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Active Thermal Control of Power Semiconductor for High Power Electric Drive Ap-
plications
AMARE YESGAT
Department of Electrical Power Engineering
Chalmers University of Technology

Abstract
Electric vehicle applications, driven by the need for space and mass savings, increas-
ingly demand high-power density inverters. However, this reduction in mass has led
to a decrease in thermal capacity, badly exposing power semiconductors to larger
temperature swings and thermal cyclic stress. The vulnerability of wire bonds and
chip solder in the power semiconductor to failure due to thermal cycling necessi-
tates a solution. This solution, actively controlling the junction temperature during
operation, is the focus of this research and is referred to as active thermal control
techniques (ATC).

Different active thermal control strategies are explored in the literature via manip-
ulation of losses or heat dissipation and they are discussed in this work. Some of
the methods require specific hardware, such as specialized gate drivers. The control
of junction temperature without any extra hardware can be achieved by controlling
the PWM frequency, load current, and modulation methods. However, controlling
load current requires implementing an online current reference estimation. Addition-
ally, changing the modulation method would increase control complexity. Therefore,
this work investigates active junction temperature control by varying the PWM fre-
quency.

The junction temperature is controlled using a hysteresis band-type controller with
some modifications. The influence of the control band and average junction tem-
perature calculation on the inverter’s control effectiveness, prolonged lifetime, and
improved efficiency is investigated. The inverter’s losses are calculated analytically,
and the inverter is implemented together with a heavy-duty truck and machine
model in simulations. Drive cycle-based analysis is combined together with rain
flow counting and a lifetime model to estimate the influence of the controller on
the devices’ lifetime. Simulation results show that the active control of the junction
temperature can result in more than 246% increase in lifetime and simultaneously
increase efficiency by 0.30%.

Keywords: lifetime, active thermal control (ATC), junction, junction temperature,
thermal cycle, hysteresis controller.
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1
Introduction

1.1 Background
A lot of research has been carried out for a certain time in automotive industries,
specifically electric cars. The first exhibition of discovers of electric vehicles was cre-
ated in the 19th century by Thomas Davenport and Robert Anderson between 1820
and 1830. It has become popular over worldwide, even after a century. The sales of
electric cars are growing very quickly year over year, according to the International
Energy Agency(IEA) as shown from the figure blow [1].

Approximately one in five sales cars in 2023 were electric. Nearly 14 million elec-
tric automobiles were sold in 2023 .With the bulk of those sales taking place in
China, Europe, and the US. About 14 million brand-new electric cars were regis-
tered worldwide in 2023. This is increasing the total number of automobiles on the
road to 40 million. This amount largely corresponded with the Global EV Outlook
2023 (GEVO-2023) sales estimate. In 2023, 3.5 million more electric vehicles were
sold than in 2022 which is a 35% annual increase. This is more than six times it
was in 2018 which was only five years ago. There are more car registrations every
week in 2023 than there were in 2013 whole year. The car sold in one weekly during
2023 is higher than the 2013 whole annual year total sold cars. In 2023 electric cars
accounted for almost 18% of all sold vehicles which is up 2% from 2022 [2].Figure
1.1 shows that how the sale of electric car grow faster in a few consecutive years.

Based on to European forecast research, by the next decade, the growth rate will be
more than a double or triple that of the present day. So, the study shows that by
2040, with the growth of electric vehicle sales. According to the research European
countries will become the leaders of the production and sales market by producing
sixteen million electric vehicles which followed by China and America, fabricating
fourteen million electric cars each. This research implies that only the sales by China
or America will be higher than electric car sales all over the world by 2023 and this
shows that electric vehicles will take over fully any other non-electric vehicle and
push out from the road by the near time [3].This rapid growth leads me to work
on the electric vehicle area, especially on the inverter design and analysis, since the
advancement in charging speed, decrease in the power loss of the electronic modules
(MOSFET), and its lifetime extension can accelerate its rapid growth rate.

Most electric vehicle manufacturer uses high voltage rating batteries and well-
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1. Introduction

developed inverters (MOSFET) to handle and accomplish some advantages.Those
advantages are reduction of charging cable size and reduced complexity, high power
density, switching loss reduction and short charging time, lighter wires, and more
efficient motors, However, this high-voltage battery creates stress on power semi-
conductors, and therefore, the reliability, lifetime, and proper functionality of the
power semiconductors becomes questionable.Increasing energy density is also in de-
mand in electric vehicle.this reduce the thermal capability and increase junction
temperature.

Figure 1.1: Electric car sales per year[2]

Despite the rapid increases in electric vehicle use, those thermo-mechanical stresses
on power semiconductors hinder rapid growth.The stress is due to the power loss
fluctuation. This causes increases in the junction temperature, especially at the
bond wire and solder layer of the power semiconductor, finally affecting its reliabil-
ity and lifetime. Therefore, using the analytic model of the power loss and junction
temperature model of the power semiconductor, it is necessary to handle the junc-
tion temperature swing by monitoring different parameters such as load current,
switching frequency, duty cycle, and power factor [4].This thesis develops the ana-
lytic model of the power semiconductor by considering the switching and conduction
loss and 1-D thermal network to determine the junction temperature of the Hybrid
PACK™ Drive G2 module of SiC MOSFET [6,11].By controlling the switching fre-
quency, the effect of junction temperature on the reliability and lifetime of the power
semiconductors are analyzed based on different lifetime models such as the LESIT
project1997 model, R. Bayerer et al. CIPS 2008 model and another solder layer and
bond wire-based lifetime models of Hybrid PACK™ Drive G2 module [7–9].

In order to maintain the switching and conduction loss at a regulated constant value,

2



1. Introduction

active thermal control (ATC) strategies are required, which control different param-
eters of both types of losses in order to extend the lifetime and ensure reliability.
There are various types of ATC mechanism, such as increasing overload capability,
thermal cycle reduction, balancing the thermal stress of the power devices, and con-
trolling the thermal stress of the devices in different building blocks. This thesis
uses a thermal cycle reduction mechanism using a PWM switching frequency-based
hysteresis controller by manipulating switching loss and conduction loss [10].

1.2 Aim
This project aims to analyze the effect of junction temperature variation on the
reliability and lifetime of power semiconductors using the conduction and switching
loss model. The design uses and considers the HybridPACK Drive G2 module with
SiC and MOSFET module parameters, which is now highly used for high-voltage and
high-power traction drive applications. Also, the junction temperature analysis is
extended with the help of the different chip levels of power semiconductors, lifetime
models, machines, and vehicle types.

1.3 Scope
The scope of this project is investigating the different methods of active thermal
control, especially exploring software-based and MATLAB/SIMULINK simulations
of analytic model with PWM frequency controller of power semiconductor devices
used for drive applications. The simulation is subdivided into analytic models,
junction temperatures, lifetime models, and drive cycle models.

1.4 Limitations
As stated in the scope this project works until the simulation and have not done ex-
perimental verification even though I use the some experimental results conducted by
another related project and industrial data sheet parameter values like the Hybrid-
PACK Drive G2 Infineon module of MOSFET for comparison with the simulation.

1.5 Contribution
This project’s findings and simulation results help as input and foundations for future
studies on improving the reliability and lifetime of power semiconductors, especially
bond wire failures and solder layer fatigue, and can be extended to experimental
verification.

3



1. Introduction

1.6 Research questions
Thesis research questions. How essential are active thermal control methods to han-
dle the fluctuation of junction temperature and increase the lifetime of power semi-
conductors is the general research queastion. The first one is how much the junction
temperature fluctuation affects the lifetime of power semiconductors. This research
question is answered by analyzing the junction temperature variation through dif-
ferent lifetime models. Is the same temprature load profile have the same effect on
different chip level of power semiconductor and different vehicle type is the second
research question.

4



2
Failure Types and Active Thermal

Control Review

This chapter has two main sections. The first one discusses the type, cause, result,
and mechanisms of power semiconductor failures. After describing the failures, it
is required to address the handling mechanism, so-called active thermal control,
ATC. Therefore, the second subsection explores different types of ATC strategies by
dividing them into three main categories. Finally, it summarizes the software-type
ATC strategies.

2.1 Different Failures Type and Effects On MOS-
FET

Most the failure of MOSFET comes from thermal and mechanical stress. All those
factors lead to two different broad types of MOSFET failures: chip level failures,
which occur on the chip components of MOSFET, and package level failures, which
occur mainly in the joining or connecting layers of the MOSFET [11]. Gate oxide
and body diode are the most frequently occurring chip level failures. Bond wire and
solder layer are from package level failures. SiC MOSFET can have the capability
of high voltage withstand, higher operating temperature, very fast switching fre-
quency and reduced on-state resistance. But the chip level failures of SiC MOSFET
are much more vulnerable than Si MOSFET due to the high requirement of electric
field, temperature operation and a more minor conduction band cancellation be-
tween Silicon carbide and silicon dioxide [12–15] and, less flexibility and frequently
affected by thermomechanical degradation due to coefficient of thermal expansion
mismatch [16,17].

5



2. Failure Types and Active Thermal Control Review

Figure 2.1: Failures type of SiC MOSFET [11]

2.1.1 Chip Level Failures Cause and Reference Parameters

A.Gate oxide failure: Driving current into the gate oxide layer in a small path is
primarily responsible for gate oxide deterioration failure [18]. The deterioration of
gate oxides is also caused by high electric field stress and high-temperature stress.
Consequently time-dependent dielectric breakdown (TDDB) is increased and the
high electric field also causes avalanche breakdown. In SiC MOSFETs the more
likely deteriorated gate oxide will finally creates short circuits [19]. Some reference
parameters show the deterioration of the gate oxide are miller plateau voltage am-
plitude, miller plateau time duration, drain leakage current and threshold voltage,
gate leakage current, and on-state resistance [19]. The time duration of the gate-
source voltage of the miller plateau also shows a clear time duration shift under high
electric field stress [20,21]. Under the high-temperature gradient bias (HTGB) test,
both the threshold voltage Vth and the drain leakage current Idss tend to rise with
stress time [22–24]. The high-temperature reverse bias (HTRB) test also shows
that gate leakage current Igss rises with the high reverse bias temperature stress
time [23]. Finally, Rdson is also the indicator of gate oxide deterioration under a
high electric field by boosting its value since the electric field increases the oxide
density [21,24–27].

