviation in characteristics, power modules show a wide range in both phase
current and maximum output power. While 3-phase modules traditionally have the lowest output
power, most modules can deliver 200-250kW. At the same time, the most advanced models can
achieve 400-450kW with 840V of Vdc.
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Figure 65 - Simulation results of power modules with maximum output power

Results of simulations for different packages are combined in Figure 66 to facilitate a
comparison of the data on the same scale. Shaded areas indicate the range of values for
specific parameters for each package type, and colourful lines represent the values of three
devices from each package group. SMT devices cannot compete with power modules and
THT MOSFETS as they show twice less output power due to the lower blocking voltage of
most powerful SMT types. Inverter’s power losses follow the distribution of output power
with maximum values for power modules and THT MOSFETSs. At the same time, the
maximum phase current is almost the same for all packages; therefore, all packages might
be used in applications with limited DC link voltage (< 450V) and high phase current. Due
to the maximal number of parallel devices used, the dimensional characteristics of SMT

and THT devices are constant for all types (to get more details see Figure 49) and do not

have shaded areas.
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Figure 66 - Normalized analysis results for Scenario 2 conditions with T,5=25°C

Operation under high ambient (coolant) temperature Ty =105°C
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Under HT operating conditions SMT devices deliver about 100kW (against 200kW at
Tamp=25°C) of output power on average (see Figure 67) with the maximum value of
200kW (MOSFET Ne3). It is also noticeable that older models (Ne6-8) show worse results
or even cannot operate with minimum phase current. The general picture of the plots and
top positions are similar to results at Ty, =25°C.

HT also affects the performance of THT devices by reducing maximum output power
and current (Figure 68), but all listed MOSFETs can operate with minimum required

current.
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Figure 67 - Simulation results of SMT MOSFET with maximum output power
Tamp=105°C
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By contrast, power modules perform much worse under HT conditions as their
maximum output power is about 100kW on average (see Figure 69), comparable with
SMT’s results. Moreover, not all of them can operate with even minimum phase current
(Ne2, 5, 6). The major reason for such poor performance is restrictions on case temperature,
which triggers faster with higher ambient temperature. Power modules without case
temperature restrictions show better results, for example, GE12047CCA3 (Nel0). This
module, similar to discrete elements, is limited only by junction temperature, giving more
freedom for temperature distribution between junction and case points. Moreover, it has a

small negative coefficient dEgy, (dT;) that keeps its switching losses almost at the same level

within a whole range of operating temperature.
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Figure 69 - Simulation results of power modules with maximum output power
TAMBZIOSOC

Figure 70 contains normalized combined data of all packages at T,y =105°C, and the
dominance of THT MOSFETSs is evident there. They have the highest figures in output power,
phase current, and, consequently, power losses. Although SMT MOSFETSs can provide less
phase current with a significant reduction of power losses, only two types of SMT MOSFETSs
have more than 400A in maximum phase current, while most devices can handle not more than

300A. Nevertheless, SMT devices might be useful in applications with low DC voltage and high

currents.
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Figure 70 - Normalized analysis results for Scenario 2 conditions with T,,,5=105°C

Conclusion on results of Scenario 2:

e |If the maximum output power is a prime target and coolant (ambient) temperature is
relatively low, both power modules and THT MOSFETs demonstrate comparable
performance. SMT MOSFETSs achieve lower output power as their blocking voltage

is lower.

e In applications with low DC voltage (<400V) some recently developed SMT
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MOSFETSs could operate with high phase current similar to THT MOSFETs and
power modules. Moreover, SMT devices can do it in the whole range of ambient
temperatures.

o All types of packages are suitable for HT applications (T,5<105°C). At the same
time, the advantage of THT devices is more obvious in Scenario 2. If technological
issues are not counted, this package promise to be the most flexible and effective in
power scaling and thermal management.

e Requirements on maximum case temperature significantly limit power modules in HT
operations, so modules that are less efficient at normal temperature might show better
performance at higher temperature. This makes power modules less attractive for HT
applications. In practice, however, designers, who decide to use SMT or THT devices
without case temperature restrictions, might face troubles with thermal management of
connectors, traces and other supplementary materials similar to those limiting power

modules’ case temperature.

3.4 Paralleling of SIC MOSFETSs

Parallel connection of discrete MOSFET provides a significant advantage in using
these types of packages due to the ability of power scaling. However, there is also a list of
issues that can drastically affect the final figures and inverter’s rating; therefore, they

should be considered or assessed during the design process.

A) Unequal current sharing due to difference in Rps on
Different drain-source channel resistance R oy Of parallel MOSFETS leads to disbalance in
current sharing and, thus, the difference in conduction losses. If phase RMS current is considered
constant, the current through a single device I, is in inverse proportion to the channel resistance
Rps on Of this device. In this example altering resistance Ry on2 Of only one device (the total
number of parallel devices is N) changes its value with respect to the average channel resistance
of the MOSFET type Rps on1:

Rpsonz = kRpson1, k=08..2 (24)

Other MOSFETS of the switching group have constant Ry o Which is equal to the average
value. Usually, the maximum and the average values of Rps oy are stated in MOSFET’s

datasheet, and the typical ratio between them ranges from 1.3 to 2. Although there is no
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minimum value in datasheets, the value can be less than nominal, so the region 0.8 < k < 1

also participates in the analysis.

Individual RMS current and conduction losses can be expressed through group current

and channel resistances as follow:

Irms 1 Rpson1 = Irms 2 Rps onz » Irms croup = Irms1 (N — 1) + Ipys 2 (25)
I _ Ipms roup _ klrms croup (26)

RMS2 = (N —Dk+1" "t T k(N-1)+1
Econp2 = 11%1\45 2kRpson1,Econp1 = 11%1\45 1Rpson1 (27)

Results of calculations for the case Izys croup = 1004, N=2, 5, 10, and R on1=20 mOhms

are presented in Figure 71.

lRus+ !

———-E

RMS2

COND1 — — — ECONDZ

[N}

n
- N O @ @

@

Normalized RMS drain current

o o

oo

.8 1

1.2

1.4 1.6 1.8

Normalized R

DS ON2

e
o] n N (=2} fe-]
Normalized conduction losses

o
o

o

Normalized RMS drain current
=} o
@ @

e
o™

1

12 14 16 18

Normalized Ry g oo

BN ES
Normalized conduction losses

o
o

o
o

o

Normalized RMS drain current
o o
o ®

=
o

.8 1 12 1.4 16 1.8

Normalized RDS onz

0.8

1086

e
S

Normalized conduction losses

Figure 71 — Difference in drain current and conduction losses due to disbalance of Rps oy
for 2, 5, and 8 parallel devices.

The most destructive effect of resistance disbalance could be observed in groups with a
low number of parallel devices (N=2, 3). In the worst case of k=2 conductive power losses
of MOSFET with nominal Rps oy increase by 80%. With higher N, the rise of conduction
losses in MOSFETs with nominal resistance is not so rapid because the excessive current is
redistributed among other devices. However, losses of MOSFET with altering resistance increase
faster if k < 1 as the MOSFET conducts more current than others.

Positive temperature coefficient of channel resistance of SiC MOSFETSs (if 7,>50-70°C)
creates negative feedback for junction temperature when conduction losses of the device
become higher due to lower Ry oy (device conducts more current than other devices of the
group). An increase in power losses causes the rise of junction temperature that, in turn,
increases channel resistance. The mechanism's effectiveness directly depends on the value
of the temperature coefficient Kzpc oy (Where Krpe on = Rps on (T max)/Rps on nom )
and at low Kgpc oy it requires an unacceptably high temperature rise to compensate
significant difference in resistance (examples are presented in Figure 72). Therefore, in
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many cases this compensation cannot eliminate uneven current share and difference in

conduction losses. Moreover, high temperature coefficient increases conduction losses in

applications with high operating temperature.
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Figure 72 — Temperature difference required to compensate difference in Ry oy for
various temperature coefficients (Krpc on = Rps on(Tj max)/Rps on nom)

Although some researchers propose techniques for active current balancing, it is hard to

implement them under space and weight restrictions. Capabilities of self-equalization are

limited in HT applications, but the need to have even loss distribution is higher; therefore,

MOSFET chip selection might be a reasonable solution even in serial production.

B) Unequal current sharing due to difference in gate threshold voltage Vry

According to MOSFET’s datasheet V5 can vary in a wide range (for example,
3.5V - 5.2V for IMZA120R014M1H), therefore, one of the paralleled MOSFETs can
switch on earlier than others and start to conduct higher transient current than was

expected. The actual ratio of extra current depends on many factors related to MOSFETS

themself, operation conditions, and the PCB layout of the inverter. Simplified simulation

of parallel MOSFETs’ switching dynamics demonstrates transient processes of drain

currents in case of significant difference in Vry (turn-on process in Figure 73, turn-off

process in Figure 74). According to the results, the difference in switching losses between two

parallel devices can reach almost 70%.
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The problem is well-studied in the literature from different points of view. For example, in
[86] authors analyse deviation in MOSFET characteristics using statistical analysis to
evaluate the difference in junction temperature and develop proper selection criteria. The
analysis is based on measurement data from 20 samples of C2M0080120D, and power
losses at switch-off vary approximately from 250 to 1100 pJ with a confidence interval of
+2c and an expected value of 580 uJ. Another study [87] investigates the required derating
of inverter’s power to keep operation conditions of devices within absolute limits in case of
deviation in their gate characteristics (AVyy = +0.7V). The maximum difference in
switching losses is stated to be below 60% and decreases with higher drain current, and the
maximum value of current derating is 7%. Also authors claim that PTC of Rpg oy Can
compensate for approximately 15% of extra switching losses by reducing the commutated
current of the exact device.

The thermal model described previously does not support the difference in drain
current between parallel devices, therefore it cannot predict the temperature and current
distribution within a switching group. At the same time, evaluating the derating in
maximum phase current is possible if the difference in switching losses is set. Current
compensation caused by PTC of channel resistance is omitted to simplify analysis and
because of limited effect (up to 15% of extra losses [87]). The second assumption is that
heat from each device is transferred to the heatsink independently, therefore the increase of
Tcasg Of a single MOSFET does not affect the thermal conditions of others. This
assumption highly relies on thermal resistance of the thermal interface and the heatsink, as
high case-ambient thermal resistance increases heat transfer across the cooling surface or
baseplate. As all extra losses must be dissipated through the same cooling area, either the
output phase current should be reduced (output power as well) or the number of parallel
devices is increased to reduce the load on each device. The results of SMT MOSFET

derating are presented in Figure 75 for the case of doubling the maximum switching losses

(ESW = 2Esw INIT)v
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Figure 75 — Influence of doubled switching losses on THT (left) and SMT (right) devices

f0r TAMB = ZSOC

MOSFET types which have a high percentage of switching losses experience higher

derating. For SMT MOSFET, it also leads to a larger number of paralleled devices (3" plot

row in Figure 75).

Several solutions can help to reduce the detrimental effect of the problem:

Components selection and grouping according to their characteristics. Various
methods could be used to implement this technique — simple ranging by some
parameter or, for example, more complicated pairing by two parameters [88].
The method is attractive due to its simplicity and absence of additional
components and design modifications, but it is challenging in serial production.
Adjustment of passive components in gate circuit. Modification of gate circuit
can adjust the turn-on and turn-off behaviour of MOSFET to match the timing of
other devices and decrease losses disbalance. It also requires measurements of
MOSFET characteristics and sophisticated control over the manufacturing
process with precision up to the exact chip. Unlike the previous method, it makes
possible to use any sample of MOSFET regardless of its characteristics by
changing the value of less expensive components (resistors, capacitors).

Active balancing. The method can adjust the balance of losses with high accuracy
but requires a considerable number of additional components to measure the
current of each device, and hardly applicable for a large number of parallel
MOSFETSs.

C) Other reasons for unbalanced parallel MOSFET operation:

Not optimal PCB layout. Imperfections in layout design, such as unequal trace
length, non-symmetrical component locations[89], trace cut, serial connection

of power and signal lines[90] etc., can lead to disbalance in current sharing. An
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accurate and precise investigation is required in each case to develop a proper
solution as layout issues are highly individual. The incorrect layout can affect
the MOSFET performance by gate signal disturbance leading to gate signal
oscillations or fluctuations in the edges of gate signal (the effect is similar to
variation in threshold voltage). Also, layout might affect current sharing by
introducing uneven parasitic inductances of drain/source traces for different
MOSFETSs in the same group. In this case, transient drain currents also become
unbalanced despite the simultaneous gate dynamics.

Heating by neighbour MOSFETSs and uneven cooling with complex PCB shape.
The assumption is made in the thermal model that temperature spreads evenly
across the baseplate or surface of the heatsink. In reality, the central part of the
baseplate or heat sink area beneath the MOSFET group has a higher
temperature than the border region. In the case in Figure 76 the temperature
difference between central and edge MOSFETSs is approximately (69°C-
64°C)/(69°C-20°C)=10%.

o 70

e
569 AN

1 2 3 4 5 6
MOSFET position

Figure 76 — Measured average case temperature of 6 MOSFETS connected in parallel

(package TO-220 attached to IMS and water cooling, Pyosper=15W)

In addition, the complex shape of the baseplate/heatsink can include extra side

regions that cool MOSFETS closest to the border of the switching group. FEA usually is

required to obtain an accurate picture of temperature distribution
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3.5 Effect of advanced thermal conductive materials
and cooling techniques.

Further improvement of inverter’s performance could be achieved by adopting of
advanced thermal conducting materials and cooling methods. Ceramic heat spreader or
ceramic PCB, as it was mentioned before, provides different pattern of heat distribution
along and through the cooling structure by comparison with IMS. As ceramic has equal
thermal conductivity in both directions, it does not need to be as large as IMS to utilize the
heat conducting area with the same efficiency.

Performance analysis of inverters with ceramic PCB and enhance cooling shows
significant improvement with new conducting material (Kcer=25W/mK is typical for high
grade material, plate thickness 1mm), but limited effect of the modified cooling. Initial
heat transfer coefficient is 0.5W/cm?K which is typical for pipe cooling method, and the
improved version has 1W/cm?K what is average value for pin fin water structure or single
phase microchannel cold plate. Average total thermal resistances of a MOSFET (does not
include its inner resistance) for 3 cases (IMS, ceramic, improved cooling) are 2.53, 2.2, 1.5
respectively. In Figure 77 results of simulation are demonstrated. It is noticeable that

increase in output power for case with ceramic PCB does not match the rise of power

losses, normalized losses (100% @) are higher in average by 17% because higher

ouT

MOSFET current causes non-linear change of channel resistance and switching losses.
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Figure 77 — Effect of ceramic PCB and improved cooling on performance of inverter
with SMT MOSFETSs.

96



Chapter 3

3.6 Comparison of 2-level and 3-level inverters

A) Modifications in analysis’s methodology:

A number of modifications in the calculation method are added to utilize it with 3-level

inverters:

B)

Unlike the simple 2-level topology, many 3-level inverters are featured by
uneven power loss distribution between their switching groups. Different
switching groups might have different switching frequencies and RMS currents.
Moreover, various MOSFET combinations might be more efficient than a
homogenous set of MOSFETs introducing additional requirements to the
inverter’s model. The modified calculation model has to consider individual
losses and junction temperature for each group by using its specific coefficients
to obtain accurate results.

