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Abstract

Electric traction systems are essential to the global move toward sustainable and energy-
efficient transportation, especially in the railway sector. At the center of these systems are
three-phase inverters, which convert direct current (DC) into alternating current (AC) to power
traction motors. The performance of these inverters largely depends on the semiconductor
devices used. Si-IGBTs are commonly used due to their affordability and robust performance.
However, they suffer from high conduction and switching losses, particularly at higher switching
frequencies, which limits efficiency and increases thermal stress.

Therefore, it is important to develop a realistic loss estimation model for power semiconduc-
tors to overcome the limitations of device-specific commercial tools. Accurately modeling and
estimating these losses is critical to understanding their impact on thermal behavior, efficiency,
and the lifespan of the inverter.

In this thesis, conduction and switching losses in Si-IGBTS, free-wheeling diodes (FWDs),
and SiC-MOSFETSs are modeled using a common analytical model applicable to both Space
Vector PWM (SVPWM) and Sinusoidal PWM (SPWM). The model combines a piecewise linear
approximation for switching losses with a conduction loss model based on an equivalent third-
order harmonic approximation of the duty cycle. Unlike commercial tools that are typically
limited to specific device types, the developed model supports a broad range of semiconductor
devices, enabling consistent and comparative loss evaluation.

Validation of the proposed model is conducted using MATLAB/Simulink and PLECS, and
compared with commercial tools i.e. Semikron’s SemiSel-V5 and Infineon’s CIPM. The model
is closely matches, and in some cases surpasses, commercial tools in accuracy. SiC-MOSFET-
based inverters achieve 98.22% system efficiency, compared to 91.76% for Si-IGBT-based in-
verters, reflecting significant reductions in conduction and switching losses. Comparison with
commercial tools shows minimal deviations: for the Infineon module, conduction and switching
losses differ by less than 0.5%.

In conclusion,this research developed a versatile loss estimation model that outperforms
commercial tools in accuracy and flexibility. As results confirm that SiC-MOSFETSs deliver
significantly higher efficiency than Si-IGBTs, making them the preferred solution for high-

power traction applications.

Keywords: Semiconductor losses, Si-IGBT, SiC-MOSFET, freewheeling diode (FWD),
Space Vector PWM (SVPWM), Sinusoidal PWM (SPWM), traction inverters, electric drives,

permanent magnet synchronous motor (PMSM), thermal management
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Chapter 1

Introduction

1.1 Background

In recent decades, growing environmental concerns have led to a global transition from
conventional energy generation based on fossil fuels to renewable energy sources [1]. This change
has amplified the importance of electrical devices in railway systems. Power semiconductor
devices are integral to the electrical conversion process, such as the transformation of direct
current (DC) into alternate current (AC), a necessary step to drive traction motors [2]. Among
these, the Interior Permanent Magnet Synchronous Motor (IPMSM) has gained prominence
due to its superior efficiency and dynamic performance characteristics which are commonly
used in modern electric rail systems.

Figure 1.1 illustrates the basic operation of a traction inverter, controlled by a micropro-
cessor to adjust the frequency and voltage of the AC output to meet the speed and torque
requirements of the traction motor [17]. Among the various inverter designs, the silicon (Si)
Insulated Gate Bipolar Transistor (IGBT) is the most widely used technology . However, as the
demand for high-performance and energy-efficient systems continues to increase, understanding
and minimizing semiconductor losses within three-phase inverters has become a critical area of
research [18].

In railway traction systems, two-level (2L) three-phase voltage source inverters (VSIs) are
the most commonly used due to their reliability and efficiency [3]. These inverters typically rely
on silicon (Si)-based IGBTs, valued for their affordability, maturity, and robust power handling
capabilities. With blocking voltage ratings from 600 to 3300V, Si-IGBT's are well suited for rail-
way traction and other high-power applications with variable DC-link voltage (1500 to 3600V)
found in modern railways. They are also powerful and reliable for high-current applications
with heat dissipation, slower switching speeds, and an efficiency challenge. New technologies
such as SiC and GaN are emerging. Thus, this thesis thoroughly investigates loss modeling and

identifies potential methods for improving drive efficiency [4, 5].
1.2 Motivation

Rapid progress in semiconductor technologies, such as SiC and GaN, is transforming power
electronics by making systems more efficient, compact, and reliable, exactly what is needed
for modern traction drive systems. Therefore, this research aims to tackle the challenge of

reducing energy losses in three-phase inverters, paving the way for better performance and



more sustainable electric transportation.
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Figure 1.1: Basic Operation of a Traction Inverter for IGBT and SiC-MOSFETs [1].

1.2.1 Emerging Semiconductor Technologies

Recent advancements in semiconductor materials, particularly silicon carbide (SiC) and
gallium nitride (GaN), offer pathways to overcome the limitations of traditional Si-IGBTs.
Wide-band-gap materials exhibit superior properties, including higher breakdown voltages,
faster switching speeds, and enhanced thermal conductivity. These attributes enable higher
switching frequencies, reduced energy losses, and compact inverter designs with improved power
quality. Figure 1.2 highlights how Si, SiC, and GaN technologies serve different purposes.Silicon
is great for applications with lower power and frequency, SiC shines in high-power systems, and
GaN is perfect for compact high-frequency designs [4]. Therefore, SiC MOSFETSs might be the
optimal choice for high-power, high-voltage applications such as railway traction systems, where
thermal management and efficiency are critical. In contrast, GaN devices are better suited for
smaller components with lower power, providing advantages in efficiency and compactness for
secondary systems [7].

The three-phase inverter, a critical component of the traction drive, manages the flow of
power between the energy source and the motor. However, the efficiency of these inverters
is significantly influenced by the semiconductor losses that occur during the switching and
conduction processes. These losses not only impact the system’s energy efficiency, but also affect
thermal management and long-term reliability [3, 6]. Optimizing inverter operation is essential
to address these challenges, and Pulse Width Modulation (PWM) strategies play a crucial role
in this context. Different PWM techniques, such as sinusoidal PWM (SPWM) and space vector
PWM (SVPWM), offer varying trade-offs between switching frequency, harmonic distortion,
and overall efficiency. A comprehensive evaluation of these strategies is necessary to identify the
most effective approach to minimize semiconductor losses in traction drive applications [8, 14].

In the context of electric vehicles, including trains and trams, three-phase Voltage Source
Inverters (VSIs) are used to convert the DC power from the vehicle battery into AC .These
VSIs are integral to the drive train, influencing the overall vehicle performance and efficiency
. Despite their importance, significant energy losses occur in the semiconductor switches used

within these inverters.These losses can substantially impact inverter performance and drive



train efficiency [12, 19].The modulation technique used to control the inverter plays a vital role
in its performance .The two common techniques are SPWM and SVPWM [4, §].

These modulation strategies affect the efficiency of the inverter and the losses associated with
semiconductor devices . SiC MOSFETSs, with superior characteristics over traditional IGBTSs,
offer improved performance in terms of efficiency and thermal dissipation[20, 7] . Traction
inverters are typically used in conjunction with a DC link, which is a capacitor bank that
stores energy and helps to smooth out the DC input voltage .The inverter then converts the
DC voltage from the DC link into AC voltage, which is then used to drive the traction motors,
in this case IPMSM .

Consequently, this research aims to analyze semiconductor losses in three-phase inverters for
traction drives under different PWM strategies. Exploring the relationship between modulation
techniques, loss mechanisms, and system performance, the study aims to provide valuable
information to optimize inverter design and advance the efficiency of electric transportation

systems[11] .
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Figure 1.2: Showcasing Si, SiC, and GaN technologies in terms of operating frequency and
output power for various applications [2].

1.2.2 Manufacturer Simulation Tools

There are several simulation tools provided by power semiconductor manufacturers that
enable the estimation of power losses and junction temperatures of devices used in various
inverter topologies . Typically, the user begins by selecting a specific inverter topology and
entering relevant application parameters, such as switching frequency, load profile, Dc Voltage
and ambient temperature .

Among the most widely used manufacturer tools are SemiSel-V5™ from Semikron Dan-
foss [21], CIPOS IPM™ (CIPM) [22] from Infineon Technologies, and DriveSize from ABB
[23]. These platforms allow users to input design parameters such as DC-link voltage, switch-
ing frequency, load profile, and cooling method [24]. Based on the parameters provided, suitable
power modules can be selected, and finally the power losses can be calculated. Based on these

inputs, the tools recommend suitable power modules and calculate:



v' Conduction and switching losses
v' Power dissipation and efficiency

v' Junction and case temperatures

These tools are highly regarded in industry because of their accurate, manufacturer-validated
models and intuitive interfaces. Despite their usefulness, manufacturer simulation tools exhibit

several limitations, particularly when applied to academic research and system-level innovation.

1. Limited Flexibility: The software often supports only predefined topologies and stan-
dard modulation techniques, restricting exploration of custom inverter designs or control

strategies.

2. Closed Architecture: These tools typically operate as closed systems, limiting export
functionality and integration with external platforms such as MATLAB or PLECS for

co-simulation or data analysis.

3. Lack of Control System Integration: Manufacturer tools usually do not support integra-
tion with controller design environments or hardware-in-the-loop (HIL) systems, which

are crucial for complete system validation .

To overcome these constraints, this study adopts a flexible simulation framework based on
MATLAB/Simulink, and PLECS , through analytical modeling techniques. This approach en-
ables the investigation of semiconductor losses of Si-IGBTs and SiC MOSFETSs under SPWM
and SVPWM modulation strategies [25] . The flexibility of this platform allows for customized
control strategies and topology configurations, offering a better inverter performance. Further-
more, results from various manufacturer tools are presented in Chapter 5 for benchmarking
and validation purposes,improving the reliability of the findings .

These tools are used for comparison between analytical calculations and values obtained
from MATLAB and PLECS simulations .

1.3 Statement of the Problem

As of today, most electric powered traction systems widely use IGBT. In medium power
drives, the switching frequency of IGBTs is limited to between 500-30kHz due to the con-
siderable amount of switching losses [26] .This restriction creates many problems,low-order
harmonics may appear due to low switching frequencies,increased electromagnetic interference
(EMI), higher acoustic noise, reduced power quality, and elevated thermal stress on the power
components . This situation decreases power quality and overall energy conversion efficiency and
creates torque ripple at integer multiples of the fundamental frequency [9, 27] .

The research aims to investigate and address critical issues in traction inverter systems by

focusing on the following key questions .



1. What are the primary sources of semiconductor losses in traction inverters, specifically
for Si-IGBTs, diodes, and SiC-MOSFETSs ?

2. How can a comprehensive model be developed to predict semiconductor losses in real-time

for traction inverter systems ?

3. What are the unique loss characteristics of SIC-MOSFETSs compared to Si-IGBTs in

traction drive applications ?

4. What potential improvements can be identified to enhance the efficiency of traction drive?

1.4 Objectives

1.4.1 General Objective

The general objective of this thesis is to investigate and develop a realistic model of semicon-
ductor losses for traction inverters, focusing on Si-IGBTs, and SiC MOSFETSs .

1.4.2 Specific Objectives

The specific objectivesof the thesis are:
v' To comprehensively analyze the various sources of Si-IGBT loss in the traction inverter.
v' To investigate the loss aspect of SIC-MOSFET in traction drive application .

v To develop loss estimation MATLAB/PLECS model and conduct a comprehensive com-

parison with commercially available loss simulation toolbox.

v' To address drive efficiency improvement from inverter loss perspective .

1.5 Literature Review

Study of semiconductor losses in three-phase inverters is important for optimizing traction
drive systems. Over the years, many investigations have focused on the analysis of switching
and conduction losses of power semiconductor devices to drive efficiency at both the energy and
system reliability levels. Several studies examined the performance of IGBT- and SiC-based in-
verters, effects of different PWM techniques on loss reduction, and high-level control techniques
for optimal energy dissipation minimization. This section reviews significant contributions in
this area, highlighting key findings and their impact on the performance of modern traction
inverters .

A notable approach proposed [28] provides a comprehensive analysis of power losses in PWM
inverters using IGBT devices. The authors develop analytical models to quantify conduction
losses, switching losses, and other loss components in IGBT-based inverters, considering factors
such as modulation index, power factor, and IGBT parameters. However, the study does not

fully address the impact of thermal effects on IGBT performance under varying operational



conditions . The insights from this work can guide the design and optimization of high-efficiency
IGBT inverters for various industrial and power conversion applications .

Another study by [29] focused on real-time estimation of the IGBT junction temperature in
automotive applications. Accurate monitoring of the junction temperature is crucial for moni-
toring the thermal state of IGBT devices and preventing overload in electric vehicle drivetrain
systems. However, the study does not fully address variations in junction temperature under
dynamic driving conditions, which could be further explored for more accurate temperature
monitoring. The study likely explores techniques such as the use of NTC sensors to indirectly
infer the junction temperature, while also considering the calculation of power losses in the
IGBT and free-wheeling diode as an integral part of the temperature estimation approach.

The study in [30] conducted a comprehensive mode, simulation, and analysis of losses and
current /voltage ripple in traction inverters.However, the study does not fully address the im-
pact of system-level integration and external factors like load variations and environmental
conditions on the inverter’s performance.As a prominent researcher in power electronics, Ko-
lar’s expertise in loss modeling and analysis is reflected in this study, which aims to provide
a thorough understanding of the various loss mechanisms in traction inverters to support the
design of high-efficiency EV drivetrains.

In [15], the authors presented a model conduction and switching loss for IGBT and free-
wheeling diode (FWD) devices in electric vehicle drive applications.The focus on SVPWM-
based loss modeling is particularly relevant for electric vehicle(EV) traction inverters, which
commonly employ this PWM technique. The insights from this work can contribute to the
design and control optimization of high-efficiency electric drivetrain systems.

Finally,[11, 15] proposed more reliable models for the conduction and switching losses of
IGBT and FWD devices in electric vehicle drive applications. The focus on SVPWM-based loss
modeling is particularly relevant for EV traction inverters, which commonly employ this PWM
technique.The insights from this work can contribute to the design and control optimization of
high-efficiency electric drivetrain systems.

In summary, these studies highlight how crucial it is to reduce semiconductor losses in trac-
tion inverters in order to increase the efficiency of electric vehicles. The study helps to improve
the efficiency and dependability of electric drive-trains by improving models for conduction,
switching losses, and temperature estimation. Furthermore, the emphasis on SVPWM-based
loss modeling contributes to the development of more energy-efficient systems, which advances

the creation of better and more environmentally friendly electric vehicles.

1.6 Methodology

This section presents the methodology employed in this research to analyze semiconductor
losses in three-phase traction inverters under different PWM strategies. The process followed
a structured approach involving problem identification, analytical modeling, simulation imple-
mentation, performance evaluation, and validation. The overall methodology is depicted in

Figure 1.3. The methodology includes the following sequential steps:
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Figure 1.3: Overall research methodology adopted for analyzing inverter losses in traction drives.

v' Problem Identification: The study begins by identifying energy losses in traction inverters
caused by semiconductor devices such as Si-IGBTs, SiC-MOSFETSs, and free-wheeling
diodes (FWDs). The inefficiencies related to conduction and switching losses, especially

at high switching frequencies, were outlined as critical challenges.



v’ Literature Review: The review of previous works was conducted to understand existing
inverter loss models, PWM strategies (SPWM and SVPWM), and the impact of semicon-
ductor technologies on system efficiency. The gaps in simulation flexibility and real-time

loss prediction were also highlighted.

v' Development of Analytical Models: The research developed analytical models to evaluate
conduction and switching losses for Si-IGBTs and SiC-MOSFETs. The models worked
with both SPWM and SVPWM strategies to calculate losses through device characteris-

tics and modulation indices.

v/ Simulation Setup: MATLAB/Simulink and PLECS environments were used to simu-
late inverter performance and validate the analytical models. Furthermore, simulation
tools from device manufacturers, such as SemiSel-V5 and Infineon’s CIPM, were used for

benchmarking and comparison.

v Traction Drive System Implementation: The inverter models were integrated into a com-
plete traction drive system, employing an Interior Permanent Magnet Synchronous Motor

(IPMSM). Field-Oriented Control (FOC), Maximum Torque Per Ampere (MTPA), and

Zero d-axis current control were applied for realistic dynamic response analysis.

v Performance Evaluation: The evaluation included total power loss, switching and con-
duction losses, thermal behavior, junction temperature, and Total Harmonic Distortion
(THD). The evaluation of both SPWM and SVPWM modulation strategies was also

performed on different inverter modules (ABB, Infineon, Semikron).

v' Validation and Comparison: The analytical and simulated results were validated by using
data from commercial online tools. Comparative studies were conducted to determine the
relative performance of SPWM vs SVPWM and Si-IGBT vs SiC-MOSFET in terms of

loss reduction and efficiency improvement.

1.7 Contributions

The main contributions of this thesis are the novel insights into the analysis and optimization
of semiconductor losses in three-phase inverters for traction drives. This research investigates
various Pulse Width Modulation (PWM) strategies and their impact on system efficiency. The

following are the key contributions:

v' Analysis of Semiconductor Losses: A comprehensive analysis of semiconductor losses in

three-phase inverters used for traction drives, with a focus on different semiconductor
devices such as Si-IGBTs, SiC MOSFETSs, and diodes.

v Investigation of PWM Strategies: A detailed investigation of various Pulse Width Mod-
ulation (PWM) strategies, including Sinusoidal PWM, Space Vector PWM, and others,

to assess their impact on semiconductor losses in the inverter system.



v’ Efficiency Comparison: A comparative study that evaluates the performance and effi-
ciency of three-phase inverters under different PWM strategies, with a focus on energy

loss reduction and optimization of system performance.

v' Simulation and Validation: The development of simulation models in MATLAB and
PLECS to predict and validate semiconductor losses under varying operating conditions,

demonstrating the effects of different PWM strategies on inverter performance.

v' Guidance for Optimizing Inverter Design: Providing practical insights and recommen-
dations on the optimal selection of PWM strategies to minimize semiconductor losses,

thereby enhancing the efficiency of traction inverters in electric drive systems.

1.8 Thesis Scope

This thesis focuses on the modeling and analysis of semiconductor losses in traction inverters,
with an emphasis on Si-IGBTs, diodes, and SiC MOSFETSs. The research involves developing
a comprehensive loss estimation model and performing simulations to validate the results. The

scope includes:
1. Model Development for Loss Estimation:

v Utilizing MATLAB for the development of comprehensive models, simulation, and
data analysis to estimate and predict semiconductor losses in traction inverters.

v' Analysis of both conduction and switching losses for each type of semiconductor
devices.

2. Simulation and Dynamic Analysis of Traction Inverters :

v' Study of the dynamic responses of Si-IGBTs, diodes, and SiC MOSFETSs, with a

focus on their impact on the efficiency of the overall inverter system.
3. Comparison and Validation with Commercial Simulation Tools:

v’ Utilizing online simulators and commercially available simulation tools to validate

the accuracy and performance of the proposed loss estimation model.

v' Benchmarking the performance of Si-IGBTs, diodes, and SiC MOSFETS, comparing

their efficiency and reliability under diverse operational scenarios.



1.9 Thesis Outline

The contents of this thesis are organized as follows:

Chapter 1: provides the background of this thesis work and an overview of how this thesis

research is organized.

Chapter 2: This chapter explores advanced control strategies for three-phase traction invert-
ers. It details the inverter topologies investigated in this study and their associated modulation

techniques.

Chapter 3: This chapter presents the theoretical framework and a step-by-step modeling
process for the traction drive system. It emphasizes the inter-dependencies between the inverter,

motor, and control strategy.

Chapter 4: This chapter develops analytical power loss models for the three-level inverters
(3LIs) analyzed in this study. It describes methods for calculating semiconductor losses under

various operating conditions in detail.

Chapter 5: This chapter provides simulation models and results based on the proposed
methodology. It evaluates the power loss distributions of the three examined three-phase 3LIs
using both analytical approaches and detailed circuit simulation models. Comparisons are

made, and significant findings are discussed.

Chapter 6: The final chapter summarizes the key contributions and findings of this research.

