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Abstract

Power electronics technology has rapidly developed during the past decades. Power
electronics systems aim to achieve high efficiency as power conversion interfaces while
fulfilling the performance and reliability requirements. The key to achieving these objectives
iIs power semiconductors, which dictate the power electronics system's efficiency, power
density, and reliability. In recent years, traditional Silicon (Si) devices are reaching their
material limits. Meanwhile, new Wide-Bandgap (WBG) devices such as Silicon Carbide (SiC)
and Gallium Nitride (GaN) devices have been commercialized, featuring high breakdown
voltage, fast switching speed, and high thermal capability. On the other hand, semiconductor
devices are typically exposed to repetitive heat pulses and are often the most critical
components affecting system reliability. Consequently, a comprehensive modelling method for
modern power semiconductors that can describe various devices’ switching behaviors is highly

desirable by power electronics engineers and manufacturers.

This research focuses on developing a simulation-based modelling methodology for
modern power semiconductors to evaluate the power electronics system’s efficiency. A multi-
level simulation strategy has been proposed and implemented in PSCAD/EMTDC. A
generalized transient semiconductor model has been developed, which can reproduce the
device’s switching behaviors. Subsequently, the power losses are obtained to form a multi-

dimensional power loss look-up table under a wide range of operating conditions.

A dynamic thermal model for temperature estimation, and a typical electrical network
using simple switch models for semiconductor devices have been implemented. The junction
temperature is updated every switching cycle by the power loss with a thermal model and
influence back to the electrical simulation. In this way, a closed-loop electro-thermal
simulation is formed to evaluate both electrical and thermal performances in a single simulator
with a range of acceptable accuracy. A double pulse test platform has been designed and built
for device characterizations and power loss verifications. Moreover, a single-phase grid-tied
buck-boost type inverter application has been selected as a case study and built to study the
proposed method. The measured results indicate that the proposed approach is highly
promising for power electronics engineers to evaluate and optimize a system during the early

design stage.
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1.1 Background

Chapter 1 Introduction

1.1. Background

Electrical energy is the main medium for storing, transmitting, and utilizing energy in
modern society. Power Electronics (PE) system allows efficient electrical energy processing
and plays a crucial role in its generation-storage-distribution cycle [1]. It also facilitates
evolutions of the way of using energy in our daily life, e.g., from light bulbs to Light-Emitting
Diode (LED) lighting, from centralized power generation to decentralized renewable energy
power supplies, from gasoline cars to electric vehicles (EVs). The most considerable portion
of the power losses in a PE system is dissipated in power semiconductor devices, limiting the
switching frequency, system efficiency, power density, and reliability. Currently, commercial
power semiconductors are dominated by mature Silicon (Si) technology. Si-based devices have
gone through many generations of development from thyristor to metal oxide semiconductor
field-effect transistor (MOSFET) and Insulated-Gate Bipolar Transistor (IGBT) in the past few
decades. However, Si-based devices exhibit unavoidable physical limitations regarding
blocking voltage capability, operating temperature, and switching frequency, hindering the

overall performance of a PE system [2].

Recently, Wide-Bandgap (WBG) materials-based devices such as Silicon Carbide (SiC)
and Gallium Nitride (GaN) devices have been emerged and commercialized with superior
material properties in Figure 1-1(a) [3]. SiC and GaN materials have improved properties than
Si material regarding the energy gap, electric field, thermal conductivity, electron mobility,
and saturated electron velocity. Concretely, a higher electric field leads to a higher breakdown
voltage, while a wider bandgap and higher thermal conductivity enable WBG devices to
operate at high temperatures. Furthermore, excellent electron mobility and high electric field
result in low specific on-state resistance and low conduction loss. High saturated electron
velocity with small junction capacitances leads to the fast switching speed of WBG devices.
In summary, WBG devices offer fast switching speed, high operating temperature, and high-
voltage capabilities. These superior properties allow a WBG devices-based PE system to

operate at a high switching frequency, achieving high efficiency and power density.
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Figure 1-1 Power semiconductor (a) material properties and (b) application areas [4].

Figure 1-1 (b) provides an overview of today’s application areas of power semiconductor
technologies, including thyristors, Bipolar Junction Transistors (BJTs), IGBTs, MOSFETSs,
and GaN High-Electron-Mobility Transistors (HEMTS) concerning power rating and switching
frequency [4]. In general, unipolar power devices, such as MOSFETs and GaN HEMTSs, can
operate at high switching frequencies because the switching transients are mainly related to
junction capacitances. While it highly depends on the build-up and removal of the stored excess
carriers for bipolar power devices, such as BJTs, thyristors, and IGBTs. Also, higher voltage
requires more stored carriers. As a result, most bipolar devices have slower switching speeds
and typically operate at lower switching frequencies though they can handle high power.
Concretely, several orders of magnitude increase in switching frequency are demonstrated for
WBG based devices comparing with Si devices. Although GaN material theoretically offers
better high-frequency (HF) and high-voltage performances, the lack of good-quality bulk
substrates needed for vertical devices and the lower thermal conductivity lend SiC material a
better position for high-voltage devices. In summary, Si IGBTs are typically popular in the
medium frequency range with power ratings from few kilowatts (kW) up to several megawatts
(MW). Meanwhile, SIC MOSFET and GaN HEMT target HF high-power (600V, kW or
above) and HF low-power (600V, kW or below) applications.

These new WBG devices are bringing a significant breakthrough in PE systems. However,
lots of further developments are still required to utilize the merits of the materials thoroughly.
A considerable research effort on device characterization and electro-thermal modelling is
highly needed for device selection, PE system evaluation, and system optimization.
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1.2. Statement of the Problem

It is a fact that there is a trend in PE system research towards high efficiency and high
power density. This trend is driven by cost considerations, environmental concerns, and
performance requirements. One straightforward efficiency evaluation approach is
measurements in an actual hardware setup based on the power difference between input and
output. An advanced power analyzer is typically used for power measurements in a complex
PE system. It is purpose-built to guarantee measurement accuracy for industrial standards and
has been used for decades in electrical product testing applications. However, apart from the
high cost of the measuring instrument, it is inconvenient and time-consuming for PE engineers
to evaluate the efficiency in the final stage of hardware implementation and make
modifications to improve its performance. Also, only the overall efficiency or total power
losses can usually be obtained by the measurements. Most of the time, each component’s
detailed power loss breakdown is not attainable, which is more informative and helpful for PE

system improvements.

The importance of computer simulation in designing and analyzing a PE system has been
well recognized. It is convenient and widely used, primarily at the preliminary design stage, to
overcome the limitations of measurements. Since power semiconductor devices are the critical
components and determinant factors for an efficient PE system, a great effort on simulation-
based methods has been made. Often, a PE system contains numerous switching devices with
a complex control strategy. Thus, a good understanding of the device's characteristics is
necessary. Various concerns need to be taken into account by PE engineers and manufacturers

in PE system simulation, which are categorized as follows:

e Switching transients behaviors of power semiconductor devices

The switching transients typically involve not only active switches (e.g., IGBT and
MOSFET) and passive switches (e.g., freewheeling diode) but also other parasitic elements of
the devices and the Printed Circuit Board (PCB). These transients commonly occur within
hundred nanoseconds (ns). Still, they can engender stressful transient behaviors such as over
current/voltage leading to the destruction of the device with the surrounding elements. Hence,
it is critical and challenging to reproduce such informative but short behaviors, which are
highly related to various devices’ static and dynamic characteristics. Consequently, an accurate

3
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semiconductor model considering different effects is highly desirable to understand the device

behaviors and further optimize the design of the PE system for a proper operation.

e Properties of WBG devices

Generally, WBG materials have a higher energy gap, breakdown electric field, thermal
conductivity, melting point, and electron velocity, allowing WBG semiconductors to operate
at much higher voltage, switching frequency, and temperature than Si-based devices. As a
result, the impacts of parasitic elements on the switching behaviors of WBG devices become
more significant. They need to be considered due to the high dv/dt and di/dt during the
switching transients. Apart from the dynamic behaviors of Si-based devices such as tail current
for IGBT, reverse recovery current for PIN diode, there is also particular concern about the
properties of WBG devices themselves. For instance, the junction capacitances of a SiC
MOSFET are smaller than a Si IGBT, resulting in cross-talk issues [5], and are more influenced
by the parasitic inductances due to the faster switching speed. Besides, there is no physical
body diode in a GaN HEMT, but it still can operate in the third quadrant because of the Two-
Dimensional Electron Gas (2DEG) and the symmetric structure. Manufacturers often provide
a datasheet of the device with limited information, which is insufficient to fully understand and
utilize devices’ superior properties in various regions. Therefore, proper characterization and
modelling of the device is an effective way for PE engineers to learn about these emerging

devices and improve system performance.

e Power loss analysis and thermal impacts

With the switching frequency and power rating increments, many total power losses are
generated by switching devices. Thus, semiconductor switching loss estimation is a basis for
system efficiency improvement, and it is critical to ensure the safe operation of machines. As
the power cycles are applied to the switching devices periodically, a fluctuation of junction
temperature (Tj) results accordingly. This thermal transient can quickly affect the safe
operation area by worsening the electrical performance. Also, it reduces the device lifetime on
a long time scale by augmenting the soldering fatigue among the bond-wire, chip, and base
plates. It is reported that power devices account for 34% of failures in a PE system. Over half
of the failures result from thermal stress, including device degradation, thermal runaway

failure, and thermo-mechanical failure [6]. As a result, the performance and reliability of the
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PE system are significantly affected. Hence, an accurate estimation of power losses and a good
knowledge of thermal impacts on device behaviors are crucial to determine the device’s
survival and lifetime. Also, it is a critical factor in improving the safety, reliability, and

performance of the PE system.

e Electro-thermal integration

As the power devices and PE systems are trending towards compact size with high power
density, the heat dissipation, in turn, becomes more difficult, and new challenges are imposed
on thermal management [7]. It is necessary to determine the switching devices’ thermal profiles
to ensure they operate within a safe operating area. The self-heating effect and thermal impacts
on devices’ electrical characteristics need to be considered. Therefore, it is critical to bring
electrical and thermal analysis together, forming an electrical and thermal simulation
integration, namely electro-thermal model (or co-simulation). Electrical and thermal
simulations are typically under microseconds (us) and milliseconds (ms) time scales. Thus it
is challenging to synthesize and synchronize all the information generated from both
simulations. Different specific platforms or simulators are typically used for electrical and
thermal simulation, resulting in convergence issues and inconveniences for PE designers.
Consequently, an integrated electro-thermal model is highly desirable, considering both

features with fast simulation speed and acceptable accuracy.

1.3. Motivation

Generally, efficiency, power density, and reliability are critical factors in PE applications.
High power losses typically result in low efficiency in a PE system. Also, these losses lead to
a sizeable cooling system and increased thermal stress on devices, which hinders the power
density and reliability of a PE system. Therefore, a simulation-based approach for efficiency
evaluation in a PE system urgently needs PE engineers at the design stage, avoiding hardware

implementation and laborious measurements.

Furthermore, power semiconductor devices play significant roles in the efficient PE
system. The power losses of semiconductor devices typically are the main contributors to the
total system losses. Generally, the device manufacturers only provide the essential information
in the datasheet, and the measured loss data is also limited under specific testing conditions.

Hence, it is a general reference, but a noticeable loss deviation can result in a particular
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complex PE application. Consequently, it is necessary to have an accurate power loss model
for various semiconductors considering various aspects, such as the impacts of parasitics,
diode, and temperature. A great prior effort on the semiconductor loss models has been made
from different perspectives using different methods. This thesis aims to develop a
comprehensive approach with a balanced trade-off among accuracy, simulation speed, and
complexity by combining the best state-of-the-art methods with newly-developed techniques.

It is significantly promising for PE system design and optimization.
1.4. Thesis Objectives and Contributions
e Objectives

This thesis’s ultimate goal is to develop a simulation-based modern power semiconductor
modelling approach to evaluate a PE system’s efficiency. PE engineers can use this approach
to predict the power loss profile and optimize the PE system by selecting suitable devices,
designing appropriate control strategies, and operating in the optimal region. Specific

objectives followed in this research are listed as follows,

(1) Prior-arts review

Review the basic structures and characteristics of different semiconductors, including
diodes, MOSFETSs, IGBTSs, and GaN HEMTSs devices.

Review the existing semiconductor models, including physical models and behavioral

models, for various semiconductors to reproduce devices’ static and dynamic behaviors.

Review the power loss estimation technology, including measurement-based methods,
empirical models, integration models, and analytical models, to understand the advantages and
disadvantages of different ways.

Review the electro-thermal modelling techniques, including the thermal dependent
properties, thermal network, and existing approaches to understand various devices’ electrical

and thermal performances.
(2) Behavioral transient models development
Develop datasheet-based transient models to represent the static and dynamic

characteristics for different semiconductor devices and simulate detailed switching waveforms

under different operating conditions.
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(3) Power loss analysis

Conduct the power loss analyses analytically for various devices, including conduction
loss, switching losses, reverse recovery diode loss, and other parasitic-related loss under

different voltage, current, and temperature conditions.

(4) Electro-thermal integration

Study thermal impacts on various devices’ switching behaviors and combine the thermal
network and electrical network to form an electro-thermal simulation for power losses and

junction temperature estimations in a PE system.

(5) PE system evaluation and optimization

Apply the electro-thermal simulation method to a complex PE application as a case study
to evaluate the system efficiency and optimize the PE system by selecting an appropriate device

combination with the lowest total power losses.

e Contributions

This thesis proposes a multi-level electro-thermal simulation approach to estimate the
power losses and evaluate the efficiency of a PE system using modern semiconductors. In the
device-level simulation, the transient switching waveforms are reproduced by the behavioral
device model in a Double Pulse Test (DPT) circuit, considering the impacts of parasitics, diode,
and temperature. A multi-dimensional power loss Look-Up Table (LUT) is further generated
under a wide range of voltage, current, and temperature based on the switching waveforms.
Moreover, in the system-level simulation, an electrical network and a thermal network are
implemented with simple switch models for semiconductor devices. As a result, the
instantaneous power losses are obtained by LUT based on the operating conditions, and
subsequently, the system efficiency is determined. In this way, the accuracy is guaranteed by
the device simulation with nanoseconds time-step; meanwhile, the simulation speed is still

maintained in system simulation with microseconds or larger time-step.

This approach is developed based on prior research works and applies to various
semiconductor devices. It also provides a comprehensive insight into the electro-thermal

modelling area and helps PE engineers design and optimize PE systems.
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1.5. Thesis Outline

This thesis’s content comprises material published in IEEE conferences and journals to
form most of the chapters. In total, this thesis contains seven chapters structured in the

following ways.

Chapter 1 introduced modern semiconductor devices in PE systems and their device
features and the application area. Further, the device modelling area’s problems were
addressed, and the motivations behind this work were also identified. Besides, the objectives

and contributions of this thesis were provided.

Chapter 2 reviews the semiconductor modelling-related techniques in the past decades.
The basic operating principles and characteristics of different semiconductor devices are
introduced briefly. Also, various semiconductor models and power loss estimation methods
are discussed with their advantages and applicability. The electro-thermal modelling
techniques are also provided, along with a discussion on existing models’ pros and cons.

Chapter 3 presents a transient behavioral model of Si IGBT for loss estimation in a PE
system. A multi-level simulation strategy is proposed, and the IGBT device model is developed
along with a detailed switching process and power loss analysis. Furthermore, the proposed
method is experimentally verified by a DPT bench and a boost converter application in

switching transients and power losses for a wide range of operating conditions.

Chapter 4 focuses on an electro-thermal simulation for SiC MOSFET based on the
previous IGBT model. A dynamic thermal model is added to the multi-level simulations to
form a close-loop simulation for power loss and temperature estimations. The device
characteristics of SiC MOSFET are studied and modelled in detail with the parameter
extraction procedures. Further, a DPT platform for SiC MOSFET and a Power Factor
Correction (PFC) prototype are designed and built to verify the developed approach concerning
the electrical and thermal performances.

Chapter 5 presents a generalized modelling methodology for switch-diode cells, which
applies to Si-based IGBTs, MOSFETS, PIN diodes, and WBG devices such as SiC MOSFETSs,
GaN HEMTSs. The transient switching modelling and the power loss analyses for various

devices under different operating conditions are discussed in detail with crucial parameter



1.5 Thesis Outline

extraction methods from device datasheets. Different DPT boards for different devices are
designed and tested respectively for switching transients and power loss verifications. Besides,

a discussion on the accuracy, efficiency and applicability of the model is illustrated.

Chapter 6 provides a case study using simulation-based device models in a single-phase
grid-tied PV inverter for efficiency evaluation. The principle of operation is reviewed along
with the static characteristic analysis. Also, three sets of switching devices with different
operating features are identified, and their device requirements are further determined.
Subsequently, a device comparison in terms of static and dynamic characteristics of different
devices is conducted, and the inductor design guideline is also demonstrated. Further, a power
loss analysis for various device combinations with designed inductors is carried out.
Consequently, a mixed device combination is determined with the lowest power loss and
experimentally validated in the PV inverter prototype.

Chapter 7 concludes the thesis by discussing the achieved objectives and pointing out the

possibility of extending the research work in the future.

Finally, the references used in this research are listed with numbers representing the cross-
referencing location pointing to the corresponding text in this thesis.



2.1 Background of Modern Semiconductors

Chapter 2 Literature Review

2.1. Background of Modern Semiconductors

Power semiconductors are critical components in Power Electronics (PE) systems
classified into two- and three-terminal devices in Figure 2-1[8]. Power diodes, including PIN
diodes and Schottky Barrier Diodes (SBDs), are two-terminal devices made from Si or SiC
materials. Three-terminal devices include Metal Oxide Semiconductor Field-Effect Transistors
(MOSFETS), Insulated-Gate Bipolar Transistors (IGBTs), Bipolar Junction Transistors
(BJTs), and thyristors [9]. In general, IGBTs, BJTs and thyristors are Si-based devices, while
Wide-Bandgap (WBG) materials[10], e.g., Silicon Carbide (SiC) [11] and Gallium Nitride
(GaN) [12], are more commonly used in MOSFETSs and High-Electron-Mobility Transistors
(HEMTS)[13]. Besides, IGBTSs, BJTs, thyristors and PIN diodes are minority carrier devices,
providing excellent conduction performances. While MOSFETs, HEMTs, and SBDs are
typically majority carrier devices with superior switching performances. Consequently, to
make a proper device selection for a PE system, it is necessary to consider various aspects such
as device cost, dynamic performance, thermal capability, and power rating.

Power semiconductors typically behave as single-pole single-throw switches to facilitate
the power flow. However, a simple ideal switch can not fully represent the device’s switching
behavior. Switching losses are noticeable contributors to the total system losses, especially in
high-frequency (HF) PE applications. The essential characteristics and operation principles of
widely used power devices, including diodes, MOSFETs, IGBTs and GaN HEMTSs, are
reviewed in the following section. Note that the device’s physical behaviors, fabrication and

packaging are beyond the scope of this study and are not discussed in this chapter.

(Discrete Power semiconductor classificationj
|

I |
[Two—terminal devicesj [Three-terminal devicesj

(PIN Diode]( SBD ] (MOSFET| (HEMT) [|GiBT] [BlJTJ [Thyrlistor]

Figure 2-1 Discrete power semiconductor classification [8].
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2.1 Background of Modern Semiconductors

2.1.1 Power Diode Overview

Power diodes such as PIN diodes and SBDs are among the most widely used power
semiconductor devices in PE systems [14]. The PIN diode’s circuit symbol in Figure 2-2(a)
consists of terminal Anode (A) and Cathode (K). In a PIN diode, a junction is formed between
the p-type and the n-type layers shown in Figure 2-2(b). In contrast, the junction is formed
between the n-type layer and the metal plate in an SBD. Nevertheless, both diodes’ typical I-
V curves are similar, as shown in Figure 2-2(c). When a diode is forward biased, namely, the
forward voltage (vg) is positive, a forward current (ig) starts flowing through the device with
a small voltage drop (typically less than 1V). This forward characteristic of a diode is expressed
as a threshold voltage (vpo) with a linear incremental or slope resistance (Rp). By contrast,
when the diode is reverse biased, only a negligible leakage current can flow in the reverse

direction until the reverse breakdown voltage (vgp) is reached and avalanche occurs.

In practice, when a diode switches from the forward conduction state to the reverse-biased
state, i is reduced to zero and then continues to flow in the reverse direction due to the stored
minority carriers in the diode. These minority carriers require a specific time to recombine with
opposite charges and to be neutralized. This time is called reverse recovery time (t..) and the
number of charge carriers that flow across the diode is defined as reverse recovery charge (Q,)
as shown in Figure 2-2(d). Note that the diode initially is inactive and not capable of blocking
the reverse current flow until ip reaches the peak value (I.,). Afterwards, the diode voltage
starts to reverse. This reverse recovery behavior of the diode results in overcurrent issues and
considerable losses, especially for HF applications. Since SBD is a majority-carrier device,

this period is mainly limited by the junction capacitance and thus significantly shorter [15].

Anode L
w AR veta i 3
Contact
+ iF p-type
Depletion VR,
V-F ~region
n-type V,BD
| Vo
Cathode ~ Metal r
(K) Cat%lode Contact | Reverse-==-Forward
(a) (b) © "

Figure 2-2 PIN diode (a) symbol; (b) structure; (c) I-V curves; (d) reverse current [14].
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2.1 Background of Modern Semiconductors

2.1.2 Power MOSFET Overview

Power MOSFET is one of the most popular voltage-driven switching devices with the
merits of fast and efficient switching in PE systems. It is a majority carrier-based unipolar
device and is typically classified into the p-channel and n-channel enhancement MOSFET.
Generally, the latter is more widely used due to the higher mobility of electrons. The circuit
symbol of an n-channel MOSFET is illustrated in Figure 2-3(a), which consists of three
terminals, gate (G), drain (D) and source (S). The forward drain current (i4) flows through the
conductive channel between D and S. This current is controlled by the gate-source voltage

(vgs) as shown in Figure 2-3(b). Notice that an inherent PIN body diode is formed parallel with

the channel, allowing a bidirectional switch implementation [16].

Furthermore, the output and transfer curves of a MOSFET are provided in Figure 2-3 (¢)
and (d), respectively [17]. A MOSFET can operate in three distinct regions, 1) ohmic, 2)

saturation and 3) cut off regions, according to the conditions of v, drain-source voltage (v4s)
and threshold voltage (vr). For vgs<vr, the device operates at the cut-off region where no
current is conducting. As v increases above v, the conductive channel is built and iq starts
rising following the curve in the saturation region. Eventually, when v4s < vgs — vy, the
MOSFET enters the ohmic region and behaves as a resistor called on-state resistance (Rps(on))-
Notice that in the reverse direction, the body diode plays a crucial role in conducting current.
If a positive vy is given during the reverse conduction, the conductive channel still can be built
as the same Rpgon) in the forward operation. The relationship between iy and vy is described

by the transfer curves in Figure 2-3 (d). In the following chapter, the static and dynamic
characteristics of the MOSFET are studied in detail.

channel '¢} ohmic  Saturation | g

Vgs
iy, i A
D Vass A increases Actual /

—
Vle/

— SB(body) ¢ e 07 Ver

(a) (b) (© (d)
Figure 2-3 Typical MOSFET (a) circuit symbol; (b) physical structure; (c) output

f Linearized

characteristic; (d) transfer characteristic [16].
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2.1.3 IGBT Overview

IGBT is a hybrid device with the Darlington configuration [18] of a MOSFET and a BJT.
It consists of three terminals Gate (G), collector (C) and emitter (E), as shown in Figure 2-4
(@) [19]. It can switch in the same manner as a MOSFET, and the BJT handles the primary
current due to its physical structure in Figure 2-4(b). As a result, both merits of fast switching
and superior conduction performance are achieved along with high breakdown voltage. Like a
MOSFET, an IGBT can operate at three regions: Saturation, Active and Cut-Off regions, as
shown in Figure 2-4(c). If the gate-emitter voltage (vg.) is below vy, the IGBT is in the Cut
Off region, and no current is conducting. As v, increases above vy, the IGBT enters the
Active region and the collector current (i.) can rise almost linearly with v, as shown in Figure
2-4(d). When the conductive channel is entirely established, the IGBT maintains in the
saturation region with an on-state saturation voltage drop (v¢esat). The gate voltage is typically
provided as OV to turn off the IGBT, and subsequently, the channel current decreases until it
reaches zero. Different from MOSFETS, IGBTs can not turn off immediately. In fact, i, decays
gradually known as the tail current because of the recombination of the excess carriers. On the
one hand, the inherent BJT in the IGBT enables the conductivity modulation and leads to low
Veesat- ON the other hand, this current tailing behavior prolongs the turn-off time, resulting in
an additional loss. Also, a note from the physical structure of IGBT is that there is no inherent
body diode like in the MOSFET. As a result, a single IGBT theoretically cannot conduct in the
reverse direction. Thus an additional anti-parallel diode is typically required and configured
with IGBT to facilitate reverse conduction. Besides, the anti-parallel diode usually is better

than the body diode of MOSFET, resulting in reducing the reverse recovery loss.

1 A

. G E i . - I
SiO clSaturation  Active ¢
2 L ? Ve
n+

. :EVgeSAinCreases/ Actual
Ic N L+ ) j/
G oJ Vee /
) J fLinearized

E Z Cut Off .

(a) (b) (c) (d)
Figure 2-4 Typical IGBT (a) circuit symbol; (b) Physical structure; (c) output characteristic;

(d) transfer characteristic [19].
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2.1.4 GaN Overview

GaN HEMTSs have recently gained popularity due to their advantages of faster switching
speed, smaller output charge, and lower switching losses than Si-based devices [20].
Enhancement mode GaN (eGaN) HEMTs are widely used and borrow the same terminology
as Si MOSFETSs: G, D and S, as shown in Figure 2-5(a) [21]. A Two-Dimensional Electron
Gas (2-DEG) [22] is generated at the interface between the AlGaN and GaN layers, as shown
in Figure 2-5(b), resulting in low on-state resistance. Its forward characteristic in Figure 2-5(c)

is similar to a MOSFET, and iq is determined by vgs and vgs. Thus it is not discussed here to

avoid repetition, while the third quadrant characteristic in Figure 2-5(d) is discussed.

