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Sintesi

Negli ultimi anni, i veicoli a trazione ibrida si stanno diffondendo in maniera sempre più
estesa, rendendo più forte l’interesse dei ricercatori. Con ciò, componenti come Motori
Elettrici, Batterie, e Convertitori di Potenza sono stati interessati da significative
innovazioni. Il presente lavoro di tesi di dottorato si focalizza principalmente sui
convertitori di potenza, il cui scopo è quello di garantire la conversione di potenza da
Corrente Alternata in Corrente Continua, e viceversa, per mezzo di semiconduttori
come IGBT, DIODI e MOSFET. Nonostante i convertitori di potenza raggiungano
tipicamente efficienze superiori al 90%, essi possono essere interessati da flussi termici
nell’ordine di centinaia di W/cm2.

Lo scopo principale di questa tesi di dottorato è quello di eseguire un’analisi termica
dettagliata sui sistemi di conversione di potenza.

E’ stato sviluppato un tool di simulazione in grado di effettuare simulazioni di
tipo elettro-termico (Banco Prova Virtuale). Questo strumento è in grado di valutare
qualsiasi topologia di convertitore di potenza considerando un ampio range di condizioni
operative. Inoltre, un elevato numero di moduli di potenza può essere esaminato con
una potenza di calcolo limitata e bypassando test sperimentali. Tale strumento è in
grado di identificare e scartare le configurazioni che presentano una bassa efficienza.
In questo modo è possibile focalizzarsi solo sulle soluzioni più promettenti. In questo
lavoro, il tool di simulazione è stato accuratamente validato con dati sperimentali
e risultati di letteratura. Successivamente, è stata condotta una larga campagna di
simulazione su diverse configurazioni di convertitori di potenza. Le prestazioni di tali
dispositivi sono state valutate attraverso un accurato calcolo delle dissipazioni sia in
condizioni stazionarie che dinamiche. Inoltre, è stato descritto in maniera dettagliata
il comportamento dei signoli semiconduttori di potenza.

Per garantire prestazioni e affidabilità di tali dispositivi è necessario lo studio di
un sistema di raffreddamento. Ci si è concentrati su una strategia di cooling a getti
sommersi. Tutto lo studio è stato svolto con un approccio 3D-CFD. Inizialmente, la
metodologia di calcolo è stata effettuata su una geometria semplificata che includeva
un singolo getto, i cui risultati sono stati confrontati con un caso test sperimentale,
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ottenendo un’ottima correlazione. Di conseguenza, la metodologia di calcolo è stata
adottata per effettuare un dettagliato studio parametrico. E’ stato valutato nel dettaglio
l’effetto del diametro, dell’aspect ratio, della disposizione e del numero degli ugelli.

L’attività di ricerca ha permesso di comprendere in dettaglio il comportamento
dei convertitori di potenza dal punto di vista elettro-termico. La progettazione dei
convertitori di potenza può essere fortemente supportata dal Banco Prova Virtuale
sviluppato, infatti l’individuazione della migliore configurazione dei moduli di potenza
è veloce ed accurata. I getti sommersi rappresentano un approccio di raffreddamento
efficiente e flessibile per i semiconduttori e la potenza di pompaggio in gioco è piuttosto
bassa.



Abstract

Over the last years, hybrid electric vehicles are becoming increasingly widespread
attracting the interest of researchers in this field. Significant innovations have been
recently achieved about components like electrical machines, energy storages, and
power converters. Focusing on power converter, its function is to ensure the energy
conversion from alternating current to direct current sides, and vice versa, by using
power semiconductors as IGBTs, DIODEs, and MOSFETs. Despite power electronic
devices are usually characterized by efficiencies over 90%, they can be characterized by
heat flux densities in the order of hundreds of W/cm2.

The main purpose of the present PhD thesis is to perform a detailed thermal
analysis on power conversion systems.

An electro-thermal simulation tool (Virtual Test Bench) which can address the
power converter design is developed and presented. The tool allows to evaluate any
multilevel power converter topologies by covering a wide range of possible operating
conditions. Moreover, many power module technologies can be evaluated at low
computational cost and by avoiding costly laboratory tests. The proposed tool enables
the anticipated identification of designs to be rejected because of their low efficiency.
Therefore, the experimental efforts can be only focused on the most promising solutions.
In the present work, the simulation tool is successfully validated against experiments
and literature results. A large simulation campaign is then conducted by considering
a number of power converter configurations. Their performance are evaluated by
means an accurate power losses computation in both steady-state and time-dependent
conditions. In addition, the behavior of single semiconductors equipping the power
converter is detailedly investigated.

Performance and reliability of such devices are ensured by means a dedicated
cooling system. In the current work, only active cooling systems are taken into account.
In detail, the focus is on design and application of submerged impinging jet cooling
technique. A 3D-CFD simulation approach is adopted. The simulation methodology is
firstly applied on a simplified geometry made by a single jet. For this geometry, results
are compared to experimental test case obtaining a good overall correlation. Then, the
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validated 3D-CFD methodology is adopted to complete a detailed parametric study of
jet cooling solution applied in power converters. The effect of nozzle diameter, aspect
ratio, arrangement, and number of jets are accurately investigated.

The research activity allows to understand in detail the power converter behavior
from a thermal point of view. The power converter design process can be strongly
supported by the developed Virtual Test Bench, in fact the individuation of the
best power module configuration is fast and accurate. Moreover, the tool can be
furthermore developed to allow a multi-objective optimization of power converter.
Finally, submerged impinging jets represent an efficient and flexible cooling approach
for semiconductors with low pumping power level.
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Chapter 1

Introduction

1.1 Background

Worldwide climate variations are partly to be ascribed to the exhaust emissions from
thermal engines [1]. This has prompted governments to enact stringent emission
regulations, forcing car manufacturers in investing to comply the requirements. Over
the last years, Hybrid Electric Vehicles (HEVs) are becoming increasingly widespread
attracting the interest of researchers in this field. HEVs are usually classified on
the basis of their architecture [1, 2] or on the degree of hybridization [3]. In HEVs,
the traction system is based on the combined adoption of an Internal Combustion
Engine (ICE) and an Energy Recovery System (ERS) made by one or more Motor
Generator Unit (MGU), an Energy Storage (ES), and a Power Converter (PC) to
link ES and MGU components. These devices can be combined in a different way
to achieve different goals such as improved fuel economy, increased power, additional
auxiliary power for electronic devices or high performance. Moreover, also different
power deployment strategies can be easily implemented in order to help the system
to achieve the desired purpose. In general, the power management of the system is
entrusted to PC which can be defined as the brain of the whole system. Different
typologies of Power Converters (PCs) are employed in the industrial field, however, the
current study is only focused on the device capable of converting Direct Current (DC)
power to Alternating Current (AC) power and vice versa.
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1.2 Context

Nowadays, hybrid solutions are massively taking place in the automotive field: from
city-car to super-car. Moreover, hybrid electric vehicles are also taking place in the
motorsport framework such as in Formula 1[4]. The present PhD research activity
has been performed in partnership with Ferrari S.p.A. In detail, the work has been
conducted at the Energy Recovery System Department of Ferrari Gestione Sportiva
(Motorsport division). This Department is in charge of developing the ERS system of
the Ferrari Formula 1 car. Its architecture is quite complex and a clear description can
be found on the Formula 1 website [4].