B.Body diode failure: The big factor contributing to body diode degradation is
the high forward voltage bias stress. This stress causes the combination of stacking
fault mechanisms. That results in high energy accumulation for hole and electron
recombines and finally causes accumulation stack [28]. Which leads to body diode
failure due to continuous current flow. The most common reference parameters for
body diode degradation are on-state resistance [29], forward voltage [30], and drain
leakage current [31].

2.1.2 Package Level Failures Cause and Reference Parame-
ter

Bond wires connect the direct copper bonding (DCB) and silicon carbide die. The
solder layer is typically used to connect the chip die and direct copper bonding and

6



2. Failure Types and Active Thermal Control Review

also the base plate and direct copper bonding.

Figure 2.2: Solder layer and bond wires connection [11]

The package level failures occur most at the solder layer and at the bond wire area,
which is mainly caused by the coefficient of thermal expansion mismatch among
the different inter-connected components and finally come with an effect of solder
fatigue, crack growth, and bond wire failure [32–34]. Humidity stress is another
cause of package level failure, which accelerates the crack growth [35]. The small
size of the SiC die is also highly affected to high current density stress, and this
increases the (movement of atoms) electro-migration rate [35, 36]. Basically, there
are two types of bond wire failure methods, which are bond wire fractures at the
connecting point between the bond wire and DCB and the other is bond wire lift-off
at the connecting point between bond wires and SiC die [37,38].The continuous time
shifting between cooling and heating causes wire fractures .Whereas lift-off is caused
by the temperature difference between bond wire copper and SiC die [36].

The lift-off type is the most frequently occurring bond wire failure [39] . Increasing
of On state voltage [40, 41] and on state resistance [42] increases the bond wire
resistance [36] and eddy current [43]. In the solder layer failure type, the coefficient
of thermal expansion difference causes empty space and cracks after a long time. As
a result, thermal resistance increases, and temperature rises.The junction to case
thermal resistance [44] and solder layer resistance [45] are the reference parameter
for the solder layer failures. The table 2.1 below shows the failures type with their
reference parameter and failure place.

7



2. Failure Types and Active Thermal Control Review

Figure 2.3: Failures type reviewed papers proportion[11]

Paradoxical,the failure analysis of MOSFET is young and old research topics and a
lot of researches are carried out every year and Figure 2.3 shows the proportion or
ratio of the number of papers reviewed for the different type of failures.

2.2 Active Thermal Control Strategies, ATC
Active thermal control is a temperature cyclic stress management strategy or control
mechanism for power semiconductor devices with the help of control parameter
adjustment or adding an external coolant part. Those ATC strategies are classified
into different perspectives. This thesis classifies ATC into three broad categories
load and switching control, cooling and external management, and finally, feedback
and sensing control groups. Each of the three groups is classified into hardware-
based and software-based. Due to the hardware types taking extra space, cost, and
mechanical compatibility problems, this thesis focuses on software types.

2.2.1 Load and switching control
Load current control is one of the active control strategies for junction temperature
management. Load current has a direct impact on power losses, especially con-
duction losses. Active control of load current through different techniques such as
pulse-width modulation (PWM), current limiting, modulation index or duty cycle of

8



2. Failure Types and Active Thermal Control Review

Table 2.1: Failure and Characteristics summery in Power Electronic Devices [11]

Failures
Type

Failure’s
Location

Failure
Cause

Failures Re-
sult

Reference Pa-
rameters

Gate Ox-
ide

Gate oxide High electric
field, high
temperature

TDDB,
avalanche
breakdown,
short circuit

Gate leakage
current, thresh-
old voltage,
drain leakage
current, Miller
plateau

Body
Diode

diode body Forward bias Stacking
fault, open
circuit

Drain-leakage
current, forward
voltage

Bond Wire bond wire Thermo
mechanical
stress

Bond wire
lift-off, bond
wire fractures

On-state volt-
age, on-state
resistance, bond
wire resistance

Solder
Layer

solder
layer

Thermo
mechanical
stress

Crack and
void

Solder-layer
resistance,
junction-to-case
thermal resis-
tance

the switching signal can effectively reduce conduction losses and can be kept within
acceptable limits that mitigating power losses.

The controller’s function in load current management is emphasized in the study
"Optimal Control of Traction Motor Drives Under electro-thermal Constraints" by
Lemmens et al. The system controls the switching frequency and current by includ-
ing temperature feedback with real-time estimates [46] .The load current control
model is also implemented in a micro-controller. That is essential for actual world
monitoring , handling and ensures regulated thermal performance in power semi-
conductor devices [47].The microprocessor is extra hardware and causes extra cost,
complexity and power loss.

Load Current-Based Gate Voltage Control: Using a load current feedback
controller, the different parameters of the converter can be controlled, such as the
gate voltage.This system requires proper reference of the load current and uses a
robust proportional integral controller controls load current and provides reference
gate voltage. While these control strategies provides plenty benefits in terms of
reliability, efficiency, and component lifespan, it also come with drawbacks related
to complexity, cost, and trade-offs that need to be carefully considered during the
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Table 2.2: Classification of ATC [10]

ATC
Load and switching con-
trol

Cooling and
external con-
trol

Feedback and
sensing con-
trol

Hardware Based Hardware
Based

Hardware
Based

• Switching Transient
Control

– Duty Cycle
Reduction Tech-
niques

– Gate Resistance
Manipulation

– Gate Voltage
Manipulation

– Step-Wise Gate
Driver

– Turn-Off Delay
Control

• Active Shoot-through

• Fan
• Magneto

hydrody-
namic

• Balancing
thermal
stress with
topology

–
parallel
con-
nected

– series
con-
nected

• Virtual
Heat Sink

Software Based Software
Based

Software
Based

• Load Current Control
– Load Current

Based Gate
Voltage Control

– Load Current
Based Switching
Frequency Con-
trol

– Region Based
Load Current
Active Thermal
Control

• Frequency Control
– CPWM
– DPWM

• Modulation Index and
Power Factor

• - • Junction
Tempera-
ture

• Switching
Power
Loss

•
Conduction
Power
Loss
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design and implementation of power converters [48].

Figure 2.4: Load current control for desired voltage reference [48]

Load Current Based Switching Frequency Control:using filed oriented con-
trol ,FOC of the load current control in electric vehicle application, it is possible to
get good result of junction temperature management by adjusting the switching fre-
quency as the load current input determines the hysteresis controller.The controller
monitors the temperate as when higher load is there increase the frequency and for
low load decrease the frequency [51].Therefore the switching frequency is increased
and decreased based on the load level but this way of control reduce the system
performance.

Figure 2.5: Load current based frequency control [49]

Region-Based Load Current Active Thermal Control: To prevent over-
heating and power cycle failures some active thermal management of power elec-
tronic modules uses a region-based control .Which is carefully engineered to control
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both mean temperature and temperature swing. It separates the operational spec-
trum into discrete thermal areas, each designating a particular operating mode:
regular operation, overheating, shutdown, power cycling high, and power cycling
low [52].Even if the region-based controller for active thermal control offers essential
advantages in terms of handling thermal stress, it also comes with challenges related
to complexity and computational overhead. Careful design and implementation are
necessary to utilize this controller’s advantages fully [53].

Figure 2.6: Region definition for different temperature profile [53]

Frequency Control:Frequency control plays a significant role in power semiconduc-
tors because it dramatically impacts switching losses. Frequency control techniques
can minimize power loss by dynamically altering the switching frequency in response
to temperature feedback and load circumstances [54]. High switching frequency in-
creases the switching loss but reduces conduction loss. At the same time, a lower
switching frequency provides lower switching loss but higher conduction loss. The
switching frequency can be indirectly controlled by modulation index, power factor,
or any other plant speed parameter once the junction temperature change has been
detected [54].

fsw =


fsw_max for low junction temperature,

fsw_min for high junction temperature,

fsw for junction temperature within limit.
(2.1)

Discontinuous PWM(DPWM) is also another frequency control strategy with a dif-
ferent modulation technique that modifies the power device switching patterns to
lower switching losses and increase efficiency. In comparesion with conventional
PWM methods, DPWM purposefully or intentionally creates brief intervals or pause
during which the switching process is stopped for a moment. Resulting in discrete or
discontinuous current waveform. This provides modifying the switching pattern in
response to temperature feedback received in real-time from the devices or the exter-
nal environment [55]. While different research uses sinusoidal PWM technique and
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flat top 60 modulation techniques, this thesis uses the usual PWM techniques. This
methods is robust and well-established, reduce computational burden and provide
simplicity, high efficiency, and, most importantly, broad compatibility, ensuring their
applicability in a wide range of scenarios [49]. But Discontinuous PWM(DPWM)
are good for specific application such as needs high accuracy and high efficiency .

Modulation Index and Power Factor: As power factor decrease which indi-
cates higher reactive power circulating and so the flow of current increase.This lost
power increase and vice-versa. It is required using proper power factor correction
techniques to reduce the phase difference between voltage and current. Modula-
tion index directly related with switching frequency and duty cycle and affects both
conduction and switching loss.Load current directly impacts junction temperature
since more significant currents cause semiconductor devices to heat up and dissipate
more energy. The power delivered to the load can be precisely adjusted thanks to the
increased precision of the control overload current with flat-top PWM. When com-
pared to conventional PWM methods, the advantages of 60° flat top PWM include
decreased harmonic distortion, increased efficiency, and smoother motor running.
However, more intricate control algorithms and circuitry could be needed to execute
it successfully [49].