Unlike the MOSFET, there is no PN junction within the lateral structure of eGaN HEMT.
Namely, no body-diode physically exists in an eGaN HEMT. However, it can still conduct in
the reverse direction with the symmetrical structure and the 2DEG channel. Hence, it is
unnecessary to pair an additional anti-parallel diode with eGaN HEMT, which leads to extra
output capacitance and switching losses. Basically, in the third quadrant operation, the source
terminal and drain terminal can equivalently change positions. As a result, the gate-drain
voltage (vgq), instead of vy, becomes the driving force for the reverse conduction of eGaN
HEMT. Like a diode, the reverse channel self commutes, and the source-drain voltage drop

(vsq) is self-biased by vr-vgs Which increases with the reverse current. If a positive gate signal
is provided during reverse conduction, vgq equals to the sum of vy and vy, which is typically

higher than v, enabling the channel fully on with the same on-state resistance as in the first
guadrant. Consequently, both superior conduction and switching performances can be

achieved in eGaN HEMT with an appropriate control strategy and gate drive design [21].

1 A . Vv
D Vgs INCreases 4 Vgss ds 0
i v Vgs <0
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Figure 2-5 Typical eGaN HEMT (a) circuit symbol; (b) Physical structure; (c) forward

characteristic; (d) third quadrant characteristic [21].
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2.2. Semiconductor Modelling Techniques

Power semiconductors are critical components in a PE system. Generally, it is the
component that limits switching frequency, efficiency, power density and sometimes reliability
in converter design. As a result, power semiconductor models are highly desirable by PE
engineers to predict device behaviors, understand internal device mechanisms and optimize
the system design. According to the modelling method used, semiconductor models in PE

systems are classified into device-level and system-level models.

2.2.1 Device-level Model

The device model’s primary objective is to predict the static and dynamic device behaviors
under different operating conditions (voltage, current and temperature). A good approximation
of the electrical variables’ actual relationship needs to be obtained for the device model, and a
compromise between computational speed and model accuracy is usually made. It is well
known that a simple device model generally provides fast simulation speed but loses the
physical insights into device behaviors and the simulation accuracy. On the other hand, a
complicated physics-based model is usually preferred due to its high accuracy, but it is time-

consuming and unsuitable for large-scale system simulations.

It is necessary to consider the devices’ static and switching characteristics in the power
device models. For instance, the nonlinear junction capacitances of devices have significant
impacts on the device’s dynamic behaviors. For bipolar power devices, such as PIN diode and
IGBT, conductivity modulation is the crucial effect that reduces the on-state resistance. Over
the years, a remarkable research effort has been put into semiconductor modelling from
different objectives, aspects, and performances using different methods categorized as physical
and behavioral models. Other classifications such as mathematical models, semi-mathematical
models, and semi-numerical models were also used in the literature [23]-[26]. The choice of

the device model depends on the required accuracy and complexity.

e Physical model

Physical models are based on semiconductor physics, and the descriptions of electrical
and thermal behaviors are obtained by solving physics equations with some simplifications.

As aresult, high accuracy is typically achieved though it is complicated and requires numerous
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physical parameters, usually not attainable for PE engineers. An introduction of the physical

models for various devices is provided as follows.

For IGBT physical model, Hefner et al. [27] proposed the one-dimensional (1-D) charge-
controlled model. It was widely used and implemented into the general-purpose simulator
Saber. The currents between the terminal nodes were expressed using the system variables,
and the nonlinear capacitances were also considered. Kraus et al.[28] provided an analytical
solution for charge carrier distribution, taking the two-dimensional (2-D) effect and thermal
impact into account. This model was also implemented into Saber, and similar SPICE models
were further developed with different features for different applications [29]-[30]. This 2-D
effect was analytically studied by Sheng et al. [31] and was expressed either in series form by
Feiler et al. [32] and Napoli et al.[33] or Laplace form in [34]. However, most of these models

are complicated, requiring device physics knowledge.

Recently, more research efforts have been put into WBG device modellings, such as SiC
MOSFETs and GaN HEMTSs. Based on the traditional Si MOSFET models, many SiC
MOSFET models have been developed considering different effects. For example, the
interface trap’s impact was taken into account in [35], and the influence of traps on the
threshold voltage was discussed in [36]. Potbhare et al. [37] developed a comprehensive model
considering more device physics such as interface trap densities, Coulombic interface trap
scattering and their dependences on temperature and bias. A compact model in [38] and a
datasheet-driven model in [39] were proposed to reduce the complexity.

GaN HEMTSs, as a relatively emergent technology, lag behind the mature si-based
technology. Several analytical models of GaN HEMT were developed in [40]-[41], focusing
on accurately determining 2-DEG charge density. By linearizing this 2-DEG charge, Karumuri
et al. [42] proposed a compact model for drain current of HEMTSs. Further, Vitanov et al. [43]
provided a mobility model accounting for electron transport specifics in GaN material. A
computational modelling approach was adopted in [44] for GaN HEMT to extend the
Sentaurus TCAD-based numerical simulation [45]. However, these device models were
developed mainly to achieve high accuracy in describing the device physics. As a result, these
models often require great computational efforts and are hardly feasible to be used in a PE

system simulation.
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e Behavioral model

Generally, behavioral or empirical models focus on the devices’ external characteristics
without considering their physical operation mechanism. These models are typically
implemented using mathematical fitting methods and model parameters, which usually have
no physical meaning. The resultant expressions, databases or components are then used in a
simulator to model the device. As a result, fast simulation speed and simple implementation
are achieved. Nevertheless, the model’s accuracy is limited, especially when the operating
conditions are beyond the available range provided in the device datasheet. In the following,

behavioral models for various devices are reviewed.

For IGBT behavioral models, Hsu et al.[46] considered the IGBT as a nonlinear system
using Hammerstein configuration, and the output characteristics of IGBT were modelled by a
current source with passive components in [47]. Furthermore, IGBT losses were estimated in
[48] by the curve fitting approach without considering the device switching behaviors. The
model proposed in [49] took a hybrid pair of an IGBT and a SiC diode into account with
empirical parameter extractions. The high-frequency impact on switching transients was
studied in [50], and the parameter extraction algorithm was provided in [51]. A single IGBT
model was extended to a multi-chip power module forming a compact model [52]. However,
the impacts of circuit parasitic elements and temperature were not fully considered in these

models.

To model the dynamic characteristics of SIC MOSFETSs, Alexakis et al.[53] used a
variable drain-source resistance with three constant junction capacitances, and the device
losses were estimated in [54] using polynomial functions. 10-kV SiC MOSFET was
characterized and modelled by Wang et al. [55] based on the commercial SPICE MOSFET
model. The temperature dependence was considered in [56] and [57]. Duan et al. [58]
improved existing models by taking junction capacitances into account and implementing the
SPICE language model. Nevertheless, the interaction between diode and switch was hardly

considered in these models, significantly impacting HF application.

Most of the GaN models focus on radio frequency (RF) applications or analytical solutions
for loss estimation. Several GaN HEMT models have been developed based on existing
MOSFET models. Okamoto et al. [59] improved the Efficient Power Conversion
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Corporation’s (EPC) device models. They developed the SPICE-based GaN HEMT model for
loss estimation in AC-AC direct converter, while Huang et al. [60] focused on the loss of GaN
HEMT in cascade configuration with Si MOSFET. Further, the dynamic on-state resistance of
GaN HEMT was studied in [61]-[62]. Endruschat et al.[63] generalized the behaviors of
MOSFET and GaN HEMT and proposed a universal SPICE field-effect transistor model.

In conclusion, those device models have different complexity, computation speed,
accuracy, and model parameters’ attainability. The model selection should be based on the

specific accuracy and computation speed requirements.

2.2.2 System-level Model

The system-level model mainly considers the essential switching function rather than the
device’s switching transient behaviors. It is widely used in electromagnetic transient (EMT)
programs such as PSCAD and SIMULINK, based on nodal analysis or state-space solution of
linear ordinary differential equations using numerical integration rules. Power semiconductors
in those simulators are usually modelled as ideal switches, resistors, switching function models

or averaged models for system-level study.

e |deal switches and resistance models

The equivalent circuit and switching characteristics for an ideal switch were provided in
Figure 2-6 (a) and (b), respectively, [64]-[65]. When a switching device turns on, it is typically
considered a short circuit with a zero voltage drop. It becomes an open circuit when it turns
off. Therefore, it is lossless without considering the switching transients and conduction
behavior. Besides, the system admittance matrix needs to be re-calculated when the switching

status changes.

Furthermore, the two-state resistance model was also widely used in PE simulations for
all semiconductor devices. Figure 2-6 (c) and (d) illustrated the diagram and I-V curve of the
resistance model, respectively. A two-valued resistor represented a switching device on and
off states with the typical values 1mQ for R, ,and 1MQ for R,¢, respectively. Notice that
compared with the ideal model, the circuit matrix dimension was independent of the switching
status. Hence, the simulation time was reduced significantly, and conduction loss could also

be considered roughly by R,,. In conclusion, ideal switches and resistance models were
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straightforward and widely used for preliminary system and control design. They could provide

a fast response for topology and control strategy verifications.
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Figure 2-6 Diagrams of (a) Ideal switch (b) ideal I-V curve; (c) resistance model diagram; (d)
I-V curve [64]-[65].

e Switching function models

Switching function models used controlled voltage and current sources to represent the
switching devices’ external output voltage and current [66]-[67]. The equivalent circuit of the
switching function model is illustrated in Figure 2-7. Notice that the input voltage (v;,s) and
current (i;,s) together with the output v, s and i, Were linked by the controlled sources
with the switching function f(t) and g(t). Typically, f(t) and g(t) were highly related. As a result,
the simulation was much faster, and the high-frequency effect could also be considered.
However, since individual switches no longer existed, the transient voltage and current of

individual switches were not available.

e Averaged models

The circuit’s switching devices still turn on and off at high switching frequencies in the
above models. Averaged models [68]-[69] have been developed to speed up the simulation by
only considering low-frequency components in the circuit. During one switching period, the
switching function was averaged, and thus the switching behaviors and harmonic components
were excluded. Typically, the averaged model was obtained directly by replacing all the
switching functions with their averaged counterparts. Since there were no switching transients
and the circuit topology was invariant, the simulation was accelerated significantly. However,
an individual switch’s behavior was not attainable, and the switching harmonic effects were
not considered. Hence, it was mainly used in controller design and small-signal analysis for

switching-mode converters.
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Figure 2-7 Equivalent circuits of the switching function model [67].

2.3. Power Loss Estimation Techniques

A PE converter’s power loss analyses are critical for efficiency and performance
evaluation, requiring an accurate power loss model of the semiconductor device, including
conduction loss and switching losses. The static characteristic of the device is used to estimate
the conduction loss. Meanwhile, switching losses require considering the dynamic behavior of
the device, parasitic elements and operating conditions such as temperature, gate resistance,
voltage and current. Generally, methodologies proposed in the literature on power loss
estimation are broadly classified as measurements, empirical models, integration models and

analytical models.

2.3.1 Measurement

Doule pulse test (DPT) is a widely accepted method to characterize the dynamic
performance and measure switching losses of power semiconductors [70]-[72]. Two pulses
were sent to the lower switch, namely the Device Under Test (DUT), in a diode-clamped
inductive load circuit, as shown in Figure 2-8 (a). During the first pulse, DUT was on, and the
DC source charged the load inductor. Simultaneously, the load current gradually increased
until it reached the desired value I, at the end of the first pulse. The turn-off switching
waveforms along with the corresponding power loss was obtained. During the short interval
between the first and second pulses, I}, flowed through the upper freewheeling diode and
remained almost constant. When the second pulse was given, DUT turned on again, and thus
the turn-on switching behavior along with the turn-on loss was evaluated. After the second
pulse, DUT was turned off, and the inductor’s energy was naturally decayed and dissipated.
Consequently, by adjusting the DC bus voltage and the first pulse duration, the power losses

under different desired conditions were obtained.
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A typical implementation of the DPT setup was illustrated in Figure 2-8 (b) [73]. The DPT
board included main power switches, DC capacitor bank, gate drive, protection circuit and
peripheral interfaces to connect with external DC power supply and load inductor. The double-
pulse signals with adjustable pulse widths were typically provided by a microcontroller or
signal generator. The switching waveforms and the power losses were measured by probes and
oscilloscopes and exported to a computer for post-data processing. Eventually, a multi-

dimensional power loss table of the DUT was generated.
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Figure 2-8 DPT (a) schematic, and (b) physical implementation [73].

Generally, measurement is an accurate method for power loss estimation. However, this
method is time-consuming with repetitive tests. Apart from the tedious processes for different
permutation of test conditions, it has to be a well-designed setup with low parasitics. High
bandwidth probes are needed, especially for WBG devices.

2.3.2 Empirical Model

The Empirical models in [74]-[75] used loss equations to fit the power loss curves from
datasheets or experimental measurements. Typically, power loss equations, including
conduction loss and switching losses, were expressed by operating voltage, current and
temperature. During the device simulation, the power losses for a specific switching event were
approximately estimated by computing the loss equations or the power loss Look-Up Table
(LUT) based on the operating conditions. Therefore, the empirical model was a simple
mathematical method and thus required a reasonable computation effort. Since the power loss
curves from datasheets were the measurements under specific test conditions by
manufacturers, the accuracy of loss estimation beyond the available range or in different
operating conditions was limited. Besides, the impacts of parasitic parameters in the circuit

were not fully considered. Many additional experiments were needed to obtain accurate power
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loss curves in a wide range of operating conditions. Therefore, empirical models were suitable

for roughly estimating the power losses of semiconductors with fast speed.

2.3.3 Integration Model

Integration model [76]-[78] was a straightforward power loss estimation method by
integrating the product of the voltage across the device and the flowing current based on the
transient switching waveforms from experiments or circuit simulations. A physical device
model such as the SPICE model was often used to obtain accurate switching waveforms.
However, the physical model’s internal parameters were difficult to obtain. Using the detailed
device model in a PE system simulation was time-consuming, along with convergence
problems. Therefore, it was more suitable for device-level estimation than overall system-level

estimation, which involved massive data processing and computation burden.

2.3.4 Analytical Model

The analytical power loss model aims to derive a series of analytical power loss equations
for each switching process interval based on the switching devices’ equivalent circuits and the
simulated or typical switching waveforms. Approximation formulas describe the analytical
model’s device parameters, and the fitting coefficients are extracted from datasheets or

measurements.

A piecewise linear analytical loss model was commonly used for its simplicity [79]-[80].
However, the parasitic capacitances and inductances were not fully considered resulting in low
accuracy, especially for high-frequency applications. Rajapakse et al.[81] developed an
analytical model by “filling-in” the device’s current and voltage waveforms between the
simulation time-step. It conformed to the physical switching process, and mathematical
algebraic power loss equations were derived. However, it involved complicated formulas, and

the accuracy was limited by the operating conditions and circuit parameters.

Recently, various impacts on the device’s switching behaviors have been taken into
account to improve the model accuracy. These impacts included the effects of parasitic
elements [82], the interaction of the PIN diode or SBD [83] and other new insights (e.g. carrier-
trap influences [84], ringing losses [85], non-flat miller plateau [86] and displacement current

[87]). Li et al.[88] developed a model considering the effect of parasitic capacitances, and
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Christen et al.[89] proposed a loss model in a half-bridge configuration. Nevertheless, the
temperature-dependent parameters [90] were not mentioned, and iterative processes for solving
equations were normally involved in those models. The idea of conservation of energy [91]
was applied to the losses calculation, requiring numerical calculations (e.g., Laplace transform
[92] and state equations [93]).

Furthermore, the entire switching process of eGaN HEMT in synchronous buck converter
application was presented in [94]-[95], considering the third quadrant operation with the help
of the 2DEG. However, it was complicated, involving a heavy computational burden, not to
mention the convergence issues. The measuring techniques and loss distribution, including the
capacitive losses for GaN HEMT, were illustrated in [96]-[97]. The scalable loss estimation
method was further proposed based on the measured loss data. However, the datasheet’s
measured data was typically under specific conditions. Thus, the applicability and the accuracy

were limited.

2.4. Electro-thermal Modelling Techniques

With the development of semiconductor devices, modern WBG devices such as SiC
MOSFET and GaN HEMT enable a higher switching frequency in PE systems, resulting in a
considerable reduction of the passive components’ size and thermal management effort. High
efficiency, power density and reliability can also be achieved. As the devices and PE systems
become smaller and more compact, the heat dissipation resulting from the increased power
losses becomes more severe, which is more challenging on thermal management. In general,
both the electrical and thermal performances of semiconductor devices are critical for PE
systems’ safety, reliability and performance. In order to ensure the switching devices operating
at the safe operation area, it is necessary to consider the junction temperature profile at the the
early design stage of a PE system. Hence, the traditional device models need to take the thermal
impact into account, and an electro-thermal model for switching devices is highly desired for

system design, integration and optimization.

The basic idea of an electro-thermal model in Figure 2-9 used a semiconductor device
model to map the device losses in a wide range of operating conditions [98]. Then the operating
junction temperature was obtained by thermal modelling method feeding back to the electrical

network. Besides, the parameters of the device model were updated for the instantaneous
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2.4 Electro-thermal Modelling Techniques

junction temperature. In this way, a closed-loop electro-thermal co-simulation was achieved,
and both the electrical behaviors and thermal performance were linked in a PE system.
Typically, a switching event for a semiconductor device could last within a few microseconds.
In contrast, the slow load and thermal variations were usually maintained during the
converter’s regular operation minutes or hours. Therefore, one challenge in these scenarios
was dealing with very different timescales and coordinate devices’ different dynamic

behaviors.

(Electrical network ) ( Thermal network\

Junction | e VW WV

i Temperature I I

Temperature
Transient waveforms estimation
Power
$ loss
- ) . J

Figure 2-9 Typical schematic of electro-thermal model [98].

2.4.1 Thermo-Sensitive Electrical Parameter

The concept of the Thermo-Sensitive Electrical Parameters (TSEPs) have been developed
to describe the electrical parameters of a semiconductor device related to the T; [99]-[101].
These parameters were used as indicators of 7j and case temperature (7.) to monitor the
devices’ health state. On the other hand, the temperature could influence the electrical
performance of devices by TSEPs. In the past decades, many works have been done to discuss
the dependency of various TSEPs upon the T and each TSEP has been characterized by its

own sensitivity and linearity to the temperature.

vy was defined as the gate voltage required to create a conductive channel allowing a
current to flow. In [102]-[103] , v+ was a nearly negative linear behavior over the whole
temperature range. It was found that vy typically reduced with increasing temperature and

specifically, the sensitivity was in the range of —2 to =10 mVK~1[104].

Another commonly used TSEP was v.¢,: fOr the case of IGBT [105]. Apart from the
temperature dependency, it was also found that v .s,; Was slightly current dependent. A

negative temperature coefficient was observed at a low current range, while a positive
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temperature coefficient was found for a high current range. The sensitivity of v s, decreased
as the current increased and became zero at a medium current range. As for other devices,

Rps(ony Was more widely used as a TSEP. It was found in [106] that the temperature
dependency of Rpg(on) in SIC MOSFET was low and nonlinear, while the counterpart in Si

MOSFET was much higher. Furthermore, Felgemacher et al. [L07] mentioned the temperature

dependence of the intrinsic gate resistance (Rginc) and the sensitivity was approximately

1.5mQK™1. In addition, the reverse recovery charge Q,, increased with temperature due to the
positive temperature coefficient of minority carrier lifetime, which had the effect of increasing

the stored charge in the diode drift region [108].

Besides, several pieces of research have provided more insights into various indirect
TSEPs of devices, such as the turn-on delay (t4,,) and turn-off delay time (tq,¢) [109]-[110].
The definitions of t4,, and tq,s Were the time period from the change of gate drive voltage to
the actual change of the channel current. Typically, the temperature dependency of t4,, lied
in the range of 0.5-1.0 nsK~* which in fact was also influenced by the switching voltage and
current. On the other hand, tg4,, showed largely independent of operating current with a much
lower sensitivity less than 0.1 nsK~1. To reflect the thermal impacts on the switching transients
of devices, more temperature-dependent parameters such as the trans-conductance (gss),
carrier lifetime and the peak reverse recovery current, need to be considered based on the

specific device and operating conditions.

2.4.2 Thermal Modelling Techniques

The thermal analysis of PE systems is imperative, as the power density and switching
frequency continuously increase. In a modern PE system, power cycles are applied to the
devices leading to a rise and fall of the temperature during regular operations. A high junction
temperature occurring during the abnormal loads or short-circuit operation may result in an
extremely high thermal stress in the devices. Consequently, it causes reliability issues, such as
wire bond lift-off, solder fatigue and semiconductor failure [111]. Therefore, an accurate

thermal model is critical for T; prediction and thermal performance evaluation. Numerous

thermal modelling and analysis methods have been established in the past, categorized as

numerical and thermal equivalent circuit models.
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e Numerical method

There were two main numerical methods for steady and dynamic thermal analysis,
including the Finite Element Method (FEM) [112]-[113] and the Finite-Difference Method
(FDM) [114]. These methods were commonly used for precise 3-D modelling and simulation
of device packages with many finite elements, boundary conditions, and heat sources. Drofenik
et al. [115] developed a 3D FEM model for an IGBT power module, and also the sensitivity
of the model parameters on simulated results was analyzed. A similar 3D FEM model was
demonstrated in [116]. It used a MOR for simplification and was implemented in the CASPOC
circuits simulator and the ANSY'S workbench. Several compact FEM-based thermal models
were developed to reduce the model order using mathematical manipulation of linear matrix
[117] or a generalized minimized residual algorithm [118]. Fourier-series-based thermal
models [119]-[120] have been developed to obtain each physical layer’s thermal impedances.
The structural and temperature-independent material properties were parameterized, and the
thermal distribution of each layer was identified. Although the numerical methods could
provide sufficient accuracy with the detailed material properties and the exact physical
dimensions, it was not applicable for long-term reliability assessment. That was because of the
heavy computational burden. Thus it could not co-exist with an electrical simulation, making
a dynamic electro-thermal model. Besides, the thermal capacitance contributions from the heat

sink and thermal grease were ignored during the transient thermal simulations.

e Thermal equivalent circuit model

As for the thermal performance evaluation, simple thermal resistances between different
layers are commonly used to represent the heat transfer process for steady-state thermal

analysis and Tj is further computed. While for dynamic thermal analysis, thermal impedances

are required to be taken into consideration. Resistance-capacitance (RC) thermal networks,
including Cauer-type [121] and Foster-type [122] in Figure 2-10, were widely used for steady
and dynamic thermal analysis in a PE system. These two types of networks could be
transformed into each other by mathematical method. R and C were based upon discretizing
the heat diffusion equation for various 3D coordinate system symmetry conditions in the RC
thermal models. The thermal distributions among the devices, packages, and heat sinks were

computed in analogy with the calculation of currents and voltages over the electrical network.
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As a result, both the thermal and electrical networks were coupled with the total power loss

dissipation (P;) and operating conditions.

Rint Rinz Rimn
_ —\W\——VW\—- AN T
Rint Rin2 Rin ¢ Te
— e e Cim
Cthl Cth2 Cthn
(@ (b)

Figure 2-10 RC thermal model (a) Cauer-type [121], (b) Foster-type [122].

A Cauer-type thermal-impedance model was constructed in [123] based on the geometry
and the packaging structure of semiconductor devices. Therefore, the parameters such as the
nodes, thermal resistances and capacitances had their physical meanings. These parameters
were also adjusted during the semiconductor’s ageing process or by considering the
temperature dependence of the materials’ properties. Conversely, the Foster thermal-
impedance models developed in [124]-[125] were equivalent counterparts fitted from
measured or simulated thermal results. It was convenient to extract Foster-type parameters,
which were usually available in the datasheet. A high or low-order RC thermal model was used
based on the required accuracy of characterizing semiconductor devices’ thermal behaviors.
However, a high-order RC model usually led to high computational complexity and
convergence problem in simulation. The temperature dependencies of the thermal conductivity
and specific heat capacity in an RC model were often not included for simplicity.

2.4.3 Existing Electro-thermal Simulation

Over the years, numerous electro-thermal models (ETMs) have been developed and
implemented into various simulators. A physics-based dynamic ETM for IGBT was developed
in Saber by Hefner [126], predicting the IGBT electrical characteristic’s temperature
dependence and the dynamic self-heating. However, several physical model parameters were
difficult to obtain. Furthermore, the model was extended to SiC MOSFET in LTspice [127]
and SPICE [128]. Zarebski et al.[129] developed a large-signal ETM for a power MOS
transistor in SPICE. Besides, a layer-based ETM for integrated PE modules in PSpice was
proposed in [130] to consider short-circuit conditions [131]. Rajapakse et al. [132]-[133]
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presented an ETM by deriving the power loss equations mathematically in the simulation.
Hence, the device’s heat generation and the heatsink’s cooling performance were determined
by solving differential equations. However, the TSEPs of IGBT were omitted, and the

complicated mathematical equations were limited to specific applications.

Several ETMs were developed from the device level to large PE system applications to
consider the impacts of parasitic circuit parameters on device behaviours. A lumped dynamic
ETM for an IGBT module was proposed in [134] with a 3-D RC network and time-dependent
average power losses. Further, Tang et al. [135] extended the model to paralleled IGBT
modules. The relationships of power losses, junction temperature, and unbalanced parasitic
elements were characterized to describe the interactions of current distributions and thermal
dissipations between paralleled modules. However, it was challenging to implement the model
in a large-scale PE simulation because of the complex FEM simulation. An electro-thermal
analysis for a three-phase half-bridge two-level SiC power module was conducted in [136].
Shen et al. [137] applied the model to a complex power system using the parallel operation on
a Field-Programmable Gate Array (FPGA) to reduce the time cost. Nevertheless, the switching
transients and loss information were typically based on the datasheet. Thus it was suitable for

large-scale system simulation with limited accuracy.