1.3 Motivations and Purpose

The aim of the present research study is to perform a wide thermal analysis on power
conversion systems.

Over the years, a large number of studies focused on PC performance evaluation.
Several methods can be found in literature to evaluate PC losses. Experimental tests
do not allow a fast investigation and in the preliminary design phase only the total
PC losses can be obtained [5]. In general, analytical models are usually adopted to
overcome these limitations. For example, in Ref. [6], the power losses are described
through polynomial formulations. The computation of losses is very accurate, but the
methodology could be complicate to be used in simulation tools. Also in Refs. [7, 8],
the implemented schemes are accurate, however the losses calculation requires some
computational efforts. In Ref. [9], PC losses prediction are affected by low accuracy
when extending the operating conditions range in terms of current and/or voltage.

To overcome these limitations, an electro-thermal simulation tool (which is called
“Virtual Test Bench”) is developed and presented in order to address the design of
power converters. This tool represents a viable way to evaluate power converter
systems at limited computational expenses. Any converter configuration can be easily
investigated over a wide operational range. The power module characteristics are
detailedly represented by look-up tables extracted from datasheet diagrams. The
presented tool enables the anticipated identification of designs to be rejected because
of their low efficiency and suggests the designs characterized by the low dissipation
levels. In this way, only the most promising solutions are selected to be subjected to
an experimentation campaign. In detail the global performance evaluation of power
converter can be performed both in steady-state and time-dependent conditions. In
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addition, a local investigation on power semiconductors helps the designers in the
understanding of the heat flux density involved. This is very important for the choice
and the study of the cooling system equipping the power module.

Power electronics devices can be cooled by different strategies such as pin fins, mini-
channels and impinging jets heat exchangers. Pin fins heat exchangers are massively
used in power electronics applications. As reported in Ref. [10], the main advantages
of this cooling strategy are given by high wetted surface, low pressure loss and simple
geometry. Unfortunately, one of the most important limitation can be due to the
encumbrance. Moreover, this cooling strategy do not allow to an optimal distribution of
the coolant flow rate on the heat source location. This is an important aspect in power
electronics field, since power semiconductors can be distributed onto an electronic board
in an irregular arrangement. Different mini-channel heat exchangers are developed
over the years. In refs. [11, 12], parallel mini-channels are studied and an high heat
transfer coefficient is found since the wetted surface involved is large. However a large
pressure drop is ascertained for the specific applications. Also fractal channels, studied
in Refs. [13–17], show limitations in terms of pressure drop and geometrical complexity.
For this kind of applications, a multi-objective optimization procedure can be taken
into account to found the best trade-off among thermal performance, pressure drop
and geometrical complexity. In general, mini channels have a good potential but their
performance can strongly depend on the specific application. Therefore, arrays of
impinging jets might be a promising solution because they efficiently exchange high
amounts of heat at an affordable pumping power level [18]. They can be easily used to
cool specific hot spot. In this work, arrays of submerged impinging jets are considered.

1.4 Methodologies and Investigations

In the first part of this work, the Virtual Test Bench is used to perform a large
simulation campaign. Both 2-Level (2L) and 3-Level (3L) PC topologies are considered.
Besides the two different topologies, also different devices technologies are examined like
Si IGBTs and SiC MOSFETs [19]. In detail, for 2L PC configuration, Infineon IGBT3
[20], Infineon EDT2 [21], and ROHM SiC MOSFET [22] are considered while 3L PC
configuration is equipped with Semikron IGBT3 [23]. Prior to the numerical study, the
tool is successfully validated against experimental tests and literature results reported
in Ref. [6]. The PC input conditions are defined by: MGU torque demand (TMGU),
MGU angular speed (nMGU ), bus DC voltage (Vdc), and PC switching frequency (fsw).
Each configuration is investigated over a large steady-state simulation matrix including
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260 points and over two drive cycles. PC losses are computed and the operating
conditions sensitivity is assessed. The evaluation of the losses and Usage time maps
allow to obtain a detailed analysis of the PC behavior through the drive cycles.

This analysis has also allowed to ascertain that power dissipation level which affects
power semiconductors are in the order of hundreds of W/cm2. In the last years, heat
removal from power electronic devices is gaining a fundamental importance in many
industrial fields, including hybrid traction systems. To tackle this technical problem
dedicated cooling systems need to be adopted. Impinging jet cooling technique are
becoming quite used in power electronics field. They might be a promising solution
because they efficiently exchange high amounts of heat at limited pressure drop
level [18]. In this study, array of submerged impinging jets are taken into account.
Therefore, the second step of the current research activity is to investigate in detail the
thermal behavior of power semiconductor by 3D-Computational Fluid Dynamics (CFD)
approach. Impinging jet cooling strategies are evaluated by performing conjugated
heat transfer simulations. Simulations are performed on a simplified computational
domain which involves a single and rectangular chip (representing the heat source)
separated from the coolant by a multi-material solid stack. The adopted numerical
procedure is validated against experimental data, provided by refs.[24][25]. A detailed
parametric study is successively performed and results are compared and discussed
in order to obtain the best compromise in terms of cooling efficiency and pumping
power required by the feed system. Three nozzle diameters are considered, associated
with two different aspect ratios of 1 and 0.5 respectively. Both inline and staggered
arrangements are adopted and an increase of nozzles number are taken into account.
Heat generation rate of the chip and inlet temperature of the coolant is the same
for all the simulated configurations. Moreover, each simulation is performed under a
given pressure drop, this is done in view of numerical considerations and following the
suggestions reported in Refs. [26][27] and it represents a practical problem, very close
to electric traction applications. As compared to more classical solutions, submerged
impinging jets represent an efficient technique for the cooling of power electronics.
Heat is exchanged also at low pumping power levels. Array of jets are flexible in terms
of geometry and can be specifically designed to control temperatures in critical spots.

1.5 Thesis outline

The PhD thesis is arranged as follows:
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• Chapter 2 shows a short description of the main Hybrid Electric Vehicle (HEV)
architectures;

• Chapter 3 shows a description of an energy storage and its basic equations;

• Chapter 4 proposes the basics of a brushless motor, moreover a mathematical
description is provided;

• Chapter 5 presents a wide overview of power converters. Moreover, an analytical
description of power semiconductors from a thermal point of view is shown;

• Chapter 6 presents the developed electro-thermal simulation tool (Virtual Test
Bench). In detail, a literature review on similar topics is firstly provided. Suc-
cessively, the developed tool validation is presented. Then, a large simulation
campaign is performed on four power modules selected. The power converters
behavior is investigated by considering a wide range of operating conditions;

• Chapter 7 presents the impinging jets cooling technique for power electronics.
After a wide evaluation of the state of the art, a 3D-CFD investigation is performed
on single heat source. A deep parametric analysis is proposed and results are
summarized in terms of heat transfer effectiveness and pumping power efficiency;

• Chapter 8 shows the conclusions of the presented work.