It also addresses the study’s limitations and proposes potential directions for future work.
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Chapter 2

Semiconductor Devices in Converters and Pulse Width

Modulation Techniques

This section introduces high-performance inverters used in railway applications, the advan-
tages of semiconductor devices, principles of device selection, and PWM technologies employed

in three-phase inverters [20].

2.1 High-Performance Three-Phase Traction Inverter

The power inverter is the fundamental energy control unit of the Electric Vehicle (EV)
traction line [15]. Its main function is to convert the available DC battery voltage into three
(or more) sinusoidal phase voltages of adjustable frequency and amplitude to drive the traction
motor. In railway applications, the traction inverter plays a crucial role in the propulsion of
electric trains and locomotives [15, 31].

The basic structure of an inverter shown in Figure 2.1 consists of semiconductor devices such
as IGBTs/ SiC-MOSFETSs, the IPMSM and the DC-Link. The semiconductor components are
used for efficient and reliable power switching [32], the DC-link capacitor for DC-voltage stabi-
lization and minimization of voltage fluctuation [24] , and the gate signals are delivered by the
gate driver circuits. The control signal are generated by the control units by receiving sensors
data and adjusting the inverter output for effective control of the motor [33] . Meanwhile, the
cooling system dissipate the substantial heat generated during operation, using methods such

as liquid cooling or forced air cooling to maintain optimal operating temperatures [34] .
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(a
Figure 2.1: Basic inverter circuit diagram of (a) IGBT and (b) SiC MOSFET |[3].

6
) (b)

The major key components of railway traction converters can be categorized as follows.

a. Power semiconductor devices, such as IGBTs or SiC MOSFETS, are used for efficient and

reliable power switching [35].
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DC link capacitor, which stabilizes the DC voltage and minimizes voltage fluctuations in
the DC circuit of the traction inverter [20].

Gate drive circuit, responsible for providing the necessary signals to control the switching
of power semiconductor devices and to ensure accurate timing and control of power flow

126].

Control unit, which manages the overall operation of the system by receiving input from
sensors such as speed, acceleration, and braking, and adjusts the inverter’s output ac-
cordingly. It also monitors and protects the inverter from abnormal operating conditions
[26].

Cooling system, which is used to dissipate the substantial heat generated during operation,
using methods such as liquid cooling or forced air cooling to maintain optimal operating

temperatures [36].

A railway traction inverter is an essential component of an electric or hybrid train system .These

functionalities collectively enable the efficient and reliable operation of the IPMSM in railway

traction applications as stated in [34, 37].

a.

2.2

DC-AC Conversion : Converts DC power from the overhead catenary system or

onboard storage into three-phase AC power.

Motor Control : Regulates the frequency, amplitude, and phase of AC output to control

the traction motors.

Regenerative Braking : Recovers kinetic energy during braking and converts it into

electrical energy; the inverter converts it back to DC.

Safety and Protection : Equipped with over-current, over-voltage, short-circuit pro-

tection, and temperature monitoring.

Semiconductor Devices in Converter Systems

In this section, the working principles of different power semiconductor devices, used in

inverters, are explained . As in this thesis work, power loss comparison is made between Si-

IGBT / SiC-MOSFET inverters ; it is necessary to have a glance at the working principles of
IGBTs, SiC-MOSFETSs and Diodes.

2.2.1 Types of Power Semiconductor Devices

Power semiconductor devices are essential components in industrial three-phase inverters.

Among the most widely used are IGBTSs, which are known for their high current-handling ca-

pability, high breakdown voltage, and adequate switching performance [38]. In recent years,

12



SiC-MOSFETSs have gained significant attention for high-power applications due to their supe-
rior switching speed, higher efficiency, and stable performance at elevated temperatures up to
400°C.

While silicon carbide devices enable the design of smaller and more efficient power converters,
they are generally more expensive per unit area compared to traditional silicon-based devices.
Their cost-effectiveness depends on the specific application. Additionally, their resistance tends
to increase at higher temperatures, which may lead to higher conduction losses. On the other
hand, silicon devices offer more predictable loss characteristics, making them a favorable choice
for cost-sensitive applications that also demand reliable thermal performance [39, 40, 41].

Although silicon carbide devices offer advantages like smaller size and higher efficiency, they
tend to be more expensive than silicon-based devices. Their cost-effectiveness depends on the
application. Additionally, silicon carbide devices can experience higher resistance at elevated
temperatures, leading to increased conduction losses, whereas silicon devices generally maintain
more stable performance [39, 40, 41].

Table 2.1 summarizes the main differences between silicon and silicon carbide devices. Device
characteristics can vary depending on simulation models such as MATLAB and manufacturer

specifications.

Table 2.1: Advantages of SiC MOSFETs Compared to IGBTs.

Advantages of SiC MOSFETSs Advantages of IGBTs

Higher switching frequencies Lower cost per unit area

Lower switching losses Established and mature technology

Higher temperature operation Lower gate drive requirements

Higher power density Wide availability and industry support

Reduced cooling requirements Better performance at lower voltages

Potential for smaller system size and Lower risk of short-circuit failures

weight

Enhanced system efficiency Better performance in certain voltage and
current ranges

2.3 Selection Criteria of Semiconductor Devices

Like any other drive application, a traction drive system has its own requirements that need
to be met in order to achieve favorable performance . Proper selection of control and mod-
ulation techniques, along with semiconductor devices, is vital for optimizing the performance
of a two-level, three-phase inverter motor drive used in traction applications . Each technique
possesses different characteristics that significantly influence the overall efficiency, reliability,

and functionality of the drive system .
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Furthermore ,the selection of semiconductor devices particularly IGBTs and SiC MOSFET's

is a fundamental aspect of inverter design, as it directly affects system efficiency, thermal

performance, and reliability we focus on the selection criteria besed on this . The selection

of semiconductor devices for this thesis, which focuses on loss modeling of IGBTs and SiC-

MOSFETS, is guided by several important factors as Figure 2.2.

a.

Maximum phase current to the machine and Vg @ The selected device must withstand
the peak phase current without exceeding its collector-emitter voltage limit to ensure safe

and reliable operation.

. Maximum DC-link voltage : The device’s voltage rating must be higher than the maxi-

mum expected DC-link voltage to avoid electrical breakdown and ensure long-term sta-
bility.
Maximum switching frequency : Devices must support the inverter’s required switching

frequency with minimal switching losses to maintain efficiency and thermal limits.

Maximum junction temperature : This parameter determines the thermal limits of the
device. Operating too close to the maximum temperature can reduce lifespan and relia-
bility.

Maximum ambient or boundary temperature : The environmental temperature around

the device affects its cooling and thermal management . Adequate thermal design is

necessary to prevent overheating.

;
/
s
/

Maximum phase current to the
machine and VCE

,-"@ Maximum DC-link voltage
_________ @ Maximum switching frequency
4 xx\“@ Maximum junction temperature
b Maximum ambient or boundary
temperature.

Figure 2.2: Selection Criterion’s for Semiconductor Device [4].

Device
Selection

An investigation of the most key criteria for selecting the best control and modulation methods

in traction applications is presented in Figure 2.3 .The key factors include:
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Figure 2.3: Selection Criteria for Control and Modulation Techniques [4].

Switching Frequency: This parameter defines the frequency at which the inverter switches,
influencing thermal performance and efficiency. Higher switching frequencies can be used
to minimize passive component sizes but will tend to increase switching activity-generated

losses.

Dynamic Response: The inverter’s ability to respond quickly to changes in load or com-
mands is crucial. A fast dynamic response is necessary for maintaining optimal motor

performance during acceleration, deceleration, and load variations.

Torque Ripple: Minimizing variations in torque output is essential for ensuring smooth

operation, reducing vibrations, and enhancing comfort in traction applications.

Equal Switch Utilization: Ensuring balanced use of all switches prevents excessive wear

and thermal stress, enhancing reliability and longevity of the inverter system.

Sensorless Control: Techniques that eliminate the need for physical sensors simplify sys-

tem design and reduce costs while still providing accurate control.

Waveform Quality: Maintaining high-quality output waveforms is vital for minimizing

harmonic distortion, leading to improved motor efficiency and reduced heating.

Simplicity and Cost: The complexity of the control strategy impacts development time

and costs. Simpler methods are often more cost-effective and easier to implement.

Low-Frequency Operation: The ability to operate effectively at low frequencies is im-
portant for delivering high torque at low speeds, suitable for applications like electric

vehicles.

Voltage Balancing: Ensuring equal voltage levels across all motor phases improves effi-

ciency and system stability, preventing overheating and enhancing performance.
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2.4 PWM Technologies

There are several switching techniques employed in power electronic converters to control
the switching of power devices such as transistors (IGBTs, MOSFETS) or diodes .In this section
two of the PWM technilogies are presented [42].

2.4.1 Sinusoidal Pulse Width Modulation Technique

SPWM controls the inverter’s output by comparing three 120°-shifted sinusoidal reference
waves with a triangular carrier wave [37, 9]. Based on amplitude comparisons, switches (S1,
S2) are turned on/off to manage current flow, as shown in Figure 2.4 for the upper switches of

Figure 2.1.
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Carrier wave Modulated waves

Figure 2.4: Three-phase modulation wave region division and output pulse.

A high-frequency triangular carrier wave Ac is compared with a sinusoidal control signal Ar
at the desired frequency. The modulation index (ma) in 2.1 controls the fundamental frequency,
while the frequency modulation index (mf) in 2.2 governs the reference and fundamental fre-

quencies . The modulation index m, is defined by the formula :
My = —— (2.1)

Where m, is the modulation index, A. is the amplitude of the control signal, and A, is the
amplitude of the reference signal [43]. The frequency modulation index, my, is defined by the

formula :

where my is the frequency modulation index, f, is the reference frequency, and f; is the

fundamental frequency:.
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The number of pulses in each output signal cycle is determined by the carrier frequency. It
is worth mentioning that no two switches in the same bridge arm conduct at the same time [7].

To illustrate this , Figure 2.4 depicts a typical output voltage waveform in SPWM [44] .

2.4.2 Space Vector Pulse Width Modulation (SVPWM)

SVPWM is a commonly used modulation scheme for the field-oriented control of the PMSM
[45, 46, 47]. The main goal of SVPWM is to minimize the switching losses, reduce the harmonic
distortion, and properly utilize DC bus voltage [48, 14]. In addition, the SVPWM scheme
effectively reduces total harmonic distortion, as well as current and torque ripples.

This is achieved through the use of eight distinct switching states, with the lower switches
being the opposite of the upper ones [47]. The resulting phase voltages are converted into the
af reference frame [46], creating six active voltage vectors and two zero vectors. These vectors
define six sectors: V;, Vs, ..., V5. Unlike other PWM methods, SVPWM uses a vector reference,
making it easier to understand the system [49] . The relationship between the switching vector
T

[a,b, c]T and the line-to-line voltage vector [Vyp, Vie, Vo]l is established through equations (2.3),

(2.4), and (2.5).

‘/ab = ‘/dc(‘/:z - ‘/b) (23)
cha = ‘/;lc(‘/; - Va) (25)

Also, the relationship between the switching variable vector can be written as :

V;zn 2 —1 —]. a

Vie
v | = ?‘f 1 2 1] |s]| B0 (2.6)
V.. 1 -1 2 e

According to 2.3, 2.4,and 2.5, the eight switching vectors, phase voltages, and line-to-line
voltages in terms of DC-link voltage are shown in Table 2.2. The table lists the eight inverter
voltage vectors (V) to V7), including six active vectors and two zero vectors [45].

In the stationary reference frame, the three-phase sinusoidal voltage components are as follows:

Vo, = Vi sin(wt) (2.7)

) 2m
Vo = Vi sin (wt + ?> (2.8)
Ve =V, sin (wt — 2%) (2.9)

When this three-phase voltage is applied to the three-phase machines it produces a rotating

flux, and this rotating resultant flux can be represented as a single rotating voltage vector [51].
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The objective of the PWM technique of the space vector is to approximate the reference voltage
vector Vs using the eight switching patterns. Reference voltage over one PWM period is given
by 2.10:

Viee ' To=Vi - Tv+ Vo - To+ V- Ty (2.10)

Based on figure 2.6 the reference voltage is described as 2.11 , Since Vo = 0, this reduces to:

Viet = =V1 + =V% 2.11
f T. 1+ T. 2 ( )

This method maximizes the utilization of the DC bus voltage by producing a higher funda-
mental output voltage compared to traditional sinusoidal PWM, reduces harmonic distortion
in the output waveform, and improves the dynamic response and efficiency of the motor drive
system. Figure 2.6 illustrates how the inverter determines the sector containing the reference
voltage vector, from which the adjacent active vectors V, and V; are derived for the space vector

PWM implementation.

Table 2.2: Switching states and corresponding line-to-neutral and line-to-line voltages [12].

Voltage Switching Vectors Line to Neutral Voltage Line to Line Voltage Switches
Vectors a b c Vin Vin Ven Vb Vie Vea Active, Null
Vo 0 0 0 0 0 0 0 0 0 S4, 52, 56
Vi 1|0 ‘ 0 2 —3 -3 1 ‘ 0 -1 Sg, Sz, 51
Vs 1|1 0 3 3 —2 0 1 -1 51,83, 9
Vs 0| 1 ‘ 0 -1 2 -3 -1 ‘ 1 0 Sy, S3, Sa
Vi 0| 1 1 -2 3 3 -1 0 1 Sy, S3, S5
Vs 0] 0 ‘ 1 -1 -1 2 0 ‘ -1 1 Sy, S, s
Ve 1 0 1 % % % 1 -1 0 S1, 56, 55
Vi 1 1 ‘ 1 0 0 0 0 ‘ 0 0 S, 53, 55

The vector V is given by:

- 2
Vi = 3(VataVh +a’Vp)
;_2(2 1 1,
173\3 7373
where a is defined as: @ = ¢/ 5 ) )
Vi=Z+40j==10°. 2.12
1 3+ J 3 ( )
- 2 /1 1 2
Vo==(=+2a— 24>
2 3(3+3a 3a)
- 1 1 2
Vo= + =) = 5 460° 2.13
2 3—1—\/3] 3 ( )

The block diagram in Figure 2.6 demonstrates the calculation of sector and adjacent switching
states of a two-level voltage source inverter for all sectors.

To implement the space vector PWM, the voltage equations in the abc reference frame can
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be transformed into the stationary dq reference frame that consists of the horizontal (d) and

vertical (q) axes, as depicted in Figure 2.5.

From Figure 2.5, the relationship between these two reference frames is as follows:

quo = ks : fabc (214)

As described in Figure 2.5 | this transformation is equivalent to an orthogonal projection

of onto the two-dimensional perpendicular to the vector (the equivalent d-q plane) in a three-

dimensional co-ordinate system (Clarke transformation ).

q axis
b
a
—_—
d axis
¢

Figure 2.5: The relation-
ship of abc reference frame
and stationary dq reference
frame

2/120° B v,  2/60°
3 (010} o 3
(173, 1W3) /2, 13)

o
Vo v, %ﬂ
1000] 8 (100)
a

oy,
%mn 011 " T
(-2/3,0) (114) (2/3,0)
4 6
5
(-1/3,-1/N3) Vs Vi (173, -1N3)
(001) (101)
2 /240’ 2 /300°
3 3

Figure 2.6: Calculation of Sector and Adjacent Switching
States.
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Chapter 3

Theory and Modeling of the Traction Drive System

In this chapter, the mathematical model of the IPMSM is presented as the foundation for
analyzing the traction drive system. Based on this model, key components such as the inverter
topology, switching strategies, and load characteristics are modeled to reflect their influence
on overall system performance. Additionally, Field-Oriented Control (FOC), Maximum Torque
Per Ampere (MTPA), and Zero d-axis current control are introduced to enhance efficiency,

torque performance,and system simplicity in traction applications.

3.1 Frame Transformation

To simplify the analysis and control of AC machines, it is common to transform the three-
phase quantities into a rotating reference frame using Clarke and Park transformations .This
allows the decoupling of torque and flux components, making control more efficient and intuitive
[52, 31] .

The two primary transformations employed are the Clarke transformation and the Park
transformation. The Clarke transformation was first developed by Edith Clarke. It is standard
procedure to convert system state variables from the three-phase system (a, b, and c) to an
orthogonal (v and () reference frame, as illustrated in Figure 3.1, for modeling the FOC drive

system [37].

A | » Alpha

B Clark Transformation
—

Bet
C — » ela

Figure 3.1: Clarke Transform [5].

VaﬁO = TaﬂO(e)‘/abc
cos(f)cos (0 —2) cos(0+2) 0
2

Vago = 3 | sin(f) sin (0—2) sin(6+2%) 0 [53] (3.1)

1 1
2 2

In three-dimensional space, the vectors o and 3 are said to be orthogonal to the (abc) frames
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[54]. This implies that the angle 6 between them is 90°, as indicated by the condition a- 5 = 0.

Consequently, this orthogonality simplifies the analysis of their interactions [55].

I L
vl = o & | |v| b6 (3.2
0 50z 3 ||V

In the context of a balanced system, as shown in 3.4, the zero sequence component is equal

to zero [57, 58]. The inverse Clarke transformation from Vi,. to Vg is given by:

‘/abc == Ta_ﬁl(](g) . Va,BO (33)
Va cos(0) sin(0) 1| | Va
Vo| = |[sin (0 — %77) cos (0 — Z) 1| | Vs [35] (3.4)
_VC_ _sin (9 + %”) cos (9 + %”) 1_ I 0 |

Another frame of transformation is the Park transformation, which converts the stationary
(cr, B) frame into a rotating (d,q) frame aligned with the rotor flux or stator voltage . This
transformation simplifies control by converting sinusoidal signals into steady-state DC values,
making PI controller design more straightforward . Introduced by Robert H. Park in the 1920s,
it transforms three-phase abc signals into dg0 components while preserving both active and
reactive power [6, 54].

The transformation from three-phase voltages V. to the direct-quadrature-zero components
Vigo 1s given by :

Viago = Tuqo(0) - Vape[50] (3.5)

v For Un-balanced system

N

sin(f) sin (0 — %) sin (0 + &)

2
[Va, Vg, Vol = 3 cos(f) cos (0 — %) cos(§+ %) [Va, Vi, Vel [52] (3.6)
1 1 1
2 2 2

The inverse Park transformation from Vg, to Ve can be expressed as:

Vabe = TC;Z%)(G) quO (37)
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V. _sin (9 + %’r) cos (9 + 2?”) 1] |V

v' For a balanced system, the zero component is equal to zero. The transformation from the

three-phase voltages [V, Vi, V.| to the dq0 components [V, V,, V] can be expressed as:

{vd,vq,vo} -2 ) s (0= ) [va,vb,vc] 5] (3.9)
cos(f) cos (6 —2) cos (0 + %)

We can also use park transformation when 2-axis quantities of an orthogonal reference frame

are transformed into 2-axis quantities of a rotating frame quantities presented in 3.10 and 3.11

iq cos(0) - io +sin(f) - ig
- (3.10)
iy —sin(f) - io + cos(f) - ig
To convert from the rotating dg frame back to the stationary af frame [49]:
Va cos(f) —sin(6) Vi
= (3.11)
Vs cos(f)  sin(6) Vi,

3.2 Dynamic Modelling of IPMSM

The IPMSM is considered highly suitable for automotive applications due to its excellent
efficiency, high power density, favorable torque-per-current characteristics, and wide operational
speed range [59, 60] . To accurately analyze and predict the motor’s performance under varying
conditions, it is essential to establish a mathematical model that describes both the electrical
and mechanical dynamics of the IPMSM, as illustrated in Figure 3.3 . The IPMSM is a popular
choice for applications that require high efficiency ,precise control and power density [8, 51, 44] .