A modulator is introduced inside the model calculate switching losses based on
the number of switching events and instant values of MOSFET voltage and
current. The previous model uses a simplified equation which is not applicable
for multilevel topologies and advanced modulation methods of 2-level inverters.
An ordinary SPWM with 2 level-shifted carriers is used for NPC and TNPC, and
LF-HF SPWM is used for ANPC, however, they can be replaced with more
complex modulations if necessary.

Conduction and switching loss patterns for MOSFETSs and diodes are described
manually in the model for each topology according to the direction of phase

current and the value of modulation voltage.

Input arguments and combinations for analysis:

The initial arguments for the analysis are specified in Table 16. The overall analysis is

similar to the analysis of scenario #2 from chapter 3.4. The output parameters for analysis

are total losses, maximum achievable phase current and maximum output power of an

inverter.

The results indicate performance at the maximum number of parallel MOSFETS per

group with a limit of 16 per phase if it is not specified in the description. In most cases, a

2-level inverter has 8 parallel devices in each switching group, TNPC has 4 devices per

group. ANPC inverter has 6 switching groups per phase, therefore this inverter uses

different numbers of devices per group (T1,4 — 3 pcs, T2,3 — 3 pcs, T5,6 — 2 pcs) to
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maintain the total number of 16 devices per phase. NPC inverter has 4 switching group and
2 groups of diodes per phase, so each switching group has 3 MOSFETS, and each diode
group has 2 parallel diodes.

Table 16 — Initial conditions for performance analysis

Parameter 2-level 3-level
NPC TNPC ANPC
Number of MOSFETS per 16 16 16 16
phase (2x8) (2x3+2diodes)x2 (2x4)x2 (3+3+2)x2
Maximum phase current, A 20+800, step 20A
\I\;IaXimum DC link VOItage’ 0.7 VDC MAX 0.7 2VDC MAX 0.7 VDC MAX 0.7 2VDC MAX

Fow=50 KHz, Frynp=1250 Hz, @=20°, M=0.95, TApmp=25°C

Table 17 — Variations in topologies for performance analysis

Stage Combination Topologies for comparison Comments
la Same MOSFET 2-level, 3-level
1b types in all groups 2-level, 3-level+lower Fgyy Fsw=25 kHz for 3-level

Fsw=50 kHz for 2-level
2 Different MOSFETS TNPC+HV MOSFET(T2, T3) | HV MOSFET type is

#18
3 leferent number Of ANPC+RedUC9d NPPG Of LF NPPG T1 = 2 y NPPG T2 —
MOSFETS in groups 3, Nppgrs =1

In Figure 78 results of analysis are presented with 5 plots for different parameters, and
they are sorted by the maximum output power of 2-level configuration so that the highest
figures are at the right side (position does not match the number in Table 9). Comparison
of unmodified inverters (stage 1a, Table 17) shows the following:

e 2-level inverter, in general, offers higher possible output power than other
topologies due to the highest phase current. At the same time, its efficiency
shows the worst figures, therefore, total power losses are also the highest in the
analysis.

e NPC and ANPC topologies can operate with higher DC voltage, but the
maximum phase current is lower than 2-level and TNPC can conduct. Total
power losses are also the lowest among the topologies considered. ANPC
performs better than NPC because of lower conduction losses (MOSFET vs
diode) and the absence of switching losses for some groups.

e TNPC topology reaches the highest phase current among considered 3-level

topologies, which might be useful in high current but low voltage applications
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with strict requirements on THD of output current.
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Figure 78 — Comparison between 2-level and 3-level topologies (MOSFET type
identifier is different from previous chapters)

Additional levels in the shape of phase voltage reduce current ripples and THD. So
multilevel converters could work with lower switching frequency maintaining the same
level of current ripples or distortion. In stage 1b 3-level inverters work with twice lower
Fsw that, in theory, should reduces switching losses and increases Pyy7 pax- In Table 18 results
are presented in the shape of Pyyr pax Normalized by Pyyr max 2—1vi, for each topology.

Table 18 — Effect of reduced switching frequency on the inverter’s performance

Average Pyt max Normalized by Poyr max 2— v
NPC TNPC ANPC
Total HV* LV Total HV LV Total HV LV

Switching
frequency

Fsw=50kHz | 0.87 0.88 0.85 0.68 0.7 0.65 0.79 0.8 0.77

0.92 0.96 0.88 0.71 0.74 0.67 0.86 0.89 0.82

Fsw=25KHz = e 08 +03| +03| +04| +02| +07| +09| +05

HV — cases with V>600V

Results show significant difference in the effectiveness of switching frequency
reduction for high (Vps>800V) and low voltage (Vps<800V) devices. All types demonstrate
higher achievable power with a lower frequency, but devices with high drain voltage more

affected by the switching frequency due to higher portion of switching losses in total
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power dissipation. Devices with lower Vg have to conduct higher drain current to provide
the same output power, and their conduction losses dominate in total losses generated by

MOSFET, so the effect of lower switching losses does not lead to noticeable improvement.

More levels give additional flexibility in adjusting of inverter’s characteristics by
applying different types of MOSFETSs for different switching groups. For example, the
maximum Vpc of TNPC topology is determined by Vpg of T1, T4 and by 2Vpg of T2, T3.
Therefore, Vpc could be increased if T1 and T4 are high-voltage MOSFET, or conduction
losses of T2, T3 could be reduced if MOSFETSs with lower Vpg are used there. In Figure 79
simulation results of the performance analysis for such modifications are presented.
Modified inverters have the same maximum DC link voltage of 840V as other unmodified
HV TNPC inverters. Type of MOSFET for the substitution is selected individually for each
case to match the performance of initial MOSFET and do not provide advantage due to

high performance of only one switching group.
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Figure 79 — Simulation results of modified TNPC topology

Modified versions experience a small drop in maximum output power, conduct

significantly lower phase current, and have lower losses as well (see Table 19). Efficiency

of new inverters is slightly higher than efficiency of HV inverters made out of only one
MOSFET type (see Table 20).

100



Chapter 3

Table 19 — Change in performance of TNPC after MOSFET substitution.

Inverter Avg. —2H Avg. oss o Avg. —0UT
IpH2LvL PouraLvL
No modification* 0.65 1.4 0.65
HV MOSFETs applied 0.37(-43%) 0.9(-36%) 0.62(-5%)

* - only for MOSFETS Vpg<600V

Table 20 — Comparison between homogeneous and modified HV TNPC

Inverter AVG. Pross/Poyr, %

<76kW 76kW~+140kW 140kW-170kW 180kW<
Homogeneous HV TNPC 1.01 1.04 0.97 0.83
Modified HV version 0.96 0.9 0.8 0.8

By contrast with the 2-level topology, switching groups of 3-level inverter could differ
not only by MOSFET type but also by the number of devices in a group. Due to different

proportion of conducting current in different operating modes (combination of ¢ and M)
the number of MOSFETSs per group might be adjusted to optimize the total number of

MOSFETSs and, thus, the dimensions of the inverter. In stage 3 of the analysis smaller

number of devices is used in ANPC topology (12 instead of 16) to demonstrate advantages

and limitations of such approach.
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Figure 80 — Performance of ANPC topology with 25% reduction of MOSFET quantity.

Although the number of MOSFETS is smaller by 25%, reduction in the maximum output

power is vary from O to 23% (see Figure 80). At the same time, efficiency declines for

many MOSFET types, and power losses per device jump significantly increasing demand
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for effective cooling and reducing overall reliability.
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Figure 81 — Summary diagram of performance comparison between 2- and 3-level
inverter topologies (lines and figures indicate levels of inverter output power).

Analysis results are summarised in Figure 81 indicating areas with the best
utilization of each topology. Although area of application might be shifted to lower DC
voltage with some increase in phase current, output power will decrease.

Summary:

For the specified number of MOSFETSs 2-level inverters demonstrate higher
output power, higher phase current, higher power losses, and lower
efficiency in the most cases.

3-level topologies might be helpful if the reduced THD or high efficiency
are required. High DC-link voltage is also important factor to consider
multilevel topology as more MOSFET types are available for the
application. At the same time, higher number of switching groups might
cause rise in the volume of supplementary and control electronics as well as
sophisticates the control algorithms.
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3.7 Power density analysis for integrated motor drive

system,
A) Methodology of IMD dimensional analysis:

Integration of an inverter and a motor, as mentioned in Chapter 2, aims for the maximum
power density and often dictates the shape and dimensions of the inverter to increase
utilization of inner space or area. The design of the drive is complex from the mechanical
point of view compared to non-integrated variants because several systems (cooling,
mechanical, electrical etc.) should be located close to each other or even share the same
space and operate without difficulties. The simulation model of the inverter that also
considers the mechanical characteristics of the integrated machine could be developed to
evaluate possible values for power density. Machine mechanical design and system
structure partially determine the inverter’s location and additional requirements for the PE
shape. For example, a central opening is often required in EAEp design for shaft extension,
an encoder, or bearings.

Relationships between different parts of design model are presented in Figure 83 The
machine design stage is the first in system development and can be performed as soon as
the preliminary system characteristics (DC voltage, output power, maximum dimensions
etc.) are finalized. The machine model is not presented in this research, and it acts as a
black box with a list of input and output parameters (only inverter-related parameters are
mentioned):

e Electrical parameters
Input: OQutput power P,y , switching frequency Fgy , phase voltage Vpy,
fundamental frequency Frynp;
Output: Phase current Ipy p4x»> power factor n;

e Thermal parameters
Input: Ambient temperature T4,5, coolant temperature T¢ooran, COOlant flowrate
Qcoor, and pressure Pqp o1 ; No Output parameters

e Mechanical parameters
No Input; Output parameters: weight W,y , dimensions L x W x H, housing
outline (border shape, opening, cooling inlet etc.)

The thermal model of the inverter uses the amplitude of phase current from the
machine’s design. Power factor is omitted in the flowchart as its effect is insignificant with

PMSM, but it could be added easily in analysis to increase accuracy. In real applications,
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the results of the machine’s mechanical design determine the inverter’s outline in some
individual way, but in this study, such interactions are simplified. Therefore, only the
round and square PCB shapes represent the possible limitations introduced by the machine.
Machine’s requirements for thermal characteristics of coolant (flowrate, pressure, etc.) are
also omitted, though too small flowrate or significant pressure drop in PE heatsink might
affect thermal conditions of the machine in real applications. Electrical and mechanical

parameters important for calculations are presented in Figure 82
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Figure 82 — Relation between machine’s mass and phase current of motors used.

In Figure 82 (right plot), the numbers next to markers show motors that are selected for
further analysis due to extremum values of their characteristics (for example, lowest phase
current, highest power etc.). Although the target power P, is 30kW, and some machines
do not operate at their maximum power, it would be interesting to observe the effect on inverter

characteristics.
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Figure 83 — Flowchart of IMD combined calculation model
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Thermal characteristics of the PCB (for SMT devices) and the heatsink are also required
to start inverter design; therefore, initial materials involved in heat transfer and the heatsink
type should be selected in advance. The operation of the thermal model is similar to the
one described above, and the heat transfer coefficient of the heatsink is not constant
anymore. The coefficient depends on PCB geometry and size for some cooling types (for
example, with water channel), and the number of paralleled MOSFETSs affects initial
values.

The proposed model works for SMT components only, but the same method is
applicable to simulate inverters with THT MOSFETs or power modules after some
modifications.

B) PCB layout estimation and calculation of cooling performance

According to the literature review and analysis of commercially produced prototypes
(see Figure 17), the most popular inverter shapes are round (with or without a central hole)
and rectangular. Modular inverters and multiphase inverters also could be divided into
several PCBs, but the board structure is significantly different in this case, so they are out
of our consideration here.

Simplified examples of rectangular and round PCBs and a prototype of a round PCB are

presented in Figure 84.

| i e !
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Figure 84 — Two different shapes of PE PCB.
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Figure 85 — Layout structure of round (left) and rectangular (right) PCB

Dimensions of PCB that can accommodate the required number of MOSFET are
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expressed through the dimensions of the switching group (see Figure 85):
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Figure 86 - Comparison of round and rectangular PCB shapes for different number of
transistors in a group.

The rectangular layout is featured with the better utilization of PCB surface, as it has a
smaller area (see Figure 86). Therefore, it shows better figures for the weight of power
electronics, so that layout should be considered first if mass restrictions are applied.
However, integration with a machine sometimes requires a more complex design of power
electronics when the rectangular shape does not satisfy the requirements. In that case, the
proposed round design could be the only option. At low value of N4, the round layout is
more efficient with circumferential orientation of switching groups rather than with radial as the
length of the group becomes smaller than its width.

Prototype PCB also has a round shape due to the needs of the machine’s structure.
Additionally, the diameter of the prototype PCB has been increased to have more freedom
for design and assembling, but strict space optimization of connections and auxiliary
circuits can achieve theoretical values shown in Figure 86.

C) Water cooling and cold plate design
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Figure 87 — Structure of water channels for different PCB shapes.
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The analysis includes two types of cold plate structures (with milled water channels and
fin areas). Despite the complex distribution of water channels across the cold plate, the
assumption is made that its thermal resistance is considered uniform and equal to the
average at any point of a cold plate. Channels occupy as much area of a cold plate as
possible.

Total thermal resistance depends on the length of the water channel, its section and water
flow rate. As the dimensions of the power board are different for different Npp¢ it is
necessary to determine maximum length of channel (L), i.e., maximum number of passes
across the cold plate (N,gss). Structure characteristics such as wall thickness Wy, border
margin Wgg, inner hole diameter D;y, channel dimensions W, are highly individual and
determined by system, manufacture, and technical requirements. Values used in the analysis are
mentioned in Table 21 and demonstrated in Figure 87.

Table 21 — Parameters of the water channel

Parameter Value
Wall thickness Wy, mm 3
Border margin Wy, mm 5
Channel dimensions Ty, Wey, mm, mm 5/10
Inner hole diameter D;,, mm 20
Min turn radius Ry, mm (if pipe is used) 10

Assuming that heat exchange happens only by means of water cooling, inverter total
power losses are equal to the rise of coolant temperature (AT) times coolant specific heat
and its mass:

Piny = ATCp 1igPLiqFLigr (29)
where P;,,,, — total inverter losses, Cp 1;, is coolant specific heat, p,;, is coolant density, and

Fyiq is flow rate. At the same time, heat conducted through the cold plate follows Newton's law:

AT 30
Py = hLiqLCHACH (TCP — Ty — 7)’ (30)

where hy;, is heat transfer coefficient, Ly is length of water channel, A¢y, is its perimeter,
Tcp is temperature of the cold plate, and (T,N + ATT) is average coolant temperature along the
channel.

Combining these equations together the hermal resistance of the cold plate could be derived as
follows:
B 1 N 1 (31)

hLiqLCHACH 2Cp 1igPLigFLiq

Ons

Calculation of heat transfer coefficient h;;, requires calculating Reynolds number (Re),
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Prandti number (Pr) and Nusselt number (Nu) according to Dittus-Boelter equation:

K. : Fp; PLi Ui 32
hiiq = Nu—"%—; Nu = 0.023Re*8Pr%% Re = =L D} 010 —2; P = Cp 11q 2, (32)
Dhydro wc .uLiq KLiq

As the heat source locates on one side of the cold plate only, and wall thickness is
relatively small, only part of the channel surface participates in the heat transfer
(coefficient of 0.5 applied in calculations).