1.6 Publications

The research presented here are published in:

• “Comparison between cooling strategies for power electronic devices: fractal mini-
channels and arrays of impinging submerged jets”. The work has been presented
at the “ 36th UIT Heat Transfer Conference 25-27 June 2018, Catania, Italy”.
On 20th May 2019, the paper has been published on “Journal of Physics:
Conference Series” [13].

• “Numerical study of submerged impinging jets for power electronics cooling”. The
paper has been published on “International Journal of Heat and Mass Transfer”
in October 2019 [18].

• A paper titled: “A Virtual Test Bench Oriented to Power Module Evaluation”
has been submitted to the Journal “IEEE Transactions on Power Electronics”

.





Chapter 2

Hybrid Electric Vehicles

2.1 Overview

Nowadays, the huge amount of oil and gas usage in the world leads to problems
like global warming and pollution. In fact, the emission regulations are getting
even more stringent and automotive manufacturers are spending many resources to
accomplish the requirements. The challenge is to obtain solutions which can be
economically and environmentally sustainable. Significant innovations are introduced
to face this challenge. As reported by [28–30], the main developed solutions are
given by: turbocharges, engine downsize strategy, valve timing variation or cylinders
deactivation. These developments allowed to improve fuel efficiency. Moreover, catalytic
converters or exhaust gas recirculation allowed to reduce the Nox emission. Despite
these innovations, automotive manufacturers needed to focus their efforts on more
drastic solutions to accomplish the emission legislation. Therefore, HEVs are taking
even more place in the automotive propulsion framework; from city-car to motorsport.
Classification and description of HEVs are well explained by Cardoso et al., Prajapati
et al. and Govardhan [1–3]. Here, a summary is proposed in order to show a clear
HEV description. HEVs combine the benefits of both ICE and Electric Machine (EM).
An HEV is able to exploit the high-efficiency of EM (MGU) and to recover energy
from a brake operations. The connection between the ICE and the EM allows to
take advantages of both while minimizing their weakness. For example, an electrical
machine is characterized by a much faster dynamic response with respect to an ICE to
develop power. Some of the advantages of the electric motors are found in high torque
density, robustness and reduced weight. Moreover, an electrical machine can be used
both as motor and as generator. Indeed, as mentioned before, an HEV is capable of
braking through its electrical motor and recovery energy which would have been wasted
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Figure 2.1 Schematic representation of series HEV architecture

by means the brakes. Moreover, an MGU transforms electrical energy into mechanical
one with an higher efficiency than the one achieved by a ICE. Finally, an HEV can
develop torque with both the engines. Power deployment of an HEV depends by its
powertrain architecture. It can be configured to achieve different target such as fuel
consumption reduction, increased power or improvement of performance.

2.2 HEVs Classification

An HEV can be basically classified on the basis of its architecture as reported in [1, 2].

2.2.1 Series Hybrid

The ICE is placed in series with an electric generator, producing electric power to drive
one or more electric motors. The latter delivers the traction power to the wheels. The
excess power is then stored in the energy storage. This architecture does not allow direct
mechanical link between the thermal engine and the vehicle wheels. Consequently, the
ICE can be controlled independently from the vehicle power requirement and close to
its maximum performance condition. Hence, series HEVs tend to have high efficiency
engine working condition. This benefit is quickly outweighed by the fact that they
often require very powerful and expensive energy storage. The ES is needed because in
most cases, the motor may have to produce 50% of the required total power demand
[1]. Moreover, the energy provided from the ICE is converted twice before to drive
the wheels, As a matter of fact, this lead to undesired energy dissipation. For these
reasons, the system is more expensive and complex than the parallel one. In Fig 2.1, a
schematic representation is proposed.
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Figure 2.2 Schematic representation of parallel HEV architecture

2.2.2 Parallel Hybrid

As found by Cardoso et al. [2]. On the parallel HEV architecture, both thermal engine
and electrical machine can work independently or together to provide torque to the
wheels. In this arrangement, the ICE is mechanically coupled to the transmission,
while the EM is in charge of helping the ICE during boost event. Depending on the
power of the EM, it can be also used as the vehicle’s unique source of power at idle
and during the starts [2]. The possibility to have direct energy flow from the ICE to
the wheels allows the parallel HEV to shift to the most efficient point of operation
using the thermal engine. This is allowed by means the parallel connection between
the electric machine and the thermal engine, which implies that the capabilities of the
ICE and the EM can be changed without modifying vehicle’s total driving capacity.
In Fig. 2.2, a schematic representation is reported.

2.2.3 Parallel-Series Hybrid

As reported by Cardoso et al. [2], two electric machines are required. One works as
generator and the other works as motor. The connection between the generator and the
thermal engine is done using a planetary energy splitting device. This device allows the
vehicle to operate both as parallel and series HEVs. The series–parallel architecture
offers the advantage to have the ICE decoupled from the vehicle transmission, thus
making it possible for the vehicle to be driven using only the electric motors. This
also allows the ICE to works around its maximum efficiency conditions. In Fig. 2.3, a
schematic representation is shown.
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Figure 2.3 Schematic representation of parallel-series HEV architecture

2.3 Degree of Hybridization

As reported by Govardhan [3], HEVs can be classified on the basis of the degree of
Hybridization. It depends on the power exhibited by the ICE and the MGU. In detail,
in a HEV: the ratio between the power produced by the MGU and the total power
delivered by the vehicle is defined as Degree of Hybridization (DoH). Its mathematical
description is given by the following equation:

DoH = PMGU

PMGU + PICE
100 (2.1)

where PMGU is the power deployed by the electrical machine while PICE is power
developed by the thermal engine. In [3], the HEVs classification on the basis of DoH is
reported as follows:

• if DoH < 5% the HEV is called Micro-Hybrid. The electrical machine works
to start or stop the system to automatically shut off the engine while idling.
Moreover, the electrical machine is not able to provide additional torque to the
vehicle;

• if DoH up to 10% is vehicle is called Mild-Hybrid. The electric machine is capable
of providing the 10% of the maximum power of the thermal engine. With respect
the previous case, the electrical machine is able to produce additional torque to
the wheels;

• if 10% < DoH < 75% we are facing with Full-Hybrid vehicles. Here, the different
architectures described in the previous paragraphs can be found. Therefore, the
mentioned advantages can be achieved;
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• if DoH = 100% the vehicle is pure electric, no thermal engine is employed.