Figure 2.7: Sinusoidal PWM signal
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Figure 2.8: Flat top 60 PWM signal

Some techniques may use a look-up table and junction temperature feedback from
the loss analytics model, together with frequency hysteresis control. This method
starts by setting the command switching frequency and adjusting it based on the
loss and junction temperature, especially for drive applications [57].

Figure 2.9: Hysteresis frequency controller [49]

Duty Cycle Reduction Techniques: Transitions between switches are a key
places where potential power losses happened. Switching losses can be reduced
by optimizing switching transients using sophisticated control algorithms and cir-
cuit design strategies like zero-voltage switching (ZVS) or zero-current switching
(ZCS) [11]. By minimizing the overlap of the voltage and current waveforms during
switching events, these solutions seek to decrease the rise in junction temperature
and mitigate power losses [11] .This techniques requires additional sunnaber circuit
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Table 2.3: Classification of Hhardware ATC [10]

Hardware ATC
Load and Switching Control Working Principle
- Gate Resistance Manipulation Adjusts the gate resistance

to control the switch-
ing speed and thermal
stress[61].

- Gate Voltage Manipulation Modifies gate voltage to
control switching dynamics
and reduce power loss[62].

- Step-Wise Gate Driver Provides gradual gate
voltage changes to control
switching losses[60].

- Turn-Off Delay Control Delays the turn-off process
to reduce voltage spikes and
thermal stress[64].

- Active Shoot-through Introduces intentional
shoot-through to balance
thermal stress across de-
vices[65].

-Duty Cycle Reduction Techniques Reduces the on-time of
switches to limit heat gen-
eration[11].

Cooling and External Control
- Fan Provides active cooling by

forcing air over the heat
sinks[67].

- Magneto hydrodynamic Uses magnetic fields and
electrically conducting flu-
ids for cooling[69].

- Balancing Thermal Stress with Topol-
ogy

Distributes current or volt-
age to reduce stress in par-
allel or series configura-
tions[68].

Feedback and Sensing Control
- Virtual Heat Sink Simulates additional cool-

ing capacity through ad-
vanced control algorithms
that optimize thermal per-
formance[61].

and sometime provides reduced system performance.

The average power applied to the load is directly impacted by the duty cycle of a
PWM signal. The average power dissipation in semiconductor devices falls propor-
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tionately with a reduced duty cycle [59]. The devices produce less heat as a result
of this drop in power dissipation, which lowers the junction temperatures of the de-
vices. The control approach entails modifying the converter’s duty cycle in response
to system feedback. Measurements of temperature, current, voltage, or other char-
acteristics may be included in this feedback. Switching losses happen when power
electronic devices like MOSFETs or IGBTs switch from an ON to an OFF state and
vice versa. The duty cycle of the PWM signal affects both the switching frequency
and the switching timings, which are proportionate to these losses. Lower switching
losses usually result from a decrease in the switching frequency caused by a reduction
in the duty cycle. Consequently each switching cycle produces heat which lowers
the junction temperature [59].

When semiconductors are in the ON state, conduction losses happen because of their
resistance. The length of the ON state in relation to the entire switching period is
determined by the PWM signal’s duty cycle. Lower conduction losses result from a
reduction in the duty cycle, which also shortens the semiconductor devices’ ON time.
As a result, less power escapes the devices as heat, which lessens the impact of the
rising junction temperature. Thus, a helpful way to regulate junction temperature
in power electronic systems is to lower the duty cycle in a PWM control scheme [60].

Gate resistance manipulation techniques: different resistance based manage-
ment such as adaptive gate driver, gate resistance selection circuit and gate resis-
tance adjustment algorithms are used to reduce loss and thermal stress in power
electronic converters. This is done by fast or slow charging speed of the gate capac-
itance. Therefore, the time spent for the gate voltage to reach the threshold level
increases or decreases and so the switching processes are controlled based on this
resistance. This can be implemented using a galvanically isolated DC/DC power
supply, together with linear regulator, and complex programmable logic device [61].

Figure 2.10: Adaptive IGBT gate drivers [61]

Gate resistance control method is often combined with PWM frequency adjustment
to enhance the overall loss manipulation range and optimize thermal control [61].

Step-Wies gate driver and Gate voltage manipulation: These active gate
controls can also be used to lessen semiconductor heat cycling by changing the
control parameters such as on time. It is possible to reduce thermal cycling by
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adjusting the gate drive voltage since it affects the semiconductors’ conduction and
switching losses. [60].

Figure 2.11: Gate voltage control active control mechanism [60]

Gate voltage monitoring reshape wave form’s, length and magnitude of gate voltage
to maximize switching performance [62]. It provides a discrete type of wave form
instead of continuous voltage waveform. The special gate driver generates a series of
voltage steps with predetermined magnitudes and duration’s. Step wise gate drivers
offer precise control over voltage and current waveform during switching transitions
and this reduces extra voltage and current stress over components.This is accom-
plished by accelerating switching speed, cutting down on time in high-loss areas
and applying a quick and regulated voltage ramp during transitions. By regulating
the voltage change rate, step wise gate driver switching lowers switching losses and
power device thermal cycling. This improves device reliability and lessens mechani-
cal stress with additional cost and complexity from the traditional gate driver [62].

Turn-off delay control: This is a method for actively controlling the junction
temperature of IGBTs or MOSFET power semiconductors by monitoring the turn-off
transition time delay. The method involves shifting the IGBT’s turn-off trajectory to
adjust its turn-off loss. When the load decreases, the average load current decreases,
so the junction temperature decreases and creates temperature swings. Therefore
in order to maintain the junction temperature constant, it is required to hold the
loss with specific defined region . So ,during low load condition the transition delay
time should be extended to increase the loss and this have the junction temperature
constant and smooth [64].
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Figure 2.12: Turn-off trajectory adjustment circuit (TTAC) [64]

Active Shoot-through: A controlled Shoot-through system can monitor the tem-
perature and load levels of power devices [65].This Active Thermal Control (ATC)
mechanism is functioned when the system senses low load conditions, which means
that the equipment is not functioning at its maximum performance. Controlled
shoot-through happens when there is little load, simultaneously turning on the high-
side and low-side switches in a half-bridge topology.By purposefully overlapping the
power devices, the devices self-heat to maintain a more uniform temperature and
this lowering stress and thermal cycles. This active shoot-through model works only
for low load conditions by increasing the power loss to maintain the temperature
constant. It does not work for high load conditions, and it also needs extra hardware
and reduces efficiency.

Figure 2.13: Schematic of half-bridge converter with split DC supply [65]
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2.2.2 Active Cooling Mechanisms (fan and magnetohydro-
dynamic)

Most of the active cooling strategies are the hardware type of active thermal con-
trols. This thesis basically grouped in to fan, Magnetohydrodynamic and topology
management strategies.Fan speed is increased or decreased by feedback junction
temperature reading using Temperature sensors such as thermocouples are posi-
tioned in easily accessible areas of the power electronic module to detect tempera-
ture. Analog-to-digital converters (ADC) are used to transform analog temperature
measurements from the sensors into digital signals that the digital signal processor
(DSP) can analyze. The state observer algorithm processes the temperature read-
ings and system dynamics to estimate the temperature at critical points within the
power module [67].

Magnetohydrodynamic (MHD) is a liquid used as active control mechansim. Liq-
uid metal is used as the coolant due to its high thermal conductivity compared to
traditional coolants like water and other oils. This magnetohydrodynamics method
requires sophisticated control mechanism such as detecting the magnetic filed and re-
lating to the temperature cyclic stress. It is a metal liquid that controls the junction
temperature by flowing around the high temprature region .It removes heat from the
module. The liquied flow reat is activly controlled based the the junction temprature
feedback sigal from sensor or observer.This enables proactive thermal management
by offsetting temperature variations and reducing thermal cycles caused by load
changes. The system sometime incorporates an adaptive heat sink that adjusts
cooling performance to offset temperature variations. This helps reduce the mod-
ule’s fatigue and increases the lifetime of power semiconductor devices. Traditional
cooling methods like forced air/liquid cooling, heat pipes, and synthetic jets have
limitations such as large size, slow response time, and inconvenient temperature
control and needs more sophisticated and adaptable control mechanism [69].

2.2.3 Sensing and Feedback Control
The feedback and sensing control mechanism uses the junction temperature as a
feedback reference to adjust the the switching or conduction loss. Virtual heat
sink is another feedback control mechanism.The junction temperature is estimated
by two different ways , using sensor [49, 57] and using online estimator algorithm
without using sensor and no extra hardware change over the system [58] .The later
one reduces the system complexity and also cost but provide good result like that
uses sensor.
This thesis manages the switching loss using hysteresis control strategies so the
junction temperatures remain within the defined region.Virtual heat sink is another
feedback control mechanism [61].

2.2.4 Software Based ATC summery
As discussed by the above section, active thermal control are classified as load cur-
rent control, junction temperature control, switching transient parameter like gate
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resistance and gate voltage control and finally grouped as frequency control. That
classification can be broadly grouped into hardware-based and software-based ac-
tive thermal control. Software-based ATC strategies are more advantageous than
the hardware type since they reduce cost, increase energy density, and play a role
in the compactness of the inverter. The software groups are described briefly below
in table form as classified in three major group in load current, PWM frequency
control and discontinuous PWM frequency control techniques and some use both
range of junction temperature change and actual average junction temperature and
some others uses only one of them.This ATC system is subdivided in to three as
PWM frequency manipulation, load current manipulation and discontinuous PWM
modulation techniques. Table 2.4- 2.6 shows the different categories of software
based ATC strategies.