The length of the water channel is determined by the maximum number of channel
passages across the radius (for round shape) or one of the sides (for rectangular shape):

Doyt = Dy — 2Wpg + 2Wy,, 33
\ _ l W, + W) J,for round shape ( )
e WJ for rectangular shape
Wy + Wey ’
Nturns (34)
TNtyrns (Din + Wey) + 21 Z (k = 1)(Wy, + Wey), for round shape
L — k=1
cH Z(WBR + WCH) + Nturns(LCP - Z(WBR + WCH)) + -
g(Nmms — D (Wey + Wy, for rectangular shape
Results of calculation are presented in Figure 88. Although round shaped cold plate
shows lower total thermal resistance due to a larger surface, the normalized resistance of
the MOSFET group is lower for the rectangular shape.
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Figure 88 — Characteristics of a cold plate with different Ntrans, layout, flow rate and
cooling techniques.

The cold plate with fins requires complex theoretical analysis to obtain its thermal
resistance formula; thus, a commercial off-shelf cold plate CP30 (manufactured by ASM)
was used for the comparison. The prototype’s normalized figures are lower than theoretical
due to the larger area of PCB. Because of integration with a machine, the maximum
dimensions of the surface accommodating water channel are limited.

The total volume of IMD includes machine and inverter volumes that are calculated
according to schemes in Figure 89:

2
v _ 7T(TCOLDPLATE + HMOSFETS + Hpgy + TWALL)(TWALL + RPCB) +0.5L (35)
INV —

(Teovpprare + Huosrers + Hper + Tware) (Twar + Lece) (Twar + Waoeg) + 0.5L
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0Dg\*
Veu = n(legw + Lacrive + Lsew + Trp) (TWALL T ) :

where T¢opprare=15mm, Hpgq — height of supplementary PE part (Hpg;=50mm), 7y, 4, ,=3mm,
Lgyw=10mm, Lggy,=45mm, Tp=10mm. The values are obtained from reference design of 30kW
IMD with reasonable margins for manufacturing, maintenance etc. Nevertheless, they might vary
due to individual optimization and requirements. Values of Hyosrers: Rpcgs Lpcg, Weeg, ODs,

L,crive are subject to machine and MOSFET characteristics.

T . S
§ | 2Rpcs(Or Lpcn) ’— (e Stator OD g )
5 ] ﬁ ____________________ _jﬁ
MOSFETs : L j . | Endwinding
T Additional | :
" scaled volume | — Active core
fffffffffffffffffffff o -
Additional i T
non-scaled : i B Second
volume 0.5L i - : endwinding

T W’N\L

Figure 89 — Scheme for inverter (left) and machine (right) volume calculation.

The machine's weight is the output of the machine calculation model, and that value is
used in the IMD model to calculate the total weight. The PE's weight includes mainly the
mass of housing and an additional non-scaled value of 1 kg to represent elements of
mechanical structure, PCB, sensors, etc.

Results of density estimations for all possible variants of machine and numbers of
parallel MOSFETSs are shown in Figure 90. As expected round shaped PCB has lower
values due to the larger area. It is noticeable that EM is responsible mainly for the
gravimetric power density of the IMD. Although inverter size has a limited effect on total
IMD weight, the contribution of the PE part can reach almost half of the total value at a
large number of parallel devices. By contrast, PE influence on volumetric power density is
significant (almost 50-75%) due to less dense content. Also, figures of some prototypes

and commercial IMD are presented in Figure 91 for comparison.
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Figure 90 — Possible values for power density with different machines (right) and
number of parallel devices (left)
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Figure 91 — Comparison with characteristics of other IMDs.

Results of thermal model simulation at T,z = 105°C and T4y, = 25°C are presented in
Figure 92. As expected, power densities are lower at a higher ambient temperature, but the
difference is insignificant (less than 10%). High temperatures limit the maximum densities by
6.3kW/kg and 13 kW/L.
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Figure 92 — Power densities of IMDs at T,z = 105°C (blue) and T, 5 = 25°C (red).

The difference in junction temperature between pipe and fin technologies is also
insignificant (see Figure 93) due to the high thermal resistance of PCB and MOSFETs
themselves. At the same time fin cold plate offers better distribution of coolant due to its

design, therefore, possibility of hotspot is also lower.
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Figure 93 — Junction temperature for different MOSFETS and cooling

Additional results highlighting the relationships between inverter’s total losses and
power density are presented in Figure 94. The significant difference in losses for different
machines happens for a low number of parallel devices and becomes smaller with adding
more MOSFET in parallel due to a decrease of individual current. MOSFET type has a

major influence on power losses.
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Figure 94 — Inverter power losses for different MOSFET and machine types (Tayg =
105°C, only round PCB, only pipe cooling, only 6 machines)

Conclusion:

e The proposed model is able to evaluate various parameters of IMD and their
influence on the final characteristics of IMD;

e With given characteristics of machines (PMSM, high-speed operation, etc.) PE
mainly contributes to the volume of IMD occupying 50-75% of total space.
Therefore, it is challenging to develop IMD with the same diameter for both
machine and inverter, especially with a round shape.

e MOSFET characteristics significantly affect the performance and dimensions of
the inverter. Usage of modern devices leads to lower losses, lower junction
temperature, and a wider range for output power. Package unification of SMT
components might play an essential role in the fast modification of the inverter to
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increase load current or efficiency without PCB redesign.

e [IMS PCB with typical thermal characteristics of prepreg and copper thickness
(2W/mK 100um, 2oz Cu), dense chip layout, and high value of junction-case
thermal resistance diminishes the importance of the heat sink’s performance. A
simple pipe structure gives similar results to a modern fin structure if no hotspot
is created due to uneven distribution of the channels or temperature gradient.
Advanced IMS or ceramic substrate material could be used to improve overall

thermal performance.

3.8 DC-link capacitor sizing.

A) Calculation of required capacitance of DC-link

The DC-link capacitor provides a short path for the inverter’s AC current and eliminates
the negative effect of the power source’s parasitic inductance. Although DC-link
capacitance does not affect the performance of power devices directly, it is essential to
investigate its characteristics due to following reasons:

e High-temperature capacitors are not widely available in the market, and most
of them are ceramic capacitors, therefore, it could be challenging to obtain
high values for DC-link capacitance.

e Low DC-link capacitance might lead to difficulties with control stability due
to high voltage ripples. Estimation for required capacitance should be done
during the early stage of the development process, as it could be impossible
to increase capacitance later due to volume constraints.

e Some capacitors have a bulky package and might reduce the total power
density of the inverter, which is a crucial parameter for IMD.

The main electric target parameter for a DC-link capacitor is the amplitude of voltage
ripples AVgpp of DC-link voltage V,. . Voltage ripples depend on both hardware
characteristics of the inverter and the modulation strategy; therefore, a large number of
factors are involved in the analysis. RMS current through the DC-link capacitor is another
important parameter that has to be calculated to guarantee acceptable operating conditions
for the capacitors. Too high RMS current leads to capacitors overheating and, in turn,
reduction in their lifetime or damage.

The typical structure of the 2-level 3-phase inverter is presented in Figure 95. The

inverter has balanced 3-phase loads with amplitude of phase current I,y and sinusoidal
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PWM switching pattern.
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Figure 95 — Currents involved in operation of DC-link capacitor of 2 level 3 phase
topology.
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Active losses of wires and MOSFETS, current instability, and voltage fluctuations of V.
are not included into the analysis. In this case, phase current ip; and output voltage (for the
first phase) could be expressed as follows:

ipy a = Ipy sSin(wpt — @), vpy 4 = VpyM sin(wpt), (36)

where w — angular fundamental frequency, M —modulation index [0;1].

Due to the nature of power supply lines a significant part of high-frequency AC current
I flows through the DC-link capacitor while the power supply provides the inverter with
direct current I only. This assumption becomes more accurate if the resonant frequency of
the low-pass filter created by Lgyppy @nd Cp is much lower than the switching frequency
Fgy, of the inverter[91]. By analysis of switching currents and voltage the expression for
RMS current through DC-link capacitor is obtained:

(37)
Ic rus = IPHRMS\/M <E+ <£— gM) cosz(p>

T

In [92] further analysis is done to express equations for voltage ripples based on the

current diagrams during the period of [0; g]:

I 38
Avg pp = — 7pp(M, @, wpt), ( )
CpcFsw

where

Tpp = Max (Tppy, Tpp2), (39)
3M V3 T
rppl = ?(1 - 7MSln (g + wpt>> COS¢;

3M
Tpp2 = 3

V3. o 4 3
<1 — 7Msm (g + a),.—t) cosep + ﬁsm (g — w,.—t) (EMcosgo — cos(wpt — (p))
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Phase angle can be fixed at the value of 20-25° as only PMSM motor type with a power

factor >0.9 is considered a load. Actual phase value wyt could be omitted if the amplitude of

the ripple’s envelope (i.e. maximum values of ripples in the period of [0;2]) is used in the
6

calculation. In this case, rpp, has a simple approximation function valid for the exact value
of PF:
pp(@ = 20°) = 0.328M — 0.212M?, (40)

Results of calculation are presented in Figure 96 with a test set of characteristics to
demonstrate the behaviour of the target parameters (AVgpp and I gys) under various
operating conditions. The maximum of characteristics lies between 0.6 and 0.8 of the
modulation index. Therefore, the system with a higher maximum speed (i.e. higher
operating voltage) experiences a higher capacitor current due to a lower modulation index.

A higher phase current to produce the same amount of torque also increases the difference.

CDC=5O;4,F

Vaoltage ripple, V

CDC=1 I5Dp:F

0 0.2 0.4 0.6 0.8 1
Modulation index

Figure 96 — Voltage ripples and capacitor RMS current for different values of
modulation index, phase current (solid line — 600A, dash line — 300A) and capacitance at
FSW = SOkHZ

Acceptable value of AVy pp is selected according to the needs of the drive control
algorithm. For most control systems it is acceptable to specify the maximum ripple level as
a percentage of V. rather than have an absolute value of fluctuations. Thus, the absolute
value AVy pp increases with a higher V. (see Figure 97). For this analysis the value of

0.03Vp looks like a good typical estimation for voltage ripples.
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Figure 97 — Required value of DC-link capacitor to maintain specific level (3% of Vj)
of voltage ripples under different operating conditions (M=1)

Based on the chosen maximum AV pp, required capacitance is calculated for various
Fsw, Vpe, and Ipy 45 t0 indicate the order of capacitance. Both increase in V. and Fgy,
leads to decrease of minimal DC-link capacitance, but at low Fg,,, the capacitance might
reach such a high value that it become challenging to obtain that level without electrolytic
capacitors. Graphs in Figure 97 highlight the advantages of having a higher switching
frequency and DC-link voltage Vp.

B) High temperature and high voltage DC-link capacitors.

The variety of capacitors featuring both high operating temperature and high DC voltage
is even more limited than the variety of MOSFETS due to a small number of applications
that demand such a combination. Nowadays, the most widespread type of HT capacitors is
ceramic capacitors made of HT ceramic materials (including CON, N1500, X7R, PLZT)
that can withstand temperatures up to 200°C. HT film capacitors are also presented in the
market, but the maximum temperature does not exceed 150°C, and its volumetric
capacitance is much lower. Information regarding the capacitance density of HT capacitors
is presented in Figure 98. PLZT capacitors show the best combination of dimensions,
temperature, and capacitance. The common drawback of HT capacitors is low volumetric
capacitance by comparison with low-temperature electrolytic ones. Although the maximum
capacitance of a single capacitor reaches dozens of uF, its large size often makes it

difficult to place them inside IMD.
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Figure 98 — Distribution of volumetric capacitance for HT HV capacitors.

More detailed data of capacitors used in further analysis is listed in Table 22.

C) Estimations of minimal quantity of capacitors under different operational

conditions

The algorithm of the sizing process is presented in Figure 99. Some capacitors have
derating of maximum capacitance value at high temperature or high voltage, and this
feature is included in the calculation model. The maximum RMS current changes with the

switching frequency for all ceramic capacitors (not valid for film capacitors in selected

i

‘ Calculation of required Cwn(Voc,M,Fsw,lprase), lcrus min(M, lprase)

frequency range).

Voc<0.7Vocmax

Yes

Next type

Derating of C due to Tawe and Vpc

Calculation of Irms(Fsw)

}

]

Calculate minimum quantity
according to capacitance
Nmin c=Cwun/C

Calculate minimum quantity
according to current
Nuini=lc rms min/ Irms

¥

‘ Select maximum quantity ‘

‘ Calculate dimensional characteristics ‘

Figure 99 — Flowchart of DC-link capacitor sizing process

All current characteristics are for the ambient temperature of 105°C. The normal thermal
model (through thermal resistance and dissipating power) is challenging to apply to
capacitors with acceptable accuracy due to the non-linear temperature dependency of
capacitance and ESR. Although temperature of 105°C is only used in the analysis, the
changes in capacitance for all types of materials are shown in Figure 100. PLZT has more
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complex function C(T) for lower temperature, but it is skipped here.
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Figure 100 — Temperature related derating of capacitance for different materials

Results with values for total volume and total area (area of each capacitor is increased by
1mm on each side to account mount and leakage clearances) are demonstrated in Figure
101. Film and ceramic capacitors show different behaviour due to limitation mechanisms
applied. Total DC-link capacitance determines the number of ceramic capacitors and has a
negative bias with increased switching frequency. Therefore, the volume and area of
ceramic capacitors decrease with the frequency. Total DC-link current limits the number of
PP capacitors due to their low maximum RMS current. As a result, the number of PP
capacitors does not change with the frequency. PP capacitors need a smaller value for the
total area at low frequency than some of the ceramic capacitors (because of the difference

in capacitors' height).
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Figure 101 — Total volumes and areas of DC-link capacitor within specified range of
switching frequency (M=1, V=400V, Ipyssg = 3004).