An HEV is equipped by components such as electric machine, internal combustion
engine and energy storage. To ensure an appropriate power flow among these devices,
a power management system is required. This task is ensured by the power converter
which can be defined as the "brain" of the whole electrical system. In the following
sections, a description of the main devices which compose an hybrid system is provided
with a particular focus on the power converter.





Chapter 3

Energy Storage

3.1 Overview

The Energy Storage represents the system able to store and to supply electrical energy
from/to electrical machines. Every HEV is equipped by an energy storage system and
the most common is given by a battery. It is a device which can convert the chemical
energy directly into electrical energy through electrochemical processes. The energy
storage power density is usually lower than fuel but they can be dimensioned either
to store the maximum possible energy or to exchange maximum power or to achieve
a trade-off between these two conditions. The battery operating conditions need to
be controlled in order to avoid performance degradation. An important parameter
which strongly affects the battery performance is the temperature, so an appropriate
cooling system needs to be adopted. Moreover, the batteries are subjected to severe
safety regulations and they must be treated carefully. In most applications, energy
storages make use of Lithium-ion cells since they allow to obtain a good trade-off in
terms of energy density, weight and cost. They can be arranged by considering a series
or parallel connection. The main characteristics of a battery systems are given by:

• Electrical capacity (Cel): it is given by the product between the intensity current
and the requested time able to completely discharge the energy storage. It is
measured in Ampere · seconds;

• Discharge rate (Cel/x): it represents the current able to totally discharge the
battery in x seconds. The Cel can be expressed by the Peukert’s law [31] as
Cel = Iγt where I is the discharge current, t is the discharge time and γ is the
Peukert’s constant which is greater than 1;
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• State of Charge (SoC): it represents the percentage of the residual energy stored
in the battery. Its mathematical description is given by following equation:

SoC =
Cel −

∫ t1
t0
I(t)dt

Cel
(3.1)

With the SoC introduction, it is possible to define the Depth of Discharge (DoD)
as 1 − SoC;

• Specific energy which is the energy deliverable by the ES per unit mass or per
unit volume;

• Voltage (Vdc): it is the voltage between the positive and the negative terminals;

• Resistance (R): due to the internal components and/or connections of the cell;

• Open Cell Voltage (OCV ): it is the potential of the cell ascribable only to the
cathod and anode materials. It changes with the value of the SoC;

• Charge/Discharge number of cycles. This parameter expresses the number of
cycles which causes an appreciable Cel decay. Usually this number is evaluated
when the Cel reduces till the 50% of its nominal value.

3.2 Basic principles

In order to understand the basic principles of an energy storage, a short description is
proposed. In Fig. 3.1, a schematic representation of a cell is reported. This simple
schematic does not include dynamic components as capacitance or inductances since
transient phenomena are neglected at this stage. The voltage at the terminals is function
of OCV and Resistance (R) due to the internal components and/or connections of
the cell. As previously said, the OCV depends by the state of charge. In Fig. 3.2, a
qualitative OCV dependency with SoC is shown. The link between the two parameters
is non linear and this curve are tipically extracted by experimental way. In addition,
the OCV curve is different among cells which belong to the same family since the
cell characteristics are affected by production dispersion. The OCV characteristic is
usually provided by the manufacturers. The voltage drop associated to the cell internal
resistance is always present. It mainly depends by several factor. Some of them are
given by the cell temperature and SoC. Moreover, when facing with an ES, two working
directions are allowed: the charge and discharge phases. The cell resistance varies also
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Figure 3.1 Schematic representation of a cell

Figure 3.2 Open Cell Voltage as a function of the State of Charge
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(a) Charge (b) Discharge

Figure 3.3 Open Cell Voltage as a function of State of Charge and temperature: T1
continuous line, T2 dotted line, T3 dashed line (T1 < T2 < T3)

by virtue the working direction. In Fig. 3.3, a qualitative representation of the cell
resistance in charge and discharge conditions is shown. The cell temperature plays a
crucial role. Basically, higher cell temperature is desired to limit the cell resistance and
losses as well. However, battery cells are always characterized by a limit temperature
which cannot be overcome to avoid high degradation or failure. Furthermore, the
minimum cell resistance is basically detected with the SoC included between 0.4 and
0.6. Close the maximum and the minimum SoC, the ohmic dissipation tend to grow.
The cell resistance characterization is obtained by experimental way. The voltage
between the cell terminals can be expressed as:

Vdc = OCV −RI (3.2)

where I is positive during discharge operations and negative for charge working
conditions as well. The deliverable electrical power can thus be obtained as follow:

Pel = VdcI = (OCV −RI)I (3.3)

and equation 3.3 can be rewritten in the following formulation:

RI2 −OCV I + Pel = 0 (3.4)
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the equation 3.3 has two solutions, hence two values of I can be assessed. However,
only a solution has a physical meaning and it is represented by the following expression:

I = OCV −
√
OCV 2 − 4RPel

2R (3.5)

from equation 3.5, to obtain the maximum Pel deliverable, it must be evaluated by
imposing the following condition:

OCV 2 − 4RPel ≥ 0 ⇒ Pel ≤ OCV 2

4R = Pmax (3.6)

it is clear as Pmax is a function of the internal resistance and the cell state of charge.
It is now possible to write also the current (I) and the voltage (Vdc) as a function of
Pmax. For I, it becomes:

I = OCV

2R

(
1 −

√
1 − Pel

Pmax

)
(3.7)

in the same way, by combining equation 3.14 and 3.7, it can be obtained the Vdc

expression:

Vdc = OCV

2

(
1 +

√
1 − Pel

Pmax

)
(3.8)

finally, it is possible to calculate the Joule losses ascribable to the internal resistance of
the cell. The Joule losses can be written as:

PJoule = RI2 = R

[
OCV

2R

(
1 −

√
1 − Pel

Pmax

)]2

= OCV 2

4R

(
1 −

√
1 − Pel

Pmax

)2

(3.9)

as already said, the battery resistance changes with charge and discharge conditions.
This means that two efficiency formulations can be written.

Charge condition

It this case, the current and Pel assume negative values which means that an external
device delivers power to the battery. The general efficiency formulation is:

ηc = Pel + PJoule

Pel
(3.10)

where Pel is the electrical power provided by the external load to the ES and PJoule is
the Joule dissipation due to the battery internal resistance. By using equations 3.3,
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3.7 and 3.8, ηc becomes:

ηc = VdcI +RI2

VdcI
= 1 +

1 −
√

1 − Pel
Pmax

1 +
√

1 − Pel
Pmax

(3.11)

For sake of simplicity, all mathematical steps are avoided and equation 3.11 assumes a
more compact relationship:

ηc = 2
1 +

√
1 − Pel

Pmax

(3.12)

If considering the maximum achievable power condition: |Pel| = Pmax (in this case Pel

is negative), the battery efficiency reaches a value above 0.8. If |Pel| is lower than Pmax,
the efficiency tends to noticeably increase.