Apart from the common ETMs of IGBTs and MOSFETS, the counterparts for diodes and
new GaN devices also have been developed recently. Mijlad et al. [138] introduced a diode
ETM in SIMULINK, combining PIN diode’s behavioral model with a fourth-order Foster
network. However, experimental validation was not provided, and the diode’s TSEPs were
also not fully considered. An improvement of ETM from the behavioral model in [139] for the
SiC MPS diode was achieved in [140], considering its junction capacitance. An ETM for GaN
HEMT was recently proposed in [141], considering the trapping effect but mainly for RF
applications. Besides, Wu et al.[142] demonstrated a simple behavioral ETM for GaN FET in

SPICE, taking the self-heating and thermal effects into account.
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2.5. Chapter Conclusion

This chapter provided a general overview of the state-of-the-art semiconductor modelling
methodologies, power loss estimations, and electro-thermal simulation techniques. Initially, a
brief introduction of different modern semiconductors was presented concerning the operating
principles, static and dynamic characteristics. Furthermore, various semiconductor models,
including device- and system-level models, were demonstrated. Comprehensive discussions
were presented from various aspects in terms of complexity, accuracy and applicability.
Concretely, a device-level model aimed to reproduce the device’s switching behaviors with
high accuracy. In contrast, a system-level model focused more on the device’s basic

functionality as a switch in the PE system to achieve fast simulation speed.

Moreover, a review of power loss estimation methods was illustrated with discussions on
the advantages and disadvantages. Eventually, the electro-thermal related techniques,
including TSEPs and thermal networks, were presented. Consequently, this chapter
demonstrated the big picture of these semiconductor modelling research areas, and there was

always a trade-off among accuracy, speed and applicability.
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Chapter 3 A Behavioral Transient Model and Loss
Simulation of IGBT-Diode Switching Cell

- APart of the work presented in this chapter is the result of original work published under
Y. Xu, C. N. M. Ho, A. Ghosh and D. Muthumuni, “An Electrical Transient Model of
IGBT-Diode Switching Cell for Power Semiconductor Loss Estimation in
Electromagnetic Transient Simulation,” IEEE Trans. Power Electrons, vol. 35, no. 3, pp.
2979-2989, Mar. 2020.

- A Part of the work presented in this chapter is also the result of original work published
under Y. Xu, C. N. M. Ho, A. Ghosh and D. Muthumuni, “A behavioral transient model
of IGBT for switching cell power loss estimation in electromagnetic transient
simulation,” in Proc. IEEE APEC, Mar. 2018, pp. 270-275.

This chapter’s main objective is to introduce a Silicon (Si) Insulated-Gate Bipolar
Transistor (IGBT) behavioral model with a PIN diode for estimation power losses in Power
Electronics (PE) systems. The proposed modelling process and power loss analytical equations
are given in this chapter. The transient switching waveforms are also simulated, and the
corresponding power losses Look-Up Table (LUTS) is further obtained. Besides, the model is
implemented in PSCAD/EMTDC and experimentally verified. The details of the work are

followed in the subsequent sections.

3.1. Introduction

Si IGBT is one of the most widely used devices among modern power switches, especially
in medium-frequency PE applications ranging from medium to high power [143]. Typically, a
converter can contain one IGBT, e.g. a boost converter [144], [145], to a few IGBTSs, e.g. a
full-bridge (FB) inverter [146], to tens of IGBTS, e.g. a Modular Multilevel Converter (MMC)
[147]. An IGBT is typically paired with a diode in a PE converter to provide a current
commutation for hard switching. This pair is called “Switching Cell” and configured with two
structures, namely Negative-Cell and Positive-Cell, shown in Figure 3-1 [148]. The Positive-
cell has the switching device connected to the positive voltage terminal and the common

junction connected to the current source or inductor. On the other hand, the Negative cell’s
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switching device is connected to the voltage source’s negative terminal. Notice that the
switching device can be an IGBT, a Metal Oxide Semiconductor Field-Effect Transistor
(MOSFET) or other controlled devices. During switching transition, heat energy, due to
switching losses, is generated in both the IGBT and the diode. The operating junction

temperature (7j) can vary widely over a long time, leading to fatigue failure and reduction in

the reliability of the entire system [149].

N-cell P-cell
~a

i

— O
e

=1 or .J or any other
- J':I switching device

Figure 3-1 Diagram of the switching cell.

Therefore, an accurate model of IGBT with diode is highly desirable for PE converter
design engineers, researchers and device manufacturers to study its dynamic behavior and
estimate power losses. It is a primary technological booster for high power applications,

increase efficiency, and optimize the overall system design.

Over the years, a great effort on IGBT modelling has been proposed. Physical models
typically were based on the device physics and could obtain switching waveforms by solving
physics equations. However, these models were generally complicated and limited in the
device-level study, not to mention that the physical parameters usually were not attainable for
PE engineers. In contrast, behavioral models could achieve fast simulation speed by ignoring
the device physics and focusing on the external characteristics. Hence it was widely used for a
rough loss estimation though the accuracy was typically sacrificed due to ignorance of the
circuit parasitic elements. Besides, analytical models were developed by deriving the loss
equations based on the equivalent circuits during the switching process. The effects of parasitic
elements and other impacts such as Thermo-Sensitive Electrical Parameters (TSEPS) were

considered to improve the accuracy. Nevertheless, a heavy computation burden along with
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convergence issues hindered the models’ applicability and performance. In summary, there is

always a tradeoff between complexity, accuracy and speed.

3.2. Simulation Strategy

To provide fast speed and accurate IGBT loss estimation in a PE application, a simulation
strategy is provided in Figure 3-2, including two stages, namely device- and system-level
simulations. It is implemented in an electromagnetic transient (EMT) simulator (e.g.
PSCAD/EMTDC). In the following, a detailed description of the strategy is presented.

3.2.1 Device-level Simulation

The device-level simulation aims to reproduce the switching waveforms of an IGBT and
generate a multi-dimensional power loss LUT. Initially, the model parameters are extracted
from the datasheet by curve fitting or empirical formulas. Afterwards, the IGBT behavioral
transient model can simulate the switching waveforms, including gate-emitter voltage (vge),
collector current (i.) and collector-emitter voltage (v..) based on the input model parameters
and circuit operating conditions. Subsequently, the power losses, including turn-on loss (E,,),
turn-off loss (E ), diode reverse recovery loss (E;..) and conduction 10ss (p.y,), are computed

under different operating conditions, namely Tj, circuit voltage (Vy4) and inductive load current

(I.). The computed power losses can also be exported as a power loss LUT and extended for
power loss estimation in a PE system simulation. Besides, the device-level simulation time-

step is recommended to be set as hanoseconds (ns) for high accuracy.

3.2.2 System-level Simulation

The obtained power loss LUT in the device-level simulation works as an interface between
the device- and circuit-level simulations. In the system-level simulation, the PE network is
built in the PSCAD/EMTDC using the ideal switch model for power semiconductors under
microseconds (us) simulation time-step to achieve fast speed. During each switching action,
the switch’s instantaneous Tj, V4q, and I, are input to the power loss LUT. Subsequently,
additional instantaneous power loss information is obtained. Note that this information is
independent of the PE network. It is a simple search method and will not significantly increase

the additional time than the typical PE simulation using an ideal switch.
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Figure 3-2 Block diagram of the simulation strategy.

3.3. Model Description

A diode-clamped inductive load test circuit in Figure 3-3 (a) is used to investigate the
IGBT’s dynamic behavior. The typical switching waveforms of an IGBT are demonstrated in
Figure 3-3 (b). An IGBT is generally configured as a Darlington structure by a MOS channel,
a Bipolar Junction Transistor (BJT) and the junction capacitances, including gate-collector
capacitance (Cgq), gate-emitter capacitance (Cqe) and collector-emitter capacitance (Cc.). A
gate drive voltage (vg) is provided to control the switch through a gate resistance (Rg) which
consists of the external gate resistance (Rgex:) and the internal gate resistance (Rginc). IN
addition, the PIN diode is represented by an ideal diode (D) in series with a forward resistance

(Rp) and a diode threshold voltage (vp,). Also stray inductance (Lg) is considered in the circuit.
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Figure 3-3 IGBT switching cell (a) equivalent circuit, and (b) typical switching waveforms.
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3.3.1 Switching Process Analyses and Modelling.
e Turn-on period (ty~tg)

At t, in Figure 3-3(b), a turn-on gate voltage (Vgon), typically 15V for Si IGBT case, is
given as v, through R to charge the input capacitance (Cigs=CgctCye). Subsequently, vg,
starts rising which is approximated by a first-order RC circuit. The corresponding time constant
of vge is T4 = R * Ciss. Accordingly the gate current (iy) is expressed as,

dvge Vg—Vge

= Je % (3.1)

'g = liss "3 = "rg

Once vy, crosses the turn-on threshold voltage (vr), the conductive channel is built, and
the conduction current mainly is controlled by v, and v.. Concretely, the IGBT’s static
characteristic in the regions of cut-off, active and saturation is expressed by the following
equations, where i;cgr is the equivalent current flowing through the MOS channel and BJT.
Instead of using the typical trans-conductance gg in MOS and current gain (£) in BJT, the
equivalent trans-conductance Kiggt is used, which equals to (1 + ) - gss. Both Kiggt and vy
are extracted directly from the output and transfer curves in the datasheet [150].

0, Vge < Ur
fieer = { Kicer * (Vge = 1 — 0.5 Vee) * Vees Vee < Vge = Vr, (3.2)

2
0.5 Kigpr * (vge - vT) »Vee > Vge — Ut

As ijcgr rises to I, there is a voltage drop (vy) on the Lg and thus the v, during this

interval is expressed by,
di,

Vee = Vaa — v = Vaa — Ls " 3 3.3)

As for the nonlinear parasitic capacitances in IGBT, Cy is a voltage-dependent

capacitance. It increases significantly as v.. declines according to the capacitance curve and
gate charging curve in the datasheet. Consequently, most of the charging i, flows to Cg ,
instead of Cge. vge, as a result, is clamped at the miller plateau, as shown in Figure 3-3 (b)
(t; — t, and t; — tg). During these periods, the IGBT keeps conducting and operates in the

saturation region. Hence, vy,; is expressed as,

Vmil = +/ 2 " I./Kiger + V7. (3.4)
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As I} commutates from the low-side IGBT to the up-side diode, the diode current i drops
accordingly to zero. Since there are minority carriers stored on both sides of the PN junction,
the diode cannot switch off immediately. In fact, once i;cgr reaches Iy, the diode starts entering
into the reverse recovery period (tg — tg), as shown in Figure 3-3 (b). The corresponding diode
curves are presented in Figure 3-4. i is the diode forward conducting current and it decreases
with the slew rate of dig/dt. In addition, t.. and Q.. are the reverse recovery time and charge
respectively. When i decreases to zero and enters into reverse recovery at t.., it continues
decreasing with almost same decline rate. Once i reaches the reverse peak I, at t.,, it starts
decay with the time constant (z,..). It is assumed that this period ends when ir bellows 10% of
I, - To represent this diode’s reverse recovery characteristic, an additional equivalent
dependent current source (i) is used and it is expressed as,

dr, (t —tre) tre <t <try

ire = at _t—trm (35)

L€ e ,t >ty

This diode’s reverse recovery behavior results in a current bump to i, with additional

losses. The diode parameters are computed from the device datasheet [151].
1

Tre = Inio (ter — Irm/(dig/dt))
Iy = /Qyr - dip/dt ' (3.6)
Ly = 2 vV er/(diF/dt)

As soon as ip reaches I.,, vp transfers from positive to negative and v, decreases to

Vcesar Simultaneously. Meanwhile, vg. continues climbing to Vgon,.

IF

'lrm

Figure 3-4 The diode’s reverse recovery characteristic [151].
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e Turn-off period (ty — t3)

The turn-off process is almost the inverse sequence of the turn-on process, except for the

current tailing period. The turn-off gate signal (Vo). typically OV for IGBT, is provided at
to. Subsequently, v, starts decreasing. Meanwhile v, starts rising with the slew rate as

% _ VGVUnil (3 7)

de RG-Cgc

During this voltage transition period, vg. keeps at vy again and thus i, maintains at I,

level. Once v, reaches V44, I, begins commutating from the IGBT to the diode, and i starts
decreasing, similar to the turn-on process. During this current transition interval, the effect of
excess base carrier recombination in the IGBT prolongs the turn-off time resulting in extra
power losses. Typically this tail current (i.,;) is described approximately by the exponential

function,

_t—tailo
itail = ltailo "€ il , (3-8)

where I,i0 and tq,0 are the collector current at the beginning of the tail stage and the

corresponding time. ., IS the carrier transit time constant.

3.3.2 Temperature Sensitivity Consideration

TSEPs, as mentioned previously, are today widely used for the measurement of ;. As T;
changes, the corresponding parameters of an IGBT, such as on-state voltage (vV¢esat), V1, and
Teai, WIll also change, affecting the dynamic behavior of the IGBT. Hence these parameters
should also be under consideration. A series of analytical equations are provided to describe
the TSEPs in the IGBT and the diode. All the equations are based on the experimental

measurements and curve-fitting as a function of temperature and various coefficients [152].

vr = Vpo — kr* (Tj - T,). (3.9)

Kiger = Ko - (Ta/T;)%8. (3.10)

Teait = 5 X 1077 - (T, /TS, (3.11)

Veesat = (Veesato + Tolc) + (AVeesar + Aroic) (T; — Th). (3.12)
e = Lo + trmo 5= + (Kem + Keem - ) (T; = Ta). (3.13)
Qer = Qrro + tour 5= + (Ker + Ko, - 55) (T = Ta). (3.14)
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Table 3-1TSEPs of the IGBT and the diode.

Parameter Value Parameter Value Parameter Value Parameter Value

Vro  5.812 kr 0.01 K, 2.834 Veesato  0.9715
To 0022  AVesae -0.001  Arg 0.0001 Lmo  17.77

trmo 00123 K., 0041 Ky, 0000035  Q.,  3.602

tor 00003 K. 003  Kgr 00000072 T, 25°C

Where Vrg, k1, Ko, Veesator To» AVeesat, A1y are the IGBT fitting coefficients and T,
denotes the ambient temperature. Also, Irmo, trmos Krm» Kirm» @rro» tqers Kers Kqrr are the
diode fitting constants. All the curve fitting parameters are obtained from the datasheet. The
TSEPs of the model for IGBT (IKW40T120) from Infineon, as an example, were extracted
from the datasheet using MATLAB. The parameter results were listed in Table 3-1.

3.3.3 Behavioral Model Circuit of IGBT

A Si IGBT consists of an N-channel MOSFET and a PNP BJT. Its base current is
controlled by the MOSFET’s gate voltage, as shown in Figure 3-3 (a) previously. Based on
that, the schematic of the behavioral IGBT model is illustrated in Figure 3-5. In the gate loop,
the nonlinear capacitances are merged as Cjgs in parallel with an equivalent dependent voltage
source, especially for miller plateau. In the power loop, the IGBT’s static and dynamic
characteristics are represented by the equivalent dependent current source ijggr and the
voltage source v;ggt. Concretely, during switching transients, the change of i is reflected by
iigceT and likewise, the change of v, including v s, fOr the on-state is realized by viggr.
Furthermore, the PIN diode is modelled by an ideal diode in series with Rp and Vp,.
Additionally, the diode’s reverse recovery behavior is also realized by the equivalent
dependent current source i... This model circuit is implemented in PSCAD/EMTDC,
including the main circuit, user-defined programmed modules and other control components.
TSEPs are updated and calculated based on the input operating conditions. The IGBT’s
nonlinear features and the body diode’s reverse recovery characteristic are modelled using
FORTRAN to control the voltage and current source, respectively. Thus, the transient
waveforms of the switching cell are simulated. The switching time and other transient

parameters are obtained and extended to the power loss calculation model.
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Figure 3-5 The behavioral model circuit of IGBT.

3.4. Power Loss Analyses

Once the transient switching waveforms are obtained in the IGBT behavioral model
circuit, power loss analyses are conducted. For simplicity, in Figure 3-3(b), the voltage and
current are assumed piecewise linearly changing except for the diode reverse recovery and
tailing current periods. The tailing time t.;; is defined as the time interval when i, decreases
from 10% I}, to 1% I;.. In addition, the diode reverse recovery decay interval is relatively short.
Thus the corresponding loss is neglected in this work. All the parameters in the following
analytical equations for each switching sub-stages are obtained simultaneously in the IGBT

model simulation [153].

The primary power losses during IGBT switching transients include turn-on current loss
(Eoni), turn-on voltage loss (E,,y), diode reverse recovery loss (Ej..), turn-off current loss
(Eof5i), turn-off voltage loss (E,¢r,) and IGBT tail current loss (E,;;). The detailed analysis is

provided as follows.
3.4.1 Turn-off Loss Analysis
In the interval from t; to t3, v, rises from 0 to V44, meanwhile i, keeps almost constant
as I;,. Hence, power loss during this period is given by,
Eotry = It * Vad * Cotty (3.19)

where t, ¢ IS the corresponding transition time.

38



3.4 Power Loss Analyses

Once v, reaches Vg4, the current falling period begins. During the interval [t,, t3], a
voltage drop is applied on Lg due to the change of current and thus the power loss is,
Eotsi = Iy * Vaqa * totw/2 + Ls - I£ /2. (3.16)

With the assumption that the tail current starts at 10% of I, and t.,; equals to

trail/In10, the corresponding tail loss is estimated as,

t

ttai e P
Etait = Vaa " J;™" ltaito - € "itdt = 0.456 * I, * Vaa/tair (3.17)

3.4.2 Turn-on Loss Analysis

Likewise, the turn-on power losses have resulted during the interval [ts, tg]. Initially, i.
rises from O to I;,, meanwhile v, keeps almost constant with a voltage drop on Lg. Hence, the
power loss for the interval [ts, t4] is expressed as

Eoni = IL* Vaa * toni/2 — Ls " I£ /2. (3.18)

Assuming that i, equals to I}, during the voltage falling period from t, to tg. At the same
time, v, drops to v..s,r and thus the power loss during this period is computed by
Eony = I, * Vaa * tonv/2. (3.19)

As for the diode reverse recovery loss during the period t,.., it is relatively short compared

with the voltage falling period. Hence, the power loss is calculated by,
Eiry = (Vaa — Ls * I./toni) - (L - (trm - tre) + Qrr)- (3-20)
3.4.3 Conduction Loss Analysis
From the output characteristics of IGBT and diode in the datasheet, v qs4 IS represented

in terms of an on-state threshold voltage V.., and an equivalent resistance .,

Veesat = Veeo + 7¢ " lc. (3-21)

If the average current is I.,, and the root-mean-square value is I, then the average

conduction loss of IGBT (pcon) IS expressed as follows, where f;,, is the switching frequency.
1/fsw .
Pcon = fsw fO Vee " Lcdt = Vieo  leay + 7¢ - Igrms- (3.22)

The total switching losses E is estimated as the sum of the loss equations above,

Eis = Eotrv + Eoffi + Etain + Eoni + Eony + Eirr. (3-23)
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Noted that, V44 and I, are the keys affecting the power losses. Besides, the effects of diode

reverse recovery current, Lg and i.,; should also be considered, especially for HF applications.

3.5. Experimental Verification

The IGBT-diode switching cell’s behavioral model and the power loss estimation method
were implemented in PSCAD/EMTDC and validated by comparing with the experimental
results from a DPT bench and a boost converter application. This method’s key objective is to
predict the device’s power dissipation in a PE system simulation. The selected IGBT device’s
model parameters are initially extracted from the device datasheet by curve fitting or empirical
formula as discussed previously. Afterwards, the device-level simulation runs with ns time-
step multiple times based on the operating conditions’ required range. Subsequently, the power
loss information based on the simulated waveforms is obtained, exported and reformatted as a

LUT for further power loss estimation in a PE system simulation.

3.5.1 Device-level Verification

According to the circuit in Figure 3-6 (a), a DPT bench was designed and implemented to
characterize the devices [154]. The test setup consisted of a power supply, a Digital Signal
Processing (DSP) control system, a thermal control system, a cooling fan and the devices under
test (DUTS), as shown in Figure 3-6 (b). A thermocouple was placed between the heatsink and
the DUTs to measure the temperature. Through the thermocouple amplifier AD595, the
temperature value was further read by the analog pin of DSP. The temperature in the DPT was
controlled by the DSP controller, cooling fan and the heater attached to the heatsink. A thermal
imager (Fluke, Tis40) was used in the DPT to monitor the device’s junction temperature.
Tektronix High-voltage differential probe THDP0200, current probe TCPO030A, and the
350MHz oscilloscope MSO5034B were used to capture the switching waveforms.

Table 3-2 Key parameters of the device and testbed.

Parameter Value Parameter Value Parameter Value Parameter Value

Rgint 60 Cos  2500pF  vp 58V Cpg 110pF
Kiggr  2.83A/V2  Rgext 150 Vag  0-1kV L 5mH
I 0-80A Lg 180NH  Veesa L7V Vg 15V/0V
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Figure 3-6 Loss evaluation setup, (a) circuit schematic, (b) DPT bench.

The Infineon IKW40T120 IGBT device (TO-247 package) was chosen as the DUT. The

critical parameters of the model and the test bench are listed in Table 3-2. The capacitors are

initially charged to the desired voltage level. Subsequently, the DSP gives the gate signal to

test the switching cell. The transient switching waveforms are captured by oscilloscope.

To study the temperature-dependent features, the operating 7; of DUT is controlled by the

thermal system and monitored by a thermal imager to the desired test condition, as shown in

Figure 3-7(a). As the Tj increases, the TSEPs are changing and affecting the dynamic behavior

of the switching cell. As a result, the turn-on and turn-off time (¢, and t;) and vt change

accordingly as shown in Figure 3-7(b). Since the traditional model only considers the specific

operating conditions, it cannot represent the dynamic changes in various Tj resulting in

deviations. The simulation results with the temperature feature show a good agreement with

the experimental results. As T; change from 25°C to 150°C, ¢¢ increases more than two times,

while ¢, increases slightly. In contrast, vy declines slightly as Tj rises to 150°C.
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Figure 3-7 (a) Thermal image of DUT in DPT, (b) Switching time and v Vs T;.
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Figure 3-8 (a) turn-on i; (b) turn-off i.; (c) turn-on v..; (d) turn-off v..@ 150°C, 15Q.

The IGBT’s switching waveforms are illustrated in Figure 3-8 under the test conditions
of 150°C Tj and 15Q Rge.. The simulated results are compared with the measurements in the
DPT, and good agreements are achieved. Concretely, the switching details such as transient
spikes, tail current, diode behavior, and the parasitic elements’ impacts are observed. Note that
there are some current oscillations after the IGBT completely turns on. These oscillations
mainly result from the resonance of the testbed’s parasitic inductances, which is not considered
in the model for simplicity. In fact, during these oscillations, v.. maintains at v eg,¢, Which is

relatively low level. Thus the resulting power loss is not significant.

The computed power losses results are also compared with the measured results by
integrating the product of measured v, and i, during the switching process in Figure 3-9. A
series of V34 and I, are set to obtain the power loss LUT by the multiply-run function in
PSCAD. Notice that the switching losses and the proportion of E,, and E,¢ change
accordingly, as Vygq, I;, and T; increase. The simulation results have reasonable accuracy with
the variations of Va4 and I;,. The average errors are within an acceptable range (below 10%).
Figure 3-9 (d) shows an example of a 3-D plot of losses. Although only one layer for the
condition of 25°C is graphically demonstrated, multiple layers with various T; are generated in

the simulator. A multi-dimensional table is stored and ready for circuit simulations.
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Figure 3-9 IGBT switching energy loss (a) vs i, (b) Vs vce, () vs Tj, (d) 3-D LUT@15Q.

The obtained power loss LUT is applied to various PE applications such as buck or boost
converter for device loss estimation. Hence, a boost converter in Figure 3-10 (a) was

3.5.2 System-level Verification

implemented in PSCAD and built with a cooling system, as shown in Figure 3-10 (b). The
designed boost converter setup includes the main circuit board, DC power supply, oscilloscope,
resistive load and other measure equipment. The same semiconductor, Infineon IKW40T120
IGBT, is used for testing. Wakefield-Vette 394-2AB heat sink is chosen as the cooling system.
The main parameters of the testbed are listed in Table 3-3.

Table 3-3 Key parameters of the boost converter.

Parameter Value Parameter Value Parameter Value Parameter Value
Vs 150V Vo 300V Lg 7.17mH Cp 940uF
Rg 770 fow 10kHz D 0.5 Rgext 15Q
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Figure 3-11 System simulation (a) overall performance, and (b) detail loss information.

The experiments were conducted at various voltages with a fixed 10kHz switching
frequency controlled by DSP. The same circuit and conditions were simulated in
PSCAD/EMTDC using an ideal switch with an additional power loss LUT under the typical
s time-step. The overall system performance waveforms and the details of power loss
estimation in the simulation are shown in Figure 3-11. It is observed that the detailed power
losses, including E,,, Ey and peon, are well estimated during each switching cycle.
Concretely, Figure 3-11(a) shows the start-up transient waveforms in the PSCAD simulation.
As the output voltage (v,) and instantaneous current (i;) reach steady-state, there is a current
ringing in i;, during the switching transients. The average power (pa,ygc) denotes the average
power loss of power semiconductor in one switching cycle. The instantaneous payg: is
estimated and change accordingly. Figure 3-11 (b) demonstrates the simulated losses in a
switching cycle scale for the IGBT. During each switching cycle, E,, and E ¢ are obtained
from the power loss LUT based on the instantaneous operating conditions at the beginning and
the end of the switching cycle, respectively. Likewise, p.o, 1S Obtained and updated based on

the operating conditions which validates the power loss estimation method.
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Figure 3-12 (a) Measured overall system waveforms; (b) thermal image.

Figure 3-12 (a) illustrates the measured overall system waveforms in the boost converter

test bench, and the device temperature was monitored by a thermal imager, as shown in Figure

3-

12 (b). The switching power p;s is obtained by the product of v, and i. using MATH

function in oscilloscope. Subsequently, p.s is exported and integrated for power loss

computation. It is observed that p.s keeps in a low level during on- and off-state while a

significant increase of p.s occurs during each switching transient.
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Figure 3-13 Measured results (a) on-state; (b) off-state; Simulated results (c) on-state; (d) off-

state.
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Furthermore, the detailed turn-on and turn-off waveforms of the IGBT were captured by
an oscilloscope, as shown in Figure 3-13 (a) and (b), respectively. The transient waveforms
under the same test conditions in PSCAD/EMTDC are shown in Figure 3-13(c) and (d) to
verify the proposed approach’s accuracy. Notice that the overlap of v.. and i, during switching
process correspond to E,, and E.g, Which are significant, especially for high-frequency
applications. It is observed that the simulated results agree with the experimental results in

terms of the dynamic switching time and the switching losses.