In order to evaluate the required additional volume accommodating DC-link capacitors
inside IMD, dimensions of PCBs calculated previously during the SMT MOSFET analysis
are used here. The only rectangular shape is used for this calculation due to simple
methods to solve “packing” problem and obtain the maximum quantity of capacitors per
PCB. In Figure 102 and Figure 103 the maximum figures are presented for the total

number of capacitors, maximum capacitance, and maximum RMS current. Area analysis
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does not include any connections, fixing components, and other components, except the
keep-out area of 10mm along the edge of the PCB. It is important to highlight that each
application target limits the number of capacitors significantly and in different ways
according to its own features and restrictions, and these numbers are used only to show
general trends in the design of DC-link capacitor bank. Moreover, it might be
economically disadvantageous to use these number of capacitors due to high prices for
some components (the total price for capacitors could become higher than the price of

power semiconductors) unless required by specific applications.
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Figure 102 — Maximum quantity of capacitors per PCB

It is worth to mention that film capacitors offer the same total capacitance per a single

PCB as PLZT ones, however their total RMS current is significantly lower.
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Figure 103 — Maximum total capacitance and RMS current per PCB

Final figures for DC-link volume under different switching frequencies and phase
current are presented in Figure 104. Target DC-link voltage is 400V to show the maximum
variety of capacitors, and capacitors with lower voltage show better results, therefore only
they (one type from each series) are included in the results set. The results for higher

voltage do not change much as the decrease in required total capacitance at higher voltage
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(see Figure 97) is compensated by a decrease in maximum capacitance of a single
capacitor (see Figure 103). It is noticeable that change in frequency affects all types in
similar way and causes slow increase in the required volume. By contrast, an increase in

the phase current demands a faster rise of volume for film and X7R capacitors due to the

low value of maximum RMS current.
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Figure 104 — Volume of DC-link capacitor bank for various switching frequency and
phase current (solid line — volume, dash line — the number of PCBs, M=1, V=400V)

Conclusion:

e The volume of DC-link capacitors varies in a wide range in dependency on their
types, switching frequency, phase current and modulation characteristics of the
inverter. For most ceramic capacitors the minimum expected volume could be

from 0.5L to 1.5L. Film capacitors have 2-2.5 times higher volume due to limited

RMS current.

e Utilization of high switching frequency and high DC-link voltage could help to

reach higher values for power densities.

e Usage of ceramic and film capacitors together is a promising solution to
straighten weak points of each type and reach acceptable combinations of total
capacitance, volume, the efficiency of space utilization and price if some
optimization function is applied. Further research with more accurate models for

capacitors and “packing problem” solver for different PCB shapes is required.
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Table 22 — HT HV DC-link capacitors

Type Material | Voltage, V | Capacitance, pF | Ilrmsiok, A | Temperature, °C | Dimensions, mm
B58031 LP PLZT | 500/700/900 | 0.6/0.25/0.13* | 2.6/1.6/1.5 150 7.8x7.1x4
B58033 SP PLZT | 500/700/900 12/5/3* 16/12/5 150 33x22x11.5

B58035 FA2 PLZT | 500/700/900 | 1.2/0.5/0.26* 2.5/3/12.5 150 6X7.4x9
B58035 FA3 PLZT | 500/700/900 | 1.8/0.75/0.39* 5/4/3 150 9x7.4x9
B58035 FA10 500/700/900 6/2.5/1.3 13/10/5 150 30x7.4x9

L13 C0G 500 2 10 200 25x12.7x15.2

SMX1 X7R 500 8.2 17 200 52x12.7x18.5

SMX6 X7R 500 27 24 200 52x31.8x18.5

SMX3 X7R 500 3,9 7,2 200 26.7x11.4x18.5

C4AK PP 700/900 60/40 24/22 135 57.5x35x50
C4AK LP PP 700/900 22/14 15/14 135 42x43x25
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3.9 Chapter Summary

According to the results of the comparative analysis, in low-power applications (up to
50kW), both SMT and THT discrete devices show the same performance as power
modules. However, THT devices and power modules only would be the preferable choice
for high-power applications. For HT applications, restrictions on the case temperature of
power modules noticeably limit maximum coolant temperature and maximum output
power, and discrete elements do not have such limitations. As expected, the most recent
types show significant improvement in thermal performance and output power by
comparison with old ones within the same package and dimensions. So inverter
performance could be improved merely by replacement of older devices with new ones
without modifications of layout, PCB structure etc.

The thermal model complemented by the dataset of 30kW PMSM and the cold plate
model is used to calculate the power densities of the complete IMD with various types of
SMT MOSFETSs. The square shape of the inverter shows a higher density of MOSFET
layout than the round one; therefore, it is the preferable choice if the system structure does
not apply other restrictions (e.g., shaft extension, encoder presence, etc.). For the given
power level, machines’ characteristics, and IMD structure, the maximum achievable
gravimetric and volumetric power densities are 6 kW/kg and 16 kW/L. PE mainly
contributes to the volume of IMD occupying 50-75% of total space, and MOSFET
characteristics significantly affect the performance and dimensions of the inverter.

The DC-link capacitor bank for HT application usually occupies a significant part of
IMD’s inner space, and the proposed method can size its volume, number of components,
etc. According to the calculation results, the highest density is achieved with modern PLZT
capacitors, although a significant quantity of capacitors is required to achieve the required
capacitance. Evaluation of PCB quantity for each type of capacitor shows that for typical
low and middle power applications, a single square PCB of about 200cm2 can
accommodate the necessary number of capacitors. Low switching frequency or high phase

current lead to a substantial increase in minimum DC-link capacitance.
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Chapter 4

4 Theoretical analysis of crosstalk signals in
parallel connection of switching devices and gate
driver adopted for this connection.

4.1 Negative consequences of fast switching process

Over the last two decades, the continuous improvement of new semiconductor materials
has greatly contributed to the popularity and variety of SiC power devices. Power
converters made a big step toward higher power densities, higher switching frequencies,
and lower losses due to SiC outstanding characteristics[84, 93]. With fast switching
transient processes, SIC MOSFETs can operate at a higher switching frequency without
deteriorating system efficiency. Therefore, weight optimizations of the cooling system and
power filters are possible leading further towards the converter’s miniaturization[94].

Although power electronics are prospering these days, conquering transportation and
aviation confidently, the engineers experience new issues which are, in fact, downsides of
SiC incredible performance[95]. Fast switching and high maximum drain-source voltage
led to extreme values of voltage rate, and a short pulse of current with significant
magnitude is injected through reverse transfer capacitance into the gate circuit when drain-
source voltage changes from one extremum to another. Although the mechanism
generating the pulse exists in all types of MOSFETSs regardless of their material, SiC
devices suffer the most. If unaddressed, the generated voltage can easily reach the
threshold level and cause the shoot-through or the thermal runaway[96]. To increase the
margin between threshold level and gate voltage in a turn-off state, the negative shift of
minimal gate voltage became a rule of thumb if SiC devices are used in the design.

Though negative gate voltage helps in the majority of applications, there are still special
cases (e.g., unusually high rates of V,, high ambient temperature), where the safe margin
is not big enough and additional measures are required to prevent spurious turn-on. A large
number of researchers studied this phenomenon, focusing on methods to evaluate or
predict the level of generated voltage [97], [98] and methods to reduce its amplitude. Some
methods exploit separated turn-on and turn-off resistance (or modify them) to clamp gate
voltage tightly to gate driver output[99], [100], [101]. The schematics of these gate drivers

are simple and usually do not need additional control signals. The direct proportion
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between the rate of V,;; and suppression efficiency is a feature of such structures, and it
could be considered as a drawback for some applications. Another approach is an adaptive
shift of gate voltage that can temporarily change voltage levels to satisfy safe conditions
[102], [103]. The gate driver circuit includes a sophisticated system of sensors and
switches to perform shift operations.

Although the problem is well covered for the case of a single device, there is a lack of

solutions for parallel MOSFETS, and SiC MOSFETS connected in parallel are still exposed

to high dVdS/dt. Meanwhile, the parallel connection has several distinct features which

limit the efficiency of the solutions suitable single MOSFET. First, several MOSFETS
demand higher total gate current, therefore, there could be no room for centralized clamp
techniques with no or low turn-off resistance due to limited maximum gate driver current.

Second, the parallel connection has non-zero trace parasitic inductance due to spread gates’
locations. That inductance limits dl/dt of bypassing circuits (clamps), thus, reduces its

efficiency. The third concern is that sometimes the gate circuit experiences a limit of free
space, and its PCB cannot accommodate many additional components if a complex
auxiliary circuit is implemented for each MOSFET of the group.

The chapter presents a gate driver for a parallel MOSFET connection with an auxiliary
clamping to reduce crosstalk between devices in leg configuration. The circuit works
independently of the main gate driving circuit and does not affect switching times. Also,
the loop path for crosstalk current is in the vicinity of its MOSFET, so parasitic
inductances have less influence on the performance of the clamp. The simulation model of
V,45(t) based on gate charge current and accurate C,. calculation is developed to analyze

generated gate voltage and efficiency of suppression circuits.

4.2 Modelling of crosstalk for parallel connection of
MOSFETSs

A) Gate drive circuit with parallel MOSFETSs

The design of a gate driver circuit is challenging due to distributed gate inputs' locations.
Moreover, stable operation of parallel MOSFETSs requires individual gate resistance for
each transistor that makes it difficult to use conventional methods of crosstalk suppression.
Dimensions of MOSFET’s package usually determine distances between gates. Parasitic
trace inductance between the gate driver and the farthest gate always exists and could
affect the gate signal significantly in case of a high inductance value.
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An example schematic of a distributed gate drive circuit and its simplified model are
presented in Figure 105. Figure 106 shows the inverter prototype with a switching group of
parallel SiIC MOSFET and its gate driver's traces.

Vs

I
i
Fg

Gate driver

SSVLITV

Cfgl 1A%

Gate driver

QL ¢ .
=SV1TV 69
| L§2 Cest |

, GND Cav [ YGND

il
¥
1,
§

(a)

Figure 106 — Example of parallel MOSFET (10 in a group) and layout of gate traces.

The model is considered symmetrical with respect to the centre of the MOSFET group,
so the output of a gate driver bifurcates into two equal branches at the line of symmetry. In
this case, voltages and currents are the same in the two branches (considering all
components have equal values). The model also assumes that all MOSFETS have the same
characteristics and parasitic elements. The model is suitable for MOSFETS with separated
source pin that conducts only gate signal (TO-263-7 or TO-247-4) as the source parasitic
inductance and the transient of drain current are not included into the calculation. The
equivalent scheme of the gate circuit for N parallel MOSFETs with gate currents and
voltages is presented in Figure 107. Each MOSFET and its gate resistor act as an

individual input for the current I, through MOSFET’s reverse transfer capacitance Cg.
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Figure 107 — A single element of a gate driver circuit.

A system of two differential equations expresses the gate voltage (V) and gate resistor’s

current (I,) for each element with the number k,1 < k < N:

N N
dlg, _d —d
Ver = Lin? + (Rg inner T g ext)le + Z Z dt Lg Z dt —le
) =1 J=1 j=1 , (41)
Cdg(Vds) = Ik + Cgs dt
\ Ve (0) = =V,; I (0) = 0;

where Rg;, and Ry, are inner and external gate resistances (Ryi, + Rgex = Ry). The

parasitic inductance L;, includes both inductance of MOSFET leads and inductance of
traces between the main gate signal trace and the gate. The exact value for lead’s
inductance could be obtained from the manufacturer's SPICE models, and, in general, the
value of about 15nF is a good estimation for this parameter.

Other trace inductances are calculated regarding trace shape, structure, and materials of
PCB. The equation for the inductance of PCB trace made of 2 parallel strips with a
dielectric between and for inductances of 2 parallel wires with opposite current are

follows:

Uolyr HL UoL 2D 1 42
Lpcp =TT, 2wire =—(ln( )"‘Z) 42

dwire

where u,, u,. are the permeability of free space and relative permeability of PCB
material respectively; L, W, H are length, width of the trace and distance between layers
respectively; D, d,,i. are the distances between wires and their diameter. VValues of trace

inductances with various parameters are presented in Figure 108
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Figure 108 — Gate-to-gate trace inductances with different lengths, widths, and PCB
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thicknesses.
According to the results, in some cases inductance of traces between the gate driver and
the gate resistor is comparable with an inductance of MOSFET leads. Figures for further
model simulation are shown in Table 23.

TABLE 23 - Trace parameters and inductance values

Gate to gate | Layer Trace Relative Gate to gate | Common MOSFET
distance (L), | thickness width (W), | permeability | inductance path lead’s
mm (H), mm mm (Lgi):nH inductance inductance,
(Lg), nH (Lin), NH
12 0.1 4.5 4 1.34 10 1546.5

B) Crosstalk during the forced rise of drain-source voltage

The change of drain-source voltage V, is a reason for the crosstalk gate signal, so the
behaviour of V;, determines the shape of injected gate current I, and gate voltage (V)
during the crosstalk. In a real device many factors influence the transient of V¢ and
increase the complexity of the modelling process. The parasitic inductances of the drain
circuit, charging of the output capacitor, and reverse recharge of the body diode are not
included in the calculation to focus on processes in the gate circuit. Influence of those
factors is described at the end of the chapter. Considering there are no parasitic
components across the power connections between high and low sides MOSFETSs, DC link
voltage could be expressed as:

Vbciink = Vasus + Vass = Vass = Vpciink — Vas us 43)

According to the basics of MOSFET switching with inductive load, V , ys Starts to

decrease with the rate that is proportional to gate current igys(t) when Vs reaches level

of Miller plateau (Vgpumin):

t —igns(t) (44)

Vasus = VdgH.S‘ + VgsHS = f dt + VGDMill'VdgHS(tstart)

tstart Cdg (VdsHS)

= Vpciink = Vepmin
quax - VGDMill (45)
Rgin + Rgex

Igns(t) =

Vepmin could be obtained through threshold voltage (V;,), maximum drain current
(Imax), @nd forward transconductance (g)
Vepmin = Ven + 9lmax (46)
In this study SiC MOSFET NVBGO020N120SC1 is used, its characteristics are presented
in Table 24.
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TABLE 24 - Characteristics of NVBG020N120SC1

Input gate | Threshold voltage, V | Forward Gate resistance, | Maximum gate
capacitance, pF | (I1d=10mA) transconductance, S | Ohm voltage, V
2943 2.7 34 1.6 25/-15

Although these data are clearly stated in the datasheet, figures must be adjusted to the
operational point because of the high non-linearity of transconductance characteristics.
Transfer characteristics are presented in Figure 109. Datasheet table values for
transconductance and gate threshold voltage are 34A/V and 2.7V respectively, and
adjusted values (to the point of I,,,,, = 40A) are 24.6A/V and 6.96V.

vV
Vepminzsc = Vinasec + Gappzsclmax = 6.96V + 24.6 2404 = 8.59V (47)

150 | |

Tj=175C datasheet

Tj=25C datasheet

— = = -Tj=25C linear approx
Tj=175C linear approx
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Figure 109 — Transfer characteristics and its linear approximation at different junction
temperatures

The drain-gate capacitance or reverse transfer capacitance (Cy4 Or Cy ) is @ function of
Vds and cannot be used directly as a constant value. Instant value of C,is calculated with
Matlab by 2-step (linear and logarithmic) approximation of datasheet plot. In the first step,
several points are acquired manually from the datasheet plot with the software GetData
Graph Digitizer, so linear approximation fits the required curve in log axis. Then
logarithmic approximation in Matlab is used to transform copied linear approximation of
log curve into normal linear approximation by calculating the following coefficient for
each interval:

Crss i 48
logso(FELEL) (49

m; = .
' l Vds i+1
0910(—Vd5i )

Additional points can be obtained by applying this coefficient to any value of V;, within

the range (V45 ;; Vs i+1) Into the equation:
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Vds,-)mi (49)

Crss j= Crssi (K
si

Both approximations are added to the datasheet’s plot (see Figure 110) so that difference
could be observed.
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Figure 110 — Comparison of logarithmic, linear approximations, and datasheet curve[104].
With a significant number of additional points, it is possible to use look-up tables with
linear approximation to accurately find intermediate points during the numerical

calculation process. Simulink model of V,;, voltage source is presented in Figure 111.

‘ Varnie= Ve | |V nv|
Veh-Vmiller | L
— OR—g » Jllt
1-D Table
Cdg(vd.\ll)

Figure 111 — Simulink model of the voltage source to imitate V;; behavior.