Discharge condition

During the discharge phase, the current and Pel have a positive sign. The efficiency is
equal to:

ηd = Pel

Pel + PJoule
=

1 +
√

1 − Pel
Pmax

2 (3.13)

In this case, all mathematical passages are bypassed for sake of brevity. It can be
affirmed that: for the maximum deliverable power Pel = Pmax, ηd = 0.5 which is a
quite low value. Therefore, it is not suggested to design a battery system which can
deploy the same power value of the coupled device.

The dynamic behavior

In the previous paragraph, dynamic elements are not treated since the basic battery
principles are evaluated at steady-state conditions. In real applications, ES systems
have a dynamic response which cannot be neglected for an accurate understanding.
The most simple battery schematic is provided by Fig. 3.4. In this picture, a general
description is reported and n resistance-capacitance stages are reported. This number
depends by the battery characteristics. The voltage between the two terminals can be
represented by the following equation:

Vdc = OCV −
[
R +R1

(
1 − et/τ1

)
+ ...+Rn

(
1 − et/τn

)]
I (3.14)

where τi is the the time constant of the i-th stage. It is equal to RiCi and Ci is the
capacitance of the i-th stage. As a matter of fact, to compute the electrical power or



3.2 Basic principles 19

Figure 3.4 Schematic representation of a battery

Joule losses istantaneously, this formulation needs to be adopted. These parameters
are usually evaluated by the manufacturers through a complex characterization process.
Moreover, these parameters are usually mapped over the various operating conditions.
Since this work is not focused on ES device only a basic description is provided, a
detailed overview can by found in Ref. [32].





Chapter 4

Permanent Magnet Synchronous
Motor

4.1 Overview

In this chapter, a basic description of Permanent Magnet Synchronous Motors (PMSMs)
is reported. A full description can be found in [33–35]. The Permanent Magnet Syn-
chronous Motors are widely employed in industrial application. The main components
of this kind of machine are due by the stator which is the static part of the machine
in charge of powering the device, and by the rotor which is the rotating component.
The stator is interested by a rotating magnetic field and its amplitude depends by the
applied voltage. The rotor is interested by a magnetic field constant in amplitude which
depends by the magnet properties. These kind of motors are also named brushless
since there are no brushes. This leads some advantages which can be summarized
by low maintenance requested, low noise level and high power density. The power
density of this electrical machine depends by the magnet properties and the pole pairs
number. Brushless motors are synchronous since the frequency of the magnetic field
has the same frequency of the electrical quantities feeding the device. The main weak
point of these electrical devices is the cost. The main cost factor is given from the
permanent magnet type used to generate the magnetic field. The rotor is usually made
in Ferrites, Samarium-Cobalt or Neodymium-Iron-Boron materials [36]. Brushless
motor can be also classified as isotropic and anisotropic. This is due to the magnetic
reluctance developed inside the air gaps. When the magnetic reluctance is constant,
the electrical machine is isotropic. The stator auto-inductances do not change with the
rotor motion and position. The electrical machine is anisotropic if the magnetic field of
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Figure 4.1 Operating quadrant of an electrical machine

the stator changes when the rotor moves and each winding sees a different reluctance
value. Hence the stator auto-inductances depend by the rotor position.

The electric motor (EM or MGU) is the machine capable to transform the electrical
energy provided from a given power source into the mechanical energy required to drive
the shaft of the machine. The MGU can work in AC or DC. In the present work an
AC MGU brushless is considered. An EM can be classified accordingly to its capability
of working in the different quadrants of the rotor speed versus torque plane as shown
in Fig. 4.1:

• In the first quadrant the EM works in forward direction, thus as a motor. Hence
the power is transferred from the energy storage to the shaft;

• In the second quadrant, the motor works as generator in backward direction. So,
torque and speed are opposite in sign and the power flows from the shaft to the
energy storage;

• In the third quadrant the electric engine operates as a motor but in backward
direction: power flows from the power source to the shaft;
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Figure 4.2 Schematic representation of three-phase voltage in star configuration

• Finally, in the fourth quadrant, the machine is braking in forward direction,
therefore it operates as a generator. Hence, power flows again from the shaft to
the ES.

The choice of the electrical drive depends on the desired goal. An HEV can work in the
first and in the fourth quadrants, while a full electric vehicle must be equipped with
a drive able to operate in every quadrants [37]. For the present case, the operating
quadrants involved will be the first and the fourth.

4.2 Analytical model of a brushless motor

4.2.1 From battery DC voltage to three-phase AC voltage

For the present study, a three-phase machine in a star connection is considered. The
Brushless motor is an AC machine, and it can work both as motor and generator. A
device which is in charge to provide (store) the power to (from) the electrical machine
is requested. It can be a battery which operates in DC power. To link the three-phase
AC machine and DC battery a AC/DC three-phase power converter is required. In Fig.
4.2, a star connection is represented, each phase is switched of 2/3π. Basically, the
values of phase-to-phase voltages must be computed with respect to the DC electric
potential Vdc as follows:

Vdc = Vab = V1cos
π

6 + V2cos
π

6 (4.1)
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which means that:

V1 = V2 = V3 = V ⇒ Vdc = 2V cosπ6 ⇒ V = Vdc√
3

(4.2)

4.2.2 Electrical model

Here, the analytical description of a brushless motor is presented. A more complete
overview is reported in the following references [37, 33–35]. A brushless motor operates
by means the interaction between the stator rotating magnetic field and the rotor
magnetic field. The model is described just for the stator since the rotor has no
excitation circuit:

Va(t) = RsIa + ∂ϕa

∂t
(4.3)

Vb(t) = RsIb + ∂ϕb

∂t
(4.4)

Vc(t) = RsIc + ∂ϕc

∂t
(4.5)

Where:

• Rs is the stator resistance;

• ϕi is the concatenated flux for i = a, b, c;

• Vi is the stator voltage for i = a, b, c;

• Ii is the stator current for i = a, b, c.

The concatenated magnetic fluxes can be expressed as a function of inductances and
permanent magnet fluxes as shown in the following equations:

ϕa = La(ωt)Ia +Mab(ωt)Ib +Mac(ωt)Ic + ϕma(ωt) (4.6)
ϕb = Lb(ωt)Ib +Mba(ωt)Ia +Mbc(ωt)Ic + ϕmb(ωt) (4.7)
ϕc = Lc(ωt)Ic +Mca(ωt)Ia +Mcb(ωt)Ib + ϕmc(ωt) (4.8)

where:

• ωt is the rotor electrical angular position and it is indicated by θ;

• Mij is the mutual inductance between phases i and j;

• Li is the i− phase auto-inductance;
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• ϕmi is the magnetic flux produced by the magnet on the i− phase.

these equation can be now rewritten in a matrix form:

Va

Vb

Vc

 =


Rs 0 0
0 Rs 0
0 0 Rs



Ia

Ib

Ic

 +

+ ∂
∂t

( 
La(θ) Mab(θ) Mac(θ)
Mba(θ) Lb(θ) Mbc(θ)
Mca(θ) Mcb(θ) Lc(θ)