In the context of modeling IPMSM Drives for railway inverter drives figure 3.2 illustrates
the configuration of a three-phase, 2-pole IPMSM and represents the orientation of the motor
windings and permanent magnets in the motor’s internal structure . Key Points for the Model
of the Three-Phase, Two-Pole IPMSM (d-q Axis Model) :

v Neglecting saturation effects
v Assuming the induced EMF is sinusoidal

v Ignoring hysteresis and eddy current losses
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v" No dynamics in the field current

Quadrature (q)
axis

Figure 3.2: Three-phase 2-pole IPMSM d-g-axis [6]

Foltage

Speed Control commands PWM Gate
—_— - —_— —
Reference A[gonth' Commands

|—b Tm
Terque Load

oo . A

N m = Measurements
oCe oce o 8
oc- oc- e c

DC Link 2-Level IGBT IPM Motor

Inverter

Figure 3.3: Block diagram of the system [7, §]

3.2.1 Electrical Model

For a PMSM, the electrical model can be described in terms of Park’s equations, which are
commonly used to represent the motor’s behavior in a coordinate system rotating synchronously
with the rotor [60].

The equivalent circuit model of an embedded permanent magnet synchronous machine in
the rotor d-q reference frame is shown in figure 3.4 [9, 7] .

iy Ry Iod Ly a)reloqu

Figure 3.4: Dynamic equivalent circuit of the IPMSM machine: (a) q-axis and (b) d-axis [9].

a. Voltage equations are given by:

Vi =iqRs + B2 — wA
i T (3.12)
VZ; = iqu + d_tq —Hue)\d
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b. Flux linkage equations are given by:

Ad = Laiq + M\,

[61] (3.13)
Ag = Lqiq
By substituting Equations 3.13 into 3.12, we get:
V4 re  —welq| |ig Ly 0| |%a 0
= + T 23] (3.14)
Vg weLg T iq 0 Lg| |%a Wem

c. Current equations are obtained by integrating 3.14 after rearrange :

1
lsd = / L_d (Vg —igrs + weLqiq) dt (3.15)
. 1 ,
lsqg = / L_ (‘/q — WeLdZd — we)\m) dt (316)
q

where:
v Vg, V, © d-axis and g-axis voltages [V],
V' 14, iy : d-axis and g-axis currents [A],
R, : stator resistance (€2),
Lg, L, : d-axis and g-axis inductances [H],

v

v

V' Ag, Ayt d-axis and g-axis flux linkages [Wb],
v' A @ permanent magnet flux linkage [Wh],
v

we : electrical angular velocity [rad/s].

3.2.2 Mechanical Model

Equations representing the mechanical aspects of the IPMSM, such as torque, speed, and
inertia. The rotational dynamic equation of a IPMSM is obtained from the equations of rota-
tional motion. The electromagnetic torque developed by an IPMSM expressed in 3.19 is given

by the sum of magnetic torque and reluctance torque components [61, 20] :

3 . 3 .
Te = §np)\mzq + §np(Ld — Lq)Zqu[GQ] (317)
—— A= ~
Magnetic Torque Reluctance Torque

a. For a non-salient rotor (in surface-mounted Permanent Magnet Synchronous Motors, or
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PMSMs), the direct and quadrature axis inductance are the same, i.e., Ly = L,, meaning the

rotor has the same reluctance in both axes, the produced torque 7, is given by [62]:

3
T. = Snpuiy (3.18)

b. For salient Rotor (in IPMSM due to the asymmetry in flux path inductances are different.
i.e.). The presence of reluctance torque increases the power density of the motor. L, # L,

with the different reluctance and the produced torque is given by
3 . .
T, = inp (Amzq =+ (Ld - LCI)ZdeI) (319)

The mechanical torque equation is given by:

dw,

dt

T, = T, + ksw, + Jg (3.20)

Solving for the rotor mechanical speed from 3.20 and 3.19 w, can be expressed as the integral

Te_,-n _kfwr
= dt
“ /< Ja )

The electrical frequency w, is given by:

of torque over time [63]:

We = 2y, (3.21)
2
The electrical angle 6, is given by:
0, = % /wr dt (3.22)

Where:

v' Ly and L,: Direct and quadrature inductances [H]
T;: Load torque [Nm]
T.: Electrical torque [Nm]
J: Moment of inertia of the motor and load [kg-m?]
ks: Friction coefficient of the motor [N-m-s/rad]
w,: Rotor angular speed [rad/s]

n,: Number of pole pairs of the motor

NN N N R NN

We : Ny - wyt Electric angular speed [rad/s]

3.3 Control Strategies of IPMSM Drive System

To operate at varying speeds, synchronous motors require a Variable Frequency Drive (VFD)

for effective control [39]. Traction Electric motor control methods can be divided into two main
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categories depending of what quantities they control. Over time, numerous control techniques

have been devised to govern the operation of PMSMs [64].

IPMSM CONTROL METHODS

Scalef Control Vector Control

 Direct Torgque control  Nonlinear control

Figure 3.5: A block diagram illustrating the key control methods implemented for IPMSMs.

3.3.1 Speed Control of IPMSM

The purpose of a motor speed controller is to receive a signal representing the desired speed
and regulate the motor to operate at that speed. Closed-loop speed control systems offer fast
response but are generally more expensive due to the requirement for feedback components, such
as speed sensors. With a speed control system, a motor’s speed can be accurately controlled and
adjusted. Such a system typically consists of the motor, an inverter, a controller, a speed-setting

device, and a speed feedback mechanism.

Flux PI Controller

Ref Id

Park_Transform.Id.

Speed PI Controller

Torque PI Controller
[

Refispeed::oi H E] . i | I

LLLLLL

Park_Transform.I

Figure 3.6: PI Controller [10].

The PI regulator as shown figure 3.6 keeps the output following the expected output by
comparing the error between the expected output and the real output, and the I-value is used

to decrease the steady-state output error. Its transfer function can be expressed as follows [65]:

G(s) = K, + %
£(8) = Koe(t) + K, /0 e(r) dr (3.23)

where K, is the proportional gain and K; is the integral gain.The PI regulator causes a fluctu-

ating output, with the amplitude of the fluctuations decreasing over time.
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3.3.2 Field-oriented Control (FOC) or Vector Control (VC)

Field-oriented control, also known as vector control, is a method of controlling the speed and
torque of a permanent magnet synchronous motor (PMSM) by using a mathematical model of
the motor to calculate the appropriate control signals [66].

The goal of FOC is to control the direct-axis current (i4) and quadrature-axis current (i,) to
achieve the required torque [67, 20]. By controlling i, and i, independently, the MTPA strategy
can be implemented to minimize the current required for a given torque, thereby improving
motor efficiency. For a non-salient machine (SPMSM), this control method is straightforward
because Ly = L, and the motor produces only electromechanical torque. In contrast, for a
salient-pole machine (IPMSM), where Ly # L,, the control is more complex since the motor
generates both electromechanical and reluctance torque [68].

The core principle of the vector control algorithm is to separate the stator current into a
magnetic field-producing component and a torque-producing component, allowing each to be
controlled independently. The system consists of (i.e., Figure 3.9) speed, d and ¢ axes current
PI regulators, Park and Clarke transformations, inverse Park transformation, space vector
generation, speed calculation , current and encoder signal conditioning and PWM generator
modules [8, 20] . Figure 3.9, illustrates how the control system receives the desired speed of the
motor as input. The speed measurement is used to feed a speed regulator with the discrepancy
between the motor’s real speed and reference speed. Te a torque command, is the regulator’s
output . Drawing from this torque command, one of the control techniques shows the reference
currents, iy, and 7%, [54, 68].

In the control of an IPMSM, both torque and flux are indirectly regulated through d-q axis
current control. The control strategy is based on the FOC framework, enhanced by the Max-
imum Torque Per Ampere (MTPA) algorithm . The error between the reference dq currents,
chosen by the MTPA algorithm and the measured dq currents fed to the current regulators .
The output of the current regulators are the corresponding dq reference stator voltages . Based
on these stator voltages SVPWM and SPWM are used to control the switches of the inverter.

There are different ways to relate the torque references to the d-q currents on basis of the

secondary requirements explained in the beginning of this chapter [69].

(current Id)

Figure 3.7: Field-Oriented Vector Control Scheme with Sensor Information [11].
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3.3.2.1 Zero d-Current Control

Figure 3.9 illustrates a straight forward approach to controlling a PMSM by setting the
d-current to zero .This simplifies torque control depend solely on the g-current, making the

system easier to manage .The current components in the d-g-frame are shown 3.24 .

Iy =2 (I, cos(0) + Iy cos (6 — ) + I.cos (0 + &)

2
5 [70] (3.24)
I, = % ([a sin(f) + I, sin (0 — %’r) + I.sin (0 + %’r))

Where 6 is the rotor angle and [, I, I. are the phase currents . By enforcing I; = 0, Zero

d-current control will:
v' Maximizes torque production by fully utilizing the ¢-axis current.
v" Reduces torque ripple and improves motor smoothness.
v Enhances efficiency by minimizing losses in the d-axis.

This strategy is particularly effective in IPMSM, where the rotor’s permanent magnet flux

requires careful management of the d- and g-axis currents for optimal performance .

TUD (,T m - number of phases

} % : m
‘% . —( .| phase
%, |[Pwm m \ PMSM
'
iA
ABC liB resolver
-
N iC E:__}/ d
dgq

@ L

Figure 3.8: Zero d-current control strategy for number of phases [6].

When we simplify the torque (3.19) from subsection 3.2.2 and set the d-current to zero,

according to [70], this simplification transforms the torque equation into :

3
T, = inp)\mz’q (3.25)
So the current references will written as :
it = (3.26)
2 T
ref = 2~ 3.27
K 3 npAm ( )

3.3.2.2 Maximum Torque per Ampere Control (MTPA)

A technique for managing IPMSMs with high efficiency . It involves adjusting the current

vector to maximize the torque produced in relation to the current ampere . This minimizes
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current-dependent losses like copper loss and allows for high-efficiency operation [69] .

A+ /N2 (41102
/A o+ (4hig) (3.28)

4L,

id,MTPA =

Where , the permanent magnet flux linkage and differential inductance are :
Ly— Ly

Ly 5

(3.30)

Alternatively, the starting point for obtaining the MTPA curve of the IPMSM is the elec-

tromagnetic torque equation of the machine [?].
3 . .
T. = . (Amiq + (La — Lg)iaig) (3.31)

In addition to this equation, another constraint must be added the stator current limitation

resulting from the inverter’s physical current limitation .
.=+ (3.32)
1 staz is the maximum amplitude of the current which is supported by the inverter If is

depicted from 3.31 and substituted into the torque equation the following expression is obtained

from 3.33, the minimum /I, current that satisfies the torque equation is found as [20] .

Z. . _>\m + \/A?’n + 8<Ld B Lq)2(15ma1>2
ds = 4(Lg — Ly)

3
7;:§m{&m/@ma—h§+U¢—LQQ Q@w—fﬁ} (3.34)

MTPA operation is required to control the IPMSM . Lots of papers have suggested control
methods for the MTPA operation [71, 72, 73] .The control block diagram is shown in Figure
3.9.

The d-axis current /4, and g-axis current I, are determined based on the MTPA tables

(3.33)

according to the reference flux A\ and reference torque Ty, respectively . D-axis current
compensation (4 comp) is used to remove the flux error . The rationale behind this simplification
is that switching frequency fluctuations ( fs,) mostly impact the low-speed range, where MTPA
operation is crucial .

In the context of an IPMSM, coordinate transformation is used in Field-Oriented Control
(FOC) to simplify the control of the motor by decoupling the control variables . The two
commonly used coordinate transformations in IPMSM control are the Clarke transformation

and the Park transformation .
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Figure 3.9: Control block diagram for driving the IPMSM [6].

3.3.2.3 Decoupling Approaches

In the vector control of IPMSM, the d and ¢ axis voltages are interdependent due to cross-
coupling terms such as w, Lyi, and w,(Lgiq+ Ay) . These couplings decrease controller perfor-
mance and dynamic response if not compensated.

Decoupling techniques are employed in FOC to separate the control of torque and flux in
IPMS motors . This is crucial for achieving precise and efficient control of the motor . There
are two commonly used decoupling methods indirect decoupling and direct decoupling in which
Figure 3.10 illustrate the direct decoupling method of FOC techniques . By applying this
transformation, the control system can independently control the torque and flux without

affecting each other . In this thesis, the direct decoupling method is used [74].

iqref Yy u
—+’ 14 Pl
i
1 ' 4 _Wqu

WrLq + wr s /iq

&

+ 1

*_,.
v

v

. Pl
Ia.'ref Va Ug

Figure 3.10: Structure of direct decoupled current regulator design of FOC techniques .
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Chapter 4

Loss Calculations for Semiconductor Devices in

Three-Phase Inverters

This chapter delves into power loss modeling for SIC-MOSFETSs, IGBTSs, and diodes, as well
as their relevance to railway traction systems . Analytical models for conduction and switching
losses with SPWM and SVPWM . Additionally, thermal design considerations are presented to

ensure reliable operation under varying load and environmental conditions.

4.1 Introduction

Semiconductor losses , conduction and switching losses significantly affect the efficiency and
performance of three-phase inverters. As the demand for higher efficiency and power density
increases, particularly in electric vehicles industrial systems and railway systems, minimizing
these losses becomes essential [75, 7] . Therefore, this section analyzes the impact of two
widely used PWM strategies, SPWM and SVPWM, on semiconductor losses in three-phase
inverters [56]. By evaluating devices such as SiC-MOSFETs, IGBTs, and diodes, the goal is
to identify the most effective approach for reducing losses, improving efficiency, and enhancing

the reliability of traction drive systems [46].

4.2 The Significance of Power Loss Calculation

To maximize the efficiency, dependability, and performance of traction inverters in railway
vehicles, precise power loss estimation is essential for semiconductor devices .Thus, selecting
the thermal management strategy and the prediction of inverter efficiency is greatly aided by
estimating the device loss [76] . The power loss of the inverter and the thermal management
system can be computed when a certain semiconductor device is selected using information
from the device data-sheets and the inverter’s operating conditions. It is necessary to include
both switching power losses and conduction power losses [41] . This computation technique is
applicable to widely used semiconductor devices, such as diodes, IGBTs, and SiC-MOSFETsSs .
The conduction and switching power losses can be calculated by using datasheet information
on on-state resistance and switching energy losses .

In railway traction systems, the losses incurred within the inverter system have a significant
impact on overall efficiency and performance . The entire efficiency and performance of railway

traction systems, whether they are powered by induction motors, IPMSM, SPMSM, or other
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forms of electric propulsion, are greatly impacted by power losses . Here’s how these losses

affect different aspects of railway traction systems [77] .

a. Cost-Effectiveness : Due to higher energy consumption and increased maintenance
needs, inverter power losses increase operating expenses. Costs associated with inefficient
systems may increase due to the necessity for larger cooling systems and more capable
thermal management techniques. Moreover, increased losses could necessitate the use of

larger, more costly components, affecting overall cost-effectiveness [43].

b. Efficiency : Inverter power losses lead to energy dissipation, which reduces the overall
efficiency of energy conversion and increases energy consumption. This is critical as higher

losses directly correlate with lower system efficiency [20].

c. Performance : Excessive inverter power losses can adversely affect the performance
characteristics of the traction system . Lower efficiency due to these losses may limit
torque production and power output, impacting the system’s ability to accelerate, decel-
erate, and maintain desired speeds . Additionally, power losses can affect the dynamic

response and speed regulation, potentially compromising overall performance .

d. Reliability : High inverter power losses generate heat, leading to thermal challenges
and potential component degradation . Components such as semiconductor devices may
experience elevated temperatures, which can reduce their reliability and lifespan. Effective

thermal management strategies are crucial to mitigate these reliability concerns [78].

Therefore, a study of inverter loss and identification of causes of inverter loss is essential for

improved performance . It also gives insight towards a means of loss minimization strategy .

4.3 Conduction Loss Modeling in SPWM

For the railway traction drive system, the field-oriented control algorithm (FOC) is widely
adopted due to the high efficiency and torque control accuracy, and the voltage and current
signals in the two-phase synchronous rotating coordinate need to be filtered [62]. This section
focuses on the modeling of conduction losses under SPWM, which is one of the most commonly
used modulation techniques in railway traction inverters. With an emphasis on SiC-MOSFETs,
IGBTSs, and Diodes used in railway traction inverters, we examine how accurate the developed
model is [79] . Therefore, power losses are made up of various discrete loss components. The pro-
jected power dissipation in the switching component is primarily determined by the switching
losses (turn-on, turn-off, and reverse recovery losses) and static on-state (conduction) losses;
while components like driving and blocking losses are typically ignored [80]. A full numeri-
cal simulation of the circuit is one option. This makes it possible to get comprehensive data
regarding efficiency as well as, for instance, researching the impact of parasitic elements [81].

In the following subsections, we first review the analytical calculation of conduction losses .

Subsequently, the approach to assessing switching losses is described . Afterward, the developed
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model is evaluated by calculating the power loss and efficiency of the drive system . Finally,
the result is compared to an online simulation tool [82].

In SPWM-based three-phase inverters, a sinusoidal control voltage is compared with a tri-
angular carrier wave to create a PWM signal to generate phase voltages (V;,) [83] . Specifically,

the three-phase sinusoidal voltage signals from the current controller are compared to a higher

frequency triangular wave . When the sinusoidal signal exceeds the triangular wave,V,, is (Vgc )
otherwise it is (—‘%) . This technique results in phase voltage and phase current waveforms,
illustrated in Chapter two and Chapter three .

Time intervals in the switching period are related to the control algorithm, thus they are ac-
quired depending on different PWM techniques . This image makes it evident that a sinusoidal
period consists of six operational modes . Based on various PWM approaches and operating
modes, the analysis and derivation of the time intervals in the switching period are presented .

Figure 4.1 illustrates the relationship between the modulation and carrier signals, and shows
how the phase A modulation signal and the carrier signal are moved up by (V¢) for ease of
calculation . By interpreting the peak value of the modulation signal in the form of (M - V),
where (Vi) denotes the peak value of the carrier signal and M is modulation index . The phase

voltages in SPWM can be expressed as :

Vi = M Ve (sin(wt) + 1) (11)
Vo=M- Vo (sin (wt - 2%) + VO) (4.2)
Ve=M-Veu (Sin (wt + 2%) + Vo) (4.3)

0, for SPWM
Vo = ésin(?)wt), for THIPWM (4.4)

1
—§(Vmax + Vi), for SVPWM
where:
v' 1y is the zero-sequence voltage component.

v w = 2rf is the angular frequency of the fundamental waveform, with f being the fre-

quency in hertz (Hz).
v  sin(3wt) is the third harmonic component injected in THIPWM.

V' Viax and Vi, are the maximum and minimum instantaneous 3-phase reference voltages,

respectively .
v. THIPWM, Third Harmonic Injection PWM .

Figure 4.1 shows the inverter modulation signals, including the carrier waveform, the phase

A modulation signal for SPWM, and the corresponding zero-sequence component vyg.
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Figure 4.1: Modulation signal processing in three-phase systems (a) Three-phase sinusoidal reference
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signals with 60° phase shifts and corresponding sector identification, (b) Phase A modulation signal v,
compared with triangular carrier Vo, and (¢) waveform after zero-sequence voltage injection showing

ve + Vo [12].

The SPWM works in a principle that when the value of the modulation signal is higher than
that of the carrier signal, the upper switch in the corresponding phase is on ; in contrast, if
the value of the carrier signal is higher, the lower switch is on instead. The modulation and
carrier signals within the switching period Ty, are shown in figure 4.2, and the duty cycle of
each switch is defined by Ty, T7, T, and T3 . By solving the geometric problems presented in
Figure 4.2a, the correlation between Ti,7T5,T5, and Ty, can be interpreted by 4.5 to 4.6 and

after a simple analysis one can easily get then we will get 4.46 [84].

2T _ Vit Ve
T 2Ve
2Ty +2T5 Vo + Ve
T 2V
9Ty = Toy — (2T + 2T + 2T5) (4.5)

where:
v' Ty is the time duration for the zero state,
v' 11, Ty, and T3 are the time durations for the respective active states,
v T or Ty, is the total switching period.