Another approach to determine the instant value of V, is to use a ramp voltage source

with dVdSHS/ dt calculated through total charge of Cy4(V,4,) that is required to discharge

the capacitor from initial V;; — V;pumin to the beginning of the ohmic region Vg pin-[98]

Vas min = ImaxRa on(]/;)s = Vepmin) (50)
Vas max—Vmiller (51)
ng sat — f Cdg (Vas) dV
Vdsmin

Switching time t1 is determined by both charging capabilities of the gate driver circuit

and drain-gate capacitance of MOSFET and calculated by:

£ = ng sat (Vdg max» Vdg sat) _ ng sat(Vdg max» VGDMill) (52)
! Ig ngax - Vmiller
Rgin + Rgex
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Vds

In absence of parasitic elements, d /dt could be presented as a constant value,

therefore V;4(t) has ramp shape starting from 0V and reaching its maximum value Vg max

at time t,. Due to the low value of C,ys at the beginning, the charging process is faster

with the same amount of current, and the dVdS/ dt is higher with the integration approach,

therefore the current pulse through C,.; of low side MOSFET is higher (see Figure 112). In

further simulations this method is used to generate V4 (t).

integration of IgHS
Linear representation
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» 500 —
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Figure 112 — Drain-source voltage generated by 2 different approaches.
Although the parasitic components of drain and source circuits are omitted in this model,

they affect the waveform of both Vs and V. The parasitic inductance of the power lines

(drains, sources of both high and low sides MOSFETS, and traces between them) causes
the voltage overshoot of L, %d. In this case I, includes load current, reverse recovery

current and charge current of output capacitance. The overshoots extend the period of non-

zero dVdS/ dt therefore it increases injected charge and total value of V,, though the rise is

not significant even with noticeable overshoot due to the low value of C, at high voltage.
After the transition of V,;, the inductance starts to resonate together with Cj¢ passing the
oscillation into gate circuit as well.

The output capacitance of MOSFET and the reverse recovery process affect the
MOSFET at forced transient of V,;, by generating a short current pulse with significant
amplitude. That pulse is responsible for oscillation in the drain circuit (as was mentioned
before) and can distort the external gate signal if any common inductivity between the gate
and the source (even in presence of Kelvin connection) exists. Common inductance creates
an additional voltage pulse in the gate circuit, increasing the load for the gate driver and
suppressing circuits.

C) Crosstalk simulation

In case design the simulated model includes 6 MOSFETSs in total, per 3 in each branch.
Parameters of traces are specified in Table 23. MOSFETs are NVBG020N120SC1.

129



Chapter 4

Simulations are performed in Matlab Simulink by numerical solving of differential
equations (44) for each MOSFET of 1% branch. Waveforms of simulated crosstalk-
generated signals are presented in the figure. Two effects related to parasitic inductance
take place there (see Figure 113):
e a small increase in the amplitude of the crosstalk pulse with distance from the
central point;
e higher parasitic inductance of gate driver traces leads to a longer oscillation

process and, therefore, a longer duration of the main pulse.
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Figure 113 — Behaviour of crosstalk maximum for different gates and different trace
inductance (Rge,=5 Ohm, V,=+17V/-5V, I;=40A, T;=25°C).
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Figure 114 — Crosstalk pulse with different gate resistance, drain voltage, and temperature
(default conditions are R;,,=50hm, L,=5nH, V,=+17V/-5V, 1,=40A, T;=25°C).

According to the results (see Figure 114), a spurious partial turn-on is possible with high
voltage (>400V) and high junction temperature. Therefore, suppressing measures to reduce
crosstalk should be applied to avoid excessive power losses and MOSFET thermal
destruction.

The results show that a smaller value of the gate resistor does not help to decrease the
crosstalk but makes the pulse even higher. Although low R, can drain a higher amount
of injected current from the gate, it also increases the rate of V,,at the turn-on/turn-off and,
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in turn, the amplitude of the injected current. The situation could be improved if a second

gate resistor is added to the gate circuit to separately discharge the gate and to prevent the

increase of dVdS/ de &t the turn-on. The drawbacks are higher parasitic inductances of the

dVgas

gate circuit (two lines share the same area of PCB) and higher / de at the turn-off.

Latter results in higher ringing amplitude and might cause a problem with EMI
compatibility on the inverter level[84]. Moreover, fast discharge requires higher current
capability of the gate driver that could be not acceptable in a parallel configuration.

It is worthwhile to notice that there is no method to remove the crosstalk entirely due to
non-zero resistance and inductance inside the MOSFET package. In case of an ideal
connection between the transistor and an ideal gate power supply, a voltage is still
generated between the gate and the source, though the voltage is undetectable for external

measurements, and could be evaluated by the rate of V5 only (see Figure 115).
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Figure 115 — Inner gate voltage during crosstalk with shorted gate circuit (LS gate pin is

shorted with ,, HS gate has 50hm external resistor)

4.3 The gate driver design with crosstalk suppression.

A) Design considerations

The requirements for a new gate driver circuit are following:

e Does not change the output current of the gate driver or change the switching

time.
o Effectively suppresses positive and negative crosstalk.
e Simple circuit due to limited space and a large number of parallel MOSFETSs.

e Does not connect all gates to the same point directly as it might cause the
stability problem.
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The simplest possible solution is to add another transistor that clamps the gate to the
minimum voltage of the gate driver. The schematic of the driver is presented in Figure 116.
The control signal of HS switches is used to control Qen; therefore, a second channel is
required for isolation IC. The transistor Qrn is on during the turn-on of the high-side
MOSFETSs, and the current I;, is shorted through Qen to the minimum value of gate
voltage. Although Qen is switched off before V starts to decrease again, the current I,
generated with C, is shorted by the body diode of Qrn. The transistor Qrn is already off
at the switching of Qn and does not affect its transient time providing freedom to choose
gate resistance independently. Waveforms of voltages and currents are shown in Figure
118. In theory, the voltage V; is lower as Rgn is bypassed during the transient of V5. The
amplitude of the crosstalk pulses mostly depends on the value of parasitic inductance
between Qrn and power supply output. Considering that both gate trace and this additional
“-5V” trace share the same area, it is really challenging to keep total trace inductance for
all MOSFETSs below 15-20nH. Simulation (results in Figure 123) shows that high trace
inductance cancels any advantages of skipping Rgn and increases oscillation of V.

The proposed driver is based on [105] designed for a single transistor structure. The
schematic of the proposed driver is presented in Figure 117. A capacitor Crn is added to
the gate driver circuit, so current I, is shorted through Cen and Qen. During the turn-off
period, Cen is charged to the minimum voltage of the gate driver with respect to source
potential, therefore, V, is clamped at the minimum of gate voltage. In that case, there is no
need for a separate power line as it is for the scheme in Figure 116. The amplitude of
crosstalk pulses depends on the capacitance of Cen and the on-state resistance of Qren.
Waveforms of voltages and currents are shown in Figure 118.

deadtime Vedin Gate driver To other MOSFETs
delay " To High Side A I
- 7 Ds
+17V
1 Qu A
deadtime ‘ i I> ‘ N Ren I Io
delay ' [

—{]vﬁ :E*ﬁ}
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Figure 116 — Structure of a driver with external clamping.
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To other MOSFETs
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Figure 117 — Structure of proposed gate driver.
The fall edge delay could be added in order to shift Qen turn-off and use its low-ohmic
channel in parallel with the diode to suppress negative crosstalk current.
The circuit should be connected as close as possible to the gate input of power
MOSFET. Although its efficiency is not affected by the parasitic inductance of traces
between MOSFET and the gate driver, inductances between Cen, Qrn, Qn limit the

amplitude of the shorted current.
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Figure 118 — Waveforms of voltages and currents during a single cycle.
The equivalent circuit of the proposed driver for one of the parallel MOSFETS is in
Figure 119. The Transistor Qrn could be replaced with its on-state resistance Rr. Transistor

Qn has inner gate resistance R, ;, and inductance L ;, that are connected in series with

shunt circuit and, therefore, they reduce the efficiency of suppression.

L. La Lent Ly Ree Rew  Lin fon G

Figure 119 — Equivalent circuit of gate circuit

For each MOSFET’s gate circuit a system of differential equations could be determined:
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voltage generator for V,s(t) based on the integration of I,

p

N N
Z dlgs; Y Z dlgs;
L, dt 9L, dt

k
Vik = Rgextlgak — Relpie + ) | Lgi
i=1

= j=1 j=1
dl
{ ng = LinF + Rginlgk + ka + Rflfk
Vg, AV
Cdg(Vds)F = ng + Cgs?

ng = Ifk + Ing
ng(O) = ka(O) = —Ve ng(O) = Igzk(o) =0;

—Ve

(53)

The numerical solution of the system is performed by Simulink/Matlab using the same

s. Figure 120 shows a

comparison between proposed and conventional drivers. The new driver reduces the

amplitude of crosstalk significantly and almost eliminates the difference in its amplitude
for all parallel MOSFETSs.
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Figure 120 — Comparison of proposed gate driver (PGD) with conventional driver

The proposed gate driver helps to maintain Vs below the threshold level with a

reasonable level of negative voltage shift, though it cannot eliminate the crosstalk entirely.

Comparing Figure 121 and Figure 114 one could easily notice that I has almost 2V

margin toward the threshold with auxiliary circuit, although Vs exceeds that level in the

previous configuration.
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Figure 121 - Crosstalk pulse with different gate resistance, drain voltage, and temperature.

The resistance Ry and Cy form a buffer (or short path) for I,,, and their values determine

the efficiency of the circuit. A too small capacitor cannot absorb current pulse without a

noticeable increase in voltage, and too high on-state MOSFET’s resistance merely reduces
shunt capabilities (see Figure 122). Although there are no principal disadvantages of high

capacitance or low resistance, high values of capacitance require larger dimensions of the

capacitor and charge current could damage the body diode during initial charging.
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Figure 122 — Maximum gate voltage at crosstalk with different Rf and Cf values
(Rg=50hm, Vds=270V, T=25°C, VE nec=-5V)

In Figure 123, different methods of crosstalk suppression (parameters according to Table

25, transient of drain voltage is recorded and independent from Rg) are compared.

Proposed driver provides short individual path for the injected current pulse, therefore, its

transient is faster and has lower amplitude than central clamp method with better traces

layout (L1).
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Table 25 — Parameters for comparison analysis of suppression methods.

Type External gate Parasitic inductance, nH Note

resistor Rg, Ohm common part gate part
No suppression 5 20 12 Rg inn=1.6 Ohm,
Ideally shorted to Ve 0.1 0 0 Leinv=13 nH,
Clamped to Ve (type 1) 0.1 5 9 Ve= -5V
Clamped to Ve (type 2) 0.1 20 12
Proposed driver 5 20 12

% 600

E :-_400 r
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Time, ns

No suppression
Shorted
Clamped L1
Clamped L2
PGD
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L L . i
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Figure 123 — Crosstalk with different suppression techniques (RgexHs =50hm, Tj=25C)
Additional elements increase the overall power consumption of the gate circuit. That
power losses include recharging of additional MOSFET’s output and reverse capacitances

and recharging of its gate capacitance.

2
P = P.'sw (ngax - ngin) (CDS at + Crss at) + P.'sng atng at (54)
B) Experiment results

To test the proposed method 4 gate driver circuits are modified according to Figure 117
with 2nF capacitor and MOSFET AO3442 (maximum Vds=100V, Rpg(on)=0.50hm). One

gate circuit is not modified to have a control sample. Modified circuits are shown in Figure
124. In order to reduce additional consumption, the supply voltage for the modified is
reduced to +15V, and it is generated from +17V DC-DC converter of the main GD with a

zener diode. The second digital isolator is used to transfer the control signal of the
auxiliary circuit.

PR LR

Figure 124 — Modified gate circuit (additional MOSFETSs with capacitors)

The results are presented in Figure 125 and show a reduction in the amplitude of gate
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voltage during the crosstalk. The difference in gate voltage between modified and
unmodified circuits is about 1V, and it remains the same with Vds in a range from 75V to
275V. Also, the generated gate voltage decreases faster with modified GD and, therefore,
the probable length of the shoot-through event is shorter.
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Figure 125 — Comparison of the maximums of gate voltages during crosstalk and their
waveforms (Rge,=100hm, V,=+17V/-4.5V)
Experimental results demonstrate a good correlation with simulation (see Figure 126).
So the model can be used to predict the behaviour of gate voltage during the crosstalk

event and evaluate required values for components of the suppression circuit.
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Figure 126 — Comparison of experimental results and simulated results (a — PGD, b - CGD).

Additional power consumption due to recharging of MOSFET’s capacitances is
calculated with (53):

P = 4+ (50kHz(17V + 4.5V)2(10pF + 10pF) + 50kHz(15V)2100pF)
=63 mW (55)
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4.4 Chapter summary

The results of the simulations show that the negative effect of crosstalk could become
noticeable (especially for devices with low threshold voltage) due to short switching time,
high Vdc, and high temperature. Spontaneous "turn-on™ of the MOSFET could increase
switching power losses and additional self-heating of MOSFETs. Additional parasitic
inductance between parallel MOSFETS in the range of 10-100 nH has a limited effect on
the amplitude of crosstalk voltage, therefore, all MOSFETS experience almost the same
level of injected current and induced gate voltage regardless of their position in the group.
Lower external gate resistance does not help to reduce injected current from the gate but
increases it due to a faster transition of drain voltage. Moreover, the existence of inner
parasitic elements in the gate circuit of MOSFET prevents the elimination of the crosstalk
voltage pulse. The voltage pulse is generated on the gate even with short-circuit between
the gate pins. Therefore, gate voltage shift to the negative area is required to guarantee
"open" status during the turn-off period.

Modified GD is proposed to reduce the possibility of unintentional "turn-on™ by creating
an individual short path for injected current through an additional capacitor. The proposed
modification of GD offers a reduction of crosstalk voltage amplitude and pulse duration for
both polarities without a significant increase in gate driver power. The circuit also does not
occupy much PCB space and does not require wide traces for operation as the high current
circulates in the vicinity of the gate. The experiment shows the crosstalk reduction is about
1V for the given MOSFET type and the gate structure.

If better protection against the crosstalk is required, level-shifting circuits could be used
at the expense of a noticeable increase of GD power due to additional recharge of the gate
capacitance every cycle. In the case of a parallel MOSFET connection, the total required

power might reach several watts.
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5 Modifications of commercial current sensor to

Increased temperature range.

5.1 Current sensor in IMD design

An important part of the motor control system is an AC current sensor (CS) that provides

feedback information for the current control loop and often acts as a part of an overcurrent

protection scheme. The most popular types of current sensors are listed in TABLE 26.
Table 26 - Characteristics of CS

Maximum
Type of CS Advantages Limitation temperature,
°C
Shunt resistor o High power losses
. . . Connected with high voltage lines
e Simple implementation * g g 275

Bulky package (for high current)
Requires an amplifier;

Integrated shunt

Simple implementation without
the increase in overall size;
Suitable for high current;

Requires an amplifier;
Connected with high voltage;
Available for limited number of
power modules;

Open-loop hall
current sensor
(with busbar)

e Simple implementation and

small size (single chip);

Limited current and temperature;
Requires physical connection with the
busbar;

150 (0-100A)

e Measured current up to 200A; 85 (200A)
o Isolated: e Low output power (voltage output
' with high output resistance);
Open-loop hall | e Simple implementation (single e Limited temperature;
current sensor block); o Bulky package; 125
(core) e Wide range of measured current; |e Low output power (voltage output
e |solated; with high output resistance);
Closed-loop e Simple implementation (single
hall current block); Limited temperature;
ck) * P 85 (200A)
sensor ¢ Wide range of measured current; |e Bulky package;
e Isolated,; ¢ Relatively high power consumption;
e Current output;
Open-loop hall | e Simple implementation and
. . o o Low output power (voltage output
current sensor small size (single chip); o .
. with high output resistance); 150
(coreless) ¢ Wide range of measured current;

Isolated;

Mechanical complexity of layout;

Although classical shunt resistors can operate under extremely high temperatures, they

could be an appropriate choice only at low phase current due to the significant amount of

generated heat in high current systems and bulky packages.