Ia

Ib

Ic

 +


ϕma(θ)
ϕmb(θ)
ϕmc(θ)


)

in a more compact way, the same equation becomes:

Vs = RsIs + ∂

∂t
(
L(θ)Is

)
+ ∂ϕm(θ)

∂t
(4.9)

and:
Vs = RsIs + ∂L(θ)

∂θ

∂θ

∂t
Is + L(θ)∂Is

∂t
+ ∂ϕm(θ)

∂t
(4.10)

and if the stator currents are equal to 0A:

Vs = ∂ϕm(θ)
∂t

(4.11)

it represents the back-electromotive-force (back e.m.f.) developed on the stator circuit
by the rotor which is rotating at an electrical angular speed ω = ∂θ/∂t. The torque
equation can be obtained by writing a power balance equation:

IT
s Vs = IT

s RsIs︸ ︷︷ ︸
A

+ IT
s

∂L(θ)
∂θ

ωIs + IT
s L(θ)∂Is

∂t
+ IT

s

∂ϕm(θ)
∂t︸ ︷︷ ︸

B

(4.12)

the left side of the equation represents the instantaneous power provided by the power
supply. For the right side, the term A represents the Joule losses. The term B represents
the sum of mechanical power (Pmecc) provided to the load and the magnetic energy
variation (dEm

dt
). It is demonstrated that [35]:

dEm

dt
= 1

2

(
2IT

s L(θ)∂Is

∂t
+ IT

s

∂L(θ)
∂θ

ωIs

)
(4.13)
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by subtracting the equation 4.13 to the B term of the equation 4.12, the mechanical
power can be written as:

Pmecc = 1
2I

T
s

∂

∂θ
L(θ)ωIs + IT

s

dϕm(θ)
dt

ω (4.14)

where ω is the electrical angular speed, and it can be related to the rotor mechanical
speed as:

ωm = ω

pp
(4.15)

where pp are the number of magnetic pole pairs. Now the torque can be expressed as:

T = pp

(
1
2I

T
s

∂

∂θ
L(θ)Is︸ ︷︷ ︸

A

+ IT
s

dϕm(θ)
dt︸ ︷︷ ︸

B

)
(4.16)

the torque is a function of two terms. The term A is the reluctance torque and it is
present for anisotropic machine. The other contribution (term B) is always present
and it is given by the interaction between rotor and stator magnetic field. For the
sake of simplicity, in this paragraph, the full analytical description is not reported. To
have a deeper overview of brushless machines, it is recommended to consult literature
contributions provided by [33–35, 37].

4.2.3 Park’s transformation

To achieve a more compact representation of the physical quantities, the Park’s
transformation is introduced. A detailed explanation is reported in [38–41]. Let us
consider three variables which depends by the time, for example: Ia(t), Ib(t), Ic(t). It
is now possible to define a vector Ī and a scalar I0 such that:


Ī = k

(
Ia + Ibe

j 2
3 π + Ice

j 4
3 π

)
= Id + jIq

I0 = Ia + Ib + Ic

(4.17)

The system presented above represents the Park’s transformation of the variables Ia(t),
Ib(t), Ic(t). Let us consider a system given by three sinusoidal quantities with their
amplitude equal to Im, their average value of I0 and switched of 2/3π. The Park’s
transformation can be also expressed by means the following transformation:
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Figure 4.3 Schematic representation of Park’s transformation


Id

Iq

I0

 =T (θ)


Ia

Ib

Ic


where:

Ia = Ime
jθ (4.18)

Ib = Ime
j(θ+ 2

3 π) (4.19)
Ic = Ime

j(θ+ 4
3 π) (4.20)

while the transformation matrix T (θ) is equal to:

T (θ)=


cosθ cos(θ − 2

3π) cos(θ + 2
3π)

−sinθ −sin(θ − 2
3π) sin(θ + 2

3π)
1√
2

1√
2

1√
2


This transformation defines three new coordinates named direct component, quadrature
component and zero component. In Fig.4.3, a schematic representation of the Park’s
transformation is reported. From the physical point of view, the Park’s transformation
allows to transform three-phase electrical machine in a two-phase equivalent electrical
machine. These magnetic axes are coincident with the q and d axes. Moreover they are
also orthogonal. For a symmetrical three-phase system the value of a zero component
is always null.

4.2.4 Park’s equations of electrical machines

In this paragraph, the mathematical equations in the Park’s domain of an electrical
machine are reported. A detailed Park’s transformation discussion is reported in
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[38, 39]. For sake of brevity, just the final equations are shown. For the stator voltages
in the Park’s domain, it will be obtained:Vd = RsId − ωLqIq

Vq = RsIq + ωϕP M + ωLdId

(4.21)

where:

• ϕP M is the permanent magnet flux linkage;

• Rs is the stator resistance;

• Lq and Ld are the stator auto inductances of q and d axes respectively;

• Iq and Id are the stator currents of q and d axes respectively.

the electrical power can be written as:

Pel = 3
2
(
VqIq + VdId

)
(4.22)

by inserting eqs. 4.21 in eq. 4.22, the electrical power becomes:

Pel = 3
2
[
Rs

(
I2

q + I2
d

)
+ ωϕP MIq −

(
Lq − Ld

)
ωIdIq

]
(4.23)

in this equation, it can be individuated two contributions:PJoule = 3
2

[
Rs

(
I2

q + I2
d

)]
Pmecc = 3

2

[
ωϕP MIq −

(
Lq − Ld

)
ωIdIq

] (4.24)

where PJoule represents the dissipative contribution of the electrical power while the
term Pmecc is the mechanical power written in the Park domain. By dividing the
mechanical power by the mechanical angular speed ωmecc, the mechanical torque is
expressed as:

T = 3
2pp

[
ϕP MIq −

(
Lq − Ld

)
IdIq

]
(4.25)

where the terms
(
Lq − Ld

)
IdIq is the reluctance torque which is not equal to 0 for

anisotropic machine Lq ̸= Ld.
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4.2.5 Electrical machines operating regions

A Permanent Magnet Synchronous Motor has both voltage and current constraints.
They depend on both their nominal values set by the manufacturer and on the power
supply limits. The machine operating regions will be examined at steady state operating
conditions which means that: three-phase voltages and currents are sinusoidal signals
and their amplitude and frequency are constant. This is true also for ω and all
quantities transformed in the Park’s domain. The aforementioned constraints can be
described as follow:

•
√
I2

q + I2
d ≤ Imax. Imax is the current of the three-phase machine which corre-

sponds to the concatenated nominal current Root Mean Square (RMS) value
(Imax =

√
2Inom). This constraint has a circle trajectory in the d − q reference

frame;

•
√
V 2

q + V 2
d ≤ Vdc,f where Vdc,f is the DC voltage which corresponds to the

concatenated stator value.