The duty ratio of the switch can be obtained by comparing the modulation signal with the
carrier signal; and the current flowing through the switch can be represented by the duty ratio
and the output current. According to figure 4.4, the upper phase switch is turned on when the
value of the modulation signal from phase A is higher than the value of the carrier signal, and

the duty cycle D of the upper phase A switch is derived in [14].

Tow va+ V. MV,sin(wt)+V,
T,  2V. 2V,

D(t) = = — (1 + M sin(wt + ¢)) (4.6)

N | =
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Figure 4.2: (A).Switching Functions with Modulation and Carrier Signals (B). Ideal Inverter Input

Current.
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Figure 4.4: Curves of the carrier and phase A modulation signal in Ty,

During the period Ty, when the current i, is positive and switch 77 is on, the current flows
through 7} [85].

4.3.1 IGBT Conduction Loss

The conduction loss of an IGBT occur when it is conducting. The average power dissipation
during conduction can be obtained by integrating the product of voltage drop over the device

and current flowing through it for half of the fundamental period Tj , because of the symmetry
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of sinusoidal. As stated in [66], the conduction power loss PGBt cond can be expressed as

1 i (n—14-Dp)Tsw ( ) ( )
PigBT,cond = / Ver x i(t) dt 4.7
NTsw n=1 Y (n—1)Tsy

In 4.7, N is the number of switching periods, Ty, is the switching period, D, is the duty cycle
in the n-th switching period, Vg is the collector-emitter voltage, and i(t) is the instantaneous
current flowing through the IGBT during its conduction interval. where the collector-emitter
voltage Vop is modeled by

Ver = Vopo + Ree X i(t) (4.8)

By substituting 4.8 into the instantaneous power expressed in 4.7 , the conduction power loss

over N switching periods is computed as:

1 N (n—=14Dp)Tsw
Puowr s = 57— > | (Vieo + Reci(nT)) Do T (49)
NTow = Jin-1)T.,

The parameter Vogg corresponds to the forward voltage drop of the IGBT, while R, is the
device’s on-state resistance. The instantaneous current through the device is represented by
i(t), and i(nTy,) is the current sampled at the beginning of the n-th switching period.

The phase-current period is assumed to be much longer than the switching period, which allows
the number of switching cycles N in 4.9 as infinity.

In this case, the phase current in the nth switching period, denoted (i(nTy,)), can be rep-
resented using the time derivative with respect to the switching time (Ty,, ) With a series
connection of a DC voltage source V.o that reflects the voltage of the collector-emitter tran-
sistor in the state zero current and the resistance of the collector-emitter in the state R.., the
transistor conduction voltage V,.(t) in figure 4.5 can be expressed as 4.8.

Equation 4.9 introduces the duty cycle (D (t)), which is a key parameter for calculating con-
duction loss. The duty cycle is influenced by the modulation mode and is a variable parameter

that needs to be solved. By substituting 4.8 in 4.9 the conduction losses can be re-written as

L[ N | .
PIGBT cond — % / (‘/ceO + Rcel(t)) Z(t) X 5 (1 + Msm(wt + ¢)) dt (410)
0
Since the parameters (Veeo, Ree, Vy, and Ry) of IGBTs and FWDs are temperature-dependent,
they are measured based on the device datasheet at different temperatures.According to the
FOC algorithm, the phase-current has a sinusoidal structure. The current can be stated as 4.11

, assuming that the phase angle of the phase current is 6:

i(0) =iy = I, cos(0) (4.11)

where I, is the amplitude of the phase current.

Since the PMSM is an inductive load, there is a phase angle difference between the voltage
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NFWD

(b) ' (©

Figure 4.5: Equivalent circuits of IGBT and freewheeling diode for conduction loss analysis (a) IGBT
model with Vieon, and Rce, (b) Diode model with Vg and Ry, (¢) IGBT with anti-parallel diode showing

terminals and current path [13].

vector and the current vector. This angle is referred to as the power factor angle and can be
expressed as:
a=0+¢ (4.12)

Inserting 4.11 and 4.12 in to 4.10 will give as

1

> (14 M sin(wt + ¢)) dt (4.13)

2
. 1
PiGBT cond = / (Veeo + Reei(t) I, cos(8)) - 3
0
Therefore, the integration of the steady-state representation of the IGBT conduction loss be-

comes 4.14.

1 1 1 1

Pcond,IGBT = —VCE()(T)[p + | =+ — RCE<T)[5 — =M COS(¢)VCE0<T)IP (414)
2m 8 3 8

The parameters V,.o(T') and R..(T') represent the temperature-dependent collector-emitter volt-

age drop at zero current and the on-state resistance of the IGBT, respectively. For accurate

loss modeling, the values at the operating junction temperature 7" are obtained by linear inter-

polation between these reference points as figure 4.6 :

Di der Diode, ichter (typ
forward characteristic of Diode, Inverter (typical) N
e il

1200 T——T— 1200 = 5
i) --- Ty=1257C -
-—-m=12sc| || || || ¥ | Udel 50, K
--eees Ty = 150°C / ] ;

1000 f/i L / /
800 / oe -
= iy £ 600 |- Viz-Vri ;
< 600 2 RTO = p
s i’ irz—ir1|/ ;
/ Viz — V1
F/ 400 RT1
400 / 4 If2—-1f1
b 200 —fF 1
200 7 .
// 0
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00 02 04 06 08 1,6 12 14 16 18 20 22 24 Vee V]
Ve V)

B

Figure 4.6: Linear interpolation of IGBT and diode parameters.
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V 2) % Thaw =V 1) *Tpin  V 2) -V 1
VeeO(T) = ceo(2) T TC?O( ) * + ce;( ) — TC€0( ) T (4.15)

Ree(2) - Thae — Ree(1) - Thnin ~ Rce(2) — Ree(1
eco(r) = R0t Tus = Roc(l) Ty | Rec(2) = Reelt)

(4.16)

Where Vo(1) and R..(1) are the collector-emitter voltage drop and on-state resistance of the
IGBT at the minimum junction temperature Ty, and V.(2) and R..(2) are the corresponding
values at the maximum junction temperature Tiax [15].

The linear functions of the junction temperature are obtained based on the reference values
at temperatures T,,;, (°C) and Tnq, (°C), shown in 4.15 and 4.16, and the parameters can be

calculated according to the real-time junction temperature [13].

4.3.2 Diode Conduction Loss

A diode can be modeled as a resistor in series with a voltage source. Consequently, the
conduction loss equation of the diode is similar to that of the IGBT and can be expressed using
4.17 and 4.10, resulting in 4.18.

The conduction voltage across the diode can be calculated using the same approach, based

on the equivalent circuit shown in Figure 4.5, leading to the following expression:

VD(t) = Vf + Ry - iD(t) (4.17)
1 1 1 1
PDiode,cond = %Vf(T)Ip + ng(T>I§ + gMCOS<¢)Vf<T)IP + 3_7TRf(T)I§ (418)

The values V; and R can be obtained from the forward characteristics of the diode as specified
in its datasheet [67] . The total inverter power losses can be calculated accordingly, as shown
in 4.10 to 4.18 as stated in [66].

Vi) Tonax = V(1) - Tin , Vy(2) = V(1)

Vio(T) = T T (4.19)
Rf(2) - Tinax — Rp(1) - Toin ~ Ry(2) — Ry(1)
Ry(T)=—L - _Tf_ + 7{ _Tf_ « T (4.20)

The values of Vo and Ry are calculated for two forward current levels I;; and Iy, at a given

junction temperature . Thus, we can write :

AVy  Vp(2) = V(1)

R;(Tj) = = (4.21)
! Aly  I;(2) = I;(1)
Finally, the total power loss over a phase-current period can be expressed as:
Pcur,loss =6 X (PIGBT,cur,cond + PIGBT,cur,sw) + (PFWD,Cur,cond + PFWD,CUI‘,SW) (422)
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4.3.3 SiC-MOSFET Conduction Losses

Conduction losses in SiC power modules come from the resistance of the SiC MOSFETs and
the voltage drop across SiC Schottky diodes. These losses are much lower than in traditional
silicon devices, making SiC modules more efficient, especially in high-temperature environ-
ments. The methodology applied is an analytical approach for estimating conduction losses in
SiC-MOSFETsS, as explained in [86, 3]. This approach enables the calculation of the average
conduction losses of SiC-MOSFETSs over one fundamental phase current period.

The 2-Level SiC-MOSFET inverter topology is commonly used in power electronics for
driving loads like PMSMs [87]. This configuration offers multiple benefits, such as high efficiency
and better thermal management, owing to the advantageous properties of SiC devices.

Based on the gating signals and dead-time, there can be six distinct cases of device conduction
for a single-phase leg of a 2L inverter as tabulated in Table 4.1 and illustrated in figure 4.7

(The current flowing out of the inverter leg is considered positive) [87, 64].

Table 4.1: Conducting devices in a phase leg of a 2L inverter [3]

Case Gating Signal Current Devices
1 S1=1,52=0 Conducting S1
2 S1=1,52=0 - S1 (Reverse Conduction)
3 S1=0,52=1 - Negative S2
4 S1=0,52=1 + 52 (Reverse Conduction)
) S1=0,52=0 + Body diode of S2
6 S1=0,52=0 - Body diode of S1

Cases 5 and 6 represent the period during which both S1 and S2 are off due to dead-time.
During this time, the direction of the current determines which device will conduct and thus
the output voltage . One current period consists of many switching periods supposing that
there are N switching periods in one phase-current period as stated [77].

Calculating conduction losses precisely is not too difficult . One by one, the current in each
phase passes through each of the two parts of a switching leg, primarily determined by the load
impedance and the enforced output voltage [40].This switching leg’s total conduction losses are

easily computed as 4.23 .
Proon,sic(t) = Roson) (T}, Vas, Ins) - Ihs(t) (4.23)
In order to calculate the instantaneous conduction losses as in for each calculation point

one must firstly find the value of Rgson . Since Vg is usually fixed when the transistor is on,

and since the junction temperature does not significantly vary during a fundamental period as
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Figure 4.7: Current paths in two-level inverter [3].

described in [40] Rgson must be calculated for each current Iy .

1 21
Poon sic = %/ RDS(OH)(L%L(&)) - D(a) dov (4.24)
0

Where o = 2= (where T is the period), I, represents the MOSFET current, and D(«) is
the duty cycle or pulse pattern function, given by :

D(a) = = (1 4+ msin(a)) (4.25)

1
2

To find Rpgn) we applied a linear interpolation for a given current I4s as shown 4.26
describes how the on-resistance changes with temperature 4.10. Here, T}, and Ty, represent

the minimum and maximum junction temperatures used for interpolation, respectively.

Rps(on)(1j) =

RDS(on) (Tmax) - RDS(on) (Tmin)
Tmax - Tmin

) * (,'TJ - Tmax) + RDS(On) (Tmax) (426)

During reverse conduction, the MOSFET and diode’s current can be obtained as :

_ Rylysin(a —¢) =V

1, = 4.27
Rd + Rdson ( a)
RonI,sin(a — @) + Vy
I, = P 4.27b
¢ Rd + Rdson ( )

The angle of the displacement power factor is indicated by ¢, and I, represents the peak
phase current [88]. The MOSFET conduction losses in integral form can be expressed as
follows 4.8
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Figure 4.8: Equivalent circuit of MOSFET during reverse Conduction [14].

Rds(on) s . 2 .. 9
Peon(sic) = g /ﬁ (1 +msin(v + ¢)) I, sin*(v) dv

A Ryl sin(v) — Vi \°
+ 1+ msin(v + ¢) + P > dv 4.28
/ﬁ ( ( ¢) ( Rds(on) + Rd ( )

i 3
Pcon,sic,mosfet = Rj;(:n) I]? (g + ﬁ — w +2m COS(¢) (COS(B) — COSg(ﬁ) ))
T sin(20)
R?z[g (5 - B+ 5 >

N 47 (Ras(on) + Ra)?
— smcos(¢) (cos(ﬁ) — %@) (4.29)

+ V2 (m — 2B + 2m cos() cos(3))

Rds(on)

2R,V (2 cos(B) — mcos(9) (g _p4 %))

When the MOSFET is conducting and its on-state voltage drop I - Ry, > Vj, the diode will
also start conducting in parallel with the MOSFET. By substituting 4.27b and 4.25 into 4.29,
the conduction loss of the diode in integral form can be expressed as:

As shown in 4.24, the conduction power loss depends on the on-resistance and the modulation

function. Likewise, the diode conduction losses can be derived as.

1 21

Pcon_Diode = % (RDIIQ)(OZ) + V;i[d(a>D(Oé)) do (430)
0
Ry [T , Ryl,sin(v) + Vy
P o) = 22 | v
con(diode) An s (( +m Sln('U + ¢)) Rd I Ron

4.31

v Ryl,sin(v) + Vi \” o (4:31)

"\ Ri+ R
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Solving the above equation yields the expression for the conduction power loss of the diode as :

Pcond_diode = 47T(Ron T Rd)

igRon (g -6+ sigﬁ — 2m cos ¢ (cosgb — COS;B)>

+ Vim — (28 — 2mcos ¢ cos B)

_QZZRoan (2COSB—mCOS¢ (g _ﬁ—l- SlHB))]

2

Vi s sin 3
_ IR, n_
(R + o) | pHlon 59 (2 b= )
+ ZiZRon cos f — Vy(m — 28) + 2Vym cos ¢ cos 6] (4.32)

The total conduction power loss in a three-phase inverter leg consisting of SiC-MOSFETSs

and free-wheeling diodes as shown 4.33 can be expressed as :

Pcond, total — 6 * (Pcond7 SiC-MOSFET + Pcond, diode) (433)

4.4 Conduction Loss Modeling in SVPWM

SVPWM allows for precise power loss modeling in these systems, improving the reliability

and efficiency of the inverter under variable operating conditions [15].

4.4.1 IGBT Conduction Loss

In SVPWM, duty cycles are computed from space vector calculations rather than waveform
comparisons, as in SPWM .This method improves DC bus utilization and integrates seamlessly

with FOC for precise torque and flux regulation [46].

Vo = D) (') — (1= Do) (5 (434)

Furthermore, the volt-second equilibrium concept can be used to calculate the operating
time of two basic vectors, given that the reference voltage vector V. is synthesized from the
two basic vectors. This relationship can be expressed in terms of 4.34 . Let as take the first

section as an example that voltage can be expressed:

Tv4
Tsw

Vi
2

Tv6 VL
Tow (7)

Vzivg = (

)+ (4.35)

Then according to the equivalent principle of volt-second balance Figure 4.9, we have the

following relationship .

Tsw * ‘/out - Tswv;"ef - T4V4 + Tﬁ‘/G + TO% (436)
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Figure 4.9: (a) Space vector representation of the PMSM drive. (b) Detailed vector composition

within Sector I.

As shown in Figure 4.9, the voltage reference is established and the motor’s sector is determined

using the angle 6. Based on 4.36, the corresponding PWM signal duty cycles are calculated [?].

t
da:t4—|—t6+—7,

ls
t
db = tg + ?7 (4.37)
dec = t—7
ls

The center-aligned PWM signal in sector I 4.10 a and the duty cycle 4.10 b in one period
are shown in Figure 4.10 . The conventional SVPWM algorithm needs to identify the sector,
calculate the dwell time of the vectors, and finally obtain the duty cycles. The conventional
SVPWM algorithm has a high time consumption for the high-speed PMSM drive, which needs
a high sampling frequency.

PooiwMe R A A i 7
H H i H ' 0.8 1
{PWMB; 0.6
I S R U ;04
{Pware 0.2 1
e : : I e = e
ftrtrz fu'z !f,:’Z i fafz lu’2 fufz (l‘ 60 120- 180' 240 300. 360’
(a) (b)

Figure 4.10: (a) The PWM signal in sector I. (b) The duty cycle in one period.

- 4.38

sin (% — a) sin (g—r) ( )
3Vie <7T1UZ> Viet

sin (@) sin (%) 189 (4.39)

Here, «a represents the phase angle between the reference voltage vector and the X-axis. Ac-

cordingly, equation 4.39 can be written as:

Vie 3V (77:_3) _ V3 (Vref-sin <7T _ a)) L (4.40)

sin(2)  sin(Z—a) 2 3 0.5V



Vig = % (Vg) <§msm(a)> + (%Vdc> <§msin (g - a>> (4.41)

= % Likewise, the A-phase voltage in

The voltage modulation ratio, V,,, is given by V,,
other sectors can be determined. The PWM signals and their duty cycles within each period
are crucial for the performance of PWM control in the motor drive phase leg A, as shown in

Figure 4.11.

IRV
IR

A4

P"

Figure 4.11: Leg A phase current flow and SVPWM modulation techniques [15].

With in the range 0 < 6 < 60°, equations 4.40 and 4.41 are substituted into equation 4.35,

resulting in equation 4.45. Equation 4.42 follows from applying sine-cosine rules further.
sin(a + ¢) = sin(a) cos(¢) + cos(a) sin(g),

[89] (4.42)
cos(a + ¢) = cos(a) cos(p) — sin(a) sin(¢)

According to the FOC algorithm, the phase current follows a sinusoidal waveform. Given that
the phase angle of this current is 8, The current as a function of the phase angle 6 can be
expressed as: i(0) = i = I, cos(6) (4.43)
Where the peak current I, can be calculated as the square root of the sum of the squared

current components i;, and ij illustrated on 4.44:

I, = 4/ (i5)? + (15)? [6] (4.44)
However, the average output voltage can be calculated in terms of the duty cycle D(«) as
. Ve

follows: Vg = ; (2D(a) — 1) (4.45)

Here, the duty cycle D(«a) [41] can be calculated as:
2D(a) — 1
dla) = /2 — 4.46
(a) = == (4.46)

Now, we need to determine the duty cycle for the proposed method. There are various methods

available to calculate the duty cycle D(t) as shown in 4.46 for a switch in a SVPWM inverter
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[15], in addition to the one presented in this thesis.

73008(04—%) 0<a< 3
5 cos(a) r<a<®
d(a) = 2Da— 1 _ Leos(a+2) T <a<nw 29] (4.47)
m Leos(a—2) n<a<-%
3 cos(a) - <a< %
\73(205(04—%) —3<a<0

Similarly, it can be proved that d(«) can be expanded as a Fourier series.The expansion of

the Fourier series for d(«) can be expressed as [15]:

d(a) = % + Z (ay, cos(na) + by, sin(na))

where
bn = O, ay = 0

3
o= g o () s () o ()]

The Fourier coefficient a,, can be explored in more detail for cases where n is expressed as

n = 3*. In this scenario, we have:

3 e ok L. _
a, — m lfTL—3 ,k—1,2,3,... [15] (448)
0 if n#£ 3% for k=1,2,3,...
For n = l:a; = %g and for n = 3:a3 = %ﬁ therefore , The expression for the third-order

harmonic component ds(«) is given by:

dz(a) = cos(a) + 38_\7/? cos(3a) (4.49)

From 4.46, we have d, By inserting 4.45 into 4.41, we can simplify the duty cycle 4.50 as

D(«a) = % (1 +m <Cos(a) - 38_\7/? COS(Q))) [15] (4.50)

Substitute 4.50 into 4.9 we get as follows 4.51

follows:

1

Pigpr, svpwm(0) = %/

—% cos (3(0 + 925))) do (4.51)

jus
2
us

N | —

(Vero + Rep - I, cos(0)) I, cos(8) - = (1 + mcos(6 + ¢)

N

8
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By evaluating the integral in 4.51, the IGBT conduction loss model under SVPWM, based

on the instantaneous current over one cycle, can be derived and expressed in 4.52.

2
P ona(T) = 220 <1 ION Sﬁrzoc;sw))
(4.52)
" Veeo(T) I, (1 n QIpmcos(¢))
2m )

The IGBT parameters Vogo(T) and Reop(T), representing the voltage drop and on-state re-
sistance as functions of temperature, are usually taken from the device datasheet at various
temperatures.