Table 2.4: PWM frequency based Software ATC strategies

Method (Work-
ing principle)

Key ex-
periment
outcome

Advantage Controller
Input pa-
rameters

Appli
cation
and
Topol-
ogy

Controller: uses PI and region-based PI controller-uses observer
Control switching
loss by adjusting
the PWM fre-
quency, use sensor
[71] and observer
[53]

Regulate
the ther-
mal stress
effectively

adaptive
thermal
manage-
ment and
enhanced
reliability

Uses av-
erage and
range of
junction
tempera-
ture

traction
ap-
plica-
tion,
2-
level

Control switching
loss by adjust-
ing the PWM
frequency using
thermal observer
and virtual heat
sink [51]

Reduce
thermal
cycle more
than 20%

broader
range of
loss ma-
nipulation
allows
for more
precise
control

Uses av-
erage and
range of
junction
tempera-
ture

rene-
wable
en-
ergy
sys-
tem
for 2-
level

Controller: Uses hysteresis controller and no observer
Control switching
loss by adjusting
the PWM fre-
quency using the
lookup table of
manufacturer and
online calculated
power loss [60,72]

Smooth
transition
>15% and
improve
lifetime by
>263%

Dynamically
adjust the
switching
frequency

Uses av-
erage and
range of
junction
tempera-
ture

Traction
ap-
plica-
tion
2-
level
volt-
age

Continued on next page
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Table 2.4 – continued from previous page
Method (Work-
ing principle)

Key ex-
periment
outcome

Advantage Controller
Input pa-
rameters

Appli
cation
and
Topol-
ogy

Control power loss
by comparing the
difference between
actual loss and low
pass filtered loss
[73]

Thermal
cycle re-
duced by
30%

Don’t need
junction
temper-
ature
estimation

Uses range
of junction
tempera-
ture

-

Using the change
in junction tem-
perature, adjust
the switching
frequency [58,59]

extend
lifetime
but not
quantified

Reduce
excessive
cooling
down of
IGBT by
continuous
junction
temp
checkup

Uses range
of junction
tempera-
ture

Traction
ap-
plica-
tion,
2-
level

Table 2.4 describes the active thermal control strategies with PWM frequency ma-
nipulation,uses different controller types such as PI,hysteresis and fuzzy with and
without junction temperature observer.

Table 2.5: Load current based Software ATC strategies

Method (Work-
ing principle)

Key ex-
periment
outcome

Advantage Controller
Input pa-
rameters

Appli
cation
and
Topol-
ogy

Controller: Uses hysteresis controller and 60 use T_j observer
Control switching
loss by adjusting
the load current by
using the lookup
table of manufac-
turer and online
calculated power
loss[60,72]

Smooth
transition
>15%

Dynamically
adjust the
switch-
ing load
current

Uses av-
erage and
range of
junction
tempera-
ture

Traction
ap-
plica-
tion
2-
level
volt-
age

Continued on next page
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Table 2.5 – continued from previous page
Method (Work-
ing principle)

Key ex-
periment
outcome

Advantage Controller
Input pa-
rameters

Appli
cation
and
Topol-
ogy

Using thermal ob-
server estimate the
junction tempera-
ture and ATC gen-
erate reference load
current [49]

- The tech-
nique can
be cus-
tomized
and opti-
mized for
different
applica-
tions

Uses av-
erage
junction
tempera-
ture

traction
ap-
plica-
tion
,2-
level

Controller: undefined controller and no observer
Optimizing the
MPPT algorithm
to minimize ther-
mal stress, by
restricting the
positive tempera-
ture gradient and
maximum junction
temperature[74]

lifetime in-
creased by
13%

Reduce
thermal
stress dur-
ing fast-
changing
irradiance

Uses av-
erage and
range of
junction
tempera-
ture

Photo-
voltaic
power
gen-
era-
tion,
2-
Level

ATC reduce tem-
perature swing dur-
ing low load by
increasing conduc-
tion loss [75]

Reduce
tempera-
ture swing

Improved
reliabil-
ity and
lifetime

Uses av-
erage
junction
tempera-
ture

for
trac-
tion
ap-
plica-
tion
PMSM
,2-
level

Table 2.5 describes the active thermal control strategies with load current manip-
ulation,uses different controller types such as PI and hysteresis with and without
junction temperature observer.
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Table 2.6: DPWM frequency based Software ATC strategies

Method (Work-
ing principle)

Key ex-
periment
outcome

Advantage Controller
Input pa-
rameters

Appli
cation
and
Topol-
ogy

Controller: Undefined controller and no observer
Manipulating the
switching losses by
discontinuous pulse
width modulation
using clamping
angle as control
parameter[76]

71% power
loss re-
duction
by using
60 degree
clamping
angle

Reduce
thermal
stress very
much

Uses av-
erage
junction
tempera-
ture

Renew-
able
en-
ergy
wind
farm
,2-
level

Techniques to
reduce switching
loss by Hybrid of
(SVPWM) and
(DPWM) [77]

Lifetime
improved
IGBT by
17% and
diode by
8%

Reduced
Thermal
Stress

Uses av-
erage
junction
tempera-
ture

Electric
Vehi-
cles,
PMSM
,2-
level

Controller: Hysteresis controller and Tj approximation
Adjust loss us-
ing discontinuous
60°-Flat-Top mod-
ulation (FT60)
instead of sinu-
soidal modulation
(SPWM) [50,578]

- Reduce
stress and
improve
lifetime

Uses av-
erage and
range of
junction
tempera-
ture

Electric
Vehi-
cles,
PMSM
,2-
level

Controller: Finite control set with model predictive controller
techniques to re-
duce switching loss
by optimizing life-
time and switching
speed using FCS-
MPC [79,80]

Thermal
overshoot
reduced by
40%

Extend
lifetime of
IGBT and
Reduced
Thermal
Stress

Uses av-
erage and
range of
junction
tempera-
ture

Electric
Vehi-
cles,
PMSM
,2-
level

Table 2.6 describes the the active thermal control strategies with discontinues PWM
modulation manipulation,uses different controller types such as model predictive and
hysteresis with and without junction temperature observer.
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3
System Modeling for ATC

The system model contains four components: the drive cycle in transient and cruise,
the 1-D vehicle model, the machine model, and finally, the inverter analytic model
with its hysteresis controller. Each model is described below, with more concern for
the inverter analytic model and, finally, verification and parameter analysis.

Figure 3.1: System model in block diagram

3.1 Analytical Power Loss Calculation
Some of the applications such as electromobility, solar and wind energy systems, and
much industrial automation are a few applications that depend on power electronic
equipment. Controlling power outages of these power electronics is very essential
and considering the increasing demand for efficiency and reliability. These power
loss affects junction temperature which plays a significant role in lifetime and reli-
ability.High junction temperatures can speed up the aging process of the electrical
equipment and this may leads to a catastrophic failure. To solve these issues, ac-
tive thermal control strategies that lower junction temperature have been devised,
and this thesis explored the effectiveness of several strategies in minimizing power
loss by the previous chapter, considering switching and conduction losses together
with their dependence on frequency control, load current, junction temperature and
switching transients [1, 2].

Before discussing the ATC system used in this thesis, it is essential to model the
power semiconductor device power losses. The loss is classified in to Conduction
losses and switching losses as the two broad classification of power losses. Switching
losses occurs when the switch transit between ON and OFF states. The switching
frequency, different switching transient control strategies, and gate driver-can ad-
justed switching loss.To reduce switching losses in power converters, efficient switch-
ing strategies and designs are crucial and this thesis uses PWM frequency based
ATC [1,2, 80].
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When a MOSFET starts transfer current due to the voltage drop on the ON-state
resistance , conduction loss happens .Especially at high current levels conduction
loss significantly determines the power converters overall efficiency . Reducing con-
duction losses in power electronic systems requires careful consideration of design
factors minimizing ON-state resistance, power factor, modulation index, and load
current, which also contribute to conduction losses and have a more significant po-
tential to impact the loss negatively [1, 2, 4].

The switch turn on and off quickly in high rate of frequency applications are more
likely to experience switching loss. increasing switching frequencies may result in
increase switching losses, affects the system efficacy. System performance can be
improved and switching losses can be decreased using desired strategies . Also
the conduction loss typically has a greater impact on applications that need high
current levels and continuous operation.Therefore, the actual impact of switching
loss and conduction loss on power semiconductors devices depends on factors such as
operating frequency, current levels, duty cycle, and thermal handling strategies and
careful consideration of both types of losses and optimize the system to minimize
overall power dissipation and maximize efficiency [1–4]. It is enough to examine the
single legs of the three-phase inverter, and the remaining five legs follow the same
procedure, and the power loss of one leg of the converter is one-sixth of the total
converter and described as below in equation 3.1.

Ptot_loss = Psw_loss + Pcond_loss (3.1)

Where Ptot_loss is the total power loss, Psw_loss is the switching loss, and Pcond_loss is
the conduction loss.
As shown in equation 3.1,the combined effect of switching and conduction losses
provides the total power loss. This relationship is crucial for understanding the
thermal and efficiency characteristics of power electronic systems.

3.1.1 Switching loss
When the switch starts to turn on and off, the switching loss occurs. Turn-on
loss energy lost during the device’s turn-on transition and Turn-off loss energy lost
during the device’s turnoff transition are the two primary components of switching
loss beside with a small revers recovery power loss. Variations in voltage and current
levels, as well as the features of the semiconductor device itself, are the causes of
switching. The turn-on and turnoff switching frequency plays a big role in switching
loss. Therefore, this thesis uses energy lost during turn-on and turnoff with switching
frequency to model the switching loss as equation 3.2 [4].