Besides, the simulated power loss results for different v, are compared with the measured
results and the estimated results by curve fitting the loss curves in the device datasheet as
shown in Figure 3-14(a). It is observed that significant loss deviations are found in the curve
fitting results, especially E,,. The deviations result from the limited range of the loss
information provided in the datasheet. A simple linear estimation of the loss can also result in
considerable deviations, especially for low voltage or low current range. In contrast, the results
by the proposed method match well with the measured results in a wide range of v, which
validates the proposed approach. Moreover, Figure 3-14 (b) illustrates the switching loss
results for different T;. The traditional curve fitting method is only linearly scaled of the effects
of temperature and other conditions. The proposed results show better agreements with the
experimental and curve-fitted results in a wide range of operating conditions. Generally, the
overall power losses, including E,, and E,g, increase slightly as 7; rises to 100°C. It should be
mentioned that the power losses are analytically estimated by the additional loss table and will

not affect the electrical circuit simulation.
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Figure 3-14 Switching loss of boost converter (a) vs v,; (b) vs T;
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3.5.3 Discussion
e Applicability and Limitation

The proposed model is applied to an EMT simulator with user-defined functions (e.g.
PSCAD/EMTDC, MATLAB/Simulink). The modelling approach, including the parameter
extraction sequence and the power loss estimation method, applies to various Si IGBT devices
and other types such as MOSFET and GaN devices with necessary modifications.
Nevertheless, the displacement current caused by charging and discharging the nonlinear
capacitances during voltage transition is neglected for simplicity. Besides, Tj is considered a
given constant value. The internal common source inductance effect is not fully considered,

negatively influencing the gate loop and affecting the switching time.

e Efficiency

As for the efficiency of the model, it is a tradeoff between accuracy and speed. The device
simulation is recommended to run under the ns simulation time-step for reasonable accuracy.
Therefore, the running time and LUT data capacity are highly dependent on the simulation
time-step. Figure 3-15 demonstrates the running time results of using various models under
different time-steps. It is observed that the running time of using the proposed method is almost
ten times less than using a detailed model directly in a PE system simulation under the same
1ns time-step. However, both cases are only suitable for a short duration simulation due to the
out-of-memory problem. Notice that the proposed approach can also run under s time-step
with reasonable accuracy. In this way, the system simulation can run for a more extended

period. Meanwhile, the simulation speed is comparable with the ideal switch case.
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Figure 3-15 System simulation time using various models and time-steps.
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3.6. Chapter Conclusion

This chapter presented an IGBT-diode cell behavioral model for estimating power losses
of power electronics converters in the electromagnetic transient simulation. A comprehensive
simulation strategy was introduced, and a relatively balanced trade-off between simulation
speed and accuracy was achieved. The IGBT model’s modelling process was analytically
provided considering various impacts, and the parameter extraction sequences were also
introduced. As a result, the switching cell’s transient switching waveforms were reproduced in
device-level simulation using the device model. According to the system application’s
operating range, a multi-dimensional power loss look-up table was obtained through a
multiple-run simulation in PSCAD/EMTDC.

The electrical network was typically implemented in simulation with simple switch
models for semiconductors in the circuit-level simulation. The power losses were obtained in
every switching cycle by searching from the power loss table based on the instantaneous
operating conditions. The proposed method was supported by a good agreement of simulated
and experimental results from the DPT bench and a boost converter in terms of switching
transients and power losses. Furthermore, the applicability, limitation and efficiency of the
proposed approach were discussed. A reasonable accuracy and a fast simulation speed were
achieved without convergence issues by selecting a nanosecond time-step for the device-level
simulation and a microsecond for the circuit-level simulation. Besides, the modelling and the
power loss calculation methods were applicable to a switching cell. The counterparts for the
other cases, such as SiC MOSFETs and GaN devices, will be presented in Chapter 4 and
Chapter 5.
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4.1 Introduction

Chapter 4 An Electro-thermal Model of SIC MOSFET for

Power Loss and Temperature Predictions

- APart of the work presented in this chapter is the result of original work published under
Y. Xu, C. N. M. Ho, A. Ghosh and D. Muthumuni, “A Datasheet-Based Behavioral
Model of SiC MOSFET for Power Loss Prediction in Electromagnetic Transient
Simulation,” in Proc. IEEE APEC, Mar. 2019, pp. 521-526.

- APart of the work presented in this chapter is also the result of original work published
under Y. Xu, C. N. M. Ho, A. Ghosh and D. Muthumuni, “Design, Implementation and
Validation of Electro-Thermal Simulation for SiC MOSFETs in Power Electronic
Systems,” IEEE Trans. Ind Appl., vol. 57, no. 3, pp. 2714-2725, May-June 2021.

This chapter’s key objective is to develop a datasheet-based electro-thermal model of SiC
MOSFET with PIN diode or SBD for power losses and temperature estimations in a PE system.
The comprehensive modelling approach is based on the transient switching analysis in a double
pulse test circuit. The model parameters extraction procedures from the device datasheet are
also given. The impacts of various parasitic elements and the interaction of diode on switching
transients are discussed in detail. Further, the thermal network modelling method is presented
to reproduce the device’s dynamic thermal behavior. Finally, a closed-loop electrical-thermal
simulation was implemented in PSCAD/EMTDC and experimentally verified by a DPT bench

and a PFC system. The details of the work are followed in the subsequent sections.

4.1. Introduction

Nowadays, SiC MOSFET, as one of the most popular Wide-Bandgap (WBG)
semiconductor devices, has been rapidly developed with superior features such as high
breakdown voltage, fast switching speed and high thermal conductivity [155]. As a result, it is
increasingly used in many modern PE applications (e.g. photovoltaic (PV) [156], Power Factor
Correction (PFC) [157], and power supply [158]). On the one hand, the higher switching
frequency leads to higher power density for PE systems. On the other hand, the increases in
switching losses and thermal stress and the intense impacts of parasitic circuit components

result in device fatigue failure. Thus the merits of using SiC devices are alleviated. Hence a
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correct approach for evaluating the power losses and thermal performance of SiC MOSFETs

in a PE system is highly desirable and promising for system design.

One straightforward method of determining the power loss of semiconductors is capturing
the switching transients using the DPT setup [159]. Apart from the tedious process for different
permutations of the operating conditions, high bandwidth probes for the voltage and current
measurements are required due to the fast switching speed of SiC MOSFETs. Several
simulation models have been proposed to reproduce the switching behaviors of SIC MOSFETS,
avoiding repetitive measurements. Built-in SPICE-based MOSFET models [160]-[161] were
commonly used, which provided a physical description of the channel current and internal
capacitances. The model’s physical parameters were usually unavailable in the device
datasheet, and the diode’s behavior was typically neglected. Several analytical loss models
[162]-[163] were developed to improve the model’s accuracy. The mathematical loss equations
were derived based on the transient equivalent circuits for each switching sub-stages. However,

complicated numerical calculations were often involved with convergence issues.

Simple thermal resistances between different thermal layers are commonly used to
describe the heat transfer process for steady-state thermal analysis, and the junction
temperature is computed. Thermal impedances instead of resistances are required to be
considered to represent the dynamic thermal behaviors. RC thermal networks such as the Cauer
network [164] and the Foster network [165] have been widely used and can be transformed
into each other using mathematical methods. Further, by combining a circuit simulator with a
thermal model, several electro-thermal models [166]-[168] have been proposed. However,
most of these models require proprietary software or external solvers to accomplish the

simulation.

Comprehensive electro-thermal simulation methods for SiC MOSFETSs in PE systems
have been proposed to solve those issues. Both the power losses and thermal performance were
evaluated in the same simulator without convergence issues. The commutation unit in Figure
4-1 is considered in this chapter. This phase-lag configuration is widely used as a basic
switching cell in a PE system. S; stands for a SiC MOSFET and Sy can be a PIN diode
(Conf.1), an SBD (Conf.2), or a SiC MOSFET with/without an SBD (Conf.3/4). V44 and

[}, denote the circuit voltage and current, respectively.
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Figure 4-1 Basic SiC MOSFET switching commutation unit.

4.2. Simulation Strategy

The electro-thermal simulation’s primary objective is to provide fast and accurate power
losses and junction temperature estimations of SiC MOSFET in a PE system. Figure 4-2
illustrates a block diagram of the overall simulation strategy, which includes two stages, device

simulation and system simulation. The corresponding flow chart is presented in Figure 4-3.

e Device-level Simulation

A SiC MOSFET is initially selected in the device simulation based on the PE application’s
power rating requirements. The model parameters are extracted from the device datasheet by
curve fitting methods and empirical formulas. Afterwards, the PE application’s operating range
is identified and set in the device simulation with the extracted model parameters. A DPT
circuit in Figure 4-1 is implemented in a simulator for device simulation. Subsequently, this
device simulation runs multiple times to cover the whole operating range. Since the switching
time of SiC MOSFET is typically within a hundred nanoseconds (ns), the simulation time-step
is recommended to 1 ns or less for high accuracy. During each device simulation run, the SiC
MOSFET’s switching waveforms are obtained. The corresponding power losses are computed
simultaneously by integrating the product of the device voltage and current. As a result, a

multi-dimensional (Tj, V44 and I;,) power losses LUT are generated and further exported for
system simulations.

e System-level Simulation

A PE circuit with simple switch models is implemented in another simulation file with a

microseconds (us) time-step in the system simulation. The power loss LUT and the dynamic
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thermal model are integrated with the electrical circuit. Therefore, at each switching action,
the instantaneous power losses (p.s) of SIC MOSFET are computed through power loss LUT
interpolation based on the instantaneous operating conditions (Vyq, I1,) as well as T; from the
additional dynamic thermal model. Moreover, T; is also updated based on obtained ps. This
closed-loop simulation is a simple search method and mathematical calculation. Thus, it will
not significantly increase extra computational time than the current method in PSCAD that

uses two-value resistances for the switching device.

PE System Simulation (}5) SiC MOSEET
-+ B Transient model
Electrical R 21 Simple Device Simulation
Nz(tix:)iak - Switch (ns)
< Model | <
|_
5 I, Power Loss Table
L[D V.. | T=25-125°C
> dd >
T X Ps Vg
L IL
< T\ pts
_ Pes 4 i Power Loss and
Thermal dynamic model = % Temperature estimation

Figure 4-2 Block diagram of the electro-thermal simulation strategy

| SiC MOSFET device selection |

v

| Model parameters extraction from datasheet |

v

Input parameters to the device transient model and set
the operating range

v

Run the device simulation at specific condition and
obtain the transient waveforms with power loss data

The whole operating range

Export power loss information and
generate the multidimensional Look Up Table

v

Run PE system simulation in PSCAD with lossand
temperature estimation by LUT and thermal model

Figure 4-3 Flow chart of the electro-thermal simulation approach.
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4.3. Model Description
4.3.1 Model Circuit of SiC MOSFET

The DPT equivalent circuit and the detailed behavioral model circuits of the SiC MOSFET
and the diode are illustrated in Figure 4-4 (a) and (b), respectively. The low-side switch S;, is
SiC MOSFET and the high-side switch Sy serves as a freewheeling diode. Note that these

switches are realized by the four configurations mentioned previously. A gate drive voltage v,
is provided to control the S;, through Rgey¢. Coq, Cqs and Cys are the junction capacitances

among gate, drain and source nodes of S;. Based on the realization of the switch S} and Sy,

the corresponding forward parasitic capacitance (Cy) is expressed as,

Coss , Conf.1 and Conf.3

Ce=1{Cp , Conf.2 , (4.1)

CysstCp , Conf.4
where C,¢ IS the output capacitance of the SiC MOSFET and Cy, is the diode capacitance of
the SBD. Notice that the equivalent capacitance of Sy, equals to C, for the case of a single
SiC MOSFET in the following consideration. Besides, by applying Kirchoff’s Law for the
drain terminal of Sy, the drain current (iy) is expressed by,

ig = lch + lga + lds, (4.2)

where iy, igg and igs are the MOS channel current, gate-drain current and drain-source

current, respectively. The behavioral model of SiC MOSFET is presented in detail as follows.

Y Y Y

K Rpb D F|I A
+ Ixe
C Vad : oD
G Rgint
Vil
_SiC MOSFET
= So
(@) (b)

Figure 4-4 (a) DPT equivalent circuit; (b) Behavioral model of SiC MOSFET.

53



4.3 Model Description

e Gate loop part

A gate-drive voltage v, is assumed to flip between Vg (€.9. -5V) and Vg, (€.9. 20V).
The internal gate resistance Ry, and the external gate resistance Rgey: form the total gate

resistance Rg. And the nonlinear junction capacitance is represented by the input capacitance

Ciss With the equivalent voltage source v,,;; for miller plateau [170].

Umil = lg + v, (43)

where gg denotes the trans-conductance of SiC MOSFET and i, is the total current flowing
through the SiC MOSFET.

Different from the analyses in Chapter 3, a common-source parasitic inductance (L) is
taken into account, and its influence is more significant than the case of a Si IGBT due to the
faster switching speed for a SiC MOSFET. It is observed from Figure 4-4(b) that, L. exists
both in the gate loop and MOS channel part to decouple both components. Additionally, an
equivalent voltage source v, is added in the gate loop to reflect the interactive effect
resulting from the change of iy,

Vies = Les * dimos/dt. (4.4)
e MOS channel part

The MOS channel part mainly consists of the dependent current source i, and the
dependent voltage source v,,,s representing the current and voltage performances of SiC
MOSFET, respectively. The on-state voltage drop v,, typically is expressed by the function

of the drain-source on-state resistance (Rps(on)) and Iy..
Uon = RDS(on) ", (45)
Detailed derivation of i, IS discussed in section 4.3.2. All the stray inductances in the

power loop are lumped and represented by Lg. Moreover, the gate inductance in the gate loop

circuit is neglected here for simplicity.

e Diode part

The forward resistance Ry can roughly represent the static characteristic of the body
diode. It is obtained from the diode I-V curve in the datasheet. Besides, the equivalent current

source i, is also employed in this part to describe the diode’s reverse recovery behavior. The
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analytical equation for i.. can be found in the previous section 3.3.1. The reverse recovery
characteristic commonly exists in the PIN diode and body diode of SiC MOSFET. In contrast,
the reverse recovery time is ignored for majority-carrier devices (e.g. SBD). In that case, the

junction capacitance Cy is the primary concern of SBD.

The typical switching waveforms are illustrated in Figure 4-5(a), which includes turn-on
(to — t4) and turn-off (ts; — tg) period [169]. The equivalent circuit for the voltage transition

period is also shown in Figure 4-5(b). The modelling process is presented in detail as follows.

4.3.2 Switching Transient Modelling

Generally, the SiC MOSFET as S}, operates in the same manner as the case of Si IGBT.
However, the impacts of parasitic inductances and nonlinear capacitances on the switching
behaviors are more significant for SiC MOSFET due to its fast switching speed. Besides, the
parasitic elements usually are inevitable in PE systems. Hence, the effects of parasitic elements
are considered in the transient model and discussed in detail in this section. It is assumed that
during the switching transients, V34 and I, remain constant, which is reasonable for such a

short switching period.
e Turn-on period (ty~ty)
A gate drive voltage V,,, is provided through R to charge Cis. Subsequently, v, starts

increasing. Once v, reaches vr, the conductive MOS channel is built. During this period, iy

is modelled as a current source ip,qs, Which is linked by g¢s and vy.
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Figure 4-5 (a) Typical switching waveforms; (b) Equivalent circuit during voltage transition.
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Imos = Jfs * (Ugs — vr). (4.6)

It is noted that L. provides negative feedback from the power loop to the gate loop. This
introduces an extra voltage drop vy .s associated with the fast change of i4. As shown in Figure

4-6(c), the slew rate of iy is influenced by L. and as a result, the turn-on time and power losses
of the device are affected accordingly.

As soon as ig4 rises to I, vgs is clamped at vy,;;. Meanwhile, an additional current is added
to i,,0s because of the reverse recovery behavior of the high-side diode. During the current
rising period, vy, is almost constant with a slight decline due to the voltage drop across Lg as
shown in Figure 4-6 (a). Once i, hits the peak I, the voltage transition period begins, and

the equivalent circuit is shown in Figure 4-5(b). Thereby, vy starts decreasing as,

i _(vg - vmil)/(cgd " Rg). 4.7)
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Figure 4-6 Effect of Lg on vy, (a) turn-on; (b) turn-off, and effect of L. on iy.
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4.3 Model Description

As vy drops significantly, a particular concern of the impacts of parasitic capacitances in
both switches (i.e. C,ss for S;, and Cg for Sy) are required to be considered. A displacement
current is generated due to the charging and discharging processes. Based on the definition of

output capacitance of Sy, (Coss = Cgq + Cys), the capacitive current (i) is expressed by

d‘UdS
de -’

loss = igd + igs = Coss (4.8)

During this period, vy decreases to on-state voltage drop v,,. Meanwhile, C,ss and Ck
are discharged and charged, respectively. Since the sum of these parasitic capacitances’
voltages are clamped to V44, they share the same absolute value of voltage slope (dvys/dt).
Applying Kirchhoff’s law to the drain node of Sy, iy also is expressed as

iq = lmos = I, + ire — Cp - dvgs/dt. (4.9

According to the above equations, i, is further obtained,
lch = Imos — loss = I + Ire — (Coss + Cr) * dvgs/dt. (4.10)

As a result, vy, is also changing according to the following equation,

i IL+ire—(Coss+Cp)-dvgs/dt
Uil = f + vy = 5 = BV dvas/dE | . (4.11)
S S

At t, in Figure 4-5(a), SIC MOSFET turns on completely. Subsequently, vgs continues
climbing until it reaches V,,,. The on-state device is modelled as vy, With the value of v,p,.
e Turn-off period (t5~tg)

The turn-off process is almost the inverse sequence of the turn-on process. As a negative
Vgorr 1S applied at ts, vgs begins decreasing by discharging Ciss. At the same time, v, starts to
rise. Again, the displacement current occurs, resulting in a reduction of current accordingly.

imos = I, — Cg * dvgg/dt. (4.12)

Once vy, rises to Vyq, the current commutation between Syand Sy begins. A resultant
overvoltage V¢ is induced by Lg. Figure 4-6(b) shows that this voltage spike is significant,
leading to the device’s damage. Therefore, a proper layout design to reduce Lg or sacrifice the

switching speed may be the solution to alleviate this overvoltage issue.

Based on the above analyses, the i,,,s of SIC MOSFET is summarized as,
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4.3 Model Description

0, Vs < v
Imos = 4§ Jrs (vgs — UT), Vgs > v and ipes < Iy (4.13)
I}, — Cp - dvgs/dt + iy, dvgs/dt > 0

4.3.3 Thermal Dynamic Model

In a PE system, a SiC MOSFET is typically mounted on a heat sink. This configuration is
separated into four thermal layers, as shown in Figure 4-7. The power loss heat energy
generated from the junction is transmitted to the case and heatsink with thermal interface
material (TIM). Eventually, this energy is dissipated to the ambient. For steady-state analysis,
this heat transfer process is represented typically by thermal resistances between different

layers. Meanwhile, T; of power device is computed based on the power dissipation ps and the

ambient temperature T, which is considered as constant in this chapter.

For modelling the device’s dynamic thermal behavior, thermal capacitances are essential
for forming a dynamic thermal model with thermal resistance. RC thermal networks in Cauer-
type and Foster-type are commonly used. In essence, the former is based on the device’s
internal physical layers and thus computationally complex to implement. On the other hand,
the latter is a mathematical model, and the thermal parameters are obtained from the device
datasheet. The dynamic thermal model of SiC MOSFET is developed and implemented in
PSCAD based on both Cauer and Foster RC networks, as shown in Figure 4-7(b). The Foster-
type RC element of thermal impedance from junction to case Z;. are preliminarily extracted by

curve fitting the transient thermal curve in the datasheet as

t

Zic = Yy Ruppi - (1 — e 7whrd), (4.14)

Notice that the number of exponential terms n equals two in this chapter to form a 2"

order Foster network for simplicity and t,r; (Rinr; * Cenri) @re time constants.

Junction Ti =3 Ricz i Rina Rina

TIM
\ [TV b ARA—AAAAAN - —4-AAN
Heatsink Pts
A 7\ ' 1 Cier L Cineo 1 Cina
T i,
Junction to case TIM iiHeatsinki =
Power loss heat energy

(a) (b)

Figure 4-7 Thermal dynamic model (a) schematic diagram; (b) RC equivalent circuit.
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A thermal pad (Sil-Pad® 400 [171]) as a TIM is used and attached between the device
case and heatsink. The corresponding Ry, is obtained from the datasheet. Besides, an
individual heatsink from Wakefield-Vette (OMNI-UNI-27-25) is adopted. Ry, and Cy,4 are
further obtained based on the heatsink datasheet and the material (Aluminum 6063-T5) data
[172]. All the thermal-related parameters are illustrated in Table 4-1.

4.3.4 Parameter Extraction Procedure
The device’s main parameters are extracted from the device datasheet by curve fitting or

empirical formulas. As an example, the SiC MOSFET (SCT2080KEC) from ROHM is
selected, which is typically operated at IV 34 = 600V and I;, varies in the range of [0A, 40A].

e MOSFET Parameters
To describe the SiC MOSFET’s switching behavior, vt and gg are typically assumed as

constants. In fact, vy is a thermal-dependent parameter that is fitted by a quadratic function of

Tj. kra, k1p and k. are fitting constants.

vp(Ty) = kpa* T + kqp * T + kre. (4.15)

Table 4-1 Key Parameters of SiC MOSFET Model

Parameter Value Parameter Value Parameter Value
Rgint 6.3Q kta 0.0000312 Rp 0.2140
Kb -0.01217 ke 3.257 k, 0.1314
Les 30nH Ls 50nH Rinz 1.13 K/IW
ky, -1.993 kg 1.396 Cenr1 0.2006
Rina 5 K/W Cina 28.13 JIK Cinca 0.0098
Renrs 0.2366 Runct 0.2296 Cenr2 0.01026
Rinrs 0.2083 Rinco 0.2153 Cinco 0.2102
Heat Capacity 0.900 J/(g'K) Heatsink Density 2.7 glcm®
Chv kea kb ke kea
Ciss 2239 38.17 39.04 64.47 3.001
Coss 77 35.45 104.1 90.48 0.8351
16 26.47 68.47 96.76 2.279

Irss
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4.3 Model Description

Moreover, gs is nonlinear and related to i., which has been given little attention in the
literature. According to the transfer curve from the datasheet, i,,,s and g are fitted by the

following equations, where k, and k;, are the curve fitting coefficients.
. 2
Imos = kg (vgs — vT) + ky, (4.16)
9ts = lmos * \/ka/(imos — Kkp), (4.17)

It is well known that Ci, Cyss and Crss 0f @ SIC MOSFET, are a function of vgs. While

Cp in the SiC SBD is related to the reverse voltage. Based on that, all the capacitances are

obtained by fitting the capacitance curves using the following equation, where Cy,, is the
capacitance at a high-voltage range. k.., k¢, kcc and kq are all fitting constants [173].

C(V) = Cny + kea/ (1/kep + v¥ed [keo), (4.18)

As mentioned previously, the on-state voltage v, is related to Rpg(ony and Ip.. It is noted

that Rpg(on) IS also a crucial temperature-dependent parameter. The following equation can fit

it from the datasheet, where ky is a fitting constant.

T]-+273)kR
Ta+273

Rpson) (Tj) = Rps(on)(Ta) - ( (4.19)

e Diode parameters

Note that the forward conducting and reverse recovery behaviors of a diode are considered
in the diode model. The effect of reverse recovery current is ignored for the SiC SBD case, as
mentioned previously. The reverse peak current I.,, and time constant 7., are extracted from
the diode I-V curve and the charging curve in the datasheet based on the same equations as

previously provided in section 3.3.1.

e Parasitic inductances

To accurately extract the parasitic inductance from the device datasheet is rather
challenging. Often, only the device module’s internal parasitic inductance is given by the
manufacturer. While the other parasitic inductances, such as Lg and L., are dependent on the
specific Printed Circuit Board (PCB) design and the corresponding device package. These
parasitic inductances are challenging to measure and are computationally extracted by
ANSOFT or Maxwell Q3D [174]. In this model, Lg and L. are preliminarily estimated based

on the PCB trace length of the power loop and gate loop [175] as well as the device package
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(e.g. 2-5nH for TO-247 [176]). If the measured switching waveforms are attainable, the
parasitic inductances are further calibrated and determined approximately. For example, it is
seen from Figure 4-6, the simulated results with the conditions of Lg = 50nH and L.; = 30nH
match well with the experimental results comparing with other conditions. Therefore, the

corresponding inductance values are determined.

4.4. Experimental Verification

The proposed approach’s key objective is to evaluate the power dissipation and the
thermal performance of SiC MOSFETS in a PE system simulation with acceptable accuracy

and relative fast simulation speed.

4.4.1 Device-level Verification

A DPT setup was designed and implemented based on Figure 4-1 to characterize the
device and validate the proposed SiC MOSFET model. The DUT is the low-side SiC MOSFET
(SCT2080KEC, Rohm). The high-side device uses the body diode of the same SiC MOSFET
as a freewheeling diode. Both devices are placed on top and bottom sides respectively to reduce
the parasitic inductance. The driver IC with the type IXDN609SI is adopted as the gate driver
providing 20V/-5V drive voltage. One 0.1Q current shunt resistor (SDN-414-01) is inserted to
measure the switching current of the DUT. And vy, is measured directly by a high-bandwidth
passive voltage probe (TTP800). Besides, the DSP-controlled thermal heater and a cooling fan
are implemented for the operating junction temperature control. Also, the temperature is
monitored by a thermal imager (Tis40, Fluke).