By introducing the eqs. 4.21 in the voltage constraint equation it is possible to obtain:
(
RsId − ωLqIq

)2
+
(
RsIq + ωϕP M + ωLdId

)2
≤ V 2

dc,f (4.26)

Current and voltage constraints involve torque and speed limitations as well. It can
be easily represented in the d − q reference frame reported in Fig. 4.4. The current
limit is given by the red circumference with its radius equal to Imax, while the voltage
limit is described by the ellipse equation. This shrinks when the rotor angular speed
increases. The center coordinates of the ellipse are:Cd = ϕP M

Ld

Cq = 0
(4.27)

while the minor semi-axis and the major semi-axis are respectively:Smin = Vdc,f

ppωLq

Smax = Vdc,f

ppωLd

(4.28)

A Permanent Magnet Synchronous Motor operating point, at a given speed, corresponds
to a working condition inside both the voltage and the current limits. If the working
point corresponds to an operating condition where the rotor angular speed is low with
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Figure 4.4 Brushless machine operating regions

respect to the maximum achievable, the voltage constraint is large. Therefore, the
current limit is the one more limiting. In this case, it appears convenient to follow
the AB trajectory which is called Maximum Torque Per Ampere (MTPA) curve and a
further description can be found in [40, 42] . It represents the set of minimum pairs
(Id, Iq) which allows to achieve the desired torque level. It must be noticed that it
corresponds to a set of points such that Id is negative. Moreover, the MTPA curve
represent the maximum efficiency condition for the electrical machine, Joule losses
are limited in this case. The MTPA trajectory can be followed if the locus point AB
is internal to the voltage limite ωm = ωB, where ωB is the maximum motor angular
speed such that the nominal torque is always available. If the intersection between
the torque curve and the MTPA does not lie inside the voltage constraint ωm ≥ ωB,
the machine works in Field-Weakening (FW) condition [43, 41]. The FW operating
point condition can be represented by the L point of the Fig. 4.4. In this condition the
maximum torque achievable is lower then the nominal torque. Moreover, it decreases
with the angular speed of the rotor and becomes equal to 0Nm if ωm ≥ ωmax; in this
case current and voltage constraints intersect on the direct axis.

4.2.6 Maximum Torque Per Ampere trajectory

In Fig. 4.4, the green curves represent the constant torque curves. There exist two
asymptotes: the first one is Id = 0 and the other is Id = ϕP M/(Lq − Ld). As already
said, a locus point exist such that it is possible to ensure the desired torque at maximum
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efficiency condition. In order to obtain the MTPA [40, 42], some assumption must be
done:

• the brushless machine is working as a motor, this is done to perform computations
which can reflect the discussion for the generator operating mode;

• It is assumed that Id is negative. This represents a FW [43, 41] operating mode
as well. It corresponds to the working condition in which the rotor is rotating at
an angular speed faster than the nominal one.

It is now possible to write Iq as a function of the torque:

Iq = T
3
2pp

[
ϕP MIq −

(
Lq − Ld

)
Id

] (4.29)

by introducing now the current constraint equation:

Imax =
√
I2

q + I2
d (4.30)

and considering the derivative of equation 4.30 with respect Id it is obtained:

dImax

dId

= 1√
I2

q + I2
d

[
Id + Iq

dIq

dId

]
(4.31)

in eq. 4.31 the terms dIq/dId can be expressed by showing the derivative of the eq.
4.29 as follow:

dIq

dId

= 3/2Tpp(Lq − Ld){
3/2pp

[
ϕP M −

(
Lq − Ld

)
Id

]}2 = Lq − Ld

ϕP M −
(
Lq − Ld

)
Id

Iq (4.32)

By introducing eq. 4.32 in eq. 4.31 and imposing that it is equal to 0, it is possible to
obtain the MTPA trajectory as:

I2
q = I2

d − Id
ϕP M(

Lq − Ld

) (4.33)

This is a quadratic polynomial equation which represents a curve, symmetric with
respect to the d axis and passing through (0,0). Moreover, this equation describes a
curve which lies in the second and third quadrant of the d− q plane. It has been found
that the MTPA curve is valid both for motor and for generator working mode.





Chapter 5

Essentials of three-phase Power
converters

5.1 Overview

The power converter plays a crucial role in the HEVs [37]. The aim of the PC is the
power management between the electrical devices such as energy storage and electrical
machine. In other words, the PC transforms the power which comes from the main
source to the one needed to drive the motor. Typically, the main power source is
usually either the three-phase electrical current or a direct current. In the HEV, the
power flux can go from the source to the driven machine and vice versa. Moreover, it
is supported by a control system which aims to ensure the desired performance of the
whole system. The PC is able to transform the energy characteristics of the available
source into the most reasonable form required from the motor. The power conversion
process needs to be achieved in the most efficient way. Due to these reasons, a PC is
usually made up of static power semiconductors such as power DIODE, Insulated-Gate
Bipolar Transistor (IGBT), Bipolar Junction Transistor (BJT) and, Metal-Oxide-
Semiconductor Field-Effect Transistor (MOSFET). All of them are semiconductor
devices that are connected to each other in different layouts depending on the particular
power conversion requested. Description of power semiconductors can be found on the
following literature contributions [44–47].
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5.1.1 Power converter classifications

Typologies of power converter

The power converter can be classified as follows:

• AC/DC converter: known as rectifier, produces a continuous voltage with variable
amplitude from an alternate source with constant frequency and amplitude;

• DC/DC converter: known as chopper, it provides a continuous voltage with
variable amplitude from a continuous and constant source;

• AC/AC converter: known as frequency converter, returns a variable voltage, both
in frequency and amplitude, from an alternate voltage whose amplitude and
frequency are constant;

• DC/AC converter: known as inverter, it outputs a variable voltage, both in
amplitude and in frequency from a continuous and constant source.

In the automotive applications, the main involved motors are AC three-phase motors.
For this kind of EM a three-phase AC voltage power supply is required. Since the ES
provide DC power an inverter is necessary to allow the energy flow from the energy
storage to the AC MGU. When the MGU works also as a generator, a rectifier is
required. In most cases, the same device is designed to work properly both as inverter
and rectifier.

Number of levels

A PC is capable of managing both the AC output voltages amplitude and frequency
with a given value of DC bus input voltage. A variable output AC voltage can be
achieved by modifying the inverter gain, defined as the ratio between the AC output
voltage and the DC input voltage, by means a Pulse Width Modulation (PWM) control
process. As found in Ref. [37], the PC allows to obtain a voltage waveform having
both variable frequency and amplitude. However, the waveform returned from this
device is not sinusoidal but squared, which is generated by pulses whose duty cycle
varies over time. The squared voltage waveform is due to the PWM technique applied
to control the device. In fact, a PC provides an AC voltage waveform by repeatedly
switching between voltage levels defined in relation to the DC voltage supply available.
The number of voltage levels must be at least two to feed to the motor with an AC
waveform. On the contrary, the outputs waveform would be a continuous line. So,
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(a) (b)

Figure 5.1 (a) 2L PC phase leg, (b) 3L PC phase leg

the number of levels is an important parameter of PCs. In Figs. 5.1(a) and 5.1(b),
schematic representations of a 2L PC phase leg and a 3L PC phase leg are provided.
For the 2L case, just the positive and the negative connections are present on the DC
side. Instead, for the 3L case, in addition to the positive and negative terminals, also
the neutral terminal is present.