Psw_loss = fsw (Eon-Idc + Eoff-Idc + Err-Idc) (3.2)

Where:
• fsw is the switching frequency,
• Eon-Idc is the energy lost during the on transition with respect to the specific

DC current,
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• Eoff-Idc is the energy lost during the off transition with respect to the specific
DC current,

• Err-Idc is the reverse recovery energy lost with respect to the specific DC cur-
rent.

The DC current is approximated by dividing the peak value of one of the three-phase
load currents by π [4].

Idc = Ipeak

π
(3.3)

Where Idc is the DC current and Ipeak is the peak value of the single-phase load
current.
The on-state and off-state energy losses need to be scaled according to the applied
DC-link voltage and the power semiconductor’s standard or experimentally verified
reference value [4].

Escale-Idc =
(

VDS

VDC

)kV

(3.4)

Where Escale-Idc is a multiplying scale factor for both the on-state and off-state energy
losses, VDS is the actual provided DC link voltage, VDC is the reference DC voltage
value of the power semiconductor, and kV is a constant approximately equal to
1.4 [4].

3.1.2 Conduction loss
The conduction loss includes reverse conduction, parallel conduction (both diode
and switch of the MOSFET conduct simultaneously), and blanking time losses. The
analytic model of this conduction loss uses load current, modulation index, power
factor, and dc-link voltage parameters as input and on-state resistance, junction
temperature blanking time, and thermal network resistance as model parameters [4].
Therefore, conduction loss is mathematically described by the equations 3.5,

Pcond_loss =
RonI2

peak

4π
(p1p2 + p3p4)

+ Ron

4π(Ron + Rd)2

(
I2

peakR2
d (p1(π − p2) − p3p4)

+v2
d(π − 2β)p1 − p4 cos(β)

)
+ IpeakRdvd (4p1 cos(β) − (π − p2)p4)

(3.5)

Where:
• Ron represents the on-state resistance,
• Rd represents the diode resistance,
• vd represents the diode forward threshold voltage,
• Ipeak represents the peak value of the single-phase load current.

The parameters p1, p2, p3, and p4 are defined as equation 3.6-3.9

p1 =

1, for tbl = 0
1 − 2tblfsw, for tbl > 0

(3.6)
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p2 = π

2 + β − sin(2β)
2 (3.7)

p3 = cos(β) − cos3(β)
3 (3.8)

p4 = 2M cos(ϕ) (3.9)
where:

• tbl represents the blanking time,
• ϕ represents the power factor angle,
• M represents the modulation index,
• β represents the parallel conduction angle, defined as equation 3.10:

sin(β) = vd

RonIpeak
(3.10)

3.2 Junction Temperature Estimation and RC Ther-
mal Network

Since the power is calculated for single legs of the converter from the total six legs
,the junction temperature Tj can be calculated using the total power loss and the
thermal network resistance as:

Tj = Ptot_loss · Rth + Tamb (3.11)
where Tj represents the junction temperature,Ptot_loss represents the total power
loss,Rth represents the thermal network resistance,Tamb represents the ambient tem-
perature.

Figure 3.2: First-order (1-D) cauer type thermal network

There are two different type of junction thermal network model, cauer type and
foster type.Cauer model represents the actual physical system and the foster model is
simplified mathematical representation of the thermal response .Therefore for more
accurate real world representation , this thesis use cauer type of thermal network.

28



3. System Modeling for ATC

The thermal network is modeled using a first-order RC network, which is represented
in Figure 3.2.

tr =

2.2 × τ where τ = Rth × Cth,
2.2
α

where τ = 1
α
.

(3.12)

Figure 3.3: Thermal network impedance [6]

According to the thermal network data sheet from Hybridpack as shown in figure
3.3, the maximum thermal network impedance is 0.1389 ohm.The capacitance is
calculated using the rise time of the thermal impedance figure 3.3 and time constant
relation. According to the 10%-90% rise time calculation, the rise time is 0.7775
second.then using the equation 3.12,the capacitance value used is obtained as 2.35
Farads.

3.3 Rain Flow Counting
This thesis examines the effect of junction temperature by estimating the lifetime
of power semiconductors.There are different method of lifetime estimation.
Monte Carlo Simulation and rainflow counting.However, this thesis uses rain flow
counting method due to its accurate Representation of Real-World Loading Con-
ditions,consistency with fatigue damage Models and efficient handling of complex
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load histories . Especially in power electronics it is standard and widely accepted.
Rain flow counting asses or estimates fatigue and stress by subdividing the loading
history in to small scale.After subdividing, creates cycle with a pair of peaks and
valleys based on the temperature loading or fatigue.Then by scanning the temperate
data creates local maxima (peak) and local minima (valley) and analyze the cycle
as the name implies rainflow using those peaks and valleys.Each cycle is classified
or grouped based on the distance difference between the peak and valleys [82].

Figure 3.4: Rain flow counting principle [82]

The detail explanation of rain flow counting is not the objective of this thesis but
in short description it starts the counting first by loading histories and identify
reversal.As shown from figure 3.4, reversal is the turning point from high stress to low
or from low stress to high stress.then by maintaining the reversal sequence arrange
three point subset for two consecutive subset ranges.the next step is calculating the
range Magnitude as shown in figure such as r(DE) and r(LP).Then calculate the
cycle count using the cycle counting criteria [82].finally group the accumulated cycle
for each amplitude or number of cycle at different amplitude.

3.4 Life Time Modeling
When it comes to SiC power converter lifetime prediction, data-driven models and
Physics of Failure (PoF) models work well together and are frequently tasted by
Accelerated Lifetime Testing (ALT). In order to provide estimation on long-term
degradation or damage depending on load stress conditions, PoF models rely on an
understanding and mathematical description of the physical properties of failure,
such as solder fatigue and gate oxide breakdown. On the other hand, data-driven
models provides reliability indicators such as Remaining Useful Life (RUL) based on
previous stored data and sophisticated machine learning, allowing for habitual con-
tinuous maintenance and actual world monitoring. Both strategies rely heavily on
accelerated lifetime test, which speeds up failure mechanisms under carefully moni-
tored circumstances to produce data that improves model validation and accuracy
and closes the performance gap between theoretical forecasts and actual results [11].
The total lifetime is calculated using equation 3.15 with the help of different lifetime
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model.
Lifetime_consumed = hist_counts

Nf

(3.13)

where N_f represents the number of cycles to failure, and hist_counts represents
the number of cycles at the same magnitude

Total_Lifetime_consumed =
∑

Lifetime_consumed (3.14)

where Lifetime_consumed is the lifetime consumed at each magnitude.

Lifetime_hr = max(time)
Total_Lifetime_consumed × 3600 (3.15)

where max(time) is the total time duration and Total_Lifetime_consumed is the
sum of all lifetime consumed.

Figure 3.5: Histogram diagram with ten bins

The figure 3.5 shows the junction temperature and corresponding cycle to failures by
grouping the cyclic stress in to ten bins.This rainflow histogram figure is generated
based on the transient and Cruise drive cycle mode temperature load profile.Each
cycle is comprehend with respect to number of failures to cycles(N_f).The total
lifetime consumption is obtained from by adding all the cycle lifetime consumption.
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In order to analyse the effect of junction temperature, this thesis uses different life-
time models for MOSFET (SiC) and IGBT(Si) power semiconductors from physics
of Failure (PoF) Approach . Six-lifetime models, R. Bayerer et al. (CIPS 2008)
for MOSFET and IGBT, the LESIT Project (1997) for IGBT solder layer fatigue
and bond wire failures, and finally, the hybridpack model for SiC bond wire failure
and solder layer fatigue, have used to analyze the effect of junction temperature and
lifetime. All the models are described in terms of the number of cycles to failures
with respect to a change in junction temperature, as shown below. The lifetime is
done using rain flow counting techniques by grouping the similar range of junction
temperature using histogram as the shown figure 3.5.

Figure 3.6: Si and SiC,R. Bayerer et al. (CIPS 2008) model [7]

Figure 3.6 shows the life time model of both Si and SiC designed by Bayerer and
his colleagues during 2008.It is a general model of the power semiconductor ,doesn’t
specify specifically for solder layer and bond wire.The equation models below is
lifetime of Silicon and silicon carbide power semiconductor devices based on tem-
perature variations and current stress. The parameters account for the effects of
operating conditions on the device’s longevity.
The number of cycles to failure Nf for Silicon (Si) and SiC devices based on Bayerer
et al. (CIPS 2008) is given by the following equation:

Nf = K ′
Si,SiC · (∆Tj)β1,Si,SiC · exp

(
β2,Si,SiC

Tvj_min_Si

)
· (Ibw_Si,SiC)β4,Si,SiC (3.16)

where:
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• K ′
Si,SiC =

3.19 × 1012 for Si
1.31 × 1010 for SiC

: Material-specific constant.

• β1,Si,SiC =

−4.4 for Si
−3.775 for SiC

: Temperature dependence exponent.

• β4,Si,SiC =

−0.926 for Si
−0.387 for SiC

: Exponent for the current dependency.

• Tvj_min_Si,SiC = 293 K: Minimum junction temperature (calculated as 20 +
273 K).

• Ibw_Si,SiC = 30
4 = 7.5 A: Current per bond wire.

• ∆Tj: Junction temperature swing.
• β2,Si,SiC = 1285: Temperature coefficient affecting the lifetime.

Figure 3.7: Si IGBT LESIT Project (1997) model [8]

Figure 3.7 shows the life time model of Si in solder layer and bond wire modeled by
LESIT during 1997.The equation models below lifetime of Silicon power semicon-
ductor devices based on temperature variations and current stress. The parameters
account for the effects of operating conditions on the device’s longevity.