Thermal ; B |
Heater \, SiC MOSFETs
(Both sides)

Screw connector
for Inductor

Input voltage §
connectors

driver
Current
Shunt Resistor

Figure 4-8 The DPT bench for SiC MOSFET.
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Figure 4-9 Transient switching waveforms (a) turn on; (b) turn off @ 25°C.

e Switching transient verification

The simulated results of DPT switching waveforms using the proposed model in
PSCAD/EMTDC are compared with experimental results in Figure 4-9(a) for turn-on transient
and (b) for turn-off transient. It is observed that during the current rising period, around 50V
voltage drop of vy occurs due to the impact of Lg .The additional overcurrent of iy caused by
the diode’s reverse recovery behavior also is observed. During the turn-off period, the peak
voltage of v4s can reach 700V due to transient voltage across Lg. Therefore, a special concern
should be paid to reduce the parasitcs in the PCB design process. Generally, the results indicate
that the dynamic changes of voltage and current in simulation match well with the experimental
results, which validates the proposed model’s accuracy. However, the current has a ringing
period because of parasitic elements’ resonance, which is ignored for simplicity. Further

investigation is needed.

e Switching loss verification

The switching losses of SiC MOSFET were evaluated for different operating conditions,
as shown in Figure 4-10. In general, the power losses under various operating conditions are
estimated using the proposed method with reasonable accuracy. It is found that the turn-on loss
is more significant than the turn-off loss, and the latter has fewer changes than the former. The
average error is within 10% and the loss discrepancy increase for high-temperature condition.
The main reasons can be the ignorance of ringing loss and the non-ideal recharging process of
parasitic capacitance for simplicity. Apart from the error of parasitic extraction, the thermal-
dependent g¢; and diode parameters cannot be fully considered [177]-[178].
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Figure 4-10 Switching losses results of the SiC MOSFET under various (a) iq; (b) vgs; (C) Tj.

4.4.2 System-level Verification

To further validate the proposed approach for power losses and thermal estimations in a
PE system, a bridgeless PFC converter [179], as an example in Figure 4-11, was built and
implemented in PSCAD/EMTDC, using simple switch models with an additional loss LUT
and a dynamic thermal model. This designed PFC converter uses SiC MOSFETs as HF
switches (S; and S,) in paired with SiC SBD (S5 and S,), and runs under different voltage and
power conditions. The switching devices operate as the complementary pairs S; /S5 and S, /S,
in accordance with grid voltage vs. In addition, two PI control loops were employed and
implemented in DSP to control the output voltage v, and grid current ig. Two identically
designed inductors were used for L, and L, cooperating with the switching cell. The PFC
system was tested and simulated under three different v, and resistive load R,(Case 1: 400V,
267Q; Case 2: 500V, 400Q; Case 3: 600V, 680Q2). The key parameters are listed in Table 4-2.
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Figure 4-11 PFC application (a) schematic diagram; (b) hardware setup.
Table 4-2 Key parameters of PFC application
Parameter Value Parameter Value Parameter Value
vg(rms) 120V,60Hz Yy 400-600V fow 50kHz
L,&L, 1.03mH C, 453.33uF R, 226.67-6800
5:&S, SCT2080KEC | S;&S, C4D20120D Rgext 5Q

e Power loss estimation

Figure 4-12 shows the steady-state waveforms of the PFC converter. It is observed that ig
synchronizes well with vs. The switching cell operates well at high-frequency switching and
continuous conducting alternatively. Notice that a positive cycle is selected for conduction
power loss computation. Since the current of S; is the same as i when S; is on, the
corresponding p.on, IS Obtained by the product of ig and vy for each on-state period. As the
PFC starts running and reaches the steady state, p..,, keeps changing due to the thermal-
dependent Rpgs(on)- HeNce, peon at 10s and 1200s (considered as the thermal steady-state) were
measured respectively and compared with the simulated results in Figure 4-12 and Table 4-3.
It is noticed that the proposed model shows great reproducibility of the instantaneous p.qn. AS
v, rises from 400V to 600V, the average conduction power decreases because of the decrement
of the current. On the other hand, comparing the results at 10s and 1200s, a slight increment of
conduction loss is observed, which can be explained by the positive correlation between

Rps(on) and Tj. Overall, the average error is below 10% for various operating conditions which

verifies the accuracy of the proposed model.
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Figure 4-12 Measured PFC system waveforms under (a) case-1; (b) case-2; (c) case-3;

Conduction power results of PFC at 10s (d) case-1; (e) case-2; (f) case-3.

Table 4-3 Conduction power loss results of PFC application

Condition Case-1 Case-2 Case-3
Time 10s  1200s  10s  1200s 10s  1200s

Measured 2.24W 3.12W 1.93W 2.61W 142W 1.94W

Simulated 2.41W 3.39W 2.01W 2.78W 151W 2.09W
Error 7.59% 8.65% 4.14% 6.51% 6.33% 7.73%

e Thermal performance

The simulated results of overall system performance and the detailed power loss
estimations are demonstrated in Figure 4-13. Note that the computed average power losses of

SiC MOSFET in one switching cycle p,g rises to steady state in accordance with v, .

Moreover, the detailed device losses breakdown, including peon, Eon and E,, can also be
predicted during each switching cycle and updated based on the instantaneous operating
conditions. E,,, and E ¢ are obtained at turn-on and turn-off transient, respectively, while p.on
keeps changing in phase with the current. Since all the power loss data are pre-obtained from
the power loss LUT in the device DPT simulation, the power loss estimations’ accuracy within
the available operating range is promised with fast simulation speed. It should be mentioned
that this additional loss information will not affect the electrical circuit simulation.
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Figure 4-13 Simulated results for case 1(a) overall waveforms; (b) detailed loss waveforms.
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Furthermore, the dynamic thermal model was also implemented in PSCAD/EMTDC for
PFC electro-thermal simulation. All the switching devices were attached to the heatsink
individually through the TIMs. The transient 7; of SiC MOSFET, which is the hottest spot, was
monitored by the thermal imager, as shown in Figure 4-14(a). It is seen that SiC MOSFETs

have a much higher junction temperature up to 100 °C than the SiC SBD. Hence, the losses of

HF switching devices are more significant and are of particular concern for device selection
and thermal management. Moreover, the simulated transient T; of SiC MOSFET are compared
and illustrate a good agreement with the experimental results in Figure 4-14 (b). It is observed
that the Tj for all cases increase gradually from the initial 25<€ and reach to different steady-
state at the 1200s due to the power loss difference. Nevertheless, the average error of the
proposed model at 1200s is within 10%. Besides, it is also seen that the simulated thermal
trajectories slightly deviate from the experimental results. The reasons can be the

underestimation of thermal capacitance and the power losses in the low current range.
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Figure 4-14 Thermal results of PFC (a) thermal image; (b) transient T; estimation.
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4.4.3 Discussion

Applicability-The proposed model in this chapter applies to the EMT simulator for the
device DPT simulation and is used to estimate the losses of the four types of the commutation
unit in Figure 4-1. Further modifications are needed when it extends for other devices, such as
Si IGBT and GaN devices. However, the parameter extraction procedures and simulation
strategies are still applicable. The power loss database can also come from the device

simulation or other device simulators (e.g. SPICE-like software) or measurements.

Efficiency- Generally, a reasonable accuracy of power loss estimation typically requires
a complex device model considering massive impacts with a ns time-step. However, it is
difficult for a PE system simulation to run with such a small time-step until the steady-state
due to out-of-memory issues and inefficiency. Moreover, a simulation comparison of different
methods was conducted for the PFC converter, as illustrated in Table 4-4. As noticed, the
simulation in LTspice using the manufacturer’s device model runs at the 1ns time-step instead
of 1us due to the convergence problem. As a result, it can obtain accurate loss information by
sacrificing much more time for simulating only 100 ms compared to the same simulations in
PSCAD using the proposed method and simple-switch model. Since the simple-switch model
only uses two-state resistances to represent the switching devices, the average power losses are
much lower than the other two methods due to the lack of switching losses. In short, Comparing
with the other two methods, by using the proposed method in PSCAD, both fast simulation
speed and acceptable accuracy of power estimations are achieved with additional transient

temperature information of semiconductor devices.

Table 4-4 Simulation comparison of the PFC application

CPU: Quad 3.60GHz Intel Core i7-4790 Casel Case 2 Case3

Time- | Time | Pavgt | Time | Pavgt | TIMe | Pavgt
step | (8) | (W) | O | (W) | (O | (W)
Simple-switch in PSCAD lus 106 | 237 | 103 | 1.96 | 10.8 | 1.48

Simulator

Proposed method in PSCAD lus 112 | 382 | 109 | 366 | 114 | 3.36

Device model in LTspice Ins | 12866 | 3.93 | 12466 | 3.71 | 13191 | 3.67
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4.5. Chapter Conclusion

In this chapter, a datasheet-based electro-thermal modelling approach for SiC MOSFET
was developed and implemented in PSCAD/EMTDC and further validated by experiments to
estimate the power losses and junction temperature in PE applications. Similar to Chapter 3,
the primary simulation strategy includes the device-level and the system-level simulations.

A transient behavioral model of SiC MOSFET was developed in the device simulation to
generate the device power loss table taking the schottky diode into account. This model
provided insights into the impacts of parasitic elements, temperature and diode. In particular,
the displacement currents caused by the nonlinear capacitances during the voltage transition
period were also considered in the model. Further, the impacts of parasitic inductances on
switching transients were discussed in detail. Besides, the parameter extraction procedures
from a datasheet were also investigated. The simulated switching waveforms and the power
loss results were consistent with the DPT measured results (the average error was below 10%).

In the system simulation, the bridgeless power factor correction system was implemented
using simple-switch models along with the power loss look-up table and the dynamic thermal
model. Eventually, the average power losses of SIC MOSFET and the switching losses for
each switching cycle were predicted. Moreover, the simulated transient junction temperature
results were in good agreement with measurements in a wide range of operating conditions.
Besides, a discussion of the applicability and efficiency of the proposed approach was also
presented. It was found that the proposed method had better reproducibility of the transient
power losses, indicating its advantage of fast simulation speed as the simple-switch model and

comparable accuracy with the device model from the manufacturer.
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Chapter 5 A Generalized Behavioral Modelling Method of
Switch-Diode Cell for Power Loss Prediction in

Electromagnetic Transient Simulation

- APart of the work presented in this chapter is the result of original work published under
Y. Xu, C. Ho, A. Ghosh, and D. Muthumuni, “Generalized Behavioral Modelling
Methodology of Switch-Diode Cell for Power Loss Prediction in Electromagnetic

Transient Simulation,” Energies, vol.14, no.5, pp.1500, Mar. 2021.

This Chapter’s main objective is to provide a generalized behavioral modelling method of
a Switch-diode (SD) cell for power loss estimation. This generalized model summarizes the
behavioral models of Si IGBT and SiC MOSFET in the previous Chapter 3 and Chapter 4.
Additionally, the switching behavior of GaN devices is also considered. The detailed model
description and switching transient modelling process are illustrated for all the cases of
different combinations of SD cells, including Si IGBT, SiC/Si MOSFET, eGaN HEMT, PIN
diode and SiC SBD. Besides, the parameter extraction sequences from the device datasheet are
also presented. Furthermore, the experimental verifications of the switching transients and
power losses for various devices are given using different DPT apparatus in this chapter. A
discussion on the accuracy, efficiency and applicability of the generalized model is conducted

in the end. The details of the work are followed in the subsequent sections.

5.1. Introduction

A PE system plays a key role in the process of efficient energy control, conversion and
management. Power semiconductor devices are the core components of PE systems and
significantly impact system efficiency, reliability, and cost [180]. For decades, silicon-based
devices, such as IGBTs [181], MOSFETSs [182], are dominated and widely used in various
modern PE applications (e.g. PV inverter [183], PFC [184], and power supply [185]).
However, the PE system performance and efficiency are hindered by Si-based devices due to
the fundamental material limits. Recently, WBG devices [186], such as SiC MOSFETSs [187],
eGaN HEMTs [188]-[189], have emerged and gained great popularity with superior features

of fast switching speed and low switching losses. Thereby, the switching frequency is further
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increased, bringing the merits of high power density and efficiency. However, devices’
increased power losses are still the main contributors to the total losses, especially for high-
frequency applications. The generated heat energy during switching transition may lead to
fatigue failure and affecting reliability. Hence, an accurate power loss model is highly desirable
for device selection and PE system optimization. This model needs to be applicable for

different semiconductors and provide a deep insight into the switching process.

Generally, conduction loss and switching losses are the main contributors to the total
power losses. The former is directly determined by the datasheet’s output characteristic curve,
while the latter is more complicated and can be measured in Double Pulse Tests (DPTS).
Although the DPT is widely used and highly accurate, it is time-consuming and typically
involves expensive probes and several peripheral bulky equipment. Recently, a lot of analytical
loss models have been proposed [190]-[191]. Piecewise linearizing the device’s switching
process was commonly used to enable rapid loss estimation [192]. However, the parasitic
elements were not fully considered, and thus the accuracy was still limited. The entire
switching process of GaN HEMTSs in totem-pole PFC converters was discussed in [193],
considering the junction capacitances and stray inductances. The transient analytical equations
were solved by mathematical tools. Further, a datasheet-based analytical model of GaN
HEMTs was proposed in [194], taking the impacts of parasitics and the unique reverse
characteristics into account. However, these methods were complicated, involving a heavy
computational burden, and the effect of the temperature was not fully considered.

A power switch is typically paired with a diode as an SD cell in a PE system to provide
current commutation. This basic commutation cell in Figure 5-1 is widely used in PE
applications. It consists of the active power switch (S;), diode (Dy), equivalent circuit voltage
(V4qq) and load current (1;,). Note that, four configurations of S;,, namely Si/SiC MOSFET, Si
IGBT and eGaN HEMT, are taken into account in this chapter. Dy, is a single PIN diode, a SiC
SBD, a body diode of MOSFET or an equivalent diode of eGaN HEMT (i.e. the third quadrant
operation). During switching transitions, power losses result mainly from the switching and
conduction losses of S}, as well as the conduction loss and reverse recovery loss of Dy. Detailed

model descriptions are provided in the following section.

70



5.2 Model Description
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Basic S Var o Si/SiC eGaN
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Figure 5-1 Schematic of a basic switching cell.
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Figure 5-2 Flow chart of the modelling procedure.

5.2. Model Description

The proposed model’s simulation procedure is demonstrated in Figure 5-2. Initially, the
desired PE application’s device requirements are determined. Based on these requirements, a
specific semiconductor is preliminarily selected for modelling and characterization. According
to the device’s datasheet, the critical model parameters are extracted by the curve fitting
method. Afterwards, the model parameters and the operating conditions are input to the
proposed device model, and a DPT simulation using the proposed model is further carried out.
Subsequently, the switching waveforms are obtained, and simultaneously device’s power
losses are computed. If the simulated results meet the acceptable range requirements, then the
semiconductor is eventually selected for this application. Otherwise, it is necessary to reselect

another device and evaluate the performance until the design is optimized.

To understand the SD cell’s switching behaviors, a diode-clamped inductive load circuit,
namely the DPT circuit, is taken as an example, which is widely used for device
characterization. The basic commutation unit in Figure 5-3(a) consists of two complementary
switches. One operates as a freewheeling diode Dy and the other is an active switch Sy,

controlled by v and Rgey:. In a typical hard-switching PE system, Sy, is identified by a positive

drain current iy (collector current i. for IGBT) direction matching with the direction of ..
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Since the commutation time is sufficiently short, I;, and V44 are hardly changing during

switching transition, and thus they are treated as a constant current source and voltage source.

The crucial circuit parasitic elements are also included, as shown in Figure 5-3(a). All the
stray inductances in the power loop, including the PCB trace and device package inductances,
are lumped and represented by Lg, while the L. of Sy, is considered separately. In addition, the
parasitic capacitances of Sy, include Cgq, Cgs and Cys. Cr Of Dy denotes for the junction
capacitance of the diode. It should be mentioned that when Dy is configured as the body diode
of a switch rather than a single diode, Cr will be the corresponding parasitic capacitance of the

switch.

During a switching transition, I;, commutates between S;, and Dy. When a positive v, is
given, the v, starts increasing to turn on S;,. Subsequently, iy (as the sum of the icp, igq and
i4s) begins rising, meanwhile the ir declines gradually. When S}, turns on completely, the v4
decreases to v,,And the forward diode voltage v rises to V44 Simultaneously. The behavioral
model of the SD cell, as illustrated in Figure 5-3(b), is proposed, which includes the active
switch model and the diode model to reproduce the switching behaviors of S; and Dy,

respectively.

2222 ° o .
Ls pr— K B plode model oK |
 Cr =<4 |
LT A Ve Hire Cr Ro  AVpo!
L D[4
A Dr
IF ¢ - 5
C vV . Switch model A oD
a / Power
Vil LOOp_

T_" I—cs Lcs

(a) (b)
Figure 5-3 (a) Equivalent DPT circuit; (b) behavioral switch-diode model.
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5.2.1 Active Switch Model

Figure 5-3(b) shows that the proposed active switch model consists of two parts: the gate
and power loops. It is noted that L. is shared by both loops to decouple both loops.
Additionally, a corresponding vy . is added in the gate loop to reflect the interaction impact of

iq on L.s as mentioned in the previous chapter.

e Gate loop part

The external vy is typically flipped between Vg, (20 or 15V) and Vg (-5 or 0V) based
on the specific gate drive requirements of the switch. For instance, v, equals 15V/0V for the
case of Si IGBT, 10V/0V for Si MOSFET, 18-20V/-5V for SiC MOSFET and 6V/0-3V for
eGaN HEMT. The internal Rgi,. is merged into Rge as the total gate resistance Rg .
Furthermore, the sum of Cyq and Cg, are represented together as Ciss and an additional vpy;;.
This equivalent v,;; becomes valid only when the miller plateau occurs on vgs. It is noticed
that the gate inductance is neglected here for simplicity, although it can introduce a slight delay
on v,,. In fact, this delay mainly results from L s and vy s with the fast change of i4. Besides,
the gate drive circuit usually is placed close to S;, to minimize the potential oscillation
introduced by the gate inductance. Thus this inductance is negligible. Also, notice that the gate

and power loop are linked by L. with v; s and share the same source terminal.

e Power loop part

In the power loop part, iy is represented by the dependent current source (i) which is the
sum of iy, igq and iqs. Note that, most of the time, is is the same as iy, except for the voltage
transition period when displacement currents are introduced due to the charging and
discharging of parasitic capacitances. To reflect the change of voltage during switching
transition as well as the on-state voltage v,, of S;, a dependent voltage source (vg) is adopted

accordingly. vy, is determined by Rgs(on) With I, Or the veqae for IGBT case.

Besides, L. Is also included in the power loop part, which is associated with Lg to
influence the switching waveforms. Thereby, the gate loop and power loop parts are decoupled.
Their interactions are represented by the equivalent dependent sources instead of nonlinear

junction capacitances, resulting in reduced model complexity.
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5.2.2 Diode Model

The static model of a diode typically is represented by an ideal diode (Dg), forward
resistance (Rp) and the diode threshold voltage source (vpo) based on the output characteristic
of the diode in the datasheet. Typically, vg for diode, on-state is computed by

Vg = Rp " ip + Vpo. (5.1)

It should be mentioned that, for the case of eGaN HEMT as Dy, the diode behavior is
realized by 2DEG and vy is based on the reverse conduction characteristic of the GaN device
[195], which is highly affected by the gate drive voltage (vgg) of GaN device, as expressed by

vp(GaN) = Rg; " ip + Vahr — Vgrs (5.2)

where Rg, and vy, are the on-resistance in the third quadrant and threshold voltage of the GaN
device, respectively. Since negative vy is typically provided to avoid cross-talk issues, higher
vg and an increase of the conduction loss of Dy are resulted. If a positive vgp is provided,

enabling the conductive channel fully on, Rg, will be the same value in the first quadrant.

Moreover, the dynamic behavior of Dy is described by Cr in parallel with the dependent
current source i, for the reverse recovery behavior. When Dy switches from forwarding
conduction to off-state, ir cannot be eliminated immediately. It takes a while to extinguish the
excess carriers. This time is called reverse recovery time t... The reverse recovery process

occurs as soon as i becomes negative, which has been discussed in the previous chapters.

Notice that this reverse recovery behavior commonly exists in PIN diodes and body diodes
of S, while the reverse recovery loss is almost eliminated for SBD or eGaN HEMT. Thus i,
is neglected for simplicity. In fact, in these cases, the effect of Cg is the primary concern that

can introduce displacement current resulting in additional losses.

5.3. Switching Transient Modelling

The switching process of the SD cell in the DPT circuit is thoroughly analyzed based on
the switching waveforms and the equivalent circuits to understand and model the SD cell’s
switching behaviors. In the following, a stepwise analysis of the modelling process is

presented.

74



5.3 Switching Transient Modelling

5.3.1 Turn-on Transition

The typical turn-on waveforms and power loss information are illustrated in Figure 5-4,
considering the case of PIN or body diode and the case of SBD or eGaN HEMT. The equivalent

circuits during this period are also provided in Figure 5-5.

Initially, Sy, is in the off-state and all I;, flows through Dy. At t,, the gate charging period
begins with a positive V5., applying to v, and Cig is charged up through Rg. Subsequently,
vgs Will increase accordingly with the time constant (ziss = Rg - Ciss). It is seen from the gate
charging circuit in Figure 5-5 that the existence of L. in the gate loop slows down the increase

of vgs and as a result prolongs the turn-on time, causing more power losses. The current rising
period begins when v, goes beyond v. During this interval, the conductive channel of Sy, is

forming and ig starts rising from zero to I;, according to the transfer characteristic of Sj..

Ps

@) (b)
Figure 5-4 Typical turn-on waveforms with (a) PIN or body diode; (b) SBD or eGaN HEMT.

S off (D on)

S turn on
voltage falling period

S turn on
current rising period
I De  vpp Rp

RG Ciss

(b)

Figure 5-5 Simplified equivalent circuits during S turn-on transition, (a) off and gate charging

period, (b) current rising period, (c) voltage falling period.
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The fast change of i on the one hand, introduces a negative feedback vy, from the power
loop to the gate loop, which further delays the turn-on process. On the other hand, it results in

a total voltage drop v, on Lg and L., Which is also reflected on vg4 as shown in Figure 5-4.

As [, commutates from Dy to Sy, is reaches Iy, at ¢, and vg is clamped at vy,;;. At the
same time, ip decreases to zero and Dy enters into reverse recovery as shown in Figure 5-4(a).
This additional i, will add to ig resulting in a current spike and thus a bump in vs. When i
reaches I, it starts declining, and the voltage falling period begins. Subsequently, vy starts

decreasing.This is controlled by vg and its slew rate is determined by,

dvgs _ % - Vgon—vmil—‘ULCS (5 3)

dt dt ng'RG

As vy, keeps decreasing and vy increases simultaneously, the C,¢s Of S1, and Cg of Dy are
discharged and charged, respectively. Since the voltage of C,ss and Cy are clamped to Vg,
they share the same absolute value of voltage change. The resultant capacitive displacement
current for Coss (ioss) @nd the counterpart for Cg (icg = —Cr - dvgs/dt) will affect ig as seen
in Figure 5-4. By applying Kirchhoff’s law, i4 is further determined and ig is modified

accordingly to consider these displacement currents.

Consequently, during this period, iy includes I}, i.. and icg, While the additional i, is
further added to i.,. As a result, v,,; changes accordingly. This period ends when vy drop to

Von at t3. After that, vgs continues climbing until it reaches Vy,p,.

Furthermore, since the reverse recovery behavior is neglected for SBD or eGaN HEMT,
i keeps zero, and the voltage falling period starts right after i4 reaches I}, as shown in Figure

5-4(b). Apart from that, the turn-on modelling and analysis are the same as the PIN diode case.

5.3.2 Turn-off Transition

The turn-off process is considered the opposite of turn-on transition. The typical transient
waveforms and the equivalent circuits are illustrated in Figure 5-6 and Figure 5-7, respectively.
To turn off Sy, the negative Vg is provided as v, and Cigs is discharged through R resulting
in a reduction of vgg. AS vgs drops to vy, the Cgq absorbs nearly all the iy, meanwhile vg

begins to rise, leading to a decline of iy. When vy reaches Vyq4, the miller plateau disappears

and i4 begins decreasing with vy, resulting in an additional v;, on vq4s as shown in Figure
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5.3 Switching Transient Modelling

5-6(a). As v, drops below vy, iy becomes zero and Sy, turns off completely. However, for

IGBT case, the tail current (i.,;;) needs to be considered due to the recombination of the excess

carriers and the modelling detail for i.,; was presented in Chapter 3.

As shown in Figure 5-6(b), a notable difference for the case of eGaN HEMT is vz keeps
decreasing until it reaches Vo rather than clamping to the miller plateau. As a result, i,
quickly declines synchronized with v,s. Meanwhile, vy, rises slightly and the slew rate is

limited by the relatively high C,s at low vg4. In fact, the channel turns off thoroughly before
vqs Significantly rises. However, iy does not follow the fast decreasing i, since its change rate
is limited by Lg and L in the power loop. Besides, C, is charged by the current difference

between iy and i, resulting in a slight increase of vy, Which is expressed as,

%:dv :ld lch (54)

dt dt Coss

A

(b)

S on (D off) S turn off ~ Sturnoff
gatedischarging | | main transition period

(b)

Figure 5-7 Simplified equivalent circuits during S turn-off transition,(a) On-state and gate

discharging period, (b) main transition period.
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Meanwhile, Cr is discharged, resulting in a reduction of vg. Thus, iy is obtained by

. . d
lg =1lg = IL - CF ' % (55)

When vy drops below v, namely i¢, becomes zero, the channel shuts down and Iy, is

shared by Coss and Cr. When vy rises to Vyq, I, commutes to Dy and the Sy, turn-off
transition finishes. Notice that, if large R is used for eGaN HEMT, the corresponding turn-

off analysis will be the same as the case of Si/SiC MOSFET shown in Figure 5-6 (a).