It is important to consult the specific datasheet for the IGBT device to understand how
these parameters vary with temperature, as this variation can significantly affect the device’s
performance and efficiency in different operating conditions [77].

By applying linear interpolation to Figure 4.6, the temperature dependence of the IGBT
parameters Veopo(1;) and Rep(T)) is derived using the reference temperature points T, and
Tinax- As demonstrated in 4.53 and 4.54, the values of Voo (T;) and Rog(T;) can be calculated

based on these reference temperatures.

Veeo(max) — Vieo(min)

ViaolT) = ~ e B Ty = To) + VoL (459
R..(max) — R..(min
Reo(1y) = Do) = ReeW0) ) 4 () (4.54)

The power factor angle ¢ in 4.55 can be derived from the voltage and current phase angles
in the two phase stationary coordinate system. According to 4.12, the power factor angle can

be expressed as [3] :
p=a—r (4.55)

Where the voltage phase angle o and the current phase angle v can be calculated as shown
in 4.57 and 4.56.

a = arctan (@) : (4.56)
aref
i
v = arctan | = (4.57)
ZO{

4.4.2 Diode Conduction Loss

In power electronic converters, FWDs conduct during the off-state of the main switches.
The modeling of conduction losses for the FWD follows a similar approach to that of the main
switch, based on instantaneous current and voltage characteristics. However, the key difference
is in the conduction period. When the main switch is off, the diode conducts, making its duty
ratio the complement of the switch duty cycle D(«a), as defined in 4.51. Thus, the diode duty
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cycle is given by:

Daiode(a) =1 — D(a) = = (1 —mecos(a) + 38£ cos(a)) (4.58)

™

The diode conduction loss Peond diode(7) is then given by:

3

1 2
Pcond,diode(j}) / (Vf(j}) + Rf(ﬂ)[p COS 6) [p cos

o (1.59
4.59
*% 1 —mcos(0 + ¢) + %g cos(3(0+ ¢)) | db
R (TH)I?
Pcond,diode(crj) = % (1 + 8m C307TS (¢) o 8%"2{):;8(3@25))
(4.60)
+ U (1 2 eostd))

Where R; and Vy are the temperature-dependent parameters of the FWD | calculated as
in 4.61 and 4.62 , they are measured values based on the device datasheet under different
temperatures [69, 40, 90], The linear functions of the diode junction temperature are obtained
based on the reference values at temperatures T,,;, (°C) and T4, (°C) from the datasheet as

shown Figure 4.6 .

V¢(max) — Vy(min)

Villy) = == ——F~

(,I’J - Tmax) + Vf (Trnax) (461)

R;(max) — Ry(min)

By(Ty) = ==

(CTJ - Tmax) + Rf<Tmax> (462)
Alternatively,these parameters can also be represented as shown in 4.63 and 4.64.

_ VfZ : Tmin - Vfl : Tmax + VfZ - Vfl

T; T; 4.
Vf( ]) Tmin - Tmax Tmin - Tmax ! ( 63)
RQ'Tmin_Rl'Tmax R2_R1
Ry = T__Tf +Tf_Tij (4.64)

4.4.3 SiC-MOSFET Conduction Loss

The conduction losses of a SiC MOSFET can be calculated analytically based on the MOS-
FET’s on-state resistance Rpg(on), the current through the device, and the duty cycle of oper-
ation [46, 47].

The average power conduction loss over a switching period Ty can be expressed as:

1 [To/2

Prond MOSFET = - Ron (I'sin(wt))? D(t)dt (4.65)
0Jo
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This equation calculates how much power is dissipated as heat in the SIC-MOSFET when
it’s conducting current.

After substituting pulse pattern function, that is 4.50 in 4.65, the conduction loss in SiC-
MOSFET can be written as 4.66,

1 [BF

Pcond, SiC — RDS(on)I2m(a)D(a) da (466)

27T -B
The expressions for the SiC-MOSFET current [, and the diode current I; are defined
in 4.27b. By substituting the duty cycle D(«), as defined in 4.50, into 4.66, the resulting

expression is 4.67.

RDS(on) P . 2 8
Peond, sic = 1w (R + Ry)? /—,3 (Ral,sin(a—¢) —Vg)" [ 1+ | m— 3 cos(a) | do
(4.67)

After substituting everything and simplifying, we arrive at a closed-form equation as follow:

o RDS(on) @ Sln(2<5 - ¢))
Pcond, SiC _47T(Rd + Rdson)2 |:R?ZI;3 <5 + 5 + 2
sin(2(8 + ¢)) ( 8\/§> —sin®(8 — ¢) + sin®(3 + ¢)> }
2 3 3

— 2RI,V {COS(B — @) +cos(B+ ¢)

+ (m — %> E (cos(2(8 — ¢)) + cos(2(8 + Cb)))}

4
+ V7 [25 + 7+ <m - %) (sin(f + ¢) — sin(B — gb))} (4.68)

The angle § defines the conduction interval of the SIC-MOSFET, that is, the period during

which the device conducts current (is turned on), and is given by:

B =sin"! ( Rflp) (4.69)

4.5 Switching Loss Modeling

In power electronics, switching losses are the energy dissipated by a semiconductor device
(such as a SIC-MOSFET or IGBT) during the dynamic transition between its conducting (ON)
and non-conducting (OFF) states [38].

4.5.1 IGBT Switching Losses

Conduction losses are primarily influenced by the flowing current, whereas switching losses

are proportionately dependent on the switching frequency (fsw) [14]. For this reason, fsw
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multiplied by the switching energy loss Esw yields the switching losses. Likewise, diodes are
taken into consideration for reverse recovery energy (Erec), rather than the turn-on (E,,) and

(Eoff) turn-off energy loss [14].

PstGBT = Esw * fsw = (Eon + Eoff) * fsw (470)
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Figure 4.12: Switching loss MATLAB model.

The switching losses are stated in the datasheets provided by the manufacturers as a function
of temperature, nominal current, and voltage [91]. As demonstrated in Figure 4.12 | the easiest
method of adaptation to the actual application is to perform linear interpolation of the provided
values [41].

In the two-level topology, the full DC link voltage is switched and thus used as V.. Conse-

quently, the total power loss of a given transistor can be expressed as:

fsw /02 Ip ‘/dc
P = E., - . 9 471
2 61 ]nom Vnom ( )

o+ ; _
fsw/ Esw' sm(@ (b) i vdc d@
¢

™ [nom Vnom
Jow I, Vi
PSw = ? * Z ESW<EOH7 Eoﬂ‘) * _[nom * m (472)

Thus, 4.73 expresses the total switching power losses (Pks,) as the sum of the IGBT switching

losses (Psy repr) and the freewheeling diode switching losses ( Py, pwp) 4.77:
Protar swiaer = 6 % (Psw 16T + Psw rwp) (4.73)

4.5.2 SiC-MOSFET Switching Losses

Switching losses arise during the turn-on and turn-off events of both the switch and its
anti-parallel diode, and are modeled in MATLAB and PLECS, as shown in Figure 4.12. These
losses are directly related to the switching energy, which, similar to other power devices, can

be determined from the product of voltage and current [86].
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— (Eon + Eog) (4.74)
Eoff

By = / Va(t)i(t) dt

+ / Va(t)i(t) dt

According to [92], the off-state leakage current for a power MOSFET is very low and therefore

the blocking losses can be neglected .The analytical equation for the switching losses is

1 I Ve
PSW(SiC) = fsw * (Eoff,nom(lnom7 Vnom) + Eon,nom(]noma Vnom)) (_ * P * _d

m I nom V;lom

) (4.75)

4.5.3 Diode Reverse Recovery losses

Finally, the diode switching losses are calculated similarly by determining the switching

energy losses. The diode switching losses can be expressed as:

Psw,d = Erec * fsw (476)

1 I
Poc(D) = fau * Errom (Tnom: Vaom) (—* P *V—d> (4.77)

7T ]HOH’I Vnom

Manufacturers’ datasheet specify the switching energy losses in dependency on a certain (nom-
inal) current and voltage, as well as a temperature [34]. Equation 4.73 and 4.73 expresses the
power switching losses (Ps,) as the sum of the SIC-MOSFET power switching losses (Psy sic)
and the FWD switching losses (P, p):

PTotal,sw,SiC =06 * (Psw,SiC’ + Psw,D) (478)

4.6 Thermal Modeling

In power electronic devices, the junction temperature (77;) significantly affects how the device
performs, especially in terms of key parameters on-state resistance (Rr , Rp), forward voltage
drops (Vr , Vp), and switching and reverse recovery energies F,,, Fog, and FE... Because
these parameters impact power loss, accurately accounting for 7} is essential for reliable device
operation and efficiency [93].

In order to ensure a sufficient life time of power electronics application systems, proper
thermal design is indispensable and one of the critical items to be considered. In a thermal
model, a component equivalent to transient thermal resistance is replaced with an electrical
circuit model, which helps to predict the transient thermal resistance characteristics using an

electrical circuit.
4.6.1 Thermal Equivalent Network

The thermal resistance Ry, and thermal capacitance Cy, are commonly represented as cas-
caded RC networks. These networks effectively describe the dynamic thermal impedance and
simulate the thermal behavior of materials, particularly in semiconductor devices [54]. Two

methods can be employed to model such RC networks.
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4.6.1.1 Foster Model

The Foster model is widely used, with parameters typically provided by manufacturers in
their data-sheets. However, it is important to note that this model represents a mathemat-
ical fitting of the thermal impedance Zy, [76]. The analytical formula relating the thermal

impedance to the thermal resistance is described as follows:

n

Zin(jw)(t) = Z (Ri (1 - e_%i>) where 7, = R;C; [76] (4.79)

=1

4.6.1.2 Cauer Model

The Cauer model uses a sequence of resistor-capacitor (RC) networks to represent the ther-
mal impedance [94]. The Cauer model typically takes the form of a sum of terms representing
RC networks as shown 4.80:

Zth(jW)<t) = Z (%) s where T, — RlCl (480)
i=1 v

In thermal modeling of a power semiconductor module, such as an IGBT or SiC MOSFET,
thermal resistances and capacitances represent the heat transfer and storage characteristics.

Each component plays a critical role in accurately capturing these dynamics:

I. Thermal Resistances (Ryp)

1. Junction-to-Case Resistance (Rth(jc)) : Represents the thermal resistance from the semi-
conductor junction, where heat is generated, to the outer surface of the module’s case.This
resistance quantifies the module’s ability to conduct heat from the junction to the case,

an essential factor in managing temperature.

2. Case-to-Heatsink Resistance (Rin(e)) : Denotes the thermal resistance between the mod-
ule case and the heatsink or cooling system attached to it.This resistance indicates the

effectiveness of heat transfer from the case to the cooling system.

3. Heatsink-to-Ambient Resistance (Rth(sa)) : Represents the thermal resistance between the
heatsink and the surrounding air or coolant. This parameter is critical in estimating how

well the system dissipates heat to the ambient environment.

II. Thermal Capacitances (Cyy)

1. Junction Capacitance (Cyy(j)) : Represents the thermal capacitance of the semiconductor
junction, indicating its ability to store and release heat. A higher capacitance here implies

a greater ability to store heat, which affects transient temperature responses.

2. Module Case Capacitance (Cyyc)) : Represents the thermal capacitance of the module

case, affecting the time constant of heat transfer from the junction to the case. This
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parameter is key in understanding temperature changes within the module case over

time.

3. Heat-sink Capacitance (Cips)) : Represents the thermal capacitance of the heat-sink or
cooling system. This capacitance impacts how quickly the heat-sink can absorb and

release heat to the ambient, influencing steady-state and transient behavior.

4.6.2 Heat Spreading and Temperature Calculation

Heat spreading through different layers and the total dissipated power is influenced by
transient thermal impedance Zth [95]. The steady-state temperatures are calculated as follows:
The steady-state case temperature for a module with base plate is calculated for constant total

power [96] dissipation as follows:
T.=T,+ (Rth(h—a) + Rth(c—h)) * Ploss_total (481)

Similarly, the steady-state heatsink temperature for a module without base plate is given
by:
T, =T, + Rth(h—a) * Ploss_total (482)

Moreover,as stated on [95] the steady-state inverter junction temperature for a module with

base plate is obtained taking into consideration the power losses of the inverter as follows:

T‘j(inverter) = Th + Rth(jfs) ’ Ploss,[nverter (483)

The figure 4.13 and 4.14 illustrates the thermal management and temperature calculation MAT-

LAB Simulink model for all given steady-state Temperature calculations.
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Figure 4.13: Heat Spreading and Temperature Calculation Simulink Model of SI-IGBT

4.6.3 Heat Sink Fundamentals

The heat-sink absorbs the switching and conduction losses of all devices in its boundary [97].
A heat sink simultaneously describes an isothermal atmosphere and distributes its temperature

to the surrounding components [97]. The semiconductors mounted on the heat sink will have
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Figure 4.14: Heat Spreading and Temperature Calculation Simulink Model of SIC-MOSFET

the same case temperature. The electrical equivalent of the thermal circuit with heat sink in
PLECS for MOSFET and IGBT is described in figure 4.15 a and b, respectively.
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Figure 4.15: Electrical equivalent of thermal circuit (A) SiC-MOSFET (B) IGBT .

Figure 4.16 represents how power losses are calculated in an inverter system and how these

losses are then used to determine the junction temperature of the system.
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Figure 4.16: Total power loss analysis block diagram.
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Chapter 5

Simulation Results and Discussion

This chapter presents the results of the drive system model developed in Chapter 4. Sim-
ulations were carried out using MATLAB/SIMULINK and PLECS to evaluate overall system
performance. The key objectives include analyzing inverter behavior, examining voltage and
current waveforms, investigating power loss models, and assessing the impact of semiconductor
devices on system efficiency. A comparison between SPWM and SVPWM is also included to
highlight their respective advantages and limitations under various conditions.

The online simulator is used to cross-validate the results [98]. We utilized parameters for
both the IPMSM and a three-phase inverter throughout the system, as accurate characterization
of these parameters is crucial for effective motor design and control. Tables 5.1 and 5.2 present

the drive motor and inverter parameters for the IPMSM, respectively.

Table 5.1: Inverter Parameters

Parameter Symbol Numerical Value
DC-Link Voltage Ve 1500 V

Switching Frequency fsw 10 kHz

Modulation Techniques SPWM, SVPWM
Semiconductor Modules IGBT, SiC-MOSFET

5.1 Control Strategy Performance

This section evaluates the control strategy applied to the IPMSM drive system, focusing
on the inverter’s output waveforms, voltage, and current behavior in the rotating reference
frame. The system’s torque and speed response. The implemented control strategy combines
Field-Oriented Control (FOC), Maximum Torque per Ampere (MTPA), and Zero d-axis current
techniques to enhance torque production and dynamic performance [99]. The overall control
strategy for the IPMSM drive system is illustrated in Figure 5.1, which shows the block diagram

of the implemented control method.
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Table 5.2: IPM Motor Parameters [16]

Parameter Symbol Numerical Value
Rated Current I 138 A
Rated Voltage V 926 V
Rated Power P 190 kW
Rated Speed w 1800 rpm
Pole Pairs np 4
Stator Resistance R, 0.0459
g-axis Inductance L, 3.96 pH
d-axis Inductance Ly 1.58 upH
Permanent Magnet Flux Apm 0.6838 Wb
R Equation 4,52 Junction Temperature gowvemsooroeery
P.ond Dicde » E Equation 4.60 - —
x ::quyl_‘;ikug__‘, P
dq I:aj“ w= 2+ i ‘
ap s P L] & =arctan (v“""’f) VL
Varer/ ||
Tq* )
— " MTPA PWM Inverter
ia |ib fe
n
af f« |
l:__\‘r
6 [ IPMSM

Figure 5.1: Overall control block diagram of an IPMSM drive system using SVPWM.

Three-phase stator current and output voltage waveforms for both modulation schemes are
presented in Figures 5.2 and 5.3. From the simulation, it is evident that SVPWM offers better
voltage utilization compared to SPWM, with the output voltages being up to 15% higher [46].

95

5.1.1 Analysis of Inverter Output Waveforms under SPWM and SVPWM

Current waveforms generated using SVPWM are significantly smoother with lesser harmonic
content as well. The improvement in waveform quality is clearly reflected in the Fast Fourier
Transform (FFT) analysis, which shows a noticeable reduction in Total Harmonic Distortion
(THD) when SVPWM is applied [100].
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Figure 5.2: SPWM Waveforms of the system: (a) Line currents, (b) Line voltages, (¢) THD of inverter
current, (d) THD of ABC voltage.
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5.1.2 Speed and Torque Performance Analysis

The torque and speed response of IPMSM was analyzed under various operating conditions

to evaluate the performance of the implemented control strategy.

5.1.2.1 Steady-State Performance

Operating at 188.5rad/s or 1800 rpm, the system exhibited a stable torque with minimal
fluctuations, as illustrated in Figure 5.4 there is a slight fluctuation at the beginning and after
2.65 sec, the electromagnetic torque is constant at 1000 Nm. SVPWM combined with SiC

MOSFETSs enhances efficiency and provides superior torque regulation at higher speeds.
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Figure 5.4: Steady-State Torque Response at Constant Reference Speed in rpm.

5.1.2.2 Transient Performance

A simulation result for a speed change from zero rpm to the rated speed (1800 rpm) and
then in reverse condition. Finally, the speed is brought back to zero rpm at rated load is shown
in figure 5.5. It can be understood that the PI controller has good speed-tracking performance
and also it shows the changes in electromagnetic torque and how well the motor maintains its

target speed.

5.2 Semiconductor Loss Analysis

The total power loss in the IPMSM inverter system consists of conduction and switching
losses, and these were calculated separately for Si-IGBT and SiC-MOSFET based inverters. The
loss evaluation was carried out under two modulation strategies, namely SPWM and SVPWM.
This comparative method provides valuable insights into the trade offs between control strategy,

device type, and overall system efficiency.
5.2.1 Losses in SPWM

Conduction and switching losses of three-phase inverters with SiC MOSFETs, IGBTs,
and FWDs were analyzed under SPWM strategy in steady-state and transient conditions us-
ing MATLAB/Simulink and PLECS. The MATLAB model’s results were validated against
IPOSIM, Semisel V6, and ABB DriveSize simulation tools.

o7



2000 F T T T T T T T T T
1000 |

Speed (rpm}

-1000 |

-2000 £ i i i i i i i i i
0 2 4 6 8 10 12 14 16 18 20

Time (sec)

~ T T T T T T T T T

g

2

&0

=)

<

-

=

=]

a7 L L L L L L I i \

0 2 4 6 8 10 12 14 16 18 20

Time (sec)

T T T T T T T T T
Emoo"""L sasaBie S
g
o, 0 Electromagnetic torque Te (N*m)
g
= -1000

0 2 4 6 8 10 12 14 16 18 20
Time (sec)

Figure 5.5: Torque (Nm) and speed tracking performance (rpm) under load variation.

5.2.1.1 Losses From Infineon Module

The power losses of the IGBT and diode for the Infineon module under rated operating
conditions are summarized in Table 5.3 and illustrated figure 5.6. It can be seen that the
results from the PLECS and MATLAB models are comparable to those obtained from the
Infineon simulator , this shows that the developed loss model accurately captures the inverter
losses under rated conditions .

During transient operation, as shown in Figure 5.7, power losses fluctuate considerably as
the reference speed changes from 0 rpm to 1800 rpm and back to O rpm. These fluctuations
are driven by rapid variations in load, current magnitude, and switching activity throughout
acceleration, deceleration, and regenerative braking phases. As a result, both the conduction

and switching losses of the IGBT and diode vary dynamically during these conditions.

Table 5.3: Power Losses of IGBT and Diode for FZ600R12KE4 Module.