Nf =

ABW · (∆Tj)αBW · exp
(

Ea,BW
k·Tj_mean_K

)
for bond wire (BW)

ASL · (∆Tj)αSL · exp
(

Ea,SL
k·Tj_mean_K

)
for solder layer (SL)

(3.17)

where:
• For Bond Wire (BW):
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– ABW = 1.5 × 1013: Pre-exponential factor.
– αBW = −4.42: Empirical constant.
– Ea,BW = 0.0420 eV: Activation energy.

• For Solder Layer (SL):
– ASL = 1.5 × 1011: Pre-exponential factor.
– αSL = −3.9: Empirical constant.
– Ea,SL = 0.0970 eV: Activation energy.

• k = 8.617 × 10−5 eV/K: Boltzmann constant.
• Tj_mean_K: Mean junction temperature in Kelvin.
• ∆Tj: Junction temperature swing.
• Mean junction temperature in Celsius Tj_mean = 100 °C.
• Converted mean junction temperature in Kelvin Tj_mean_K = 373.15 K (where

Tj_mean_K = Tj_mean + 273.15).

Figure 3.8: Hybridpack SiC life time model [9]

Figure 3.8 shows the life time model of SiC hybridpack power semiconductor in solder
layer and bond wire modeled .The equation models below is lifetime of Silicon power
semiconductor devices based on temperature variations and current stress. The pa-
rameters account for the effects of operating conditions on the device’s longevity.

Nf =

ABW · (∆Tj)αBW · exp
(

Ea,BW
k·Tj_mean_K

)
for SiC bond wire (BW)

ASL · (∆Tj)αSL · exp
(

Ea,SL
k·Tj_mean_K

)
for SiC solder layer (SL)

(3.18)

where:
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• For SiC Bond Wire (BW):

– ABW = 1.00 × 1013: Pre-exponential factor.

– αBW = −13.83: Empirical constant.

– Ea,BW = 1.10 eV: Activation energy.

– Tj_mean = 100 °C: Mean junction temperature.

– Tj_mean_K = Tj_mean + 273.15 = 373.15 K: Mean junction temperature in
Kelvin.

– ∆Tj: Junction temperature swing.

– k = 8.617 × 10−5 eV/K: Boltzmann constant.

• For SiC Solder Layer (SL):

– ASL = 1.00 × 1013: Pre-exponential factor.

– αSL = −7.29: Empirical constant.

– Ea,SL = 0.35 eV: Activation energy.

– Tj_mean = 100 °C: Mean junction temperature.

– Tj_mean_K = Tj_mean + 273.15 = 373.15 K: Mean junction temperature in
Kelvin.

– ∆Tj: Junction temperature swing.

– k = 8.617 × 10−5 eV/K: Boltzmann constant.

The life time result of those of each model are described by the next chapter by
comparing with and without the controller.

3.5 Drive Cycle

The effect of the junction temperature is analysed for heavy heavy-duty diesel trucks
(HHDDT) in combination with both transient and cruise modes of speed and accel-
eration for the 1-D vehicles.
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Figure 3.9: Cruise and transient reference speed and acceleration

the first two subplot shows the Cruise speed and acceleration and the last two
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subplot shows the transient speed and acceleration. The Cruise mode shows very
Little swing but the transient shows bit fluctuation.

3.6 Vehicle Model
Using Newton second law the vehicle is modelled using equation 3.19,the total force
F acting on the vehicle can be expressed as [81]:

∑
F = m · a = Ft − Fr = m · dv

dt
(3.19)

where F represents the total force, m represents the mass of the vehicle, a represents
the acceleration, Ft represents the total traction force,Fr represents the resistive
force, v represents the velocity and the resistive force Fr is given by:

Fr = 0.5 · ρ · Cd · A · v2 + m · g · sin(α) + m · g · Cr (3.20)

where ρ represents the air density, Cd represents the aerodynamic drag coefficient,A
represents the frontal area of the vehicle, v represents the velocity, g represents the
acceleration due to gravity,α represents the road gradient,Cr represents the rolling
resistance coefficient [81].
Using the reference speed and acceleration from the drive cycle, the electromagnetic
torque Tem and the angular speed wem are determined from the above 1-D vehicle
model equation 3.19:

Tem = Ft · wr

Tr · nem
(3.21)

wem = v

wr · Tr

(3.22)

where Tem is the electromagnetic torque, nem is the number of drive units, wr is the
wheel ratio,Tr is the transmission ratio, wem is the electromagnetic angular speed.
The following figure from figure 3.9 shows the drive cycle input speed and accelera-
tion in transient and cruise drive modes.

3.7 Machine Model
In electrical machine for the purpose of simplification and easy analysis of the con-
troller design it is mathematically described in quadrature and direct axis.the elec-
trical circuit of each axis is shown below [83].
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Figure 3.10: The d-q axis circuit representation of PMSM [83]

The mathematical equation of the d-q axis voltage are described below. In a Perma-
nent Magnet Synchronous Machine (PMSM), the dq-axis model is used for analysis
and control. The key variables and equations are as follows:

Usd = RsIsd + Ld
dIsd

dt
− ωrLqIsq (3.23)

Usq = RsIsq + Lq
dIsq

dt
+ ωrLdIsd + ωrλm (3.24)

where: Isd represents Direct axis current, Isq represents Quadrature axis current Usd

represents Direct axis voltage, Usq represents Quadrature axis voltage, Rs represents
Stator resistance, Ldrepresents d-axis inductance, Lq representsq-axis inductance, ωr

represents Rotor angular velocity, λm represents Permanent magnet flux linkage.
The flux linkage and torque equation are described as blow.

λsd = LdIsd + λm (3.25)

λsq = LqIsq (3.26)

Te = 3
2 · p

2 · (λmIsq − LdIsdIsq) (3.27)

where:
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• Te: Electromagnetic torque.
• p: Number of pole pairs.

The analytic loss model parameters of peak load current, power factor, and modu-
lation index are obtained from the machine model as follows,

Ipeak =
√

I2
sd + I2

sq

upeak =
√

u2
sd + u2

sq

p = 1.5 (Isd · usd + Isq · usq)
Q = 1.5 (usq · Isd − usd · Isq)

S =
√

p2 + Q2

(3.28)

where Ipeak is the peak current, upeak is the peak voltage, p is the active power,
Q is the reactive power, S is the apparent power,Isd and Isq are the direct and
quadrature components of the current, usd and usq are the direct and quadrature
components of the voltage.From the above machine model, the following parameters
for the analytic model are generated:

Power factor = |p|
|S|

(3.29)

ma = upeak

udc

· 1√
3

(3.30)

where ma is the modulation index,p is the active power,S is the apparent power,
upeak is the peak voltage,udc is the DC-link voltage.
The simulation uses two different machine types: a permanent magnet synchronous
motor ,PMSM and an Electrically excited synchronous motor,EESM. For both ma-
chines, the DC-link voltage and shaft power are 360 volts with 60 kW and 800 volts
with 250 kW, respectively. The inverter loss for the four different cases of machine
maps is shown below.

3.8 PWM Frequancy Based Hystresis Controller
This thesis uses a hysteresis type of controller with some modifications using a
reference temperature band. This controller helps to maintain constant or reduce
the junction temperature cyclic stress in certain defined regions. The hysteresis
controller is less complicated than others, like the PI controller, model predictive
controller (MPC), and fuzzy logic. However, it provides excellent results compared
to the system with no controller. The controller input and output are shown in the
figure 3.11.
Therefore, its simplicity (requires only a few parameters), low cost, fast reaction
(response), and good results make it optional for this work. The controller uses
switching PWM frequency as controller parameters; according to the junction tem-
perature, the switching frequency is changed to increase and decrease the switching
loss since it directly impacts the switching loss, which takes the most significant
proportion of the loss components. The controller compares the actual junction
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temperature change, ∆Tj, with reference junction temperature change, ∆Tj_ref ;
when the difference goes up, the cyclic stress increases, and so the controller hold
constant or reduce the switching frequency in order to save the lifetime, and when
the difference is minimal, the controller increases the switching frequency to increase
the work performance of the system.

Figure 3.11: Hysteresis controller with analytic loss model integration

The actual ∆Tj is obtained by subtracting the actual Tj from the average result
obtained from the low pass filter, which is connected to the actual Tj. The controller
considers only switching frequency due to its fast response and easy access to the
parameters instead of load current and modulation index. The controller structure
is described in a block diagram, as shown in the figure 3.11.
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frequency

This section compares results with and without the controller. The comparison is
based on lifetime and efficiency considerations. Before comparison, the simulation
identifies the controller’s desired parameters , which gives better efficiency and life-
time. The simulation uses a PMSM machine, an eight-chip hybrid pack infineon
inverter module, and a truck for Si IGBT, R. Bayerer et al. (CIPS 2008) lifetime
model with controller. After identifying the desired parameters, the simulation is
extended to the six different lifetime models. Finally, the sensitivity analysis is done
using different simulation setups such as using another hybrid pack inverter module
and EESM machine model both for for Si and SiC MOSFET, R. Bayerer et al.(CIPS
2008) lifetime model and also for hybridpack SiC infineon bond wire and solder layer
lifetime model.

4.1 Comparison With and Without Controller
A comparison of the with and without controllers is done using the desired controller
parameters for the Si IGBT, R. Bayerer et al. (CIPS 2008) lifetime model. As the
table 4.1 shows, the controller extends the lifetime by more than 500%. Table 4.1
and figure 4.1 simulation result is done by holding together the transient and cruise
simulation in a cascaded way.As shown from the figure 4.1 for the first 700 second,
it is transient mode and there is high-speed variation. Due to this, the power loss
also varies in a wide range for the next 2000 seconds. The drive cycle source is a
Cruise cycle and approximately constant speed, and the power loss shows a short
range of variation.