Based on the above analyses, vg is considered as an open circuit except for voltage

rising/falling periods and S;, on-state. The key expressions of ig is summarized as

(O,vgS < vt
Its * (Ugs - UT), g < IL
e s
is = IL + lre CF at »ld > IL (56)

Liaito = €Xp (— Hﬂ) ,tail current for IGBT

Ttail

\ I.—Cp- %, turn off for eGaN HEMT

It is noted that when v, is less than vr, the conduction channel is not established, and

theoretically, no current is flowing through the device. As a result, ig is modelled with zero

amperes under this condition in PSCAD/EMTDC, considered an open circuit.

5.4. Power Loss Analyses

In general, the power losses of an SD cell mainly include conduction loss and switching
losses. Typically the conduction losses of S;, and Dy are calculated directly as the product of
operating current (i.e. I;)) and the v,, of the device. Also, the reverse recovery loss of Dy is
estimated based on the reverse recovery charge Q.. and v from the device datasheet. The

switching losses of Sy, are analyzed in detail as follows.
5.4.1 Turn-on Loss

The instantaneous power of Sy, (ps) along with E,, are presented in Figure 5-4. Basically,
E,, consists of the turn-on V-1 overlap loss (Eion), reverse recovery related loss (E;j.-) and

capacitive losses (E,ss and Eg) for C,ss and Cp, respectively. E;o, IS graphically divided into

the iq4 rising period and vy falling period. Hence, Ey;,, IS €xpressed as
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t . t
EVion = ftlz Vgas " U4 de + IL ' ft; Vgs de. (57)

Since the reverse recovery behavior of Dy and the displacement current of C, already
have been considered in the modelling of ig. Therefore the sum of Ey;op, Ejr and E,gg, Which
is the measured turn-on loss (E,,m,), is directly obtained by integrating the product of iy and
vgs- It significantly reduces the complexity comparing with the analytical loss model by
computing the switching time for each sub-stages. Moreover, both the discharging current of
C,ss and charging current of Cg are flowing through the channel of S, and thus these capacitive
energy losses (i.e. E g, Ef) are dissipated into the channel. Based on the capacitance curves,

E s IS expressed as

%4
Eoss = fo o Vgs * Coss AVgs: (5.8)

Since the charging current of C is provided by V44 and part of the energy is stored in Cg,

thus the loss dissipated in the channel (i.e. Ef) is derived based on the charge of Cr (QF),

Vv 14
Ep = Vaa" Qr — [, * vp - Cpdvg = [ ““(Vaq — vg) * Cr dvp. (5.9)

Consequently, Er theoretically should also be included in E,,, which is expressed as,

Eon = Eonm + Er = [ ia " vasdt + Er. (5.10)
5.4.2 Turn-off Loss

Generally, the power losses during the turn-off transition occur from tg to t,, which
include the turn-off V-1 overlap 10ss (Eyiofr), Eoss and Er,j for the case of IGBT. The analysis
of E ;o IS significantly different for the slow-switching scenario in Figure 5-6(a) and the
typical fast-switching for eGaN HEMT in Figure 5-6(b). As for the former case, vy is fixed at
vmi and thus iy maintains relatively constant throughout the voltage-rising period. After that,
iq decreases significantly, meanwhile vy keeps relatively constant. Hence, E. ;¢ fOr this case

is graphically calculated as

t . t .
Evioft = J, Vas - iadt + [, (Vaa + v1) - g dt. (5.11)

Similarly, the sum of E;os and Ei,;, Namely the measured turn-off 1oss (Eyfm ), 1S
typically an integral of the product of iy and vg4s. It is noticed that the discharging energy of

Cr is transferred to the inductive load during the voltage-rising period, resulting in a reduction
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of ig. Meanwhile, the charging energy of C,¢ (i.€. E,ss) is stored and will be dissipated in the

next cycle. Therefore, E, ¢ should be theoretically excluded from E ¢ as expressed

t .
Eott = Eottm — Eoss = ft; Vgs * g dt — Eqgs. (5-12)

As for the typical eGaN HEMT scenario, vg skips the plateau period. The channel turns

off quickly before vy, rises significantly. Afterwards, the energy is commutating between the
inductive load and the two capacitances (i.e.Cg and C,ss), Which is almost lossless. The
resistive overlap loss occurs as long as the channel is on. It is significantly reduced for this

case due to the low vg. Nevertheless, E ¢ still can be calculated by the above loss equations.

5.5. Parameter Extraction Procedure

The critical model parameters are directly extracted from the device datasheet’s
characteristic curves by curve fitting [196]-[197], to avoid the unpractical supplementary
measurements. This method applies to different devices and provides a balanced trade-off
between accuracy and practicability. As an example, different types of semiconductors from
different manufacturers, as listed in Table 5-1, are selected to model and validate the proposed

method. An extraction example is provided in the Appendix A.

5.5.1 Static Characteristic

To reproduce the switching behavior of the Sy, vt and g¢ are considered first. Since vy
typically is a temperature-dependent parameter rather than a constant value, it is fitted by a

second-order polynomial of Tj from the corresponding curve in the datasheet. Likewise, the
transfer characteristic of S are fitted by the quadratic function of v, and subsequently gg, is

further determined as, where kg,, kgp,, kgra, and kgy, are fitting constants.

gar
gfs = Is \/kga/(is - kgb) ) kgTa ’ (Tj/Ta)kgTb (5.13)

Table 5-1 Semiconductor selection for modelling and validation.

_ _ SiC ) eGaN )
Device Type SiIGBT SIi MOSFET SiC SBD
MOSFET HEMT
Part Number IKW40T120 SCT2080KE NVHLO0O72N65S3 GS66506T SCS220KG
Manufacturer Infineon Rohm On Semi. GaN Sys. ROHM
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Figure 5-8 Transfer curves results for (a) IGBT; (b) SiC/ (c) Si MOSFET (d) eGaN HEMT.

In this way, the ggs under the given Tj in the datasheet is obtained and the counterparts for
other T cases are estimated by linear interpolation. The fitted results of transfer curves are

compared and show good agreement with the datasheet in Figure 5-8. It is also found that there
are positive correlations between T; and g, for Si IGBT and Si/SiC MOSFET, while it shows

a negative correlation for the case of eGaN HEMT.

Furthermore, to represent the on-state characteristic of Sy, the parameter v qg,: for IGBT
or Rps(on) for other cases is needed to be obtained. Typically, both of vcegar and Ryg(on) are
affected by T; and is according to the curves in the datasheet. Therefore, v s, is Obtained by
the following equation,

VUcesat = (kcea + Teea " iS) + (kceb + Teeb is) ) (T] —T,), (5-14)

Where Kcea, Teear Kceb @Nd 7¢ep are the fitting coefficients. T, is the ambient temperature. Note

that the gate voltage is assumed as a constant in the parameter extraction for simplicity.
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Table 5-2 Key fitting parameters of different semiconductors.

Parameter  kga kg kgra  Kgtb  KeeaKona Teear Tona Kcebs Konb  Tcebs Tonb
SiIGBT 205 -696 142 -0.012 -0.001 1-107* 0.972 0.0215
SiCMOSFET 042 -035 296 -0.08 4.1-10"* 1.12-107¢ 0.073 5.1-107*
SiMOSFET 372 -192 13 -0.57 0.048 2.87-1073 0.034 0.0012
eGaN HEMT 023 -777 051  -0.31 0.067 72:107°  84-10"*  4-10¢

Likewise, Rps(on) for the cases of MOSFET and eGaN HEMT are extracted by

RDS(on) = (Kona t Tona " is) + (konb + Tonb * is) * (T] —To), (5.15)

where Kona» Tonar Konp @nd ropp are fitting coefficients. Based on the above equations, the

critical parameters for different devices are extracted and illustrated in Table 5-2.

5.5.2 Parasitic Capacitance and Inductance

It is a fact that nonlinear capacitances are the key to the dynamic characteristic of the
devices. Typically, the capacitance curves provided in the datasheet is in the form of Cigg, Coss
and C,ss, which can be mathematically converted to the junction capacitances. Generally, these

capacitances are voltage-dependent and are extracted by fitting the curves as,
Cw) =f), (5.16)

where f is the fitting function for capacitance. Various f are used for different devices to fit the
corresponding curves in Figure 5-9. It is observed that the parasitic capacitances of Si IGBT
are generally higher than others. Concretely, Ciss of MOSFET and eGaN HEMT are

comparable with C,s. Crss Of €GaN HEMT is much smaller than the other three cases.

The device’s internal inductances are usually provided in the datasheet. While the stray
inductances are highly related to the device package and PCB design. There are two widely
used methods for inductance extraction, namely the calculation method and the experimental
method. The inductance is computationally obtained with calculation tools such as the Ansoft
Q3D Extractor software based on the specifications. Based on the previous switching transient
analysis, it is also extracted from the slew rate of current along with v, during Sy, turn-on
transition or from the resonant frequency of the power loop in the measured results. This
work’s inductances are estimated based on the PCB trace length and the device package and

further calibrated from the previous Chapter’s switching waveforms.

82



5.5 Parameter Extraction Procedure

T T 4 . - .
; - Datasheef 10 HH . Datasheet
Sl | | G g1
= | g
g Gos S10° sic Xy
Si I.GBTj ‘ . Qrss 10t Crss
0 5 10 15 20 25 30 10" 10° 10* 10> 10°
Voltage, vee (V) Voltage, vy (V)
(a) (b)
5 . . 3
10 [+ Datasheet 10 ? . Datasheef
10° Fitted || Ce, Fitted
S B —~ 102 S
3 o G 8 1ol
g 102 ol £
'§ i &
g ot S 2 10°} P sl
S MOSFET . O eGaN ] TG
. 2] G0 R 10 HEMT | Cirss
100, 0 1 2 3 Y x - - -
10 10 100 10 10 0 100 200 300 400 500 600
Voltage, vgs (V) Voltage, vgs (V)
(c) (d)

Figure 5-9 Parasitic capacitance extraction, (a) 5" order Gauss function; (b) Analytical

equations in [198]; (c) Interpolant LUT; (d) 3" order exponential function.

5.5.3 Diode Parameter

In general, Ry and vp, are extracted directly from the diode I-V curve in the datasheet,
and the values for various temperatures are estimated by linear interpolation. Furthermore, for
the case of eGaN HEMT as Dy, the voltage drop should be fitted based on the vgr of D and
the output curves in the third quadrant from the datasheet. The diode I-V curve fitted results
for different devices are compared with the datasheet in Figure 5-10. Notice that the conduction
performance of the body diode in SiC MOSFET is generally worse than the diode of IGBT
and SiC SBD. Also, the reverse voltage drop for eGaN HEMT is relatively higher due to the
typical vgp (i.e. -3V) resulting in considerable conduction loss. Besides, Cr is obtained using
the same method as mentioned above for S;, from the capacitance curve in the datasheet. As
for the diode’s reverse recovery behavior, the main parameters I.,, and Q.. are extracted from
the diode curves in the datasheet as a function of Tj and dir/dt. The details have been

presented in the previous Chapter 3.
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Figure 5-10 Diode parameters extraction of (a) Si IGBT; (b) SiC MOSFET;
(c) Si MOSFET; (d) eGaN HEMT.

5.6. Experimental Verification

The proposed method aims to reproduce the SD cell’s switching behaviors and generate
the corresponding power loss LUT with reasonable accuracy and fast simulation speed. The
models were implemented in PSCAD/EMTDC and validated by comparing with the

experimental waveforms and power loss results in the DPT bench for different combinations.

5.6.1 Setup Description

An automatic DPT bench was designed and built for device characterization and loss
measurements. Since the gate-drive requirements and device package are different for various
devices, three daughter boards were designed accordingly with external input voltage (up to
1kV) and the inductive load (5mH). The daughterboard for eGaN HEMT is illustrated in Figure
5-11, and other boards for IGBT and MOSFET have been given in previous chapters.
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Figure 5-11 Device characterization DPT setup for eGaN HEMT.

Probes and oscilloscopes of adequate bandwidth are necessary to capture the switching
transients. Tektronix voltage differential probe THDP0200 and current probe TCPO030A are
used for Si IGBT/MOSFET measurements. Passive voltage probe (TTP800) and 0.1Q current
shunt resistor (SDN-414-01) are adopted for SiC MOSFET and eGaN HEMT measurements.
Also, a 350 MHz Oscilloscope MSO5034B is used to record the switching waveforms. The

temperature is controlled by a heating block and monitored by a thermal imager (Fluke, TiS40).

In the DPT, the desired test conditions are initially set in the computer, and the Arduino
gives all the control signals. Afterwards, the DC capacitor bank is charged to the desired
voltage, and the device is heated to the desired temperature. When voltage and temperature
conditions are ready, two gate pulses are given in sequence to switch the Device Under Test
(DUT). The switching waveforms are obtained by oscilloscope and processed in the computer
for further analyses. It is necessary to calibrate the probes to mitigate measurement errors due
to the asynchrony of voltage and current. Additional delay time adjustments for the transient
waveforms are also needed. The calibration time of probes and waveforms is provided in Table
5-3, taking the current as the reference. The calibrating fixture (067-1686-02) from Tektronix
was used to calibrate the probes. 10 MHz sinusoidal signals were applied to both probes, and
the deskew time for the voltage probes is adjusted until both measurements are synchronized.

Table 5-3 Calibration time of probes and waveforms.

DUT case SiIGBT SiC MOSFET SiMOSFET eGaN HEMT
Probes calibration (ns) 48 26 45 23
Turn-on calibration(ns) 35 13 26 14
Turn-off calibration(ns) 31 18 25 12

85



5.6 Experimental Verification

900 : - - - - 70
900 - - - - - 70
800 [— Measured : ]
200 | Simuate @150 160 - 8OO [— Wemired V. @1502 160
> < 1590 S 700f [ Simulated A
= 600 RSN 5 I 1905
>°500. S ; 40§ >8600 g
g & 7 500f 1403
S ggg' 30& 2400 07
S 300} 202 S 300 1202
> 200 ] > 200 20
100 Vee @150€ N 1(;’ 100 110
00 100 200 300 400 500 600 00 100 200 300 400 500 6000
Time, t [ns] Time, t [ns]
(a) (b)

Figure 5-12 Switching waveforms of Si IGBTs (a) turn-on; (b) turn-off.
5.6.2 Switching Transient Verification

e SiIGBT

The daughterboard in Section 3.5 was used for Si IGBT and MOSFET test, and v, is
flipped between 15V and OV to control the S;, on and off, respectively. The simulated results
of the switching waveforms for IKW40T120 are compared with the DPT measurements in
Figure 5-12. The results demonstrate good agreement between the simulated and measured
switching waveforms under 25°C and 150°C. The switching details such as tail current and the
current spike resulting from the reverse recovery of Dy is clearly observed. In addition, v,
slightly drops to 500V during the current rising period and reaches a peak of 700V during turn-

off transition because of the parasitic inductances. Besides, as Tj increases from 25°C to 150°C,

the reverse recovery behavior of Dy becomes more obvious resulting in higher current peak
(up to 60A). Also, the rise of v.. and the decline of i, during turn-off period slow down,

resulting in an increased switching power losses.

o SiC MOSFET

As given in Section 4.4, a more compact DPT daughterboard was designed to mitigate the
parasitics’ effect, resulting from the fast switching SiC MOSFET. Additionally, the IC
(IXDNG609SI) was adopted as the gate driver to provide 20V/-5V drive voltage for the SiC
MOSFET. Figure 5-13 shows the simulated switching waveforms of SIC MOSFET under the
conditions of 600V and 20A, which match well with measured results. It is observed that there

is only a slight impact of T; on the switching transients in terms of turn-on and turn-off time.

Nevertheless, the current can still reach almost 40A during the turn-on transition due to the

diode’s reverse recovery behavior. It is found that a current ringing occurs during switching
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transitions because of the parasitic resonance. The high-frequency damping resistance
generally consumes this energy in the circuit. Since the voltage or current has dropped to a low

level, this loss is considered lossless and negligible for simplicity.

e Si MOSFET with SiC diode

Figure 5-14 provides the Si MOSFET’s DPT results with the SiC diode using the same
daughterboard for the Si IGBT case. In general, the simulated results are in good agreement

with the measured results for different Rgey conditions. As R increases from 100 to 33,

a half less voltage drop of vy is observed during the turn-on transition due to the slower
current rising speed. Likewise, only a slight increase of vy is seen after vy climbs to Vyg.
Moreover, it is noticed that the current spike is significantly limited comparing with the
previous test results using PIN diode due to the merit of zero reverse recovery for SiC SBD.
However, there is still a slight current bump causing by the resonance of parasitic elements and

the capacitive displacement currents, as discussed previously.
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Figure 5-14 Switching waveforms of Si MOSFET with SiC SBD (a) turn-on; (b) turn-off.
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e eGaN HEMT

A specific DPT daughterboard was built to fulfill the requirement of eGaN HEMT as a
surface-mount device (SMD). The gate driver provides 6V/0V as vy to control the low-side
GaN switch Sy, while the high-side SiC SBD serves as a freewheeling diode when S, turns off.
The simulated switching results are compared with the measurements for the two operating
conditions, namely, vy = 300V,iq = 10A and vy4s = 150V, iy = 5A, as shown in Figure
5-15. It is observed that the simulated results are consistent with the experimental results. From
the turn-on waveforms in Figure 5-15(a), it is observed that the current rising time is only tens
of nanoseconds. After iy reaches I, it behaves in the similar manner as previous test using Si
MOSFET with SiC SBD, and the current ringing is still observed. However, during the turn-
off period, it is observed that, iy declines significantly and drops to zero almost the same time
as vy, reaches steady state. While for the other cases of the devices, the fast decrease of current
typically occurs after vy climbs to Vaq. This is mainly because the conductive channel of
eGaN HEMT shuts down very fast before vg increase significantly as discussed previously.
Hence, when the channel turns off completely, the apparent iy is dominated by the capacitive

displacement current, which is highly related to the change of vgs.

5.6.3 Power Loss Verification

With the aim of power loss verifications for various devices, the switching losses,
including turn-on and turn-off losses, are measured in the DPT and compared with the
simulation using the proposed approach. During the switching transients, ps, which is the
product of voltage and current, is obtained using math function in the oscilloscope. Similarly
the E,m and E, ¢y, are further obtained by integrating ps.
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Figure 5-15 Switching waveforms of eGaN HEMT with SiC SBD (a) turn-on; (b) turn-off.
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Figure 5-16 Si IGBT measured (a) turn-on and (b) turn-off waveforms, and simulated (c) turn-
on and (b) turn-off waveforms @600V, 204, 25°C, 15Q.

As mentioned previously, the current and voltage probes are calibrated for each test. The
additional delay time is added to the waveforms to keep transient voltage and current
synchronous. The captured test waveforms and simulated waveforms under the same test
conditions are demonstrated in Figure 5-16, taking Si IGBT as an example. By comparing the
measured results with the simulated results, a good agreement is seen in terms of not only
transient v.. and i. waveforms but also computed ps, Eonm and Eqey - Notice that, a
significant bump of pg occurs due to the overlap of the v, and i. during switching transition.
Furthermore, the measured power loss results are compared with the simulated loss results for
different devices under various operating conditions to validate the proposed method. The

average error (€) is calculated by averaging the error’s absolute value in each case.

Figure 5-17 shows the power loss results of Si IGBT under different currents, voltage, and
temperature conditions. Generally, E increases as the operating voltage and current increase,
and E ¢ is less than E,,, except for high temperature conditions. From the comparison results,
it is seen that the average errors of E.¢ are within 7%, namely 5.3%, 5.6%, and 6.5% for

different operating conditions of current, voltage, temperature, respectively.
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Figure 5-18 Power loss results of SiC MOSFET under different (a) Iy; (b) Vagq; () Tj.

Likewise, the power loss comparison results for the SiC MOSFET are illustrated in Figure
5-18. Notice that E,¢ for SiC MOSFET is typically less than 1mJ, which is much less than the
counterpart of Si IGBT for similar conditions. It is also found from Figure 5-18(c) that there is
a negative correlation between E,, and Tj. Since E,, is the dominated loss, as T; rises, Ey
reduces accordingly though E¢ increases slightly. It is also noted that & of E,¢ for various
conditions are more than 7%, while & for E,,, and E; are still within acceptable range. The
reasons for the loss deviation are the underestimations of parasitics, ringing loss and
measurement error. A relatively small amount of loss deviation can still result in a high error

percentage when the overall loss is relatively low.

Figure 5-19 shows the E\ results for the combination of Si MOSFET and SiC SBD as the
SD cell under various voltage and current conditions using 10 as Rgey:. It is observed that Ey
increases two times as the voltage rises from 300V to 500V. Also, a significant increase of E.
Is observed as current rises from 5A to 20A, while only a slight increase of E. is found as the
operating temperature rise from 25°C to 150°C. However, E increases significantly when 33Q

Rgext Is used comparing with the counterpart for 3.9€), which indicates the importance of Rgey.
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selection to control the switching loss. Overall, the proposed approach enables the attainability
of loss information under various conditions. Moreover, the power loss results for the case of
eGaN HEMT with SiC SBD are illustrated in Figure 5-20. It should be mentioned that, to
capture the switching waveforms and the power loss with reasonable accuracy, a 220Q Rgext
is used to relatively sacrifice the switching speed and avoid shoot through issues due to the
very low vt of GaN. A good agreement is achieved at various testing conditions comparing
with the simulated and measured results. The error is within an acceptable range, although the
€ of E ¢ is slightly higher.
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Figure 5-20 Power loss results of eGaN HEMT with SiC SBD (a) turn on, (b) turn off.

5.6.4 Discussion

Accuracy- Compared with the original two-state resistance switch model in
PSCAD/EMTDC, the proposed model can reproduce the transient switching waveforms
considering various impacts of parasitics, diode behavior and temperature. The multi-
dimensional power loss LUT in Figure 5-21 (a) also is obtained simultaneously. The average

error is within 10% comparing with measured results for various devices under various
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conditions. No significant advantage is found in the modelling accuracy using the proposed
model comparing to the traditional physical models or analytical models due to the ignorance
of parasitic resonance and some linear assumptions. Nevertheless, the proposed model’s
complexity is reduced significantly with no state equations and numerical calculations.

Moreover, all the model parameters are extracted from the datasheet.

Efficiency- The proposed model uses equivalent dependent sources to represent the
device’s characteristics based on the analytical equations. Complicated numerical calculations
and solving physical equations are unnecessary, which can boost simulation efficiency and
avoid convergence. There are numerous permutations to be considered to obtain an accurate
power loss LUT with a wide range of operating conditions. Thus thousands of simulation runs
are required instead of repetitive DPTs. For example, it requires around 5400 simulation runs
to cover the operating range, namely 20V to 600V (20V step), 2A to 60A(2A step), and 25°C
to 150°C (25°C step). Figure 5-21(b) demonstrates the time cost of using the manufacturer’s
SPICE model and using the proposed model in PSCAD. The simulation time-step requires to
be set one nanosecond or less to achieve reasonable accuracy. Notice that it takes thousands of
seconds to finish around 200 runs in SPICE. In contrast, less than ten times the running time
is needed using the proposed model with a smaller time-step. Furthermore, to cover the whole
operating range, the proposed model takes less than 300s without any convergence issues,
which shows the merit of time-saving in generating the power loss LUT.

Applicability- The proposed approach can reproduce the switching waveforms and obtain
the power loss LUT of the SD cell. It applies to various devices such as Si IGBT, Si/SiC
MOSFET, eGaN HEMT, and SiC SBD. When it comes to other devices with a new structure,
such as Cascade GaN, modifications are needed. For a specific device, the curve fitting
functions and algorithms for parameter extraction are required to be adjusted for good fitting
results. Apart from PSCAD, the proposed approach can also be applied to simulators such as
Simulink and PLECS with modifications. The proposed model also provides insights into the
device behaviors with clear descriptions. As a result, it is more easily apprehensible than
mathematical equations. Conversely, analytical loss models usually are limited to a specific
device type or combination, and thus it is difficult to extend the models to various PE
applications for loss estimation. Loss measurements are time-consuming, costly, and

challenging, especially for WBG devices due to the fast switching speed.
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Figure 5-21 (a) Generated power loss LUT for Si IGBT; (b) Time cost comparison.

5.7. Chapter Conclusion

In this Chapter, a generalized behavioral modelling approach of the switch-diode (SD)
cell for power loss prediction was proposed, implemented in PSCAD/EMTDC and validated
by experimental results in DPT benches. This SD cell model consisted of an active switch
model and a diode model. It was used for different semiconductors, including Si IGBTS, Si/SiC
MOSFETSs, eGaN HEMTs and SiC SBDs. This chapter’s modelling approach and power loss
analyses were based on the switching analyses in the DPT circuit. Further, the SD cell’s static
and dynamic characteristics were modelled by dependent sources with passive components.
The impacts of the parasitic elements, diode and temperature-dependent parameters on
switching performance were considered. Besides, the extraction procedures of the model
parameters were introduced by curve fitting from the device datasheets. Moreover, the
switching transients and power loss verifications were conducted for different devices under a
wide range of operating conditions. A good agreement between the simulated and measured
results in DPTs was achieved with less than 10% average error.

The model in this chapter was a generalization of the counterparts in Chapter 3 and
Chapter 4. It further extended to the case of eGaN HEMT. Consequently, this modelling
approach was able to provide a good balance in terms of accuracy and efficiency.
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Chapter 6 Case Study- Efficiency Evaluation of a Single-
Phase Grid-Tie PV  Inverter Using Modern

Semiconductors in Electromagnetic Transient Simulation

- A part of the work presented in this chapter is the result of original work published under
Y. Xu, C. N. M. Ho, and K. K. M. Siu, “The Efficiency Enhancement of a Single-phase
Single-stage Buck-boost type Manitoba Inverter Using SiC MOSFETSs for Residential
PV Applications,” in Proc. IPEMC ECCE Asia, Nov. 2020, pp. 729-734.

This chapter’s main idea is to apply the simulation methods from Chapter 3 to Chapter 5
to evaluate and optimize a PE system. A single-phase grid-tie PV inverter [199] is selected as
a case study. The reason is that the topology requires various switching devices operating at a
wide range of switching frequency (fs.) and input voltage. In order to find a suitable device
selection for various switching devices, a comparative study on the static and dynamic
characteristics of SiC/Si MOSFETS, Si IGBTs and diodes has been conducted. Also, a power
loss analysis of various switches has been developed using the previous simulation approaches.
As a result, a mixed device combination including various switches is determined for this
application to fully utilize different devices’ characteristics and achieve low power losses.
Consequently, a PV inverter prototype has been built to evaluate the simulated efficiency and
validate the proposed methods.