Loss Type MATLAB IPOSIM PLECS
IGBT Conduction Loss [W] 708.3 712.6 701.238
IGBT Switching Loss [W] 629.6 625.663 630.8
Diode Conduction Loss [W] 15.96 15.20 14.8054
Diode Switching Loss [W] 218.6 218.67 227.98
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Figure 5.6: Conduction and switching loss analysis of the Infineon module under rated operating

condition (a) IGBT Conduction and switching loss (b) Diode conduction and switching loss.
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Figure 5.7: Power loss variation during transient speed changes (¢) IGBT Conduction and switching
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5.2.1.2 Losses From Semikron Module

The power losses of the IGBT and diode for the Semikron module under rated operating
conditions are presented in Table 5.4 and 5.8. The results obtained from the PLECS and MAT-
LAB models for the Semikron module are comparable to those from the Semikron simulation
tool ,confirming that the developed loss model accurately captures the inverter losses and ther-

mal performance under rated conditions. Indicates that the developed loss model effectively

captures the inverter losses for the Semikron module.

Table 5.4: Power losses of IGBT and diode for Semikron module.

Loss Type MATLAB Semikron Tool PLECS
IGBT Conduction Loss [W] 657.60 659.45 660.483
IGBT Switching Loss [W] 879.7 883.7 880.3
Diode Conduction Loss [W] 262.20 37.2054 43.4
Diode Switching Loss [W] 175.50 167.17 178.80
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Figure 5.8: Conduction and switching loss analysis of the Semikron module under rated operating
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Figure 5.9: Transient conduction and switching loss analysis of the Semikron module under SPWM

control: (c¢) IGBT conduction and switching losses; (d) Diode conduction and switching losses.

5.2.1.3 Losses From ABB Module

Table 5.5 presents the calculation of the power loss for the ABB module (1700 V, 800 A),
including the conduction and switching losses. The result obtained from the PLECS and
MATLAB models for the ABB module closely match those from the ABB simulation tool
under rated operating conditions as shown figure 5.10. This shows that the developed loss
model reliably captures the inverter losses of the ABB module,while Figure 5.11 demonstrates
the transient condition clearly showing how the losses change as the reference speed gradually

changes during acceleration, deceleration, and regenerative braking conditions.

5.2.1.4 Comparative Analysis of Inverter Losses Using SPWM

Table 5.6 shows, the conduction, the switching, and the total losses of the Infineon, Semikron,
and ABB inverter modules were calculated using the proposed model. In comparison to the
other modules, the ABB module indicates the lowest total losses, greater efficiency, and reduced
thermal stress. These results shows the accuracy of the proposed loss model and suggest that
the ABB inverter is the best suitable option for applications requiring optimized power loss
and thermal management, provided that its voltage and current ratings are comparable to the

other modules.
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Table 5.5: Power Losses of IGBT and Diode for ABB-IGBT1700V800A .

Loss Type MATLAB ABB Tool PLECS
IGBT Conduction Loss [W] 120.2 215.45 123.94
IGBT Switching Loss [W] 470.3 470.3383 468.938
Diode Conduction Loss [W] 29.22 34.2054 27.5
Diode Switching Loss [W] 230.9 232.67 234.67
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Figure 5.10: Conduction and switching loss analysis of ABB Module (a) IGBT Conduction and

switching loss. (b) Diode conduction and switching loss.
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Figure 5.11: Conduction and switching loss analysis of the ABB module under transient conditions:

(a) IGBT conduction and switching loss, (b) Diode conduction and switching loss.

Table 5.6: Comparison of Conduction ,Switching and total losses for the three inverter types

Inverter Type Conduction Loss Switching Loss Total Loss
Infineon 721.12W 722.98W 1981.06 W
Semikron 919.06W 923.50W 1981.06W
ABB 149.42W 701.2W 850.62W
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5.2.2 Losses in SVPWM

The power losses of Infineon, Semikron, and ABB inverter modules under the SVPWM
strategy are analyzed, focusing on the losses of both the IGBT and diode. The detailed loss
data for each module is provided in Tables 5.7, 5.8, and 5.9, respectively.

5.2.2.1 Losses From Infenion-Module

The power loss values, calculated using analytical equations as mentioned chapter 4, are
summarized in Table 5.7 and figure 5.10. Figure 5.12 indicates the power losses for the
IGBT and diode in terms of conduction and switching losses, with values derived using MAT-
LAB / SIMULINK, a formula based approach, and PLECS. The results indicate that the
PLECS and MATLAB models are approximately equivalent to the IOPSIM showing the accu-
racy of the introduced models.

Table 5.7: Power losses of IGBT and diode for Infenion module.

Loss Type MATLAB IPOSIM PLECS
IGBT Conduction Loss [W] 84.43 78.45 83.483
IGBT Switching Loss [W] 124.83 122.8383 126.3383
Diode Conduction Loss [W] 7.2054 7.2054 7.2054
Diode Switching Loss [W] 45.67 38.67 52.67
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Figure 5.12: Conduction and switching losses of the Infineon module: (a) IGBT conduction and

switching loss; (b) diode conduction and switching loss.
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Figure 5.13: Conduction and switching loss analysis of the Infineon module under transient conditions:

(a) IGBT conduction and switching loss, (b) Diode conduction and switching loss.
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5.2.2.2 Losses From Semikron-Module

The power losses of the IGBT and diode for the Semikron module are presented in Table 5.8
and Figure 5.21.The analysis shows that switching losses, especially from the diode, make up
a significant portion of the total power loss in the Semikron module. While conduction losses
remain moderate, the higher switching losses suggest that thermal performance and efficiency
could be affected in high-speed or high-frequency applications. This highlights the importance

of evaluating switching behavior when selecting power modules for demanding conditions.

Table 5.8: Power losses of IGBT and diode for Semikron module per leg.

Loss Type MATLAB Semikron Tool PLECS
IGBT Conduction Loss [W] 52.6 52.45 48.94
IGBT Switching Loss [W] 57.72 56.383 58.001
Diode Conduction Loss [W] 5.441 5.2054 4.503
Diode Switching Loss [W] 28.069 26.67 24.67
Conduction Loss Switching Loss Total Loss
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Figure 5.14: IGBT power loss in SVPWM based Semikron module.

5.2.2.3 Losses From ABB Module

The power losses of the ABB three-phase inverter module were analyzed by evaluating both
conduction and switching losses of the IGBT and diode under SVPWM strategy. Table 5.9 and
Figure 5.16 shows the results of the power loss for the ABB module, the losses for both the
IGBT and the diode under SVPWM operation. The MATLAB model effectively captures dy-
namic switching behavior and current ripple effects, making it well-suited for transient analysis
in transient-load conditions. The proposed SVPWM-based MATLAB model delivers accurate
estimations for IGBT and diode losses, highlighting its capability to predict total power losses
reliably. Overall, the MATLAB-based loss model proves to be a robust and accurate tool for

inverter loss modeling and thermal analysis.
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Table 5.9: Power losses of IGBT and diode for ABB module per leg.

Loss Type MATLAB ABB Tool PLECS
IGBT Conduction Loss [W] 35.65 115.45 113.94
IGBT Switching Loss [W] 2.192 4.2054 3.65
Diode Conduction Loss [W] 64.53 64.2054 63.65
Diode Switching Loss [W| 166.4 162.67 174.67
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Figure 5.15: Power losses of the SVPWM-based ABB inverter module under rated conditions: (a)

IGBT conduction and switching losses; (b) Diode conduction and switching losses.
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Figure 5.16: Transient power loss of the SVPWM-based ABB inverter module under transient condi-

tion : (a) IGBT conduction and switching loss (b) Diode conduction and switching loss

5.2.2.4 Comparative Analysis of IGBT-Based Inverter Losses in SVPWM

Semikron offers the lowest losses (143.83 W), ensuring high efficiency and minimal heat.
Infenion provides a balance with moderate losses (262.1354W), while ABB are suitable for high-
power applications, they have the highest losses (268.77 W), which require advanced cooling

system . Figure 5.17 illustrates comparison of losses for different inverter types.

5.2.3 Overall Loss Comparison of all devices between SVPWM and SPWM

The analysis shows that SVPWM outperforms SPWM in reducing inverter losses across
all tested modules. For the ABB module, conduction losses drop from 149.4 W (SPWM) to
100.2W (SVPWM), a 32.9% reduction. Switching losses decrease from 701.13 W to 168.55 W

64



Ml Conduction Loss s switching Loss m Total Loss

268.77W
262.14W

250 4

2004

150 4 143.83W

Power Loss (W)

100 4

Infineon ABB Semikron
Inverter Type

Figure 5.17: Comparison of losses for different inverter types.

(75.96% reduction), and total losses fall from 850.6 W to 268.7 W, an overall reduction of 68.4%.
Therefore, SVPWM is the best choice for efficient and reliable inverter operation.

Figure 5.18 shows that SVPWM results in consistently lower overall power losses across
all tested inverter modules. In contrast, Figure 5.19 shows a transient drop in SPWM losses

around 2.8s, likely due to load or control response, though the overall performance remains
inferior.
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Figure 5.18: Comparison of total loss under SVPWM for (a) ABB, (b) Infineon, and (c) Semikron

inverter modules.
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Figure 5.19: Comparison of power loss over time for three different inverter modules under SPWM

with the same operating conditions: (a) ABB , (b) Semikron , and (c) Infineon inverter modules.

5.2.4 Three-Phase SiC-MOSFET Loss Analysis

In this Section, three-phase inverter conduction and switching losses with SiC MOSFETSs
operating under SPWM and SVPWM schemes are investigated. Further more,the performance
comparison of Wolfspeed and Infineon SiC MOSFET modules is given .
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5.2.4.1 Loss in SPWM

The conduction and switching losses of a three-phase inverter employing SiC MOSFETSs
under SPWM schemes are analyzed. A comparative evaluation is conducted for two SiC MOS-
FET modules (i.e Infineon and Wolfspeed). Simulation results for the SPWM strategy are
summarized in Tables 5.10 and 5.11, detailing conduction and switching losses for both the
MOSFET and its body diode.

IGBT Conduction Loss IGBT Switching Loss Diode Condunection Loss Diode Switching Loss
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Figure 5.20: Losses of SiIC-MOSFET and diode for Wolfspeed module.

Table 5.10: Power losses of SIC-MOSFET and Diode for Infineon IMW120R090M1H module.

Loss Type MATLAB IPOSIM PLECS
SiC-MOSFET Conduction Loss [W] 83.48 21.45 83.483
SiC-MOSFET Switching Loss [W] 0.3383 0.383 0.5383
Diode Conduction Loss [W] 7.2054 7.54 7.0054
Diode Switching Loss [W] 42.67 38.67 32.67

Table 5.11: Power losses of SiIC-MOSFET and Diode for Wolfspeed module.

Loss Type MATLAB Formula PLECS
SiC-MOSFET Conduction Loss [W] 121.3 125.45 143.94
SiC-MOSFET Switching Loss [W] 98.6 92.3383 93.938
Diode Conduction Loss [W] 22,714 24.2054 22.5
Diode Switching Loss [W] 15.9 42.67 14.67

5.2.4.2 Losses in SVPWM

The simulation findings are shown in Tables 5.12 and 5.13.The MATLAB and PLECS sim-
ulator. The SiC MOSFET achieves 98.22% efficiency with lower conduction and switching
losses, while the Si IGBT has 91.76% efficiency and higher losses, as shown Table 5.15 and
Figure 5.22. These results highlight the superior performance of SiC technology in reducing

power losses compared to traditional Si-IGBT devices.
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Figure 5.21: Losses of SIC-MOSFET and Diode for Infineon module.

Table 5.12: Power losses of SIC-MOSFET and Diode for Infineon IMW120R090M1H module.

Loss Type MATLAB IPOSIM PLECS
SiC-MOSFET Conduction Loss [W] 83.48 81.45 83.483
SiC-MOSFET Switching Loss [W] 0.5383 0.5383 0.5383
Diode Conduction Loss [W] 7.2054 7.1054 7.0054
Diode Switching Loss [W] 42.67 42.67 42.67
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Table 5.13: Power losses of SIC-MOSFET and Diode for Wolfspeed CAS300M17BM2 module.

Loss Type MATLAB Wolfspeed PLECS
SiC-MOSFET Conduction Loss [W] 54.6 55.45 103.94
SiC-MOSFET Switching Loss [W] 2.183 2.3383 3.938
Diode Conduction Loss [W] 22.714 24.2054 22.5
Diode Switching Loss [W] 165.9 42.67 154.67

Table 5.14: Loss Comparison for Wolfspeed with SPWM vs. SVPWM .

Loss Type SPWM [W] SVPWM [W]
SiC-MOSFET Conduction Loss 121.3 54.6
SiC-MOSFET Switching Loss 98.6 2.183
Diode Conduction Loss 22.714 22.714
Diode Switching Loss 15.9 165.9
Total Loss 258.514 245.397

5.3 Impact of Modulation Index on Power Losses, Efficiency, and

THD

This section explores the influence of the modulation index (MI) on critical inverter per-
formance metrics, including power losses, efficiency, and Total Harmonic Distortion (THD). A
comparative analysis of SPWM and SVPWM is conducted to evaluate their respective advan-

tages under varying MI conditions.
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Figure 5.22: Comparison of losses and efficiency between Si-IGBT and SiC-MOSFET.

Figure 5.22 shows the efficiency trend across the modulation index. It can be understood
that both SPWM and SVPWM maintain high efficiency. However,the SVPWM consistently

shows superior performance. Besides,SVPWM has:

v' Better DC Bus utilization

v' Lower Harmonic distortion

68



(60Hz) = 181.3 , THD= 18.82% (60Hz) = 783 , THD= 139.64%

T e e e L L e LT £ 100 £ 100
£ £
s g
=1 e
= £ (c)
96 . . [ 3 Z
—e— Sinusoidal PWM (SPWM) =50 (a) < 0
; —a— Space Vector PWM (SVPWM) 2 $
= %r - - == Max Efficiency (SiC MOSFET) ] % =
< Max Efficiency (Si-IGBT) N s 0
2 ok p 0 100 200 300 400 500 0 100 200 300 400 500
5 Frequency (Hz) Frequency (Hz)
2 ol ~  Fundamental (60H7) = 213.6, THD=29.65% =  Fundamental (60Hz) = 796.8 , THD= 121.33%
= S El
& £ 100 : 100
T 4 £ kS
2 £ (d)
£ =50
sor 1 5 % ®) 5
S 2
N L N N L N N b o0
X4() 6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 | § 0 5 0 2 4
- - ) : 0 100 200 300 400 500 0 100 200 300 400 500
Modulation Index (MI) Frequency (Hz) Frequency (Hz)

Figure 5.23: Efficiency Vs Modulation Index and THD analysis for SVPWM (a,d) and SPWM (b,c)

of Infineon inverter module using FFT analysis under rated conditions.

A further investigation revealed that the performance of three-phase inverters in traction
drive systems is greatly impacted by Total Harmonic Distortion (THD).

Figure 5.23 compares the total harmonic distortion (THD) levels of SPWM and SVPWM
under rated conditions, based on FFT analysis of current and voltage waveforms obtained using
MATLAB. The analysis shows that SVPWM provides improved harmonic performance, with
THD values of 18.82% (current) and 121.33% (voltage), compared to 29.65% and 139.64% in
SPWM respectively. According to the analysis done with MATLAB/Simulink, the following

key effects are observed:

v' Speed Regulation- SVPWM offers better speed control and lower THD compared to
SPWM.

v’ Efficiency Loss and Power Dissipation- THD increases power losses by introducing addi-

tional harmonic currents.

Therefore, SiC MOSFETSs demonstrate superior efficiency (98.22%) compared to Si-IGBT's
(91.76%) under rated (steady-state) operating conditions, primarily due to reduced total har-

monic distortion (THD) and lower thermal stress.

Table 5.15: Comparison of losses and efficiency for SIC-MOSFET and Si-IGBT .

Parameter Si IGBT SiC MOSFET
Conduction losses (W) 53.53 21.74

Switching losses (W) 141.41 19.61

Total losses for drive (W) 485.84 341.27

Drive system efficiency (%) 91.76 98.22

5.3.1 Junction Temperature Analysis in SVPWM and SPWM-Based Inverters.

IGBTs exhibit higher junction temperatures than SiC MOSFETSs due to greater conduction
and switching losses, lower thermal conductivity, and slower heat dissipation. Figure 5.25 com-

pares the junction temperature waveforms of IGBT-based inverters using SPWM and SVPWM
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for Semikron, ABB, and Infineon modules. SPWM results in higher and more fluctuating tem-
peratures. In contrast, Figures 5.25a-c shows that SVPWM significantly reduces peak junction

temperatures and ensures more stable thermal behavior across all modules.
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Figure 5.24: Comparison of IGBT junction temperature waveforms in SVPWM and SPWM .

As shown in Figure 5.25, the junction temperature (7;) of the SiC MOSFETSs remains
well below their maximum rated limits (150175 °C), as well as the Si-IGBT reference value
(170 °C). Furthermore, the SVPWM strategy yields a significantly lower operating 7} (=~ 75 °C)
compared to the SPWM strategy (=~ 120 °C) across both manufacturers.
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Figure 5.25: Comparison of SiC junction temperature waveforms in SVPWM and SPWM .
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Chapter 6
Conclusion and Recommendations

6.1 Conclusion

This thesis conducted a comprehensive investigation into semiconductor losses in three-phase
traction inverters, focusing on Si-IGBTs, freewheeling diodes (FWDs), and SiC-MOSFETS.
The main objective was to develop a realistic analytical model for estimating conduction and
switching losses and to evaluate the performance of different power modules under high-power
operating conditions. The study considered a 190 kW inverter with a 1500 V DC-link voltage
and a rated speed of 1800 rpm, analyzing both Sinusoidal PWM (SPWM) and Space Vector
PWM (SVPWM) strategies.

A versatile analytical model was developed that combines a piecewise-linear approximation
for switching losses with a third-order harmonic approximation for conduction losses. Unlike
device-specific commercial tools, the proposed model guides a wide range of semiconductor
devices, enabling consistent and comparative loss evaluation. Validation was carried out using
MATLAB/Simulink, PLECS, and comparison with commercial tools as Semikron’s SemiSel-V5,
ABB SEMIS Simulation Tool, and Infineon’s CIPM. The model closely matches commercial
tools in accuracy. Deviations were minimal: for example, Infineon modules, conduction and
switching losses differed by less than 0.5%, while for Semikron modules, switching losses differed
by less than 0.5% and conduction losses by 32.03%.

The study highlighted the superior performance of SiC-MOSFETSs over Si-IGBTs. SiC-
based inverters using Infineon and Wolfspeed modules achieved higher efficiency and lower
losses compared to Si-IGBT modules from Infineon, ABB, and Semikron. Thermal modeling
confirmed that SIC-MOSFET modules maintain lower maximum junction temperatures than
Si-IGBT modules, indicating improved thermal performance and reliability across operating
points.

The analysis of PWM strategies demonstrated that SVPWM outperforms SPWM, providing
better voltage utilization, lower total harmonic distortion, and enhanced inverter performance.
Additionally, the study showed that turn-on gate resistances significantly affect switching losses,
emphasizing the importance of optimized gate control. Comparative evaluation of different
modules revealed performance variations due to manufacturer-specific characteristics, high-
lighting the importance of considering both electrical and thermal properties when selecting
power devices.

A key limitation of this research is that validation was only through simulations and com-
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mercial tools, requiring experimental testing for broader real-world conditions.

In conclusion, this research developed and validated a flexible, accurate, and broadly applica-
ble analytical model for semiconductor loss estimation in traction inverters. The model provides
a robust framework for comparing different semiconductor devices and modulation strategies.
The results confirm that SiIC-MOSFETS, combined with SVPWM, are the preferred solution for
high-power traction applications, offering higher efficiency, lower losses, and improved thermal
performance. This work contributes to the field by enabling systematic, multi-faceted evalua-
tion of inverter design choices, supporting the development of efficient, thermally robust, and

sustainable electric traction systems.

6.2 Recommendations and Future Work

The comprehensive investigation conducted in this thesis, which successfully developed and
validated a robust analytical loss model and confirmed the superior efficiency of SIC-MOSFET's
(98.22%) and the enhanced harmonic performance of SVPWM, establishes several high-priority

directions for subsequent research and development in electric traction drives.