Table 4.1: Comparison of Lifetime and Efficiency With and Without Controller Si
IGBT, R. Bayerer et al. (CIPS 2008) model

Parameter With Controller Without Controller Comparison
Fcuttoff 0.02 Hz 0.02 Hz -
Delta_Tj_Ref 1°C 1°C -
Fincrement 2 kHz 2 kHz -
LifeTime(hours) 1.2 × 107 1.6 × 106 587.5%
Effi 0.9883 0.9853 0.3%

Again, after this time duration,it is a transient mode, and the speed and power loss
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vary widely. As power and temperature are linearly related, as power varies, the
junction temperature also varies, and the controller adjusts the frequency according
to the power loss to maintain the junction temperature within the defined region.

Figure 4.1: speed power, temperature and frequency

The above simulation is done by holding the transient and cruise drive cycles to-
gether. Therefore, before going to sensitivity analysis, performing the transient

42



4. Analysis of ATC via PWM frequency

mode of drive cycle results is necessary.Figure 4.2 and table 4.2 shows system result
in transient mode of drive cycles.

Figure 4.2: Transient mode only simulation result with controller

As shown from the figure the speed varies continuously as well the power loss. The
controller adjust the switching frequency as shown in order to reduce the junction
temperature.Between 200 second to 500 second the power loss swings to much up
and down so the controller is busy to maintain the power loss constant.
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4.2 Reference Temperature Band selection

Figure 4.3: comparison of different temperature band
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Table 4.2: Comparison of Lifetime and Efficiency With and Without Controller
for transient model only

Parameter With Controller Without Controller Comparison
Fcuttoff 0.02 Hz 0.02 Hz -
Delta_Tj_Ref 3.5°C 3.5°C -
Fincrement 2 kHz 2 kHz -
LifeTime(hours) 4.9 × 106 6.19 × 105 691.5%
Effi 0.9781 0.9638 1.43%

As shown in figure 4.3 and table 4.3, the simulations use different reference tem-
perature bands but the same low pass filter frequency and the same adjustment
incremental frequency level to determine the best reference temperature band. The
simulation result is shown below in the form of a table and a figure. The simulation
is based on using 0.5 °C, 1 °C 2.5 °C,3.5 °C, five °C and ten °C temperatures and
uses the lifetime model of Si IGBT, R. Bayerer et al. (CIPS 2008). The table 4.3
summarizes the differences. At 0.5 °C and 1.5 °C have approximately the same
lifetime result but lower efficiency at one °C.

Figure 4.3 shows the power loss and junction temperature at different reference tem-
perature bands. The figure shows that the power loss swings wildly at a five-degree
temperature reference band in a wide range of gaps and the junction temperature.
At 3.5 degrees, the power loss or junction temperature variation is better than the 5-
degree reference but also worse than the 1-degree reference junction temperature and
power loss result. A one-degree reference temperature band, resulting in power loss
and junction temperature, shows the best rest as it has a smooth and short swing-
ing range. Therefore, one °C is the desired temperature band because it provides
better efficiency and longevity. Figure 4.4 shows the speed power loss, frequency,
and temperature at the five °C reference temperature band.

Table 4.3: Simulation Results for Different Temperature Bands

No Delta_Tj_Ref (°C) Fcuttoff (Hz) Fincrement (kHz) Time (hours) Efficiency
1 0.5 0.02 1 1.0696 × 107 0.9838
2 1 0.02 1 1.2000 × 107 0.9883
3 2.5 0.02 1 1.0051 × 107 0.9887
4 3.5 0.02 1 9.2058 × 106 0.9883
5 5 0.02 1 6.5485 × 106 0.9880
6 10 0.02 1 6.5485 × 107 0.9880
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Figure 4.4: System result for 5 temperature band

4.3 Low Pass Filter Frequency selection
The previous section determines the desired reference temperature band. Now, this
section analyzes the desired low pass filter cutoff frequency using this temperature
band.As shown from the simulation result in table 4.5, the desired cutoff frequency
is 20 mHz.
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Figure 4.5: power loss and junction temperature at different cutoff frequency

Figure 4.1 shows the power loss and junction temperature result at different low
pass filter cutoff frequencies. This simulation result uses a one-degree temperature
reference band. Therefore, the speed fluctuation is visible in power loss and junction
temperature.
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Table 4.4: Simulation Result for different cutoff frequencies

No Delta_Tj_Ref (°C) Fcuttoff (Hz) Fincrement (kHz) Time (hours) Efficiency
1 1 0.01 1 9.95 × 106 0.9886
2 1 0.02 1 1.0 × 107 0.9887
3 1 0.05 1 9.305 × 106 0.9877

Figure 4.6: System result at different controller frequency adjustment level
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This is due to the one-degree temperature reference having a lower swinging range
in general for all three cases. As shown in Figure 4.1,20 mhz cutoff frequency results
in a lower swinging range than the other two cases, and ten mhz shows less swinging
than 50 mHz but higher cyclic stress than 20mhz. Therefore, 20 mHz is selected
as the desired cutoff frequency parameter value for the following simulation tasks.
Table 4.5 summarizes the three different cutoff frequency cases.

The above sections determines the reference temperature band and the low pass filter
cutoff frequency.It is necessary to determine the controller frequency adjustment,
increment or decrement magnitude using low pass filter frequency and temperature
band.

Table 4.5: Simulation Results for different frequency increment

No Delta_Tj_Ref (°C) Fcuttoff (Hz) Fincrement (kHz) Time (hours) Efficiency
1 1 0.02 0.5 9.86 × 106 0.9885
2 1 0.02 1 1.0 × 107 0.9887
3 1 0.02 2 1.1 × 107 0.9887

Figure 4.6 shows the power loss and junction temperature at different controller
adjustment frequency increment and decrement. As in previous cases, based on the
cyclic stress or swinging of the power loss and junction temperature, 500 hz and
one khz provide a bit higher cyclic and stressful result than the result obtained
from 2khz. From shown in the figure 4.6 and table 4.5, 2 kHz provides better
result of lifetime and efficiency. Therefore, the controller desired parameters values
are identified as 20 mHz, 2 kHz, and 2.5 °C, the cutoff frequency, the controller
adjustment frequency increment, and ∆Tj reference , respectively.

4.4 Sensitivity Analysis
The previous section conducted all the simulations for Si IGBT, R. Bayerer et al.’s
(CIPS 2008) lifetime model for PMSM machine type with an eight-chip hybrid pack
Infineon power semiconductor module of the truck vehicle. In the following section,
the sensitivity analysis uses a different lifetime model, another semiconductor model
and a machine model.

4.4.1 Sensitivity to Different Lifetime Model
The result is generated for each of the remaining five lifetime models in terms of
numbers and figures, both with and without the controller. The simulation pa-
rameters, such as cutoff frequency, the controller adjustment frequency increment,
and ∆Tj reference, remain constant. Their values are 20 mHz, 2 kHz, and 2.5 °C,
respectively. All lifetime models have the best efficiency and lifetime extension at
those parameter values compared with other values. This shows that the lifetime
of the power semiconductor depends on the controller parameters rather than the
different lifetime models. This parameter test simulation result is not included here
since it is similar to the steps in the previous section. The lifetime is calculated
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using all the six lifetime models described in chapter three. To better understand
this subsection, only the lifetime model is changed with the exact vehicle, machine,
and semiconductor models used in the previous section.

Figure 4.7: Speed, total power loss, junction and average junction temperature

Therefore, the power loss and junction temperature are the same for all lifetime
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models. Due to this, the lifetime improvement result is described as a table without
including the power loss and junction temperature figure for each lifetime model,
and all use figure 4.7. Figure 4.7 shows speed, total power loss, junction and average
junction temperature, feedback frequency used for all lifetime calculation.

Table 4.6: Comparison of Lifetime and Efficiency With and Without Controller
SiC IGBT, R. Bayerer et al. (CIPS 2008) model

Parameter With Controller Without Controller Comparison
Fcuttoff 0.02 Hz 0.02 Hz -
Delta_Tj_Ref 1°C 1°C -
Fincrement 2 kHz 2 kHz -
Liftime (hours) 7.05 × 105 1.37 × 105 462%
Effi 0.9854 0.9853 0.01%

Table 4.7: Efficiency and lifetime comparison of IGBT with and without for Si
bond wire failures Lesit Project (1997) model

Parameter With Controller Without Controller Comparison
Fcuttoff 0.02 Hz 0.02 Hz -
Delta_Tj_Ref 1°C 1°C -
Fincrement 2 kHz 2 kHz -
Lifetime (hours) 1.58 × 107 2.2 × 106 536.36%
Effi 0.9854 0.9853 0.01%

Table 4.8: Efficiency and lifetime comparison of IGBT with and without for Si
solde layer fatigue LESIT Project (1997) model

Parameter With Controller Without Controller Comparison
Fcuttoff 0.02 Hz 0.02 Hz -
Delta_Tj_Ref 1°C 1°C -
Fincrement 2 kHz 2 kHz -
Lifetime (hours) 3.52 × 106 5.98 × 105 488%
Effi 0.9854 0.9853 0.01%

As shown in results from the above tables 4.6 - 4.10, the controller extended the
lifetime of the power semiconductors from thousands to millions of hours, implying
that the unguided or uncontrolled junction temperature variation and cyclic stress
cause a significant lifetime reduction.All lifetime model shows the improvement more
than 246%.