Open-loop CS with an integrated busbar provide a wide range of measured current and
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insulation from the primary circuit, but the maximum temperature is limited by 85 °C for
high current versions. A solid package and dense layout reduce the efficiency of any
external cooling; therefore, they also do not fit the high-temperature integrated system.

Last three options in TABLE 26 draw interest if HT current measurement is required.
Open-loop CS with core became quite popular in traction inverters after introducing a
novel design with three phases integrated into a single case. The low power of the output
signal is vulnerable to EMI if the signal is transferred with long cables, and special
measures (shielding or amplification) might be required. Low power consumption of the
assembling makes it possible to operate up to 125 °C of ambient temperature, which is a
good result for the commercial off-shelf device.

Coreless open-loop CSs could be considered the smallest possible solution as they
occupy an area of a single chip, but they are known for the complexity of usage. Due to the
nature of the measuring method (level of magnetic flux), position, orientation, and external
fields affect the output. The special shape of the busbar (it cannot work with cables) and
shielding is required for accurate measurements. These factors slowed the popularisation of
coreless CS despite the attractive advantages in dimensions and weight. However, further
development of the CS relaxed some restrictions to facilitate engineer’s work, for example,
recently introduced devices with Common-Mode Field Rejection are stated to work
without any shielding. Although precise machinery of a busbar and positioning of the chip
is still necessary to acquire accurate results, it is a positive trend that inspires to wider
utilisation of such devices.

By contrast with all open-loop sensors, close-loop CS have a high power of output signal
and they can work under harsh EMI conditions at some distance from the processing
circuit. The drawback is a high power losses inside the sensor because inner switches work
in linear operation mode with relatively high current. The typical maximum operating
temperature does not exceed 85 °C for the majority of models. At the same time, it is
possible to extend the temperature range by additional cooling, and CS LA-150P was

chosen to investigate appropriate cooling techniques (its characteristics are in Table 27).

Table 27 - Parameters of LA-150P current sensor

Parameter Value
Primary nominal RMS current, A 150
Primary current (measuring range), A +212
Measuring resistance (£15V, £212A), Ohm 0...30
Conversion ratio 2000
Accuracy (Ta=25°C), % 0.5
Ambient operating temperature, °C 85
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Current consumption (£15V), mA ‘ 10+
5.2 Close loop current sensor structure and its thermal
management

The electric scheme of the current sensor is presented in Figure 127. It consists of a hall
sensor HW-322B with its power supply circuit (two 1,6kOhms resistors and diode), a
signal amplifier LM201, a transistor output amplifier, and a secondary coil. Hall sensor's
power supply consumes about 10mA at 30V (0.3W) generating heat on resistors regardless
of the measured current. The operational amplifier converts the output voltage of the hall
sensor into appropriate base signal for the output transistors. Output current I.s goes
through one of the transistors, the secondary coil (L), and the measuring resistor R,,.qs

that is not a part of the sensor but connected in series with the coil L,.

+15V

+15V o

)

Ux Y —

" Out
1k

Trl -

Hall In+

Sensor Tn-
HW-322B

Out-

Out+

Imeas

640hm

Q Q
+15V -15V

I LM

Figure 127 — Schematic of LA-150P LEM sensor.

Tr2

-15V

Considering typical behaviour of phase current (sine waveform and up to 2-3 kHz
frequency or constant DC current), power dissipation (Pcs¢otq;) Of the current sensor
includes total power losses of BJTs (Pg,r), inductor active losses (P.,;;) and power supply

losses (Pyq;1)- They could be calculated as follows:

Pes totar = Pejr + Peoit + Prau (56)
2IACmadec (Rcoil + Rmeas)I/%Cmax _ Lycmax
K - SK2 ylcs = sin (a)t)
PB]T = I 12 I (57)
DC DC DC
Vac % — (Reoit + Rmeas) Kn;ax es = Ir{nax
Peoyt = RcoilIgSrms (58)
Pran = 2Vgcliare (59)
Py
_— AC current
Pgir singte =9 2 (60)
Pg;r, DC current

Power dissipation mainly depends on the RMS amplitude of measured current I,¢ gus
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and, to a lesser extent, on the measuring resistance R,,.,s and current waveform (direct or
altering). AC current losses of the coil and transistors are comparable as the switches share
output current in this case (see Figure 128). By contrast, DC current always flows through
one transistor, and its losses jump almost two times.

Ptotal(ACrms) — — — - Piotal(DC) Pbjt{ACms)
18 |~~~ PbitDC) Pcoil(ACms) Pcoil(DC)
Phit s{ACrms) Phjt s(DC) 18

Plotal(ACrms) — — = - Plotal(DC) Pbjt(ACrms)
—— — -PBj(DC) Peoil(ACrms) Peoil(DC)
Pbjt s(ACrms) Phjt s{DC)

Losses, W
Losses, W

o
o

0 25 50 75 100 125 150 0 25 50 75 100 125 150
Amplitude of measured current, A Amplitude of measured current, A

Figure 128 - Power losses of a current sensor with different measuring resistance (left —
R=30 Ohm, right — R=0 Ohm)

o e

Thermo
couples

80

60

Temperature, C

s T ransistor, RM=37.50hm
= |nductor,Rm=37.50hm
= = Transistor,Rm=00hm
= = +Inductor, Rm=00hm

0 500 1000 1500 2000
Time, s

Figure 130 — Temperature of the transistor and the inductor of CS with 37.5 Ohm and 0
Ohm load (input - 150A DC current).
A simplified thermal model of the current sensor is presented in Figure 129. The rise of

40

20

transistor temperature ATg;r and the rise of inductor temperature AT,,;; could be
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expressed as follow:

{ATB]T = Pgr0;_¢s + (PB]T + Pout + Pyars)®Ororcs
ATcoit = Peoit©coir + (PB]T + Peoy + PHALL)G)TotCs

Different values R, result in different power losses in transistors of the current

(61)

sensor, but inductor and hall sensor losses are the same. Assuming that thermal resistances
do not change with temperature, they could be calculated by using experimental results
(see Figure 130) with the following equations:

Pgjr37s
ATgjr375 — p]— BJT 0
o _ BJTO
TotCs PB]T37.5
(Peoir + Pyars) (1 - p—>
BJTO
) ATgjro — (P BjT0 T Peoit + P, HALL)@TotCS (62)
91—65 =
Pgiro
o ATcoi10 — (PB]TO + Peoip + PHALL)@TotCS
coil Pcoil

Input data for analysis and calculated values are combined in TABLE 28. Given 0,.(T) =
const. correlations between transistor and coil temperatures are shown in Figure 131.
According to the results, the temperature of the hall current sensor exceeds the maximum
acceptable level (110 °C according to the CS datasheet) with both AC and DC measured
current even at the maximum value of the measuring resistor.

Table 28 - Thermal Resistances of the model

Initial parameters Calculated parameters
Parameter Value Parameter Value

ATgir375, °C 60.3 Orotcs) KIW 27
Pgjrazs W 0.59 0;_cs, KIW 44.8
ATg 7 g, °C 72.4 Ocoir, KIW 8
Pgro, W 0.76
AT, 010, °C 41.2
P.oii, W 0.36
Pyarr, W 0.3

ol Ay :

Tind(Rmeas=37 5 AC) - Tind(Rmeas=37.5,0C) ]
g{ 120 [~ = = Tind{Rmeas=0.AC) 140 — — = -Tind(Rmeas=0,DC)

100 -

80

Temperature.
Temperature,”C

20 40 60 80 100
Ambient Temperature,"C

20 40 60

80 100

Ambient Temperature,*C

Figure 131 — Transistor and inductor temperatures for AC and DC measured current at

different load resistance.
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Considerations on capabilities of CS elements to operate with maximum load under high
temperature are discussed in TABLE 29. Two types of components (resistors and an
amplifier) could be replaced with HT versions, but another three parts need to withdraw
generated heat from them to avoid overheating.

Table 29 - Thermal analysis of current sensor’s components

Component Losses, | Max operating | Thermal  resistance Possible solutions to
mW | temperature, °C | the still air, K/W wide operating
temperature range
Hall sensor HW- - 110 Temperature follows Remove heat from the coil
322B inductor’s temperature with a heat sink
Secondary coil <370 - ~100-110 (including Remove heat with a heat
heat exchange through sink
core’s surface)
Operational amplifier <90 105 =100 Use LM101 (Tamb<125
LM201 °C);
Cooling with a heat sink
Resistors in supply 140 Depends on type 170-400 Use high power types;
circuit (typ. 155) Link thermally to cooled
components
BJT BD681/BD682 <0.75 150 61 Add a heatsink

5.3 Improvement of sensor’s cooling system
The availability of the high-temperature close-loop current sensors (Tg,p>105 °C) is

quite limited due to their power losses. Relatively high (if compared with open-loop
sensors) output current and supply voltage cause noticeable power dissipation on transistor
switches and secondary side coil and, in turn, limit maximum ambient temperature. In
order to increase the operating temperature range of the commercial current sensor, two
solutions of different modification levels are proposed. Both methods exploit a
semiconductor thermoelectric cooling module (TEM) to maintain the temperature below

the maximum level.

I

(;)II.S TN (;);\-\IJ

1l

Figure 132 - Thermal model of TEM and its cooling performance.
Thermal model of TEM is presented in Figure 132 (the model is created according to
[106]).Voltage V,, applied to the input of TEM determines the pumping performance of the

module. Relationships between power Pqo.p being pumped from the cold side,
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temperatures of both sides (Tyor, TcoLp), and dissipated power Pyr are described through

a system of equations:

1% ATy,
Pyor = aThorly + 7RM “ o
. M (63)
I AT,
M M
Peorp = aTcorplm — 7RM - _G)
M

\ Thor = Puor®rim + Tams

where «a is the Seebeck coefficient, R, is module active resistance, ©,, is hot-to-cold
sides thermal resistance. TEM effectively drains up to 3-4W of heat from the cold side
with an acceptable level of dissipation on the hot side, but its losses rise fast with the
module’s current and decrease the efficiency of the cooling.

A) Insulation cooling system

The first method uses a copper housing (envelope) to isolate the sensor from high
ambient temperature and create acceptable environmental conditions inside the housing.
The main target is to keep the temperature of the copper case below 85 °C maintaining
maximum acceptable operating temperature. In this case, temperatures of inner devices are
not crucial parameters, as the manufacturer guarantees the operability. The appearance of
the design and thermal model of the whole assembling are presented in Figure 133. TEM is

attached to the surface of the housing by some TIM on the front face in the middle.

Toos .
con —f [ Thin Thnsie
\

—_—
e |

Pk ‘

: L
Rrrv
KhyEas
‘ — Vi
Rrop Rupas

Figure 133 — Section of the proposed envelope design and a thermal model of the
assemblance.
The heat leakage P,z 4x represents the amount of heat absorbed by the copper case from
the environment due to temperature difference (Tayg — Tcasg ). Thermal resistance

Ocs 1 rax between the housing and air is calculated through the area of the housing (Acs),

w
m2K

heat exchange coefficient (h, =5 + 10

for still air and natural convection, and up to
100 for forced airflow):
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1
0 =
CS LEAK hCACS (64)
PLEAK = hCACS(TAMB - TCASE) (65)

Extra thermal resistance (0.45g) 1S added in series to account for heat transfer along the
surface of the envelope towards the TEM. As P; ;4 depends on T¢4sg, Value of Pey.p also
depends on T¢4sg. TO account for this dependency in the model, the equation for P;p

includes ©,gax, Ocaser Orn, and Tyyp:

l)COLD

B (Pcs + Preak w) (@LEAK + GCSSE) + Tamp — Tcorp (66)

0
OLeax +—%5E + Oy

Generally, the primary current conductor has a higher temperature than the ambient due
to self-heating by conductive losses. Therefore, an additional source of heat Py gk w IS
required to account for extra heat transfer through the cable opening of the CS. The
influence of that source is considered a constant power source for given Iyz4s. The actual
value of power is evaluated during the experiment through temperature rise on the cold
side when the CS is off.

Simulation results are presented in Figure 134, and show that this cooling extends the
operating temperature range up to 120°C of Tgugp (and Typp =140 °C) with TEM
consuming about 10W at the peak point. Beyond this point, TEM cannot maintain the
temperature of CS below 85 °C due to high Tyor. At the target coolant temperature of 105
°C, the minimum required V,, is about 2V, and minimum achievable temperature is about
72°C (V,,, = 3.5V).

Thoth™uax) === Teaselw™0
—_—T (1.,=I ) P (=1 ) < 200 — 17 20
GASE'M MAX HOTY MAX = Max Imeas Phot — — —-Pin |
150 n
=
% 150} 15
125 c
e o =
g Tcool 5 =
2 [ e e e 3] L
T 100 - 100 10 2
g o L
§ ~ 2
F 75 “\k__ @ 501 15
S - £
x
T -
50 = 0 == : - 0
0 1 2 3 4 60 80 100 120 140
TEM voltage, V

Coolant temperature,”C

Figure 134 — Theoretical performance of the current sensor with cooling at different
coolant temperature (Typz = Tcoor + 20°C, he = 10 % Orear = 43 %)

Experimental high-temperature testing is performed to evaluate the accuracy of the
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thermal model and the calculation method. A current sensor installed inside a copper
envelope and attached TEM are placed on a bulk aluminium plate (base) to absorb
generated heat without significantly increasing the base temperature (Tgasg). A high-
temperature drying oven heats up the whole structure to 105 °C. Due to the nature of the
oven, the air moves inside its inner volume, so convection is considered forced with high

heat exchange between the sensor’s cooling system and the environment. The average

leakage thermal resistance at the start of testing is about 5.8 % (heat exchange coefficient is

w
m2K

about 75 ). The experiment includes a number of stages to help assess the cooling

performance in different operating conditions. During stages from 1 to 7 the sensor and
current power supply are off, and power drained from the cold side is only leakage heat

due to heat exchange. Module input voltage changes from 0.5V to 2.7V. At the 7"" stage
airflow configuration is different (0. g4k iNcreases from 5.8 % to 4.8 %). The 8" stage is

necessary to account for extra heat that is radiated by the power cable when the measured
current is applied (the half of rated current). The 9" stage includes TEM and current sensor
operation only (measured current is off) to evaluate quiescent current and related power
losses. During the 10" stage normal operation of the sensor is observed (the half of rated
current). EM input voltage has stayed the same since the 7th stage. Temperature probes are
located on the hot side of TEM (Tyor), the bottom of the copper envelope (just next to
TEM’s cold side, Tgasz ) and in the air next to the sensor ( T,z ). Temperature
measurements are presented in Figure 135. Hot side, cold side, and input powers are
obtained by temperature values Tyor, Tcasg and values for module input current I, Vy,.
According to the results, the heat leakage power P, z,x dominates over all other sources

even during the normal operation cycle.