6.1. Introduction

Solar photovoltaic (PV) is one of the most promising energy resources because it is eco-
friendly, noiseless and inexhaustible. In many countries, such as Germany and Switzerland,
grid-tie PV inverters are widely used as the necessary interfaces between PV panels and
utilities [200]-[202]. It is a fact that solar irradiance keeps varying throughout the day, as shown
in Figure 6-1 [203]. As a result, the output DC voltage of PV panels can fluctuate typically
between 120V to 500V. It is found that less than half of the peak power is generated for PV
inverters most of the day. Hence, in most cases within the design range of 1-2kW, residential

PV inverters are required to have the ability to operate in both buck and boost modes.
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Figure 6-1 Measured irradian(;;n ;nd PV output power [203].

In the past few decades, various types of efficient PV inverters have been developed,
classified into single-stage and two-stage topologies. A single-stage PV system typically
contains one DC/AC stage, which is generally cost-effective and efficient. A two-stage PV
system, including DC/DC and DC/AC stages, is a mature technology and is straightforward
for controller design. Nevertheless, more switches are required resulting in higher device losses
comparing to the single-stage counterpart. A family of new single-stage transformer-less
topologies for grid-tie PV systems [204]-[206] has been developed considering both system
structures’ advantages and drawbacks. Those topologies could eliminate Common-Mode (CM)
voltage and mitigate leakage current. However, as switching frequency f;,, increases, the
increased switching losses become significant. Therefore, a suitable device selection is highly
desirable for efficiency enhancement and further system optimization.

6.2. System Configuration

The topology of the Manitoba inverter (MBI) [199] is illustrated in Figure 6-2. Itis capable
of converting the DC output voltage of PV arrays (vpc) into AC grid voltage (vg), meanwhile
delivering sinusoidal grid current (ig) to grid with low harmonics. Basically, there are three
types of switches, namely high-frequency (HF) switches (Syg), line-frequency (LF) switches
(SLr) and capacitive switches (S¢). Notice that Sy consists of switches S; and S, along with
anti-parallel diodes D; and D, . Likewise, S;r is comprised of switches S; and S, with
associated diodes D; and D,. In addition, S¢ includes switches S, and Sg connecting to the
Line (L) and Neutral (N) of grid, respectively, which are realized by two back-to-back switches
(Sa1, Saz, Sg1, and Sg,) to provide bi-directional blocking and conducting functions. Besides,
the PV output DC link, name DC capacitor (Cpc) is connected with the AC grid through an
additional capacitor (C,) and S¢. And two inductors (L, and L,) are used for shaping the grid

current. One works with C, forming a LC filter and the other operates as a power inductor.
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Figure 6-2 The schematic of Manitoba Inverter [199].
6.2.1 Principle of Operation

The equivalent circuits and steady-state waveforms of MBI are given in Figure 6-3 and
Figure 6-4. In this MBI, the switching devices are operated as the complementary pairs
S1/D31S541S, and S,/D,/Sg/S5 in accordance with the polarity of the grid voltage vg. Notice
that, in each half line cycle, there is only one Sy that is under HF switching operation for
shaping the inductor current, while others (i.e. Sc and Sy r) operate at LF. Essentially, the PV
inverter is converted into an equivalent buck-boost converter. All the time, one inductor acts
as the converter-side inductor, while the other inductor cooperates with C, forming a CL filter
to achieve low differential mode current ripple in the grid. Since C, is always coupled between
DC link and AC grid, the potential difference (vcy) across the parasitic common mode

capacitor (Ccy) is clamped. Thus the system leakage current is alleviated.

As shown in Figure 6-3(a) and Figure 6-4, in the positive half-line cycle, a buck-boost
switching cell is formed by S;, D; and L, while S, keeps conducting to provide a current
return path of the circuit. Similarly, S, also keep on-state to help linking up the connection
between C, and L terminal of grid. During turn-on period (T,,) of S;, L, is charged by vpc.
The current (iy,), flowing through S;, increases gradually. Meanwhile, i; is provided by the
discharging current of C, and filtered by the grid-side inductor L,. When S, is in the turn-off
period (T,¢), i,; commutes from S; to D5, and C4 begins being charged by the difference
between i;; and i;. Consequently, the additional capacitor helps to filter the HF current ripple
in the system, and a low noise rectified grid voltage is always applied across C,. In the negative

half cycle, the other set of switching cell cooperates with C, and L, as CL filter.

96



6.2 System Configuration

+ oy

—Vewm "'HF Switching Cell HF Noise Path ~Vem + HF Switching Cell HF N0|se Path

(a) (b)
Figure 6-3 Equivalent circuits of MBI, (a) Positive and (b) Negative cycles.
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Figure 6-4 Steady-state waveforms in the positive cycle.

6.2.2 Static Characteristics Analysis

As mentioned above, the MBI system is modelled as a buck-boost converter in each half-
line cycle. Hence, the static characteristics are described by the characteristics of the buck-
boost converter. The critical parameters of the MBI are studied as follows.

e Duty Ratio

According to the circuits in Figure 6-3, the operation of MBI is considered as a simple

buck-boost converter with an additional CL filter. Hence, the duty ratio D is expressed as
D = |vgl/(lvgl + vpe). (6.1)
e Output AC Grid Current
Since the control objective of MBI is to provide sinusoidal output current in phase with

Vg, thus ig is considered as following equation, where I;; is the amplitude of i.

iG = IG - sinwt. (62)
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e Buck-boost Inductor Current

Notice that, during each half cycle, the inductor current i;, is the same as the dc current

(ipc) when Sy is on. Under the assumption of no power losses, iy, is computed as
i, = ipc/D = ligl* (vpc + lvg|)/vpc. (6.3)
Further, the inductor current ripple is expressed as,
Aip, = vpc - D/(fsw " L). (6.4)

6.2.3 Device Requirements

This work focuses on the commercial single-phase residential PV applications, and the
specification is presented in Table 6-1. In the MBI system, there are three different sets of
power switches (i.e. Syp, Sir and S¢) for different usages. Their requirements, including

voltage and current stress, are discussed based on the specification as follows.

e Main HF Switches (Syr)

According to the equivalent circuits, the voltage across Syg is the sum of vpc and vg.
Thus the required breakdown voltage of the devices for Syp is determined, namely, around
700V for 345V DC voltage and 325V AC peak voltage with a 10% grid voltage variation.

1200V semiconductor devices are selected for Sy with adequate margins.

Further, the current going through Sy is the same as the inductor current when Sy is on.
Hence, the peak current (I,,ax) Of Syg IS computed by the maximum inductor RMS current
(ILmax) With respective ripple (Ai;max) @S expressed in the following equation. Based on the
above i}, and Ai;, equations, the maximum current value is obtained for the conditions of 150V
DC voltage with full power and the respective result is illustrated in Table 6-2.

Imax = iLmax +0.5- AiLmax- (65)

Table 6-1 Electrical specification of residential PV inverter.

Parameter Value Parameter Value Parameter Value
Vpe 150-345V  Power  1200W Ca 5.6uF
Ve 230V/50Hz L /L,  1.03mH T 100°C
- 20kHz T, 25°C Ccm 100nF
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e Main LF Switches (Syr)

The voltage across S;r is related to both vpc and vg, the same requirement as Syg.

Therefore, the same 1200V voltage stress is required for Sy .

Notice that, i is commuted between Syr and Sy g, depending on the switching status. S g
provides a current return path for ig. Therefore, the maximum current going through S is
determined as the higher current between the calculated results of I,,,,x and the peak of i.
Typically the former is higher than the latter. Thus the current stress for Sy is the same as Syg

The corresponding results are listed in Table 6-2.

e Capacitive Switches (S¢)

The voltage of S¢ is typically considered as a rectified v with HF ripple Avc, which is
325V with a 10% grid voltage variation according to the specification in Table 6-1.
Additionally, the current of Sc equals to ig when Sy is on, meanwhile it equals to the
difference between i, and i; when Sy is off. Thus, the current requirement is determined by

the maximum current for both cases.

Based on the above analyses and the specification in Table 6-1, 1200V/40A rated devices
are required for both Syp and Sy in this application, while 650V/30A rated devices are
adequate for Sc with enough margins. Consequently, Si IGBTs and SiC MOSFETS are two
available options for Syp and Sy to fulfill the high-voltage and power rating requirements.
While Si-based IGBTs or MOSFETS are cost-effective options for the case of S where low
voltage and conduction loss are more considered. The detailed requirements of different
devices are summarized in Table 6-2. The specific device selection for this application needs

to be determined based on the device comparison and power loss analyses.

Table 6-2 Electrical requirements of switching devices.

Switching Device SHF SLF Sc
Requirement 702V 702V 308V
Voltage )
Selection 1200V 1200V 650V
Requirement  26A 26A 18A
Current

Selection 40A 40A 30A
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6.3. Power Semiconductor Comparison

In the following, a comparative device study, including static and dynamic characteristics

comparisons of various devices, is conducted to determine the most suitable combination.

According to the previous device requirements, 1200V devices, including Si IGBTs and
SiC MOSFETSs from various manufacturers, are selected for Syr and Sy . Likewise, various
650V devices of Si IGBTs and MOSFETs are also selected for S¢. It is noted that the
discontinued switching current of Sy g results in a reverse recovery loss of diode. To reduce this
loss, a comparable SiC SBD is also chosen accordingly. Consequently, the available devices
are illustrated in Table 6-3 based on two criteria: similar electrical rating and the MBI
application’s suitability with the specification. It is noted that SiC SBD serves as the anti-
parallel diode of IGBT3 for this application, while other switches all use their body diodes as
anti-parallel diodes. Moreover, Si IGBT7 is selected as a benchmark switch for later
experimental verifications. Detailed device comparison is provided as follows.

Table 6-3 Devices specification for PV inverter.

Switch Type Part Number Manufacturer

Si IGBT1 IKW25N120T2 Infineon
SiIGBT2 STGW25S120DF3 ST

SHF SiIGBT3 IGW25T120 Infineon

and SICSBD IDWD20G120C5 Infineon

SiE SiC MOS1 SCT2080KEC Rohm
SiCMOS2  C2MO0080120D CREE
SiC MOS3 IMW120R060M1H Infineon
SiIGBT4 IKW30N65EL5 Infineon
Si IGBT5 FGH40T65SPD Fairchild
SiIGBT6 STGW30M65DF2 ST

S SiMOS1  NVHL072N65S3  On Semiconductor
Si MOS2 IPW65R045C7 Infineon
Si MOS3 IXTH48N65X2 IXYS

Benchmark SilIGBT7 FGA25N120ANTD Fairchild
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6.3.1 Static Characteristic Comparison

The objective of the static characteristic comparisons is to evaluate various devices’
conduction performance, which is critical for system efficiency improvement. Since the
designed operating junction temperature is 100°C, the static data of different devices shown in
the following comparisons are extracted from the device datasheets and linearly converted to

100°C condition for good results in this application.

e Static Characteristics of 1200V Devices

Figure 6-5(a) shows the output characteristics of 1200V Si IGBTs and SiC MOSFETSs. It
is observed that Si IGBTs generally provide a better on-state performance above 20A
conduction current than SiC MOSFETs. Meanwhile, SiC MOSFETs have lower forward
voltage drop typically, especially in a low current range. Furthermore, according to the forward
characteristics of 1200V diodes in Figure 6-5(b), the body diodes of SiC MOSFETSs have much
higher conduction losses comparing with the counterparts of anti-parallel diodes in Si IGBTSs.
It is also found that SiC SBD provides a similar promising feature as the anti-parallel diodes
of Si IGBTSs. Since the conduction loss for the case of S is the dominant loss, which consists
of diode loss and conducting channel loss. Thus using Si-based IGBTs and anti-parallel diodes
or SiC SBD is a superior option than using SiC MOSFETs with their body diodes. On the other
hand, the switching losses of semiconductors become the key contributor to the total losses for
the case of Syr. Thus further dynamic characteristics analysis of these devices is required for
the corresponding device selection.
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(@) (b)
Figure 6-5 (a) Output characteristics of 1200V Si IGBTs and SiC MOSFETS, and (b) forward

characteristics of 1200V diodes @100°C.
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Figure 6-6 (a) Output characteristics of 650V Si IGBTs and Si MOSFETS, and (b) forward
characteristics of 650V diodes @100°C.

e Static Characteristics of 650V Devices

Figure 6-6 (a) shows the output characteristics of 650V devices, including Si IGBTs and
Si MOSFETSs. By comparing both Si-based devices at the same reference point, it is observed
that Si MOSFETSs generally can provide lower voltage drop, namely better conduction
performance below 20A conduction current range which is the primary operating range for the
case of Sc in this application. Likewise, Si MOSFETs’ body diodes have much lower
conduction losses than the anti-parallel diodes of Si IGBTs in a wide range of current. In fact,
in the case of Sc, which is in the realization of two bi-directional Si MOSFETS, only the two
MOS channels are conducting rather than the body diodes due to the constant positive gate
drive voltage during conducting half-cycle. Hence, the corresponding conduction loss is further
reduced compared to one conducting Si IGBT with a diode. Consequently, Si MOSFETS are
more suitable than Si IGBTSs for the case of S, which is opeating at LF switching and is

conduction losses dominated.

6.3.2 Dynamic Characteristic Comparison

In practice, the dynamic characteristics of semiconductors are typically obtained by DPTs.
However, it involves several peripheral equipment and laborious measurements. In this
section, the switching loss and reverse recovery charge information are preliminarily obtained
from the device datasheets’ corresponding curves for simplicity. Notice that all the data are
converted to the designed thermal condition 100°C by linear interpolation. The detailed power

loss analyses in this application are provided in section 6.5.
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e General Switching Losses Comparison

Figure 6-7(a) shows the switching energy losses of different 1200V devices based on the
corresponding device datasheets. It is observed that SIC MOSFETSs have much lower switching
losses compared to Si IGBTs because of the WBG material’s superior features. For example,
the switching losses of SiC MOSFETSs are generally below one mJ at 20A conduction current.
In contrast, the counterparts of Si IGBTSs are four times higher (i.e., four mJ) at the same current
condition. SiC MOSFETS also provide comparable conduction losses below 20A current, as
shown in Figure 6-7 (a). Consequently, by comparing with both devices in terms of conduction
and switching loss performances, SiC MOSFETS are advantageous for the case of Syg, which
operates at HF switching condition.

e Reverse Recovery Charge Comparisons of Diodes

It is necessary to take the reverse recovery losses of diode into account for the case of S ¢
due to the HF discontinued operating current as mentioned previously. Figure 6-7(b) shows
the Q.. of 1200V diodes based on the corresponding curves from the device datasheets. It is
found that SiC SBD offers a similar and negligible amount of Q.. with the body diodes of SiC
MOSFETSs. In contrast, the Q.. of the anti-parallel diodes in Si IGBTSs are considerably higher
than the other two devices, which lead to noticeable power losses for the case of Sif.
Consequently, SiC SBD or the body diode of SiC MOSFETS is more beneficial than using the
anti-parallel diodes of IGBT directly in terms of reverse recovery losses. Nevertheless, to
determine a suitable selection, a comprehensive power loss analysis for Sy is necessary

considering not only reverse recovery loss but also other conduction loss.
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Figure 6-7 1200V device curves of (a) Switching loss; and (b) Reverse recovery charge.

103



6.4 Inductor Design Analyses

6.4. Inductor Design Analyses

In general, magnetic components such as transformers and inductors play a significant
role in the PE system. Concretely, the power losses resulting from the two inductors in MBI
are critical contributors to the total loss. It is well-known that the inductor losses, including
core loss and copper loss, are determined by the operating conditions and the device
parameters. These parameters are highly affected by the operating switching frequency.
Therefore, it is also necessary to design the inductor based on the working conditions to achieve

low power loss and improve system efficiency.

6.4.1 Copper Loss

The copper loss is calculated as the product of wire resistance and the square function of
current. Concretely, this wire resistance is dependent on the length, thickness, and material of
the wire. Typically, the resistivity of the conductor (p) is expressed by,

p = P20 [1+ az0(Tmax — 20)], (6.6)

where p,, and a,, are the copper resistivity and temperature coefficient @20°C, respectively.

Thax denotes the maximum operating temperature.

Also, the length of wire (1) is determined by the number of turns (N) and the mean turn
length (MTL) for different cores such as Toroid and Amorphous Metal C-Core (AMCC) series,

2N - (I, — [;), for Toroid core

2N - (a + 2b + d), for AMCC core’ (6.7)

l=N-MTL = {
where [, and [; are the outer and inner perimeter of the toroid core, respectively. a, b and d are
all the geometric parameters of the AMCC core, which is obtained from the datasheets.

Subsequently, the DC resistance (Rpc) is computed directly as,
Rpc =p-l/Acu, (6.8)
where A, is the wire’s cross-sectional area, respectively.

Apart from Rpc, the AC resistance (R, c) of the wire should also be considered due to the
skin effect, especially for HF switching applications. Typically, this skin effect is represented

by the skin depth (&), which is expressed as,

& =p/(m fow 1), (6.9)
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where u is the permeability of the material (1, = 47 x 1077 H/m is the permeability of air ).

Thereby, R, is computed by,

l

where r is the radius of the conductor and &§ is highly dependent on the frequency.
Consequently, the conduction power of the copper wire (p.,) is determined as,

Peu = Rpc " If + Ryc - Aif, (6.11)
where I, and i;,. are the DC bias and AC ripple of the inductor current, respectively. It should
be mentioned that for the case of using Litz wire, the skin effect is typically alleviated since

the radium of a single wire is comparable to § and thus R, is almost the same as Rp.

6.4.2 Core L0ss

Since no magnetic materials exhibit a perfectly efficient magnetic response, the inductor’s
core loss results from the material’s changing magnetic flux field. Typically, the core loss
density p;g (mW/cm3) is calculated by the Steinmetz equation as a function of the AC flux
swing By (Tesla (T)) and fs,, (KHZ), where acore, beore aNd ceore are the fitting coefficients

obtained from measurements or provided from the datasheet [207].
Pla = Geore  Byi™ - faw™. (6.12)

It is known that By is half of the AC flux ripple (AB), which is highly dependent on the
AC magnetizing field ripple (AH). AH is a function of winding number N, current, and
magnetic path length (le), which is expressed as,
AH = N - AlLL/L,. (6.13)
Subsequently, By, is further determined for each switching cycle as
Bpk = o - AH/2. (6.14)
Consequently, the core loss power (p¢ore) IS cOMputed by p14 With either core volume (V;)
or weight (m;,) based on the specification.

Pcore = Pia - VL.(my). (6-15)
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6.4.3 Design Procedure

The key assembling components of an inductor are core and wire. A practical design
procedure of an inductor is shown in Figure 6-8, which includes core material selection, wire

selection and power loss calculation.

e Core Selection

Typically, the power inductor gap is realized in two fashions, discrete or distributed
(powder core). In this application, toroid high flux magnetic powder core [208] and Metglas
AMCC C-core [209] are considered. Both of them can provide high saturation flux density
and have superior performance in high-power HF applications. To select an inductor core, two
parameters of the design application, including inductance (L) and the dc current (/) are
required to be determined based on the requirements. After that, the core size, the number of
turns N, airgap length is determined.

[ System specifications

Switching frequency J

Core material selection

Magnetics Metglas
Powder Core AMCC core

[Com pute Energy storage capacit)j

[ Determine Inductance and

LI? and determine the size

v

‘ Determine the number of the turn
(and air gap)

Select wire type
Single

Litz Wire copper wire

‘ Determine number of strand and
wire gauge

Copper and core loss at
optimal balance?

No

[ Roughly optimized design ]

Figure 6-8 Flow chart of inductor design.
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For high flux Magnetics powder core, the core size is determined by computing the
required energy storage capacity (i.e. L-I?) and locating the appropriate size from the
recommended core selector chart in the datasheet [208]. As for the AMCC core, it is more

based on the required L and core dimensions to meet the winding requirements.

For the case of toroid core, the minimum inductance factor (A4;) is used to calculate N for

the worst-case negative tolerance (generally -8%), and thus N is further determined,

N =.L-103/4,. (6.16)

As for the case of AMCC core, there are two degrees of freedom to fulfill the requirement,

N and the air gap length (Ig). Initially, the maximum turns (Np,,y) is determined as,
Niax = Aw * kcu/Acu, (6.17)
where A,, stands for the area of window area and k., is the copper filling factor, which

typically equals 0.4.

Further, the minimum number of turns (N,,;,) is obtained by,
Npin =L+ (I, + 0.5 Al)/(Bmax * 4e), (6.18)
where I}, and Al}, are the DC bias inductor current and current ripple, respectively. Bp,.x and

A, denote the maximum flux density and the cross-sectional area of the core.

Accordingly, I, is computed based on the specific N and L as
lg = oA~ N?/(2- L). (6.19)
e Wire Selection

Single standard solid-round copper wire is selected from the American Wire Gauge
(AWG) table based on the required current rating. The ac resistance of various wires for

different frequencies is further calculated considering the skin effect.

Figure 6-9 (a) illustrates the ac resistance results for various single copper wires and the
Litz wire solution. It is observed that generally, the single copper wire with a higher current
rating can result in lower ac resistance due to the larger A.,. As fs rises from 10 to 50kHz,
R4 of single copper wires increases significantly because of the skin effect. Besides, the merit
of using Litz wire with a similar current rating becomes promising when f;,, is higher than

40kHz. Hence, the wire should be selected reasonably based on the operating specification.
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e Design Finalization

Based on the above analyses, an inductor design tool has been implemented in MATLAB
to evaluate the loss performance of various design options and finalize the optimal design for

the specific operating conditions with the lowest total inductor losses.

For instance, the inductor design results using AMCC core under 50kHz switching
frequency are provided in Figure 6-9 (b). It is observed that AMCCS8 with a Litz wire design
can achieve the lowest total inductor losses. Likewise, different inductors with the same current
ripple requirement are custom-made using appropriate core and wire selection according to the
operating conditions. Consequently, the designed inductors for the MBI application are shown
in Figure 6-9 (c), and the key parameters are listed in Table 6-4. On the one hand, as f;,
increases, the size of the inductor is typically reduced due to the lower inductance requirement.
On the other hand, an increase in copper loss is also resulted due to the skin effect. Therefore,

a proper design is necessary to balance this trade-off and achieve the lowest loss.
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Figure 6-9 (a) wire resistance results; (b) HF AMCC core design; (c) designed inductors.
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Table 6-4 Key parameters of inductors

Inductance 1.03mH 0.695mH 0.57mH 0.47mH
Core Type High flux 58907 AMCC16A AMCC10 AMCCS
Number of Turns 77 47 56 44
Air Gap Length distributed 0.6mm 0.88mm 0.68mm
Wire Type AWG14 AWG14  0.2x40 Litz 0.2x40 Litz
Mass 7209 248g 198¢g 1729
Frequency 20kHz 30kHz 40kHz 50kHz

6.5. Power Loss Analyses

In this section, the preliminary device selection is further improved to determine the
specific devices with the lowest power loss based on the simulation results in
PSCAD/EMTDC. A comprehensive power loss analysis at the system level, including

semiconductor losses and passive inductor losses, is also conducted for the MBI application.
6.5.1 Semiconductor Loss Analysis

e Conduction Loss

According to the equivalent circuits in Figure 6-3, when Sy is conducting, most of the i,
flow through Sy and no conduction current occurs in the half-off cycle. Hence, the resulting

conduction loss Py during one switching period (T¢) is calculated by,
Tc .
Peur = fsw fo D - vyp - iy dt, (6.20)

where vy denotes the forward voltage of Syr which equals to v g, Of IGBT or the product
of i;, and Rys(on) Of SIC MOSFET.

Notice that, during each switching cycle, one diode conducts ij, when Sy is off, and one
conductive channel of Sy provides the return path of i;. Thus, the resulting conduction losses

of Spr (Pcpr) IS determined by,
Tc . .
Perr = fsw fo [vie - ligl+(1 = D) - vppp - iL] dt, (6.21)

where v, r and vy gp Stand for the voltage drop of the channel and diode for Sy, respectively.
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Besides, the diode reverse recovery loss for S; g is also considered, which is computed

approximately by the product of Q.. and voltage drop during each switching cycle.

Based on the previous analyses, the current of the switch S (ic) is swinging based on the

switching state of Syg. Accordingly, the conduction loss (Pcs) is expressed as,
Tc . . .
Pcs = fsw - fo ves * [ligh - D + liy, — igl - (1 — D)] dt, (6.22)

where the total voltage drop of S¢ (vcs) consists of either two voltage drop across MOSFETS

or one diode voltage drop along with one v s, Of IGBT based on the realization of S¢.

e Switching Losses

Since only Sy operates at HF switching, and the others run at LF, namely 50Hz. thus
only the switching losses of Sy are taken into account. The counterparts of the other switches
are insignificant compared with the conduction losses. In the simulation, the switching losses

of Syr are obtained from the power loss LUTSs generated by the previous approaches.

e Simulated Loss Results

The targeted MBI application was simulated in PSCAD/EMTDC using different device
combinations. The simulated results of power losses under the full power (1.2kW) condition
with 200V DC input voltage are shown in Figure 6-10.

It is found from Figure 6-10(a) that SIC MOSFETSs generally provide much lower total
losses due to superior switching performance. In particular, minimum power losses are
achieved by using SiC MOS3 for the case of Syg. As for the case of Sy, the total losses of Si
IGBTs are comparable with SiC MOSFETS, and diode losses are more critical than channel
losses, as shown in Figure 6-10 (b). It is also noted that the use of SiC diode significantly
reduces the diode losses, which helps the combination of Si IGBT3 and SiC diode standing out
from the rest with the lowest total losses. Furthermore, it is found in Figure 6-10 (c) that Si
MOSFETs generally produce lower losses than IGBTs because of the merit of the bi-
directional conduction channel for S¢. And the best performance is given by Si MOS2 resulting
lowest amount of losses. Consequently, the optimal device combination is determined, namely,
using SiC MOS3 for Sy, Si IGBT3 along with SiC diode for Sy and Si MOS2 for S¢. Further

experimental verification for this combination is provided in Section 6.6.
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Figure 6-10 Simulated power losses of different devices under the full power condition for
the case of (a) Syr at 200V DC input, (b) Sy at 200V DC input, and (c) Sc.