4.4.2 Sensitivity to Another Semiconductor Model
This thesis uses two different Infineon hybrid pack inverter modules to power semi-
conductors. Those are eight chip type (FS02MR12A8MA2B) and six chip type
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Table 4.9: Efficiency and lifetime comparison of IGBT with and without controller
for SiC hybridpack solder layer fatigue model

Parameter With Controller Without Controller Comparison
Fcuttoff 0.02 Hz 0.02 Hz -
Delta_Tj_Ref 1°C 1°C -
Fincrement 2 kHz 2 kHz -
Lifetime (hours) 4.57 × 107 2.92 × 106 246.5%
Effi 0.9854 0.9853 0.01%

Table 4.10: Efficiency and lifetime comparison of with and without controller for
SiC hybridpack bond wire failure lifetime model

Parameter With Controller Without Controller Comparison
Fcuttoff 0.02 Hz 0.02 Hz -
Delta_Tj_Ref 1°C 1°C -
Fincrement 2 kHz 2 kHz -
Lifetime (hours) 2.63 × 108 3.98 × 107 650%
Effi 0.9854 0.9853 0.01%

modules ( FS03MR12A7MA2BA) [6].In the previous section, the simulation is done
using the eight-chip hybrid pack semiconductor type. Therefore, the following sim-
ulation results use the six chip semiconductors with two different lifetime models,
Si and SiC MOSFET (R. Bayerer et al., CIPS 2008), for better understand the
comparison of the eight chip type power semiconductor.

Table 4.11: Six chip semiconductor With and Without Controller Si IGBT, R.
Bayerer et al. (CIPS 2008) model

Parameter With Controller Without Controller Comparison
Fcuttoff 0.02 Hz 0.02 Hz -
Delta_Tj_Ref 1°C 1°C -
Fincrement 2 kHz 2 kHz -
LifeTime(hours) 3.68 × 106 7.95 × 105 362.89%
Effi 0.9845 0.9858 0.13%

Table 4.12: Six chip semiconductor With and Without Controller SiC IGBT, R.
Bayerer et al. (CIPS 2008)lifetime model

Parameter With Controller Without Controller Comparison
Fcuttoff 0.02 Hz 0.02 Hz -
Delta_Tj_Ref 1°C 1°C -
Fincrement 2 kHz 2 kHz -
LifeTime(hours) 2.82 × 106 7.19 × 104 382.2%
Effi 0.9845 0.9858 0.13%
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Figure 4.8: Speed, total power loss, junction for six chip semiconductor Si
lifetime model

Figure 4.8 and table 4.11 show the six chip power semiconductor simulation result
with and with the controller using Si IGBT, R. Bayerer et al. (CIPS 2008) lifetime
model. Table 4.12 shows the six-chip power semiconductor simulation result with
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and with the controller Using SiC IGBT, R. Bayerer et al. (CIPS 2008) model.As
shown from the result, the extension in a lifetime and efficiency improvement is lower
than the eight-chip power semiconductor, as shown in table 4.1. The power loss and
junction temperature plot show that the six-chip power semiconductor has a wide
range of swinging or cyclic stress as shown in figure 4.8. Therefore, the eight-chip
semiconductor is less sensitive to junction temperature fluctuation.

Table 4.13: The two chips comparison using Si IGBT, R. Bayerer et al. (CIPS
2008) lifetime model

Parameter 8-Chip 6-Chip Comparison
Fcuttoff 0.02 Hz 0.02 Hz -
Delta_Tj_Ref 1°C 1°C -
Fincrement 2 kHz 2 kHz -
LifeTime(hours) 587.5% 362.89% 224.61%
Effi 0.3% 0.13% 0.17%

Table 4.14: The two chips comparison using SiC IGBT, R. Bayerer et al. (CIPS
2008) lifetime model

Parameter 8-Chip 6-Chip difference
Fcuttoff 0.02 Hz 0.02 Hz -
Delta_Tj_Ref 1°C 1°C -
Fincrement 2 kHz 2 kHz -
LifeTime(hours) 462% 382.2% 79.8%
Effi 0.3% 0.13% 0.17%

4.4.3 Sensitivity to Different Machine Model

The final case of the simulation comparison is using a different machine model.
Still now, the simulation is done using a PMSM machine with 800v DC voltage
and 250 watt shaft power. Another type of machine, called an electrically excited
synchronized motor, EESM, is used for the following simulation with the same shaft
power and DC voltage rate. The simulation uses an eight-chip semiconductor hybrid
pack with the help of Si IGBT, R, Bayerer et al. (CIPS 2008) and SiC MOSFET,
R. Bayerer et al., (CIPS 2008)lifetime model for easy comparison with the PMSM
result in section 4.2. Again, the simulation uses the cruise and transient mode of
the drive cycle and truck vehicle type.
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Table 4.15: EESM With and Without Controller Si IGBT, R. Bayerer et al. (CIPS
2008)lifetime model

Parameter With Controller Without Controller Comparison
Fcuttoff 0.02 Hz 0.02 Hz -
Delta_Tj_Ref 1°C 1°C -
Fincrement 2 kHz 2 kHz -
LifeTime(hours) 6.57 × 106 1.872 × 106 250.96%
Effi 0.9898 0.9899 0.001%

Figure 4.9: Power loss, junction temperature and frequency comparison for
EESM and PMSM machine
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Table 4.16 shows the EESM machine model comparison with and without the con-
troller using SiC IGBT, R. Bayerer et al. (CIPS 2008) lifetime model. Since there is
a machine model change, the power loss and junction temperature figure are different
from the previous cases, as shown in Figure 4.9. As shown form the result , EESM
has lower efficiency with PMSM in general and it is highly affected or sensitive than
PMSM by junction temperature fluctuations seen from the figure.From zero second
to end of the time range, the power loss and junction temperature varies a lot as
speed varies,this creates cyclic stress and mechanical damage on the inverter.

Table 4.16: EESM With and Without Controller SiC IGBT, R. Bayerer et al.
(CIPS 2008)lifetime model

Parameter With Controller Without Controller Comparison
Fcuttoff 0.02 Hz 0.02 Hz -
Delta_Tj_Ref 1°C 1°C -
Fincrement 2 kHz 2 kHz -
LifeTime(hours) 3.89 × 105 7.34 × 104 429.97%

Table 4.17: EESM and PMSM comparison using Si IGBT, R. Bayerer et al. (CIPS
2008)lifetime model

Parameter PMSM EESM difference
Fcuttoff 0.02 Hz 0.02 Hz -
Delta_Tj_Ref 1°C 1°C -
Fincrement 2 kHz 2 kHz -
LifeTime(hours) 587.5% 429.97% 157.53%
Effi 0.3% 0.001% 0.299%

Table 4.18: EESM and PMSM comparison using SiC IGBT, R. Bayerer et al.
(CIPS 2008)lifetime model

Parameter PMSM EESM difference
Fcuttoff 0.02 Hz 0.02 Hz -
Delta_Tj_Ref 1°C 1°C -
Fincrement 2 kHz 2 kHz -
LifeTime(hours) 462% 429.97% 32.03%
Effi 0.3% 0.001% 0.299%

Table 4.17 and 4.18 compares the PMSM and EESM in terms of the improvement
of each of the machines with and without the controller. As shown, EESM has lower
improvement in lifetime and efficiency concerns. Therefore, it is susceptible and has
a lower lifetime than PMSM.
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5
Conclusion and Recommendation

5.1 Conclusion
This thesis has examined the effects of junction temperature fluctuations on power
semiconductors for high-power drive applications. The study analyzes the effects
of high junction temperature and wide thermal swings on device reliability, espe-
cially concerning bond wire failures and solder layer fatigue.This is done using an
analytical model of power semiconductors switching and conduction losses, junction
temperature thermal network model atcive thermal control stratagies and togther
with various lifetime models for IGBTs and MOSFETs for comparesion.

This thesis investigated various active thermal control (ATC) strategies in the litra-
ture section.Those are divided into software-based and hardware-based methods .
This research focused on a software-based solution, particularly focusing a frequency-
based hysteresis is controller. Because hardware-based ATC approaches have added
space and expense constraints. Frequency-based hysteresis ATC takes advantage of
the direct correlation between switching power loss and junction temperature vari-
ation. The controller is also simple to implementation and provides quick response
time.

The results demonstrate that the hysteresis-based active thermal control technique
effectively reduces the cyclic thermal stress on power semiconductors.The result
shows significantly extending their operational lifetime. The improvement is in
millions of lifetimes hours.This could lead to significant cost reduction from frequent
replacements and the related expenses.

5.2 Recommendation
The lifetime improvement can be extended further by using advanced frequency
modulation techniques like FT60 and incorporating future loss prediction systems,
such as replacing the hysteresis control model with model predictive control tech-
niques.
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A
Appendix 1

This appendix contains equation used for lifetime analysis.

Si IGBT, R. Bayerer et al. (CIPS 2008) model

Nf = K ′
Si · (∆Tj)β1,Si · exp

(
β2,Si

Tvj_min,Si

)
· (Ibw,Si)β4,Si

Si IGBT bond wire failures Lesit Project (1997) MODEL

Nf = ABW · (∆Tj)αBW · exp
(

Ea,BW

k · Tj_mean_K

)
Si solder layer fatigue Si IGBT Lesit Project (1997) MODEL

Nf = ASL · (∆Tj)αSL · exp
(

Ea,SL

k · Tj_mean_K

)
SiC Bond wire failures and SiC solder layer failures hybridpack MOSFET

Nf = ABW · (∆Tj)αBW · exp
(

Ea,BW

k · Tj_mean_K

)
SiC MOSFET, R. Bayerer et al. (CIPS 2008) model

Nf = K ′
SiC · (∆Tj)β1,SiC · exp

(
β2,SiC

Tvj_min,SiC

)
· (Ibw,SiC)β4,SiC

I
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