P P ———P

—__.P

COLD HOT COLD C LEAK

———Peopry ———-F

HOT C INC IN

120

101

Power, W

Temperature,”C

BOf %

70

0 ZOIOO 40IOO 6DIDO SOIDO 10(;00 12;)00 14000 0 : — y - ' —
0 2000 4000 6000 8000 10000 12000 14000
Figure 135 — Temperature measurements and power estimations for high temperature

testing.
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Base and ambient temperatures (Tgasg, Tamp), Module input voltage V), and specific
parameters from experimental measurements (6, ., ) are used to calculate case temperature
Tease ¢ through equations of the thermal model. The error between measured values and
the calculated one does not exceed 2-3 °C. Results for hot side and cold side powers
(Pyor ¢» Pcorp ¢) and input power (P;y ) almost match values that are obtained through
measured temperatures Tyor, Tcasg. Therefore, the thermal model could be used to predict
the temperature of a current sensor with envelop cooling, estimate the required input DC
power and dissipation power on the hot side. Temperature characteristics and power
dissipation with the modified thermal resistance and experimentally measured heat transfer
coefficient at different module input voltage are shown in Figure 136. Significantly higher
heat exchange between the copper envelope and the environment in the experiment is
responsible for higher minimal input voltage that is required to maintain sensor’s

temperature.

—_— THDT(I=ImEx) T
TCASE AVG(I=0) T
PHOT(I=Imax)

case aval=1

COoLD
P y(1=0)

Temperature,”C
Power, W

16
Tcs max

1 2 3 4
TEM voltage, V

Figure 136 — Hot side and case temperatures and required input power at different TEM input
° ° w K
V0|tage (TBASE =110 C, TAMB = 105 C, hC =73 m, eLeak = 58%)
The maximum measured current for two different values of the heat exchange coefficient
is calculated and plots are shown in Figure 137. This design requires improved thermal
insulation between the envelope and the environment because at high ambient temperature

significant area of the housing heats up excessively and overloads the TEM.
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Figure 137 — Maximum measured current, required input DC power, and hot side power
at different coolant (base) temperature (0,541 = 0.50;£4k2)

Advantage of the method is the extension of operating conditions without modification
of CS.

B) Cooling system with a heat sink.

The second method implies deeper modification of CS by adapting a heat sink made out
of a copper plate (see Figure 138). The hottest elements are transistors and the coil. Less
important is to cool the operational amplifier as its power consumption is relatively low
and it could be replaced with the high temperature analogue without reduction in accuracy.
Although coil cooling is not an ordinary task, it could be performed with a thermal grease

or a thermal pad. Transistors are also connected to the heat sink through an electrically
isolated TIM.

Figure 138 — Appearance of CS with a heat sink (HtS).
The proposed thermal model of modified CS is presented in Figure 139. Additional
thermal resistances (6,yp us, 9;ys) are placed between HtS, inductor, and transistor to
represent thermal resistance of additional parts of HtS, TIM of inductor cooling, and heat

exchange inside the CS by contrast with envelope cooling where all inner processes are not
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considered. Values of leakage heat exchange primary wire Popaxw IS measured

experimentally and used later in thermal model calculation.

T Taus

TTRANS

TIND

TAIR
./

TCOLD

7|

Figure 139 — Thermal model of CS with a heat sink and locations of temperature probes

during the experiment.

Figure 140 — CS with primary winding installed and CS with a thermal cover inside the
chamber.

Thermal chamber

Figure 141 — Overview of the testing system.

In this design heat leakage P, g4k is distributed between HtS (coldest part), transistors,
PCB, and the coil with a core. For simplicity of calculation and the model, the value is

linked to temperature difference (Tyyg — Thes)-
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(Tamp — Thts)
P = 67
LeaK OLEak ExP (©7)

As P,k depends on Ty, value of Py.p also depends on Ty.s. To account for this
dependency into the model, the equation for Pcy.p includes ©;z4x, Ones, O, and Typyp:

p _ (Pcs + Preak w)Oreak + Tame — TcoLp (68)
coLb Orgak + Opes + Opy

The experiment includes several stages with different operation modes to measure the

impact of different factors (leakage, inner power dissipation, etc.) independently. The
prepared CS and testing system are presented in Figure 140 and Figure 141. All tests are
conducted with DC measured current at the maximum equivalent amplitude of 144 A (CS
output current is 75 mA, measuring resistance is 37.5 Ohms), hence measuring DC is the
most power consuming operation mode of CS. CS and primary circuit are off during the
first and second operation stages (stages have different P,y ), and exchange with the
environment can be evaluated. At the beginning of the 3 stage CS is switched on (P.s =
PipLE)s SO Peorp also includes Py, g this period. Then measured current is turned on for rest
of testing time (maximum current for 4-6 periods and half of that value for 7-8 periods),
and CS is off to measure P,z . The 5 stage is the normal operation of CS with
maximum output current (Pes = Pipre + Pivp max + Prrans max)- The primary current
changes direction for 6™ period (the second transistor dissipates all transistors’ losses), but
Pcorp Stays the same. During the 7" period, CS works in normal operation mode and
measures half of maximum current ( Pes = Piprr + 0.25Pnp max + 0.75Prrans max
Pieakw = 0.25P g w max ). CS is switched off for 8" period, and measured current is a
half of its maximum value.
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Figure 142 — Test results of CS with a heat sink.
Test results are presented in Figure 142. Values indicated with round markers (T;yp ¢,

Trrans o Tecowp ¢» Thor ¢) are values that are obtained with thermal model calculations by
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the base and ambient temperatures (Tg4sg, Tapg), Module input voltage V,,, and specific
parameters from experimental measurements (P zax w, 0.4k ). The tested CS is exposed
to the same air conditions (the same temperature chamber, no cover) as the previous one.

However, the heat exchange with ambient is significantly lower ( Opcak nts =
12.5%against OLear cu = 5.8 %) due to embedded structure of cooling element, smaller

area of cold elements and higher temperature of cooling. Therefore P, g4 is less almost by
40%.

Due to complex thermal interaction between different parts of the sensor, several
modifications must be performed with the thermal model:

Trrans = (Prrans + X1Pipre + Y1PLeak w)Orr bts
+ Peorp Opes+O7m) + Teorp
Tinp = (Pinp + X2Pipre + Y2Preak w + 22PLeak)Oinp Hes
+ Peorp Opes+O7m) + Teown

Peorp = Prrans + Pinp + Pipre + Preak + Preak w (71)

where x; ,, y1 2, Z, — scale coefficients that represent influence of heat exchange inside

(69)

(70)

CS (values are stated in TABLE 30).
Table 30 - Scale coefficients of modified thermal model

Coefficient Value | Thermal resistance Value
X1 0.05 Orr ts S
V1 0.85 Ornp Hts 16
X, 0.7 Oys 1.75
y2 015 GTIM 03
Z, 0.2

Coefficients reflect the physical structure of CS and highly rely on distances from
components to heat sources. Transistors’ cases are very close to the walls of primary
conductor’s pass, therefore a significant amount of heat generated by primary current is
being absorbed by transistors. By contrast, the coil and a sensor’s core have a larger gap
and are less sensitive to that heat source. On the other hand, P,z is generated mostly by
current limiting resistors which are located just under the coil; thus, the correlated
coefficient is higher for the coil temperature.

Considering the base temperature as constant and using other parameters from the
experiment results the temperature-volts characteristic could be obtained with thermal

model simulation (results in Figure 143).
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Figure 143 — Key temperatures of HtS CS and required input power at different TEM
|nput VOItage (TBASE == 1100(:, TAMB = 1050C, eLeak = 125%)
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Figure 144 - Maximum measured current, required input DC power, and hot side power

at different coolant (base) temperature (0,541 = 0.50;£4x2)
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Figure 145 — Long term operation of the sensor with HS modification.
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Comparison between two designs shows that HS cooling is more effective extending
operating temperature region by 10-15°C in high temperature operations (see Figure 144).

In Figure 145 CS operates for almost 2 hours under ambient temperature of 105 °C
without significant change in its output voltage. Total input current of 144A on primary
side is formed by 18 loops with 8A DC current in each loop. At 152 minute TEM is
switched off, and ambient temperature is increased to 115 °C to create stress conditions for
CS. Although coil temperature exceeds rating temperature of coil’s Hall sensor by more

than 10 °C, measurements are correct, and no fail detected.

5.4 Power supply and control for HS cooling system

Both proposed cooling designs require an external power supply to provide the correct
DC voltage V,, for cooling operation. The efficiency of the TEM rapidly drops with
voltage above 3-3.5V due to the non-linear characteristics of active losses inside the
module. Power supply with fixed voltage is a feasible and simple solution, but it does not
provide flexibility regarding operation temperature. TEM can cool down CS to a negative
temperature in case of normal ambient temperature and high V,,. Moreover, power losses
could be excessively high when the system does not need cooling at all. Variable voltage
sources with such a low output voltage and high current are not typical for power
electronics systems, as usually operating voltage starts with fixed 3.3V or 5V and higher.

An embedded automatic system with close-loop temperature control and temperature
sensor can regulate dissipating power when necessary. Developing a high-temperature
DC/DC converter with high output current is challenging and decreasing operating
conditions might greatly reduce design complexity. Therefore, it is worthwhile to consider
if TEM is able to cool both CS and DC/DC converter. Assuming the typical efficiency n of
DC/DC converters at 0.8, the equation for the power of the cold side could be modified as
follows:

(Pcs + Preak w)Oy + Tamp — Teown
Peorp = 0.+ 0 + (1 =n)Vyly (72)
y +0x

where Oy, Oy are specific thermal resistances (according to thermal models). Leakage
losses of DC/DC converter and the possible increase in contact thermal resistance with
TEM are not considered here. Results of simulation for both types of cooling systems are
presented in Figure 146. Simulation is performed with parameters calculated by
experiment, and minimal T4, is 105 °C. Additional power losses on the cold side

significantly reduce operating temperature in case of high heat leakage, and usage of
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envelope cooling system becomes not reasonable without thermal insulation measures.
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Figure 146 - Maximum measured current, required input DC power, and hot side power
at different base temperature (left — envelope cooling, right — HS design)

The block scheme of the proposed temperature controller includes a temperature sensor,
an amplifier, variable resistance, and a controlled buck converter (see Figure 147).

Variable
resistor
NTC vm vam
i D b R Buck - Vm
vref |, controller
R=f(Vamp) Vout=f(R)

Vref=f(Tcold)

Figure 147 — Block scheme of the automatic temperature controller.
Temperature sensor based on NTC sensor generates voltage Vygr according to required
temperature-volts characteristic; its output voltage acts as a reference voltage for an
amplifier that regulates the output voltage of DC/DC converter through variable resistance
circuit. Correlations between temperature, NTC resistance and the reference voltage of
DC/DC controller are shown in Figure 148.

2500 NTC REF

S oo
o o o
o o Q9
& & &

'TIND MAX —

NTC resistance, Ohms
2
o

Reference voltage, V

} N 0
80 100 120
Temperature,”C

[=)]
o

Figure 148 — Resistance curve of NTC resistor and reference voltage at different
temperatures.
The circuit includes a parallel connection of resistor and MOSFET with high Rpson
controlled by the operational amplifier. At the same time, the circuit is a part of DC/DC
converter’s close-loop control circuit, therefore the change in resistance value causes
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altering in output voltage. The concept design of such an automatic temperature controller

and a view of the assembled cooling system are presented in Figure 149.

Figure 149 — Appearance of DC/DC-converter and its position on the current sensor.
A simplified version of the embedded power source for cooling (in case of stable
ambient temperature) can operate with threshold control (not continues) and trigger the
TEM when the temperature is higher than the specified value.
This modification shows that it is possible to extend the temperature range of industrial
close-loop CS with the help of TEM.
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5.5 Chapter summary

The chapter presents methods to increase the operating temperature range of closed loop
current sensor LA-150P using TEM. The inner structure of the sensor is explained with the
most heat-generating parts highlighted. Thermal models with related equation systems are
created for the unmodified sensor and both modifications, including TEM thermal model.
Experimental results fit the theoretical expectations of inner temperature under different
operation conditions. Both methods can enlarge the sensor's temperature range by at least
30°C if proper thermal insulation is applied to prevent heat leakages. At the same time, the
most promising method (with an inner heatsink) requires additional investigation regarding
reliability issues and is more suitable as a concept for further industrial research. TEM also
demands a significant amount of input power to maintain a large temperature difference

that, in most cases, would require an external low-voltage power supply.
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Chapter 6

6 Conclusion
6.1 Main Contributions

This thesis studies the design procedures of the integrated inverters with motors. Special
focus is made on operations under high ambient/coolant temperatures.

In Chapter 2 possible IMD classifications and cooling techniques including thermal
stacks for different packages and coldplate designs are reviewed. Analysis of 38 IMDs and
13 HT inverters at different stages of maturity (theoretical model, prototype or commercial
sample) shows the rapid development of integration technology and increasing interest in
high power IMD (both for normal and high operating temperatures) from industry and
academia. At the same time, it is revealed only limited variety of power semiconductors’s
types and cooling techniques is used in such applications. The power modules dominate all
other devices due to the simplicity of the overall design process at the expense of package
unification and freedom in component selection. Moreover, capabilities of PE with
paralleled discrete components are not well studied in case of IMD application. Detailed
parametric model of such PE, which include several crucial parameters for volumetric and
thermal analysis, is proposed to address this question and described in the next chapters.

The component database including SMT SiC MOSFETS (21 types), THT SiC MOSFETSs
(9 types), and power modules (10 types) is collected for further comparison analysis. Two
operation modes, i.e. given output power with determined Vpc and maximum output
power with optional Vpc, are used for better demonstration. In low-power applications (up
to 50kW), both SMT and THT discrete devices show the same performance as power
modules have. However, THT devices and power modules only would be the preferable
choice for high power applications. For HT applications, restrictions on the case
temperature of power modules noticeably limit maximum coolant temperature and
maximum output power, and discrete elements do not have such restrictions. As expected,
the most recent types show significant improvement in thermal performance and output
power by comparison with old ones within the same package and dimensions. That shows
that inverter performance could be improved merely by replacement of older devices with
the new ones without modifications of layout, PCB structure etc.

Differences in MOSFET characteristics could significantly affect the thermal conditions
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of devices if left unaddressed or without proper attention. Two major factors of output
power derating, i.e., the unequal threshold voltage and different on-state channel
resistance, are evaluated, and the required value of the derating is shown. The positive
temperature coefficient of channel resistance that acts as a compensatory mechanism helps
prevent thermal runaway of the overheated MOSFET, but it has limited effect to equalize
junction temperatures of parallel devices. Component selection is the most effective way to
eliminate the difference in characteristics and reach the highest figures in output power
without serious increase in the number of components and circuit complexity.

The thermal model complemented by the dataset of 30kW PMSM and the cold plate
model is used to calculate the power densities of the complete IMD with various types of
SMT MOSFETSs. The square shape of inverter shows a higher density of MOSFET layout
than the round one; therefore, it is the preferable choice if the system structure does not
apply other restrictions (e.g., shaft extension, encoder presence, etc.). For given power
level, machines’ characteristics, and IMD structure the maximum achievable values of
gravimetric and volumetric power densities are 6 kW/kg and 16 kW/L. PE mainly
contributes to the volume of IMD occupying 50-75% of total space, and MOSFET
characteristics significantly affect the performance and dimensions of the inverter.