6.5.2 Inductor Loss Analysis

Notice that, apart from the switches’ power losses, there are still enormous losses resulting
from other passive components in this application. Therefore, a concrete inductor loss analysis
for this application is conducted in this section based on the simulated results. Notice that these
inductors are designed explicitly with the same current ripple as mentioned previously and
further optimized by selecting the proper parameters (e.g. l;, N and wire type) to achieve the

lowest inductor losses under the corresponding switching frequency.

The simulated inductor loss results for the MBI application are given in Figure 6-13 under
various operating conditions. It is observed that the AMCC25 inductor generally provides
lower total 10ss (piota1) @00VE 600W range though its p.qre IS higher, comparing with the toroid
inductor design for the case of 20kHz. Further, as vy increases from 150V to 345V, piota for
all the inductors decline accordingly due to the reduction of conduction current and thus copper

losses. Besides, the inductor for 30kHz can achieve the lowest p.,,; @among all the designs.
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Figure 6-11 Simulated inductor power loss of MBI (a) vs output power; and (b) vs vpc.

6.5.3 Total System Loss Analysis

A comprehensive power loss simulation is conducted using the mixed device combination
with various inductor designs, as mentioned previously. Figure 6-12(a) shows the simulated
efficiency results under 20kHz, 200V. As inductance increases, the efficiency increases
initially and then declines in the high power range. Larger inductance can limit the current
ripple, resulting in reduced core loss, which is the dominant loss in the low power range. Higher
copper loss in the high power range results from the increase of N for larger inductances.
Hence, the proposed method is promising for inductor selection to achieve desirable

performance.

Further, the simulated power loss breakdown results are illustrated in Figure 6-12(b). It is
observed that the inductor losses are almost half of the total losses for the case of 20kHz.
Additionally, the losses of Sy are slightly higher than the losses of Syg. The loss of S¢ is the
lowest (less than 15%). Furthermore, as f;,, increases to 50kHz, the losses of Sy and Sy both
increase accordingly, while the loss of S¢ shows almost irrelevant to f;,,. Also notice that the
inductor losses change irregularly with f;,,. That is because, for various f;,,, although Al is
designed with a similar value, the wire resistances are changing as N and wire type change.

Moreover, the core loss is related to not only f;,, but also the inductors size.

Based on the above simulation loss analysis, the overall power loss behaviors for both
switches and inductors in this application are predicted in a wide range of operating conditions.
It is helpful for PE engineers to select devices as well as operating conditions.
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Figure 6-12 Simulated (a) efficiency curve; (b) power loss breakdown at 200V, 1200W.
6.6. Experimental Verification
6.6.1 Prototype Description

To further verify the proposed approach in efficiency evaluation and system optimization
for residential PV applications, a 1.2-kW hardware platform has been built based on the circuit
in Figure 6-2 and the specification in Table 6-1. The prototype in Figure 6-13(a) includes the
main power board, gate driving circuits, semiconductor switches, inductors and other passive
components. The control strategy is illustrated in Figure 6-13(b) and implemented in the DSP.
There are two PI control loops in the system, namely the outer and inner loops. i is regulated
to synchronize with vg by the outer loop, while i;, is controlled by the inner loop for power
balance. In addition, the inner loop operates under five times higher frequency than the outer
loop for high accuracy and fast response. Besides, the operating temperature is monitored by
Fluke TiS-40 infrared camera. Four device combinations, including Si-based and SiC-based

devices, are tested under a wide range of operating regions, as illustrated in Table 6-5.

DSP
Controller

Inductors

Polarity Detector
e v

: Capacitor
Switches

@ o)
Figure 6-13 Manitoba inverter (a) prototype, and (b) control block diagram.
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Table 6-5 Key semiconductor switches under test

Comb. # Switch Type Sc SLE SHF
Comb.1 All Si IGBTs SiIGBT7 SiIGBT1 SiIGBT7
Comb.2 Si IGBTs+SiC MOS Si IGBT7 Si IGBT1 SiC MOS3
Comb.3  Si MOS+Si IGBT+SiC MOS Si MOS2 Si IGBT1 SiC MOS3
Proposed Si MOS+(Si IGBT+SiC ) Si IGBT3+ _

) _ Si MOS2 o SiC MOS3
Comb.4 diode)+SiC MOS SiC diode

6.6.2 Steady State waveforms

Figure 6-14 (a)-(c) show the experimental results of the MBI prototype operating at 600W
power level with different input vp from 150V to 345V. It is observed that the prototype can
operate accordingly in boost mode for lower vy and buck mode for higher vpc. In addition,
i is kept as sinusoidal current with a slight current ripple, and it is also synchronized with v
resulting in up to 0.98 power factor. It is also noticed that i}, is an asymmetrical waveform due
to the changing roles between the buck-boost inductor and the grid CL filter every half-line
cycle. In the positive half cycle, Syr (S;) operates at HF switching along with L, to form buck-
boost converter, which results in HF inductor current ripple. While in the negative cycle, Syg

keeps in off-state and iy, is identical to i.

Figure 6-15(a) illustrates the voltage stress of different switching devices in this
application. It is observed that, during the positive cycle, both Syr and Sy suffer from the sum
of vpc and vg (typically less than 700V), consistent with the theoretical analysis, while only
v With the peak 325V is applied across Sc. Hence, 1200V devices for the case of Sy and Sy ¢
and 650V devices for S are reasonable with enough margins. In fact, 900V devices are also
adequate for Syp and S; g, though there is no significant merit in terms of cost and

performance.1200V devices, in turn, have more available selections in the market.

Besides, the leakage current measurement of this application is given in Figure 6-15(b).
A 100 nF capacitor is added between the input DC link and output AC grid to emulate the
parasitic capacitor Ccp. Notice that the leakage current iy is generally limited within 300mA,
and the voltage vcy across Cey is nearly sinusoidal with a negligible ripple. Consequently,
both low leakage current and CM voltage are achieved by this MBI topology.
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Figure 6-15 (a) Voltage stress of various devices; (b) Measurements of i¢y and vey.

6.6.3 Efficiency Evaluation

A series of efficiency tests with varying conditions are conducted to verify the proposed
combination’s efficiency improvement. The YOKOGAWA-WT1800 power analyzer was
used to measure the system’s efficiency. Notice that only the converter stage is considered in

the measurement, and the auxiliary power is excluded.

The system efficiency results using various combinations are provided in Figure 6-16(a).
Notice that the efficiency curves of the commercial product (two-stage PV inverter) from ABB

[210] are also included. It is observed that a noticeable efficiency improvement in a wide range
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of operating regions is achieved by replacing Si-based devices with SiC-based devices.
Concretely, the overall efficiency by using Comb.4 is 4% higher than Comb.1, and the peak
efficiency is up to 95.86%. Comparing with the commercial product, Comb.4 provides
comparable efficiency results in the high power region. However, a significant efficiency
enhancement is achieved in the low power region, the PV inverter’s primary operating region.
For example, the efficiency below 100W boosts from 77.04% to 94.23%.

Further, the total power loss results are illustrated in Figure 6-16 (b). It is observed that a
considerable loss reduction is achieved by using Comb.4 comparing with the other
combinations. For instance, the total loss of using Comb. 4 is approximately half of the loss

using Comb.1 in full power condition. Thus, the benefits of various devices are well utilized.

Figure 6-17 (a) shows the measured efficiency chart in a whole range of vpc and output
power. The maximum measured efficiency can go up to 96%, and the efficiency declines
slightly as the power decreases and vp increases. In addition, better performance is achieved
when MBI operates at medium and high power range. With the MBI topology and SiC-based
devices’ help, the prototype can generally provide more than 94% efficiency in most operating
regions. Further, the simulated efficiency chart is also provided in Figure 6-17 (b). It is found
that the simulated and measured efficiency results share a similar manner in terms of efficiency
change trend and distribution. However, the simulated results are generally higher than the
measured results. The deviations may result from various impacts such as measurement errors,
parasitics in the circuit and capacitance losses. Nevertheless, the average error is generally
acceptable, and the proposed method can have a good reproducibility of the power loss and

efficiency behaviors in MBI applications.

&U 95¢ % ]
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w 0 200 400 600 800 1000 1200
Power [W]
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Figure 6-16 Measurements of (a) efficiency and (b) loss of different comb. at 200V vp.
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Figure 6-17 Efficiency chart of MBI using a mixed combination (a) measured; (b) simulated.
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6.6.4 Discussion

Generally, high efficiency and power density are achieved with a high switching
frequency. A discussion on the impacts of various factors on efficiency performance is

provided in this section based on a series of efficiency tests under different conditions.

Figure 6-18(a) shows the 3-D efficiency results of the prototype using the mixed
combination. It is observed that the prototype can provide more than 94% efficiency in most
operating regions. Note that the designed inductance in this application is reduced from
1.03mH (20 kHz) to 0.47mH (50 kHz) to maintain the same Al;. This leads to a significant
inductor weight reduction from 0.72 kg to 0.172 kg, as shown in Figure 6-18(b). AS fi
changes from 20 kHz to 30 kHz, the European (EU) efficiency declines more than 0.5% due
to the increased switching loss and core losses. Nevertheless, the efficiency becomes more than
95% again for 40 kHz. That is because of the reduction of the size of the inductor and the
benefit of using Litz wire. However, for 50 kHz, these merits become less dominant than the
increasing switching frequency and thus, the EU efficiency decline slightly.

Furthermore, it is also observed from Figure 6-19(a) that, if the identical inductors
(1.03mH) are used for both cases of 20 kHz and 40 kHz or using a large inductor (1.47mH) for
the case of 20kHz, higher peak efficiency is achieved because of the reduced current ripple.
However, the efficiency declines significantly in the high and low power range. Moreover, the
overall efficiency optimization chart is illustrated in Figure 6-19(b). It is found that the EU
efficiency of the prototype is initially improved by changing the device combination from

Comb.1 to Comb.4 and further enhanced by optimizing the f;,, and reducing the inductor size
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accordingly. Eventually, the operating condition of 40 kHz switching frequency with 0.57mH
inductors is an optimal option for this application, which offers a good trade-off between
efficiency and power density in a wide range of operating regions. It is also found that
modifications by changing one parameter (e.g. inductor or f;,,) at a time based on trial and

error method can result in a negative impact on the efficiency.
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Figure 6-18 MBI prototype (a) 3-D efficiency results; (b) ngy and inductor mass results.
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Figure 6-19 Efficiency results (a) various conditions; (b) overall optimization.
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6.7. Chapter Conclusion

This chapter presented a case study applying the previous simulation-based approaches
from Chapter 3 to Chapter 5 in a PV inverter application for efficiency evaluation and system
optimization. Based on a detailed device comparison and the power loss analyses, a mixed
device combination including Si and SiC-based devices was determined to fulfill the device
requirements and achieve the lowest power losses. It was found that SiC MOSFETSs were
advantageous in high-frequency switching conditions, while Si IGBTs along with SiC SBDs
were a cost-effective selection for line-frequency switches. Besides, Si MOSFETSs provided
superior conduction performance when they acted as the bi-directional conducting channels at
the low current condition. Further, the inductor designer procedure and loss analyses were

conducted, and various inductors were designed according to the operating conditions.

Moreover, comprehensive power losses and efficiency analyses in PSCAD/EMTDC were
conducted and experimentally verified by a 1.2kW PV inverter prototype. It was found that,
by using the mixed combination in this application, the prototype could operate under a wide
range of input voltage with high system efficiency. Over 4% of overall efficiency improvement
was achieved comparing with all Si-based solutions. Besides selecting the appropriate
switching frequency for this application and designing inductors accordingly, a good trade-off

between efficiency and power density was further achieved.

Consequently, the proposed simulation-based approaches can reproduce the loss
behaviors of switching devices and magnetic components in PE systems. It helps PE engineers
enhance efficiency and optimize the system by selecting appropriate devices and operating

conditions in the PE system design stage.
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Chapter 7 Conclusion and Future Work

7.1. Conclusion

A simulation-based modelling methodology of modern power semiconductor devices was
proposed and investigated in this thesis. This approach could reproduce various devices’ static
and dynamic behaviors in simulation, generate a multi-dimensional power loss table, and
evaluate a power electronics system’s efficiency. This thesis has been broken down into seven
chapters to comprehensively analyze various research aspects from a theoretical background,
device model development, power loss analyses, system implementations, and experimental
verifications. It filled the gap between electrical and thermal simulation, generalized the
transient behavioral models for different semiconductors, and provided a promising solution
for PE system evaluation with a balanced trade-off among accuracy, complexity, and speed.
The state of art semiconductor modelling techniques was reviewed. Besides, the advantages
and disadvantages of different device models and power loss estimation methods were

identified and discussed from various perspectives in Chapter 2.

Based on the literature review, a multi-level simulation strategy for loss prediction in a
PE system using an IGBT-diode cell has been proposed and studied comprehensively in
Chapter 3. In the device-level simulation, a transient behavioral model of IGBT has been
developed considering the impacts of parasitics, tail current, and the reverse recovery behavior
of diode. As a result, the transient switching waveforms of IGBT in the double-pulse test circuit
were simulated under a wide range of operating conditions with a nanosecond time-step. A
multi-dimensional power loss table was further generated. In the system-level simulation, the
PE system was implemented with simple switch models under a microsecond time-step. Thus,
the instantaneous power loss was obtained by the power loss look-up table based on the input
operating conditions. Hence, the accuracy could be promised by the device-level simulation.

Meanwhile, the simulation speed was still maintained in the system-level simulation.

Furthermore, in Chapter 4, a dynamic thermal model has been added to the previous
system-level simulation to form a closed-loop electro-thermal simulation for power loss and

junction temperature estimations. Besides, the IGBT-diode model was further extended to SiC
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MOSFET and SBD, taking the charging and discharging process of the junction capacitances
and the thermal-dependent features into account. The DPT bench experimentally verified the
proposed method for switching transients and loss estimations of SiC MOSFETS under various
operating conditions. Moreover, both the electrical and thermal performances of the PFC

application were evaluated and validated by comparing with simulated and measured results.

Furthermore, a generalized behavioral model for a switch-diode cell was proposed in
Chapter 5, considering the dynamic characteristics and the third quadrant operation of eGaN
HEMT apart from Si- and SiC-based devices’ counterparts. The switching process and power
loss analyses for different semiconductor devices and operational scenarios have been
discussed. Besides, the model parameter extraction procedures from the device datasheet were
also demonstrated. Three specifically designed DPT circuits were built to fulfill the respective
gate drive and test requirements for different devices. Consequently, both the switching
transients and power loss estimations were obtained by the proposed method and

experimentally verified by the DPT circuit in a wide range of operation regions.

The proposed electro-thermal simulation method was eventually applied to a single-phase
grid-tied PV inverter as a case study for efficiency evaluation and system optimization in
Chapter 6. Three sets of switching devices with different device requirements were identified,
and a preliminary device selection for all the switches was made accordingly. Further, a device
characteristics comparison and power loss analyses in this application were conducted by
simulation. Subsequently, a Si-SiC-mixed device combination was determined with the lowest
total loss. Besides, the magnetic inductors were also specifically designed and optimized based
on system requirements and the switching frequency. Consequently, this PV inverter’s
efficiency was obtained based on the computed inductor losses, simulated semiconductor
losses, and validated by the hardware prototype.

In contrast to prior related work in this area, this thesis provided a comprehensive
simulation-based modelling approach of modern semiconductors to simulate the devices’
behaviors and evaluate a PE system’s efficiency, considering electrical and thermal
performances. All the simulations were implemented in a single simulator PSCAD/EMTDC,

without convergence issues. All parameters were attainable in the device datasheet without
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extra hardware measurements. The model could apply to various semiconductor devices and

achieve fast simulation speed with acceptable accuracy.

7.2. Contributions

The critical contributions of the research work presented in this thesis are listed below.

Thus, it is concluded that these thesis objectives have been achieved.

(1) This thesis provided a solid reference for researchers working on the power
semiconductor modelling area and further provided a guideline for device selection, PE system

design and optimization.

(2) A comprehensive study on the static and dynamic characteristics of Si IGBT, SiC
MOSFET, and eGaN HEMT devices, considering the impacts of parasitic elements, diode, and
temperature, have been presented, which helps understand the dynamic behaviors of devices.

(3) A detailed switching process and power loss analysis for different semiconductor
devices in the DPT circuit have been discussed. The modelling and parameter extraction
procedures were illustrated. The model was implemented in PSCAD/EMTDC to reproduce
switching waveforms and generate power loss LUT in various operating conditions. This

intensive work provided significant insights into semiconductor modelling study.

(4) A multi-level electro-thermal simulation method was proposed to evaluate a PE system
using modern semiconductor devices, which could achieve a balanced trade-off among
accuracy, complexity, applicability, and simulation speed. To the best of the author’s
knowledge, such model development and verification approach has not been reported in the

existing literature.

(5) Several DPT benches and respective gate drive boards have been designed and built
for switching transient and power loss verifications of different semiconductor devices. Such
an experimental validation method was one of the contributions and could reference new

device characterizations and power loss LUT extractions.

(6) A case study applying the proposed method to estimate the power losses and evaluate
the efficiency in a single-phase single-stage grid-tied PV inverter has been presented. A mixed
device combination and specifically designed inductors were determined based on device

comparisons and power loss analyses with the lowest total loss objective. Also, the proposed
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approach was experimentally verified by a PV inverter prototype with a considerable
efficiency improvement. The use of the electro-thermal simulation method in this application
was the first such reported PE application. The PE system design, verification, and
optimization procedures were significantly helpful for PE engineers.

7.3. Future Work

With the development of power semiconductors, new devices with specific features will
be used in PE applications. Meanwhile, PE systems are also rapidly developed with more
advanced topologies and control strategies. Hence, it is foreseen that the simulation-based
modelling method of semiconductors for the efficiency evaluation of the PE system presented
in this thesis can gain more popularity and give a noticeable contribution. The current research
work is further improved with the following possible extensions, catering to the demands.

(1) The diode model is improved by considering the voltage-dependent junction
capacitance. Also, the reverse recovery behavior and loss of diode were mainly based on the
empirical model. The dynamic behaviors, especially during the reverse recovery decay period,
is further improved by accurately extracting the decay time constants. Besides, the diode
parameters such as I.,, Q. and t.. are temperature-dependent. These impacts are not fully

considered in the current work and can also be improved.

(2) The parameter extraction procedures for parasitic capacitances and inductances are
more accurate using advanced fitting methods or other numerical methods. Some parasitic
inductances and resistances in the gate loop or power loop are included, such as gate

inductance, device lead inductance and trace resistance.

(3) The current and voltage ringings during switching transient are not considered in the
proposed model for simplicity. However, these ringings can result in additional power loss and
impact the devices’ switching performance in some cases. Hence, further research can be

conducted to develop the RLC resonance model and study the influences accordingly.

(4) The switching transient modelling is enhanced by taking more new device insights
into account. For example, during turn-on and turn-off periods, the miller plateau is assumed
to have constant miller capacitance. Some studies implied that a non-flat miller plateau [86]
was found in some WBG devices, affecting the devices’ switching behaviors. The crosstalk
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issue [5] sometimes could not be neglected due to the parasitic capacitances. Hence, the

proposed model is modified accordingly to reflect these impacts.

(5) In the presented work, a second order Foster/Cauer thermal network was used,
extended to higher-order for higher accuracy. The heatsink counterpart also can consider the

case of multi-chips condition with airflow.

(6) More new devices with novel configurations such as GaN HEMT with cascaded Si
MOSFET [69] can be studied and included in the generalized semiconductor model to extend
the applicability. More types of inductor cores and wires also can be considered in the inductor
design with a comprehensive comparison to determine the optimal design. The HF transformer

model can also be developed to extend the PE component library in PSCAD/EMTDC.
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0 A.1. Capacitance characteristics

Appendix A

In this appendix, an example of parameter extraction for the proposed generalized
semiconductor model is presented. The Si IGBT (IKW40T120) is selected as an example. Two
main software tools (WebPlotDigitizer-3.8-Desktop and MATLAB-Curve fitting toolbox) are

used for the parameter extraction. The detail of the procedure is presented as follows.

A.1. Capacitance characteristics

(1) Generally, the nonlinear capacitance curves can be found in the datasheet as follows.
Capture the curves and save them as an image.

N C..

1nF

/
/

’ 100pF

10pF

ov 10V 20V
Ve, COLLECTOR-EMITTER VOLTAGE

Figure A-1 Typical capacitance as a function of collector-emitter voltage (Vgg = 0V)
(2) Import the capacitance curve image to WebPlotDigitizer. Calibrate the axes and scale, and
then the capacitance data can be acquired and exported. Typically, the unit of capacitance

and voltage are pF and V, respectively.

ViebisaDigeicer Desitop
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Acquired Data
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Figure 18. Typical capacitance as a function
of collector-emitter voltage 1
(Ve=0V, f= 1 MHz) |

Figure A-2 Capacitance data extraction by software
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0 A.2. On-state characteristic

(3) Reform the capacitance data and create the capacitance look-up table as follows.

| *LUTIGBTIKWA0TI20CRSS - Notepad - o x
File Edit Format View Help

IInput data for Capacitance Characteristic ~
Ivds(kV); Crss(pF)
p.e1141953 16@.25544

@.01208202 156.29476

©.091258428 153.085746

0.9131665 158.82367

0.01374864 147.25088

@.081433875 144.59512

@.081498089 141.42184

0.91549483 139.808758

0.01687687 137.47359

@0.01665386 135.38163

@.081724082 133.22459

0.01782284 131.06011

0.0184049 128.81353

@0.081898697 126.68546

@.081959728 124.88464

0.82017312 122.28366

0.02073284 120.91888

0.082131458 119.5512

0.082189664 117.5819

0.082247843 116.8672

0.0238602 114.78219

0.02364194 113.48483

0.082422355 112.37751

0.082480974 111.08538

0.02531159 110.14489

0.02683742 108.43737

0.082690974 105.58199

0.82764948 104.81931

0.02838908 104.3403

@.082989707 1083.78788

@8.082961539 102.36385

.8 50.2

ENDFILE:

-

Ln3, Coll 100%  Windows (CRLF) UTF-8

Figure A-3 Capacitance look-up table format

(4) Obtain and save all the capacitance tables.

(5) Use the loop-up table by an X-Y transfer function from the master library in PSCAD.
Set the parameters such as the File name and Pathname. Typically, Relative pathname is
selected, and in this case, all the tables are put under the same folder of the simulation
file. The input of the X-Y transfer function is the DC link circuit voltage, and the output

is the corresponding capacitance value.

A.2. On-state characteristic

For the on-state characteristic, the on-state saturated voltage v, IS typically used for

the case of IGBT while on-state resistance Rpgon) is used for the case of MOSFET or eGaN

HEMT. The parameter extraction procedure is similar, and here v q¢,: IS used as an example.

(1) The on-state curves can be found in the datasheet as follows. Capture the curves and save

them as an image.
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Figure A-4 Typical saturation Qoltége as a function of junction temperature (vgg = 15V)

(2) Import the voltage curves image to WebPlotDigitizer. Calibrate the axes and scale, and
then the voltage data can be acquired and exported. Typically, the unit of v egy,¢, testing
current and junction temperature are V, A, and °C, respectively.

(3) Import the parameter data, including voltage current and temperature, into MATLAB. Use
the curve fitting toolbox in MATLAB to obtain the fitting coefficients. The fitting method,
algorithm, and robust setting can be adjusted for better results. For this case, the fitting
equation was mentioned in Chapter 5-equation (0.1).

(4) Set the fitting coefficients in the switch model.

| snag

Figure A-5 Curve flttlng fbr séturatioh volfage parameter using the toolbox
A.3. Turn on threshold voltage

Generally, the turn-on threshold voltage vt curve is provided in the datasheet, which is
temperature-dependent. If this curve is not available, vy can be considered as constant with the

typical value provided in the datasheet.

(1) Capture the vy curve and save as an image.
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Figure A-6 Gate-emitter threshold voltage as a function of junction voltage

(2) Import the V, curve image to WebPlotDigitizer. Calibrate the axes and scale, and then the
corresponding data can be acquired and exported. Typically, the units of vt and junction
temperature are V and °C, respectively.

(3) Import the parameter data, including voltage current and temperature, into MATLAB. Use
the curve fitting toolbox in MATLAB to obtain the fitting coefficients. The fitting method,
algorithm, and robust setting can be adjusted for better results.

(4) Set the fitting coefficients in the switch model.

A.4. Transfer characteristic

Generally, the trans-conductance (gys) can be obtained based on the transfer curves in the
datasheet, which is temperature-dependent. For simplicity, g¢ can be considered as constant

or temperature independent.

(1) Capture the transfer curves and save them as an image.

100A

~—]

90A /

80A /

e
2 /
g 7oA
£ /
3 60A
/4
S s50A
&
o 40A
8 /
© 30A
. /
2 T=150°C __V/,
10A 25°C__A

0A

oV 2V 4V 6V 8V 10V 12V
Ve, GATE-EMITTER VOLTAGE

Figure A-7 Typical transfer characteristic of IGBT from the datasheet
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0 A.4. Transfer characteristic

(2) Import the transfer curve image, calibrate the axes and scale, and then the corresponding
data can be acquired and exported. Typically, the unit of v (vgs), current and junction
temperature are V, A, and °C, respectively.

(3) Import the parameter data, including voltage current and temperature, into MATLAB. Use
the curve fitting toolbox in MATLAB to obtain the fitting coefficients. The fitting method,
algorithm, and robust setting can be adjusted for better results. Note that the parameter of
vy has been extracted first and used in the fitted equation. Also, the fitted equation can be
1%t or 2" order for better results.

(4) The values of gg for different temperature conditions are obtained. Furthermore, the
temperature-dependent coefficients of gg can be obtained by using exponential or 2"
order polynomial function.

(5) Set the fitting coefficients in the switch model.
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