6.2.1 Experimental Validation of Core Models and Devices

Future work must prioritize closing the gap between simulation and practice by focusing on

the following experimental validation steps:

1. Precision Loss Model Validation: Conduct rigorous experimental tests on a
prototype SiC traction inverter. This is mandated to empirically validate the developed
analytical loss model, specifically verifying the simulated 0.5% loss deviation observed
against commercial tools under dynamic thermal and current load cycles representative

of railway operation.

2. GaN Feasibility Study for Traction: Perform a targeted comparative analysis of GaN
devices against SiC technology for 1500V /MW traction applications. This research must
focus on quantifying the achievable power density increase and total system efficiency

gain derived from GaN’s high-frequency switching capability.

6.2.2 Implementation of Intelligent and Adaptive Control Strategies

Building upon the verified performance of the SiC/SVPWM platform, the research must

advance toward intelligent, self-optimizing control systems:

1. Adaptive Machine Learning Control: Development and validation of a Machine
Learning (ML)-based adaptive controller is required. The controller must utilize real-
time input from the unified loss model to autonomously adjust the modulation index and
switching frequency, ensuring the inverter perpetually operates at its peak efficiency point

despite fluctuations in load or DC-link voltage.
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2. Digital Twin and Predictive Diagnostics: The confirmed accuracy of the analytical
model must be leveraged to establish a high-fidelity digital twin of the traction drive. This
system will enable real-time semiconductor degradation tracking and facilitate the imple-
mentation of Predictive Maintenance (PdM) protocols, significantly enhancing system

reliability.
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SEMITRANS®3

Fast IGBT4 Modules

SKM400GB12T4

Features

* Vcesaty With positive temperature
coefficient

High short circuit capability, self
limiting to 6 x lcnom

Fast & soft inverse CAL diodes
Large clearance (10 mm) and
creepage distances (20 mm)

Isolated copper baseplate using DBC
Technology (Direct Copper Bonding)

.

.

Typical Applications
* AC inverter drives
* UPS
* Electronic welders at fsw up to 20 kHz
Remarks
* Case temperature limited to
T. = 125°C max, recomm.
Top = -40 ... +150°C, product
rel. results valid for T; = 150°

Absolute Maximum Ratings

1l T

by SEMIKRO

Symbol |Conditions Values | Unit
IGBT
Vces 1200 \%
le T,=175°C c=25°C 618 A
T.=80°C 475 A
Icnom 400 A
lcrRm lcrm = 3xlcnom 1200 A
Vaes -20...20 \
Vce =800 V
[ Vee< 15V T; =150 °C 10 us
Vces < 1200 V
T -40 ... 175 °C
Inverse diode
Ir T,=175°C Tc=25°C 440 A
T.=80°C 329 A
IFnom 400 A
lrRMm lrrm = 3XIFnom 1200 A
lrsm tp = 10 ms, sin 180°, T; = 25 °C 1980 A
T -40...175 °C
Module
lirms) 500 A
Tstg -40 ... 125 °C
Visol AC sinus 50Hz, t =1 min 4000 \
Characteristics
Symbol |Conditions min. typ. max. Unit
IGBT
Vegay  |lc =400 A T=25°C 1.8 2.05 Y
Vae =15V
chiplevel Tj=150°C 2.2 2.4 \%
Vceo Tj=25°C 0.8 0.9 \
Tj=150°C 0.7 0.8 \%
rce Tj=25°C 2.5 2.9 mQ
Vee=15V T; =150 °C 3.8 4.0 mo
Vaeth) Vge=Vce, Ic = 15.2 mA 5 5.8 6.5 \%
Ices Vge=0V Tj=25°C 0.1 0.3 mA
Vce = 1200 V T;=150°C mA
Cies f=1MHz 24.6 nF
Coes Ve f=1MHz 1.62 nF
Cres f=1MHz 1.38 nF
Qa Vee=-8V..+15 2260 nC
Raint Tj=25°C 1.9 Q
taon) Vee = 600 V Tj=150°C 220 ns
t lc =400 A T;=150°C 47 ns
Eon Yoe =210V 150 °C 33 mJ
ta(ofr) Rz :: 10 Tj=150°C 505 ns
t di/dton, = 9700 A/us |Tj = 150 °C 78 ns
Eort di/dtort = 4300 A/ps | Tj = 150 °C 42 mJ
Ring-c) per IGBT 0.072 | KW
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SEMITRANS®3

Fast IGBT4 Modules
SKM400GB12T4

Features

Vce(sat) With positive temperature
coefficient

High short circuit capability, self
limiting to 6 x lcnom

Fast & soft inverse CAL diodes
Large clearance (10 mm) and
creepage distances (20 mm)

Isolated copper baseplate using DBC
Technology (Direct Copper Bonding)

Typical Applications

¢ AC inverter drives

e UPS

» Electronic welders at fsw up to 20 kHz

Remarks

¢ Case temperature limited to
T, = 125°C max, recomm.
Top =-40 ... +150°C, product
rel. results valid for T; = 150°

Characteristics

Symbol |Conditions | min. typ. max. | Unit
Inverse diode
VE=Vgc |lF=400A Tj=25°C 2.2 2.52 \Y
Vge=0V
chip T;=150°C 2.15 2.47 \Y
Vo T;=25°C 1.3 1.5 \Y
T;=150°C 0.9 1.1 \Y
Ie Tj=25°C 2.3 25 mQ
T;j=150°C 3.1 3.4 mQ
Iram Ir =400 A T;=150°C 450 A
Q. di/dto = 8800 A/us T,=150°C 68 uC
Vge=%15V
En Ve = 600 V Tj=150°C 30.5 mJ
Ring-c) per diode 0.14 K/W
Module
Lce 15 20 nH
Recuee ) ) Tc=25°C 0.25 mQ
terminal-chip To=125°C 05 mo
Rin(c-s) per module 0.02 0.038 K/W
Ms to heat sink M6 3 5 Nm
M to terminals M6 25 5 Nm
Nm
w 325 g

BRI

Rev. 2 — 16.06.2009

© by SEMIKRON
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Technische Information / Technical Information

(GBT-moduies FZ600R12KE4

(infineon

62mm C-Serien Modul mit Trench/Feldstopp IGBT4 und Emitter Controlled 4 Diode
62mm C-Series module with Trench/Fieldstop IGBT4 and Emitter Controlled 4 diode

Vorlaufige Daten / Preliminary Data

Typische Anwendungen
» Hochleistungsumrichter
» Motorantriebe

» USV-Systeme

* Windgeneratoren

Elektrische Eigenschaften

» Erweiterte Sperrschichttemperatur Ty;op

* Niedrige Schaltverluste

» Sehr grof3e Robustheit

* Vcesat Mit positivem Temperaturkoeffizienten
* Niedriges Vcesat

Mechanische Eigenschaften

* 4 kV AC 1min Isolationsfestigkeit
» Gehause mit CTI > 400

» GroRe Luft- und Kriechstrecken
« Isolierte Bodenplatte

» Standardgehause

Typical Appearance

[

Vces = 1200V
Ic nom = 600A / Icrm = 1200A

Typical Applications

» High Power Converters
* Motor Drives

* UPS Systems

* Wind Turbines

Electrical Features

» Extended Operation Temperature Tyjop

» Low Switching Losses

« Unbeatable Robustness

* Vcesat With positive Temperature Coefficient
* Low Vcesat

Mechanical Features

* 4 kV AC 1min Insulation

» Package with CTI > 400

« High Creepage and Clearance Distances
« Isolated Base Plate

« Standard Housing

Module Label Code

Barcode Code 128 III Content of the Code Digit
g
m Module Serial Number 1- 5
"l " | I '“ 000000 Module Material Number 6-11
Production Order Number 12-19
DMX -

Code !;31"—3 Datecode (Production Year) 20-21
. Datecode (Production Week) 22-23

prepared by: MK date of publication: 2013-11-04

approved by: WR revision: 2.1

UL approved (E83335)




Technische Information

IGBT-Module
IGBT-modules

FZ600R12KE4

/ Technical Information

infineon

IGBT,Wechselrichter / IGBT,

Inverter

Hochstzuldssige Werte / Maximum Rated Values

Vorlaufige Daten

Preliminary Data

Kollektor-Emitter-Sperrspannung — 9Eo,

Collector-emitter voltage Ty=25°C Vees 1200 v

Kollektor-Dauergleichstrom - o - o

Continuous DC collector current Te =100°C, Tymax = 175°C lc pom 600 A

Periodischer Kollektor-Spitzenstrom _

Repetitive peak collector current te=1ms leru 1200 A

Gesamt-Verlustleistung — 950, - °

Total power dissipation Tc =25°C, Tyjmax = 175°C Prot 3000 w

Gate-Emitter-Spitzenspannung 3

Gate-emitter peak voltage Vaes +-20 v

Charakteristische Werte / Characteristic Values min. _typ. max.

Kollektor-Emitter-Sattigungsspannung lc =600 A, Vee =15V Ty =25°C 1,75 12,10 | V

Collector-emitter saturation voltage Ic =600 A, Vee =15V Ty=125°C | Vcesa 2,00 \Y
lc=600A, Ve =15V T = 150°C 2,05 \Y

Gate-Schwellenspannung _ — — 950,

Gate threshold voltage lo =23,0 mA, Ve = Ve, Ty = 25°C Veen | 52 | 58 | 64 | V

Gateladung B

Gate charge Vee=-15V ... +15V Qs 5,60 uC

Interner Gatewiderstand — 9Eo,

Internal gate resistor Ty=25°C Rain 1.3 Q

Eingangskapazitat - _oro - - .

Input capacitance f=1MHz, T,;=25°C,Vce =25V, Ve =0V Cies 42,0 nF

Rickwirkungskapazitat _ _ oro — —

Reverse transfer capacitance f=1MHz, T,j=25°C, Vce =25V, Vee =0 V Cres 1,70 nF

Kollektor-Emitter-Reststrom - - _oEo

Collector-emitter cut-off current Vee = 1200V, Vee =0V, Ty = 25°C lees 50 | mA

Gate-Emitter-Reststrom _ - — 5o

Gate-emitter leakage current Vee=0V,Vee =20V, T, =25°C lees 400 | nA

Einschaltverzdgerungszeit, induktive Last |lc =600 A, Vce = 600 V Ty =25°C t 0,24 Us

Turn-on delay time, inductive load Vee=115V T, =125°C don 0,25 us
Reon =1,2Q Ty = 150°C 0,26 us

Anstiegszeit, induktive Last Ic =600 A, Vce = 600 V T, =25°C ¢ 0,09 us

Rise time, inductive load Vee =415V T, =125°C " 0,10 us
Reon =1,2Q Ty = 150°C 0,11 us

Abschaltverzdgerungszeit, induktive Last  |Ic =600 A, Vce = 600 V T,j=25°C t 0,61 us

Turn-off delay time, inductive load Vee =215V Ty =125°C doff 0,64 Us
Reorr = 1,2 Q Ty = 150°C 0,66 us

Fallzeit, induktive Last lc =600 A, Vce = 600 V T, =25°C t 0,10 us

Fall time, inductive load Vee =415V Ty =125°C f 0,14 us
Reof = 1,2 Q T = 150°C 0,15 us

Einschaltverlustenergie pro Puls lc =600 A, Vce =600 V, Ls = 60 nH T, =25°C 35,0 mJ

Turn-on energy loss per pulse Vee = 215V, di/dt = 5500 A/ps (Ty; = 150°C) Ty; = 125°C Eon 50,0 mJ
Reon = 1,2 Q T, =150°C 55,0 mJ

Abschaltverlustenergie pro Puls lc =600 A, Vce =600V, Ls =60 nH T, =25°C 50,0 mJ

Turn-off energy loss per pulse Vee = 215V, du/dt = 3500 V/ps (Ty; = 150°C)Ty; = 125°C Eot 75,0 mJ
Reot = 1,2 Q Ty = 150°C 80,0 mJ

KurzschluBverhalten Vee <15V, Vce = 800 V |

SC data Veemax = Vces -Lsce -di/dt tp< 10 ps, Ty = 150°C se 2400 A

Warmewiderstand, Chip bis Gehause

Thermal resistance, junction to case pra IGBT / per IGBT Rine 0,05 | KW

Warmewiderstand, Gehause bis Kuhlkorper | pro IGBT / per IGBT

Thermal resistance, case to heatsink Apaste = 1 W/(MK) /| Agrease = 1 W/(m-K) Rincn 0,017 Kw

Temperatur im Schaltbetrieb o

Temperature under switching conditions Tyop -40 150 | °C
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Diode, Wechselrichter / Diode, Inverter
Hochstzuldssige Werte / Maximum Rated Values

Vorlaufige Daten
Preliminary Data

Periodische Spitzensperrspannung — 9Eo,
Repetitive peak reverse voltage Ty=25°C Vrau 1200 v
Dauergleichstrom
Continuous DC forward current Ir 600 A
Periodischer Spitzenstrom _
Repetitive peak forward current te=1ms IrRm 1200 A
Grenzlastintegral VrR=0V,tp =10 ms, T,;= 125°C 12t 51000 A%
It - value VrR=0V,tr=10ms, T,; = 150°C 49000 A%s
Charakteristische Werte / Characteristic Values min. typ. max.
Durchlassspannung Ir=600A,Vee=0V T, =25°C 1,80 | 235 | V
Forward voltage IF=600A,Vee=0V Ty =125°C Ve 1,75 \
IF=600A, Vee =0V Ty = 150°C 1,70 \Y
Ruckstromspitze Ir = 600 A, - dir/dt = 5500 A/us (Ty=150°C) T, =25°C 440 A
Peak reverse recovery current Vr =600 V Ty =125°C Irm 560 A
Vee=-15V Ty =150°C 590 A
Sperrverzégerungsladung Ir =600 A, - dir/dt = 5500 A/us (T,=150°C) T,;=25°C 55,0 uC
Recovered charge Vr =600V Ty =125°C Q 100 uC
Vee =-15V Ty =150°C 115 uc
Abschaltenergie pro Puls Ir =600 A, - dir/dt = 5500 A/us (T=150°C) T;=25°C 27,0 mJ
Reverse recovery energy Vr =600V T, =125°C Erec 52,0 mJ
Vee =-15V Ty = 150°C 60,0 mJ
Warmewiderstand, Chip bis Gehduse . :
Thermal resistance, junction to case pra Diade / per diode Rine 0,07 | KW
Warmewiderstand, Gehause bis Kuhlkorper | pro Diode / per diode
Thermal resistance, case to heatsink Apase = 1 WIM-K) /| Agrosse = 1 W/(m-K) Rincn 0,024 Kw
Temperatur im Schaltbetrieb o
Temperature under switching conditions Tyop -40 150 | °C
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(R T-maduie FZ600R12KE4
IGBT-modules
Vorlaufige Daten
Preliminary Data
Modul / Module
Isolations-Priifspannung _ _ .
Isolation test voltage RMS, f=50 Hz, t =1 min. Viso 4,0 kv
Material Modulgrundplatte Cu
Material of module baseplate
Innere Isolation Basisisolierung (Schutzklasse 1, EN61140) ALO
Internal isolation basic insulation (class 1, IEC 61140) 2238
Kriechstrecke Kontakt - Kiihlkdrper / terminal to heatsink 25,0 mm
Creepage distance Kontakt - Kontakt / terminal to terminal 19,0
Luftstrecke Kontakt - Kiihlkérper / terminal to heatsink 25,0 mm
Clearance Kontakt - Kontakt / terminal to terminal 10,0
Vergleichszahl der Kriechwegbildung
Comperative tracking index cT > 400
min.  typ. max.

Warmewiderstand, Gehause bis Kiihlkorper | pro Modul / per module R 0.01 KW
Thermal resistance, case to heatsink Apaste = 1 W/(M*K) / Agrease = 1 W/(m-K) theH '
Modulstreuinduktivitat
Stray inductance module Lsce 16 nH
Modulleitungswiderstand, Anschllsse -
Chip Tc = 25°C, pro Schalter / per switch Receer 0,50 mQ
Module lead resistance, terminals - chip
Lagertemperatur o
Storage temperature Teg -40 125 | °C
Anzugsdrehmoment f. Modulmontage Schraube M6 - Montage gem. gliltiger Applikationsschrift M 3.00 R 6.00 | Nm
Mounting torque for modul mounting Screw M6 - Mounting according to valid application note ’ !
Anzugsdrehmoment f. elektr. Anschliisse |Schraube M4 - Montage gem. gliltiger Applikationsschrift 11 R 20 | Nm
Terminal connection torque Screw M4 - Mounting according to valid application note M ! ’

Schraube M6 - Montage gem. gliltiger Applikationsschrift 25 B 50 | Nm

Screw M6 - Mounting according to valid application note ! ’
Gewicht
Weight G 340 9
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Ausgangskennlinie IGBT,Wechselrichter (typisch)
output characteristic IGBT,Inverter (typical)

lc =f(Vce)
Vee=15V
1200 T T ;
— Ty =25°C )
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------ T, =150°C /.
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Ubertragungscharakteristik IGBT,Wechselrichter (typisch)

transfer characteristic IGBT,Inverter (typical)
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Vee =20V
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Vorlaufige Daten
Preliminary Data

Ausgangskennlinienfeld IGBT,Wechselrichter (typisch)
output characteristic IGBT,Inverter (typical)

lc =f(Vce)
Tyj = 150°C
1200 T T T -
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Schaltverluste IGBT,Wechselrichter (typisch)
switching losses IGBT,Inverter (typical)
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Eon = f (Ic), Eofr = f (Ic)
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Vorlaufige Daten
Preliminary Data

Schaltverluste IGBT,Wechselrichter (typisch) Transienter Warmewiderstand IGBT,Wechselrichter
switching losses IGBT,Inverter (typical) transient thermal impedance IGBT,Inverter
Eon = f (Ra), Eot = f (Ra) Zingc = f (1)
Vee =215V, Ic =600 A, Vce = 600 V
500 I I s 011 L T TTTTI I
—— Eon, Ty = 125°C o Zunic 1 1GBT |
450 H - Eom Tyy=125°C
------ Eon, Ty = 150°C
— — Eo, Tyj=150°C |
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350
300
= g
5
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w g
200 N
/ /
150 /
100 S S
== i 12 3 4 i
50 rK/W]: 0,013 0,0145 0,01625 0,00625
tfsk 001 002 005 01
. 00 A
0 2 6 8 10 12 0,001 0,01 0,1 1 10
Re [Q] t[s]
Sicherer Riickwarts-Arbeitsbereich IGBT,Wechselrichter Durchlasskennlinie der Diode, Wechselrichter (typisch)
(RBSOA) forward characteristic of Diode, Inverter (typical)
reverse bias safe operating area IGBT,Inverter (RBSOA) Ir=f(VE)
|c =f (VCE)
Vee =15V, Reort = 1.2 Q, Ty = 150°C
1400 : . 1200 p—T—T—
11 Ic, Modul — T,y=25°C
1300 - - | Chip --- Ty=125°C
------ Ty =150°C 4
1200 1000 y
1100
1000 ,.;’
900 800 ¥
800
< 700 <. 600
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500 ‘ 400
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300 \
200 \ 200
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0 0 =
0 200 400 600 800 1000 1200 1400 0,0 0,2 04 06 0,8 10 1,2 1,4 16 18 20 22 24
Vce [V] Ve [V]
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Vorlaufige Daten
Preliminary Data

Schaltverluste Diode, Wechselrichter (typisch) Schaltverluste Diode, Wechselrichter (typisch)
switching losses Diode, Inverter (typical) switching losses Diode, Inverter (typical)
Erec = f (IF) Erec = f (Ra)
Reon = 1.2 Q, Vce =600 V Ir =600 A, Vce = 600 V
80 T T 80 T T
—— Eree, Ty = 125°C | —— Eree, Tyj = 125°C
=== Ereq, Tyy=150°C JEEES A === Ere, Ty =150°C
70 = 70
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Transienter Warmewiderstand Diode, Wechselrichter
transient thermal impedance Diode, Inverter

Zingc = f (1)
011 L T TTTTI I
Zunsc : Diode |
g
20,01
9
& 7
/
/
it 1 2 3 4 T
r[K/W]: 0,0182 0,0203 0,02275 0,00875
tfsh 001 002 005 01
A8
0,001 0,01 0,1 1 10
t[s]
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Vorlaufige Daten
Preliminary Data

Nutzungsbedingungen

Die in diesem Produktdatenblatt enthaltenen Daten sind ausschlieBlich fiir technisch geschultes Fachpersonal bestimmt. Die Beurteilung
der Eignung dieses Produktes fiir Inre Anwendung sowie die Beurteilung der Vollstéandigkeit der bereitgestellten Produktdaten fiir diese
Anwendung obliegt lhnen bzw. lhren technischen Abteilungen.