Volumetric characteristics of DC-link capacitor bank for HT application are evaluated in
the thesis as it usually occupies a significant amount of IMD’s inner space. According to
the results, the highest density is achieved with modern PLZT capacitors, although a great
quantity of capacitors is required to achieve required capacitance. The price factor might
be significant in real applications and prevent the usage of these capacitors in large
numbers. Evaluation of PCB quantity for each type of capacitor shows that for typical low
and middle power applications, a single square PCB of about 200cm? can accommodate
the necessary number of capacitors if Fg,, > 50kHz. Low switching frequency or high

phase current lead to a substantial increase in minimum DC-link capacitance.

Crosstalk issue caused by fast MOSFET switching process is discussed in Chapter
4 with a focus on operations of paralleled MOSFETS. The results of the simulations could

be summarized as follows:

e with small switching time, high Vdc, and high temperature, the negative effect of
crosstalk could become noticeable (especially for devices with low threshold
voltage Vy), leading to an increase in switching power losses and additional

self-heating of MOSFETS.
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e Additional parasitic inductance has a limited effect on the amplitude of crosstalk
voltage in the range of 10-100 nH, therefore, all paralleled MOSFETS experience
almost the same level of injected current and induced gate voltage regardless of
their position in the group.

e Lower external gate resistance does not help to “remove” injected current from
the gate but increases it due to a faster transition of drain voltage.

e Crosstalk voltage cannot be eliminated entirely due to the existence of inner
parasitic elements in the gate circuit of MOSFET. The parasitic voltage is
generated on the gate even with short-circuit between the gate pins. Therefore,
the shift of gate voltage to the negative area is required to guarantee “open”

status during the turn-off period.

The proposed modification of GD offers a reduction of crosstalk voltage for both
polarities without a significant increase in gate driver power. The circuit also does not
occupy much PCB space and does not require wide traces for operation as the high current
circulates in the vicinity of the gate. For the given MOSFET and gate structure the

crosstalk reduction is about 1V.

Chapter 5 presents the study on methods to increase the operating temperature range of
closed loop current sensor LA-150P using TEM. Both methods can enlarge the sensor's
temperature range by at least 30°C if proper thermal insulation is applied to prevent heat
leakages. At the same time, the most promising method (with inner heatsink) requires
additional investigation regarding reliability issues and is more suitable as a concept for
further industrial research. TEM also demands a significant amount of input power to
maintain a large temperature difference that, in most cases, would require an external low

voltage power supply.

6.2 Future research

Future studies that extend and supplement the research of this thesis include the

following topics:

1. Usage of discrete MOSFET in IMD implementation with deep integration of PE and
EM (inner location of PE or even its direct attachment to the stator core) might be
beneficial for power density due to the small package height. Design of such IMD

can push further the limits for output power and density of IMD with inner PE.
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2. Design of high power full SiC IMD with very high switching frequency and
focusing on minimization of DC-link capacitor and filters to increase power density
and reduce overall dimensions. Low switching losses for some SiC MOSFETS let
them operate at high switching frequency without significantly reducing inverter
efficiency.

3. Reduction of space between parallel power switches or stacked layout can increase
space utilization. However, too tight layout causes mutual heating. Double-sided
cooling can increase heat transfer area and be suitable for the stacked structure.
Today only custom design power modules use this technology, but they are
unavailable for most customers. Inverter design using half-bridge or 3-phase power
devices with parallel discrete MOSFETs might be an interesting solution.
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Appendix A

Lists of IMD and HT power electronics

Table A1- IMD at simulation stage of development (“concept”)

IMD type PE Power, | Material | Power switch Application | Year | Ref.
location kW

ISMD(PE) ERS 50 2008 | [107]
IMD ETS 24 2008 | [108]
IMD EAEp 160 Si custom HB module | EV 2010 | [52]
IMMD EAEp 0,8 MOSFET 2013 | [22]
ISMD(PE) EAEp 290 SiC custom HB module | EV 2014 | [53]
ISMD(PE) EAEp 80 SiC custom module 2018 | [42]
IMD EAEp 110 2020 | [81]

Table A2 -IMD with reported prototypes and test results (“prototypes”)

IMD type PE Power, | Material | Power switch Application kW/kg | KW/L | Year | Ref.
location kw
ISMD(PE) IAEp 30 Si Custom module 2005 | [25]
IMD ERS 100 Si custom HB module EV 2006 | [26]
ISMD(PE) EAEp 67 2012 | [109]
IMD EAEp 55 Si custom module 15,6 17,8 | 2013 | [49]
IMD EAEp 105 2014 | [50]
IMMD EAEp 18 Si TO-247 IGBT 2014 | [24]
EV (Motor [110]
IMD EAEp 55 Si commercial module Brain) 0,7* 2014
IMD EAEp 2 GaN EPC2018 2015 | [43]
ISMD(PE) EAEp 35 Si IPBO65N15N3G 2017 | [47]
ISMD(EM) | EAEp 38 SiC C2M0040120D 2018 | [48]
IMD ETS 157 GaN custom module EV (ModulED) 2019 | [111]
ISMD(PE) EAEp 40 SiC custom HB module in-wheel 1,1%* 2020 | [10]
IMMD EAEp 20 Si 2020 | [23]
ISMD(PE) ERS 200 SiC Aero (H3X) 13,3* | 26* 2020 | [34]
IMD ICEp 1 GaN MOSFET UAF 2021 | [40]
IMMD ERS 17 GaN GS66508B 2021 | [46]
* - includes an inverter and a motor; ** - includes a motor, an inverter and a gear.
Table A3 - Commercially available (OEM or as a part of a system) IMD

It;/lplg Ioczlt_:ion P?(v\y\?r, Material Power switch Application kWikg | KW/L | Year | Ref.
IMD ETS 80 Si custom 3ph module | Nissan Leaf 5,22 6,1 2012 | [14]
IMD EAEp 310 Si TO-247 Tesla Model S 2015 | - =20 2012 | [51]
IMD ETS 180 Si custom HB module | Chev VOLT 2gen 17,3 21,7 2015 | [55]
IMD ETS 215 Si Cadillac CT6 16,5 23 2016 | [57]
IMD ETS 125 Si FSB00R0O7A2E3 BMW i3 6,6 - 2016 | [54]
IMD ETS 160 Si custom HB module | Toyota 4th gen 134 23,7 | 2016 | [56]
IMD ETEp 210 SiC custom MOSFET Tesla Model 3 43,6 2017 | [51]
IMD | EAEp 32 Si MOSFET EV (IPM278LV) | 2,6* 2018 | [29]
IMD ETS 160 BorgWarner iDM - - 2019 | [31]
IMD ETS 160 Si custom HB module | Audi E-tron $2019 | 19,6 2 2019 | [58]
IMD ETS 150 EV(Ni150Ex) 1,7%* 2019 | [30]
IMD | EAEp 400 SiC EV (CTU400) 4.4** | 9.5 | 2020 | [28]
IMD | ETS 100 EV(Ni100Ex) 1,8%* 2020 | [30]
IMD ETS 70 EV(Ni70Ex) 1,4%* 2021 | [30]
IMD ETS 200 EV(Ni200Ex) 2,1** 2023 | [30]

* - includes an inverter and a motor; ** - includes a motor, an inverter and a gear.

170



Table A4 — Examples of HT power electronics

Temperature, °C

Application | Material Power switch Ambient/ | Junction | Cooling type Details Year | Ref
Coolant tested

Inverter SiC | CAS325M12HM2 |  -/100 140 '“d'r]?i%t' PIN owosokw | 2022 | [72]
EV SiC CAS325M12HM?2 -/115 - Indirect 200kW 2019 | [73]
EV SiC -/105 Indirect 175kW 2019 | [74]
Inverter SiC CAS300M12BM2 - 186 Heatsink, air 100kwW 2019 | [75]
Inverter SiC | CAS325M12HM2 | 105/65 - '“d”feifnt' pin 100kW 2018 | [76]
Inverter SiC CAS300M12BM2 | 180/50 90 Indirect 31kVA 2018 | [77]
Inverter SiC CAS325M12HM2 | 140/105 - Indirect 30kwW 2018 | [78]
DC-DC SiC Custom MOSFET - 320 - - 2014 | [112]
Inverter SiC TO-247 120/- 175 Heatsink, air 10kW 2014 | [19]

. Custom 3ph 1200V,60A
Inverter SiC module - 200 - MOSFETs 2014 | [113]
AC-DC SiC Custom module 150/127 227 Heatsink, air 2013 | [70]
AC-AC SiC Custom module 25/130 222 Heatsink, air 10kW 2013 | [71]
IMD Si 'GBTGE'OBVBOA 105 | 120 Indirect 55kW | 2013 | [49]

. Direct,

EV Si SKAI 4001GD06 -/100 125 spray (2 ph) 250kwW 2007 | [68]
IMD Si Custom module -/115 Direct 100kw 2006 | [26]
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List of Acronyms

BJT - Bipolar Junction Transistor

CM — common mode’

DC — direct current

EM — electrical machine

EMI — electro-magnetic interference

ESR — equivalent serial resistance

EV — electric vehicle

EDU - electric drive unit

GaN - Gallium nitride

GD — gate driver

GHG - Greenhouse gas

GPM — gallon per minute

HB — half-bridge

HEV - hybrid electric vehicle

HS/LS — high side/low side

HT — high temperature

HTC — heat transfer coefficient

HV — high voltage

HVAC - heating, ventilation, and air conditioning
ICE - Internal combustion engine

ICEV - Internal combustion engine vehicle
IGBT - insulated-gate bipolar transistor

IMD - integrated motor drive

IMMD - Integrated modular motor drive
ISMD - Integrated semi-modular motor drive
MOSFET - Metal Oxide Silicon Field Effect Transistor
NTC — negative temperature coefficient
OEM - original equipment manufacturer
PCB — printed circuit board

PE — power electronics

PMSM - Permanent Magnet Synchronous Motor
PTC — positive temperature coefficient

SiC - silicon carbide

TIM — thermal interface material

UAYV - unmanned aerial vehicle

VBBSC - Voltage back-to-back source converter
WBG — wide band gap

SMT - surface mount technology

SMD - surface mount device

IMS — insulated metal substrate

DBC - Direct Copper Bonding

THT - through-hole technology
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DSC - double side cooling

FEA — finite-element analysis
VSI - Voltage Source Inverter
THD - Total Harmonic Distortion
CSI - Current source inverters
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List of Symbols

Avg pp — DC-link voltage ripples

AVry — deviation of MOSFET threshold voltage

Acs —area of CS housing

Ags — area of component’s thermal pad

Agyt — total area occupied by SMT power switches
Aty — total area occupied by THT power switches
Cpc — Capacitance of inverter’s DC-link capacitor
Cgp — gate-drain MOSFET capacitance

Ciss — input capacitance of a MOSFET

Crss O Cgq — reverse transfer capacitance

Esw Tt ratep — total switching loss energy at rated conditions
Fsw — switching frequency

hcp — heat transfer coefficient of a cold plate

h;_. — junction-coolant transfer coefficient

HumosreTs — height of a power board

Hpg; — height of supplementary PE part

Ic rms — RMS current of DC-link capacitor

Ics — current of secondary coil

Ip max rMs - Maximum RMS drain current of a device

Ip raTeD - RMS drain current of a device at rated conditions
I4c max — Maximum continuous current of a device

I4g — drain-gate current

I4s rMs ¢ — RMS drain current of MOSFET group

I4s rMs — RMS drain current of a single device

I45 — drain current of a single device

I miner — gate current at Miller’s plateau

Igx — gate current of k-MOSFET in the group

IgTotal — Oate current of a MOSFET group

Igtotaimax — Maximum output current of a gate driver

liqie — current of sensor’s power supply

Iy — TEM input current

Ipr max - Maximum of phase current

K —drain current scaling coefficient

KRr, — junction temperature scaling coefficient of active channel resistance

Kgg — gate resistance scaling coefficient

KR —drain current scaling coefficient of active channel resistance
Kj — junction temperature scaling coefficient

Kvq4c — DC-link voltage scaling coefficient

Lactive — length of EM stator

Lgw — length of EM front endwinding
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Lpcg — length of the PCB with power switches (square shape)
Lsgw - length of EM back endwinding

Nppg — humber of MOSFETS per a group

ODg — outer diameter of the stator

Pg;r - power losses of BJTs

Pc - MOSFET’s conduction power losses

P..i1 - inductor active losses

PcoLp - power being pumped from the cold side

Pcs total — tOtal power losses of current sensor

Pyan - power losses of Hall supply

Pyot — power dissipated through the hot side of TEM

PLeak w — heat transferring from primary conductor to the case of CS
PLeak — heat transferring from environmental to the case of CS
P osses — total losses of an inverter

Pumosrer -MOSFET’s total power losses

Pout — output power of an inverter

Psyw - MOSFET’s switching power losses

Qg — total gate charge

Qgq —drain-gate charge

Roi1 — resistance of the sensor’s secondary side coil

Rps on — active resistance of turned-on MOSFET’s channel
Rps ongzs - active resistance of turned-on MOSFET’s channel at Ty =25°C
Rg ext —€Xternal gate resistance

Rg inner — INNer gate resistance

Rneas — Measuring resistance

Rngs on rju - NOrmalized value of drain-source channel resistance
Rpcp —radius of the PCB with power switches (round shape)
Rrem — TEM active resistance

Spce area — heat transferring area of a PCB

Tamp — ambient temperature

Tgasg — temperature of the aluminium base

Teask ¢ — temperature of CS case (calculated)

Tcasg — temperature of CS case

TcoLp — temperature of the TEM’s cold side

TcoLp — temperature of the TEM’s cold side

TcooLanT — Coolant temperature

ThoT ¢ — temperature of the TEM’s hot side (calculated)

Thot — temperature of the TEM’s hot side

Thes — CS heat sink temperature

T; max — Mmaximum value of junction temperature for a device
T; — junction temperature

Tiur —second temperature point for Rpg on temperature approximation
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Tj. — maximum junction temperature where Rngs o, 1 is equal to 1
trse - rise time of drain-source voltage

Tsw exp — €xpected duration of drain-source voltage’s transition
Tsw — duration of drain-source voltage’s transition

Vb max - maximum drain-source DC voltage of a switch
Vpcrateq — drain-source DC voltage at rated conditions
Vepmax — Maximum gate driver voltage

Vepmin — voltage of Miller’s plateau

Vepmin — Minimum gate driver voltage

Vgk — gate—source voltage of k-MOSFET in the group

Vu — TEM input voltage

Vpy — phase voltage

Vg — MOSFET threshold voltage

Winodule — Weight of power switches (power modules)
Whp g — width of the PCB with power switches (square shape)
Wsmt — Weight of power board (SMT MOSFETS)

Ocasg - thermal resistance of CS case

O¢_ps — Case-heat sink thermal resistance

O:1np us — thermal resistance between the secondary coil and the heat sink
0y »s - thermal resistance between the BJT and the heat sink
Oy_amb — junction-ambient thermal resistance

0y_c — junction-case thermal resistance

0y - hot-to-cold sides thermal resistance

Opre pad — Prepreg thermal resistance (area under the thermal pad)
O — thermal resistance of TIM

wg —angular fundamental frequency

TcoLppraTe — thickness of a IMD cold plate

Trp - thickness of EM front plate

TwaLL — thickness of PE and EM housings

Vem — vVolume of a IMD machine

Vinv — Volume of an IMD inverter

FOM - figure of merit

M — modulation index [0;1]

@ — phase angle
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