In diesem Produktdatenblatt werden diejenigen Merkmale beschrieben, firr die wir eine liefervertragliche Gewahrleistung Gbernehmen. Eine
solche Gewabhrleistung richtet sich ausschliellich nach MaRgabe der im jeweiligen Liefervertrag enthaltenen Bestimmungen. Garantien
jeglicher Art werden fiir das Produkt und dessen Eigenschaften keinesfalls ibernommen. Die Angaben in den giiltigen Anwendungs- und
Montagehinweisen des Moduls sind zu beachten.

Sollten Sie von uns Produktinformationen benétigen, die tber den Inhalt dieses Produktdatenblatts hinausgehen und insbesondere eine
spezifische Verwendung und den Einsatz dieses Produktes betreffen, setzen Sie sich bitte mit dem fiir Sie zusténdigen Vertriebsbdro in
Verbindung (siehe www.infineon.com, Vertrieb&Kontakt). Fiir Interessenten halten wir Application Notes bereit.

Aufgrund der technischen Anforderungen kénnte unser Produkt gesundheitsgefahrdende Substanzen enthalten. Bei Ruckfragen zu den in
diesem Produkt jeweils enthaltenen Substanzen setzen Sie sich bitte ebenfalls mit dem fiir Sie zustandigen Vertriebsbiro in Verbindung.

Sollten Sie beabsichtigen, das Produkt in Anwendungen der Luftfahrt, in gesundheits- oder lebensgefahrdenden oder lebenserhaltenden
Anwendungsbereichen einzusetzen, bitten wir um Mitteilung. Wir weisen darauf hin, dass wir firr diese Falle
- die gemeinsame Durchfiihrung eines Risiko- und Qualitdtsassessments;
- den Abschluss von speziellen Qualitatssicherungsvereinbarungen;
- die gemeinsame Einfiihrung von MaRnahmen zu einer laufenden Produktbeobachtung dringend empfehlen und
gegebenenfalls die Belieferung von der Umsetzung solcher MalRnahmen abhéngig machen.

Soweit erforderlich, bitten wir Sie, entsprechende Hinweise an lhre Kunden zu geben.

Inhaltliche Anderungen dieses Produktdatenblatts bleiben vorbehalten.

Terms & Conditions of usage

The data contained in this product data sheet is exclusively intended for technically trained staff. You and your technical departments will
have to evaluate the suitability of the product for the intended application and the completeness of the product data with respect to such
application.

This product data sheet is describing the characteristics of this product for which a warranty is granted. Any such warranty is granted
exclusively pursuant the terms and conditions of the supply agreement. There will be no guarantee of any kind for the product and its
characteristics. The information in the valid application- and assembly notes of the module must be considered.

Should you require product information in excess of the data given in this product data sheet or which concerns the specific application of
our product, please contact the sales office, which is responsible for you ( see www.infineon.com ). For those that are specifically
interested we may provide application notes.

Due to technical requirements our product may contain dangerous substances. For information on the types in question please contact the
sales office, which is responsible for you.

Should you intend to use the Product in aviation applications, in health or live endangering or life support applications, please notify. Please
note, that for any such applications we urgently recommend
- to perform joint Risk and Quality Assessments;
- the conclusion of Quality Agreements;
- to establish joint measures of an ongoing product survey, and that we may make delivery depended on
the realization of any such measures.

If and to the extent necessary, please forward equivalent notices to your customers.

Changes of this product data sheet are reserved.

prepared by: MK date of publication: 2013-11-04
approved by: WR revision: 2.1
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IGBT Module
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Doc. No. 5SYA1590-00 Oct 06

Low-loss, rugged SPT chip-set

Smooth switching SPT chip-set for
good EMC

Industry standard package
High power density

AISiC base-plate for high power
cycling capability

AIN substrate for low thermal
resistance

Maximum rated values »

Parameter Symbol | Conditions min | max | Unit
Collector-emitter voltage Vces Vee=0V, T,;225°C 1700 | V
DC collector current Ic T.=80°C 800 A
Peak collector current lem t,=1ms, T.=80 °C 1600 | A
Gate-emitter voltage VGEs -20 20 \Y
Total power dissipation Piot T. =25 °C, per switch (IGBT) 4800 | W
DC forward current I 800 A
Peak forward current lerm 1600 | A
Surge current Iesm ::R:lg m;ﬁ;&;ﬁ eovcvéwe 6600 | A
- Vec=1200 V, V, £1700V
IGBT short circuit SOA tosc VZEE 15V, T, iEZMSC}:E 10 | us
Isolation voltage Visol 1min,f=50Hz 4000 | V
Junction temperature Ty 150 | °C
Junction operating temperature Tyiop) -40 | 125 | °C
Case temperature Te -40 125 | °C
Storage temperature Teg -40 125 | °C
Mg Base-heatsink, M6 screws 4 6
Mounting torques 2 Mu Main terminals, M8 screws 8 10 | Nm
M Auxiliary terminals, M4 screws 2 3

Y Maximum rated values indicate limits beyond which damage to the device may occur per IEC 60747
2 For detailed mounting instructions refer to ABB document no. 5SYA 2039 - 01

ABB Switzerland Ltd, Semiconductors reserves the right to change specifications without notice.
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IGBT characteristic values »

Parameter Symbol | Conditions min | typ | max | Unit
Collector (-emitter) _ _ o o
breakdown VOItage V(BR)CES Vee = oV, Ic = 10 mA, Tv] =25 °C 1700 \Y
—emi 4 T,= 25°C 2.0 2.3 2.6 \Y
CoIIect_or emitter Vere | lc =800 A, Vee = 15 V vj
saturation voltage T;=125°C | 2.3 2.6 29 \V]
T,;= 25°C 4 | mA
Collector cut-off current lces Vce=1700V, Vge =0V
T,;=125°C 40 mA
Gate leakage current lges Vece =0V, Vge =20V, T,;=125 °C -500 500 | nA
Gate-emitter threshold voltage Veeo) | lc =80 MA, Vg = Vgg, Ty =25 °C 45 6.5 \Y
Ic =800 A, Ve =900V,
h 7.
Gate charge Qge Ve =-15V .. 15V 3 uc
Input capacitance Cies 76
Output capacitance Coes }I./?E__zg‘r’o\é Vee =0V, f=1MHz, 7.3 nF
\/
Reverse transfer capacitance Cres 3.2
- delay ¢ Vee =900V, T,;= 25°C 485
urn-on delay time n - ns
y d(on) Ic =800 A, T,=125°C 485
Ro=12W T, = 25°C 165
Rise time t, Vee =15V, ) u= ns
Ls = 80 nH, inductive load T,;=125°C 170
T  delav ti t Vee =900V, T,;= 25°C 790
urn-off delay time - ns
y d(off) Ic =800 A, T,=125°C 875
Ro=18W T = 25°C 160
Fall ime t Vee =215V, _ uz ns
Ls = 80 nH, inductive load T,;=125°C 185
Vce =900V, Ic = 800 A, T,= 25°C 160
Turn-on switching energy Eon Vee =215V, Rg=1.2 W, mJ
Ls = 80 nH, inductive load Ty =125°C 250
Vee =900V, Ic = 800 A, T;= 25°C 220
Turn-off switching energy Eoff Vee =215V, Rg = 1.8 W, mJ
Ls = 80 nH, inductive load ~ Ty =125°C 300
- tpse S 10 ps, Vee =15V, T,; = 125 °C,
Short circuit current Isc Ve = 1200 V, Vegy crp < 1700 V 3600 A
Module stray inductance Ls ce Leg 1l 24 nH
. . ) Tc= 25°C 0.18
Resistance, terminal-chip Rcco+ee | Legl mQ
Tc=125°C 0.255

3 Characteristic values according to IEC 60747 — 9
4 Collector-emitter saturation voltage is given at chip level

ABB Switzerland Ltd, Semiconductors reserves the right to change specifications without notice.
Doc. No. 5SYA1590-00 Oct 06 page 2 of 9
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IGBT characteristic values »

Parameter Symbol | Conditions min | typ | max | Unit
Collector (-emitter) _ _ o o
breakdown VOItage V(BR)CES Vee = oV, Ic = 10 mA, Tv] =25 °C 1700 \Y
—emi 4 T,= 25°C 2.0 2.3 2.6 \Y
CoIIect_or emitter Vere | lc =800 A, Vee = 15 V vj
saturation voltage T;=125°C | 2.3 2.6 29 \V]
T,;= 25°C 4 | mA
Collector cut-off current lces Vce=1700V, Vge =0V
T,;=125°C 40 mA
Gate leakage current lges Vece =0V, Vge =20V, T,;=125 °C -500 500 | nA
Gate-emitter threshold voltage Veeo) | lc =80 MA, Vg = Vgg, Ty =25 °C 45 6.5 \Y
Ic =800 A, Ve =900V,
h 7.
Gate charge Qge Ve =-15V .. 15V 3 uc
Input capacitance Cies 76
Output capacitance Coes }I./?E__zg‘r’o\é Vee =0V, f=1MHz, 7.3 nF
\/
Reverse transfer capacitance Cres 3.2
- delay ¢ Vee =900V, T,;= 25°C 485
urn-on delay time n - ns
y d(on) Ic =800 A, T,=125°C 485
Ro=12W T, = 25°C 165
Rise time t, Vee =15V, ) u= ns
Ls = 80 nH, inductive load T,;=125°C 170
T  delav ti t Vee =900V, T,;= 25°C 790
urn-off delay time - ns
y d(off) Ic =800 A, T,=125°C 875
Ro=18W T = 25°C 160
Fall ime t Vee =215V, _ uz ns
Ls = 80 nH, inductive load T,;=125°C 185
Vce =900V, Ic = 800 A, T,= 25°C 160
Turn-on switching energy Eon Vee =215V, Rg=1.2 W, mJ
Ls = 80 nH, inductive load Ty =125°C 250
Vee =900V, Ic = 800 A, T;= 25°C 220
Turn-off switching energy Eoff Vee =215V, Rg = 1.8 W, mJ
Ls = 80 nH, inductive load ~ Ty =125°C 300
- tpse S 10 ps, Vee =15V, T,; = 125 °C,
Short circuit current Isc Ve = 1200 V, Vegy crp < 1700 V 3600 A
Module stray inductance Ls ce Leg 1l 24 nH
. . ) Tc= 25°C 0.18
Resistance, terminal-chip Rcco+ee | Legl mQ
Tc=125°C 0.255

3 Characteristic values according to IEC 60747 — 9
4 Collector-emitter saturation voltage is given at chip level

ABB Switzerland Ltd, Semiconductors reserves the right to change specifications without notice.
Doc. No. 5SYA1590-00 Oct 06 page 2 of 9
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Diode characteristic values ®

Parameter Symbol | Conditions min | typ | max | Unit
T,;= 25°C 165 | 2.0
Forward voltage © Ve Ir=800 A \
T;=125°C 1.7 | 2.0
T;= 25°C 560
Reverse recovery current Ly A
T,;=125°C 730
VC_C =900V, Tj= 25°C 210
Recovered charge Qn Ir = 800 A, uc
Vge = #15 V, T,;=125°C 385
o i t Rg=12W Tj= 25°C 690
everse recovery time = ns
Y " Ls =80 nH T, = 125 °C 975
inductive load )
Tj= 25°C 150
Reverse recovery energy Erec mJ
T,;=125°C 270
Module stray inductance Ls ae Leg 2 24 nH
. . . Tc= 25°C 0.18
Resistance, terminal-chip Raa+cc | Leg 2 mQ
Tc=125°C 0.255

9 Characteristic values according to IEC 60747 — 2
© Forward voltage is given at chip level

Thermal properties ”

Parameter Symbol | Conditions min | typ | max | Unit

IGBT thermal resistance

junction to case Ring-eycer 0.021] KW

er switch
Diode thermal resistance P
junction to case Ring-eypiope 0.036| KW
- >

IC(EE;SB;'tt:Eg?SI"r]imstance Rine-sicer | IGBT per switch, | grease = 1W/m* K 0.024 K/W
- - .

?;Z:Eiéhﬁé;g:nf sistance Rinc-spiope | Diode per switch, | grease = 1IW/m* K 0.048 K/W

? For detailed mounting instructions refer to ABB document no. 5SYA 2039 - 01

Mechanical properties »

Parameter Symbol | Conditions min | typ | max | Unit
Dimensions L*W *H | Typical , see outline drawing 130 %140 *x 38 mm
Clearance distance in air d according to IEC 60664-1 | Term. to base:| 10 mm
2 and EN 50124-1 Term. to term: | 10
Surface creepage distance d according to IEC 60664-1 | Term. to base:| 15 mm
pag ° and EN 50124-1 Term. to term: | 15
Mass m 900 g

” Thermal and mechanical properties according to IEC 60747 — 15
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Electrical configuration

Leg 1 Leg 2
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Note: all dimensions are shown in mm

2 For detailed mounting instructions refer to ABB document no. 5SYA 2039 - 01
This is an electrostatic sensitive device, please observe the international standard IEC 60747-1, chap. IX.
This product has been designed and qualified for industrial level.
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Fig.1  Typical on-state characteristics, chip level Fig.2  Typical transfer characteristics, chip level
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Fig.3  Typical output characteristics, chip level Fig.4  Typical output characteristics, chip level
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Fig.5  Typical switching energies per pulse Fig. 6  Typical switching energies per pulse
vs collector current Vs gate resistor
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Fig.7  Typical switching times Fig. 8  Typical switching times
vs collector current Vs gate resistor
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Fig. 11 Turn-off safe operating area (RBSOA)
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chip level
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Fig. 16 Thermal impedance vs time

For detailed information refer to:
5SYA 2042-02 Failure rates of HiPak modules due to cosmic rays
5SYA 2043-01 Load — cycle capability of HiPaks
5SZK 9120-00 Specification of environmental class for HiPak (available upon request)

ABB Switzerland Ltd, Semiconductors reserves the right to change specifications without notice.

AL 1D HD
MRpmD

ABB Switzerland Ltd Doc. No. 5SYA1590-00 Oct 06
Semiconductors

Fabrikstrasse 3

CH-5600 Lenzburg, Switzerland

Telephone +41 (0)58 586 1419

Fax +41 (0)58 586 1306

Email abbsem@ch.abb.com

Internet www.abb.com/semiconductors



	fb303a68b3008b3c836abc7928e23c703f23142789ffa287f4080fc5e58023e6.pdf
	51b58e83cce955a8819f5b2a47f095f4deb1cdb1a6b9bab76d7776e1cd6807da.pdf
	1cabcb4e6a81065043b8e53023a7ef2af55f11d68fbbb59e57f989b8ba2a54c7.pdf
	4254b061cfcb31d603326364f137eb2ee0ac721a02163fec56c10d9d439f785f.pdf
	711616197fabb3dcf39e2f437dfe162f733ed3d2a42e4f47ecdc272b6d53b8f5.pdf
	5ee205d9f9ee61b0212409026b3640b87f991496e84b9a348c9b328196ceba04.pdf
	84f54c4df4ac213e6150da7a82b23d80f8a1136ff7b5bddf7c799fb993674d3b.pdf
	cbc5a20a6bec6ef97837bf5cd256f05142fef99c3d0e8db9c2e7e201fe942a36.pdf
	a9f6e5cf2593d6fa572a3768d4507f6662876b08d9bc0938efd499e2ee775d89.pdf
	7cb1e544553ceb7cef99483e9135899703e85959ea62ca36f57d65f9440b3e23.pdf
	424d1561cf3394ff3caacd94872c9e0e7f296df6b2bc9702a453329eaab0ad31.pdf

	7cb1e544553ceb7cef99483e9135899703e85959ea62ca36f57d65f9440b3e23.pdf
	424d1561cf3394ff3caacd94872c9e0e7f296df6b2bc9702a453329eaab0ad31.pdf



	29cb4d990427e31c9d10f9f6e1878151d1301012a9fbce8f14dc92c9a3dce696.pdf
	623a06957775ed10dfd09c47cd49c0ee1cc3bf67e5179e8fc599483d31306267.pdf
	Introduction
	Background
	Motivation
	Emerging Semiconductor Technologies
	Manufacturer Simulation Tools

	Statement of the Problem
	Objectives
	General Objective
	Specific Objectives

	Literature Review
	Methodology
	Contributions
	Thesis Scope
	Thesis Outline 

	Semiconductor Devices in Converters and Pulse Width Modulation Techniques 
	High-Performance Three-Phase Traction Inverter 
	Semiconductor Devices in Converter Systems
	Types of Power Semiconductor Devices 

	Selection Criteria of Semiconductor Devices 
	PWM Technologies
	Sinusoidal Pulse Width Modulation Technique 
	Space Vector Pulse Width Modulation (SVPWM)


	Theory and Modeling of the Traction Drive System
	Frame Transformation
	Dynamic Modelling of IPMSM
	Electrical Model 
	Mechanical Model

	Control Strategies of IPMSM Drive System
	Speed Control of IPMSM
	Field-oriented Control (FOC) or Vector Control (VC)
	Zero  d -Current Control 
	Maximum Torque per Ampere Control (MTPA) 
	Decoupling Approaches



	Loss Calculations for Semiconductor Devices in Three-Phase Inverters
	Introduction
	The Significance of Power Loss Calculation 
	Conduction Loss Modeling in SPWM
	 IGBT Conduction Loss 
	Diode Conduction Loss 
	SiC-MOSFET Conduction Losses 

	Conduction Loss Modeling in SVPWM 
	IGBT Conduction Loss 
	Diode Conduction Loss 
	SiC-MOSFET Conduction Loss 

	 Switching Loss Modeling 
	IGBT Switching Losses 
	SiC-MOSFET Switching Losses
	Diode Reverse Recovery losses

	Thermal Modeling
	Thermal Equivalent Network
	Foster Model
	Cauer Model

	Heat Spreading and Temperature Calculation
	Heat Sink Fundamentals


	Simulation Results and Discussion 
	Control Strategy Performance
	Analysis of Inverter Output Waveforms under SPWM and SVPWM
	Speed and Torque Performance Analysis
	Steady-State Performance
	Transient Performance


	Semiconductor Loss Analysis
	Losses in SPWM
	Losses From Infineon Module 
	Losses From Semikron Module
	Losses From ABB Module
	Comparative Analysis of Inverter Losses Using SPWM

	 Losses in SVPWM
	Losses From Infenion-Module
	Losses From Semikron-Module
	Losses From ABB Module
	Comparative Analysis of IGBT-Based Inverter Losses in SVPWM

	Overall Loss Comparison of all devices between SVPWM and SPWM
	Three-Phase SiC-MOSFET Loss Analysis 
	Loss in SPWM 
	 Losses in SVPWM 


	Impact of Modulation Index on Power Losses, Efficiency, and THD
	Junction Temperature Analysis in SVPWM and SPWM-Based Inverters.


	 Conclusion and Recommendations
	Conclusion
	Recommendations and Future Work
	Experimental Validation of Core Models and Devices
	Implementation of Intelligent and Adaptive Control Strategies


	References



	8a33e3d34221a2012844a0ce47411e198e91feb0d70cbf3f8c7c3e02ea75fc54.pdf
	b8a95b92dbcaa120601231e7369dbca40c0f92c6688c7984227752eeb5d9b2f4.pdf