PC having more than 2L are called multilevel PC. Multilevel power converters are
usually employed to improve the quality of the output signals. However, by increasing
the number of levels the device becomes more complex and expensive. In the industrial
applications, the most common architectures are the 2L and 3L ones. A 3L PC can
be built in a Neutral-Point Clamped (NPC) or T-type Neutral-Point Clamped (TNPC)
topologies [19]. For the sake of simplicity, in the present study, PC performance are
investigated on both 2L and 3L in a NPC topologies. In Figs. 5.2(a) and 5.2(b), the
squared waveform of 2L and 3L PCs are reported.

5.1.2 The switch combinations

For sake of simplicity, the electric scheme of a traditional 2L three-phase power converter
is shown in Fig. 5.3. In the description, the DC bus voltage (Vdc) is given by two DC
voltage generators (of Vdc/2) connected in series. The described PC is composed by
six switches with six diodes in parallel. These devices are connected to form three legs.
The switches are electronic devices controlled both in switching ON and OFF, instead
the diodes are passive devices required to give a closing path to the currents at each
opening of switch.
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(a)

(b)

Figure 5.2 (a) 2L squared voltage waveform, (b) 3L squared voltage waveform

Figure 5.3 Schematic representation of a three-phase 2L PC
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Figure 5.4 The ON and OFF states of the six PC switches
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Considering a 2L three-phase PC, the possible switch combinations are only eight
as proposed in Fig. 5.4. With the adopted convention, for example, the number 1
indicates the state ON of high side (T1) and state OFF of low side (T2) of the same
leg. For example, 100 represents T1A = ON, T1B = OFF, T1C = OFF, T2A = OFF, T2B

= ON, and T2C = ON. This description is well explained in ref. [37]. In a three-phase
PC, different power semiconductors are employed such as DIODE, IGBT, BJT and
MOSFET. They are used fundamentally in switching mode (ON or OFF state). The
most used materials for power semiconductors devices are silicon and silicon carbide.
A detailed description of such devices can by found in literature [44–47].

5.1.3 Modulation techniques

Over the years, several types of PWM modulation techniques are developed such as
square wave (six-step), carrier-based PWM and Space Vector Modulation (SVM) [37].
The aims of such techniques are: simple implementation, high max inverter gain, lower
switching losses, and lower Total Harmonic Distortion of waveform. In this chapter a
short description of the carrier-based PWM is given.

Carrier-based PWM

In the current industrial applications, the most used technique is Sinusoidal Pulse
Width Modulation (SPWM) technique. This modulation technique is given by a
sinusoidal reference signal of amplitude Vm and a triangular carrier of amplitude V∆.
The frequency of the reference signal (fm ) determines the fundamental frequency
of output voltage, while the carrier wave frequency (fsw) represents the switching
frequency of the power converter. In Fig. 5.5 (taken from [37]), a representation of
2L inverter carrier-based PWM is shown. The ratio between Vm and V∆ is known as
modulation index and is expressed in Eq. 5.1:

M = Vm

V∆
(5.1)

Eq. 5.2 shows another important index which is typically higher than 30. It is the
given by the ratio between fm andfsw:

Y = fsw

fm

(5.2)
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Figure 5.5 2L inverter carrier-based PWM. Reprinted from [37]

The strongest point of this modulation techinque is given by the low number of
commutations and by the fact that it is easy to implement. When an higher output
voltage is required, the modulation index needs to be increased above 1. The region
with M > 1 is called over-modulation. To increase the limit of the output voltage of
SPWM different strategies are taken into account. The most common is given by third
harmonic PWM injection. For sake of brevity, literature contributions are suggested
to have an overview on this topic [37, 48, 49].

5.2 Power dissipation

During PC operations, all power semiconductors are interested by ON and OFF
mode. The switching phases are not instantaneous and energy losses occur in these
operations. Moreover, power dissipation of PC are also due to the non-ideality of power
semiconductors mentioned previously. There are two main dissipation typologies:

• Conduction losses;

• Commutation or switching losses.

5.2.1 Conduction losses

This kind of dissipation occur during the on-state of power semiconductors and they
are also called Joule losses. The involved parameters that allows to quantify power
dissipation are:
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Figure 5.6 Vce as a function of electric current and temperature (Tj = 25°C dashed
line, Tj = 150°C continuous line)

• the collector-emitter voltage (Vce) if we are facing with an IGBT, in case of
DIODE the analogous parameters is the forward voltage (Vf ). It represents the
threshold value which allows to device to work;

• the internal resistance of the device which is called collector emitter resistance
(rce) for a IGBT, forward resistance (rf ) for a DIODE and on-state drain source
resistance (rds) for a MOSFET.

The mentioned physical magnitudes are detailed described in [44–47]. These parameters
are characterized and provided by power modules manufacturers: in the datasheet, it
is presented power semiconductor behavior as a function of their operating conditions.
They basically depend by the operating temperature, current and voltage. To quantify
conduction losses, it is possible to take into consideration an IGBT and to consider
the Vce characteristics as seen in Fig. 5.6. It is possible to observe that when the
semiconductor is working, the collector-emitter voltage can be written as:

Vce = Vce0 + rceIc(t) (5.3)

with Ic the current value involved when the semiconductor circuit is closed. To obtain
the conduction losses, eq. 5.3 needs to be multiplied by Ic as written below:

Pc,IGBT(t) = Vce0Ic(t) + rceI
2
c (t) (5.4)

Let us suppose that the current Ic(t) is a periodical function and its period is Θ. In
order to compute an average value of conduction dissipation over the period, it can be
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written:

Pc,IGBT = 1
Θ

∫ Θ

0

[
Vce0Ic(t) + rceI

2
c (t)

]
dt = Vce0

Θ

∫ Θ

0
Ic(t) dt + rce

Θ

∫ Θ

0
I2

c (t) dt (5.5)

and from eq. 5.6 it is possible to define the average current and the square of the
effective current value as: Iavg = 1

Θ
∫Θ

0 Ic(t) dt
I2

eff = 1
Θ
∫Θ

0 I2
c (t) dt

(5.6)

therefore, eq. 5.6 assumes the following formulation:

Pc,IGBT = Vce0Iavg + rceI
2
eff (5.7)

if we extend the same analysis to a diode, the eq. 5.7 would be:

Pc,DIODE = Vf0Iavg + rfI
2
eff (5.8)

while for a MOSFET the equation becomes:

Pc,MOSF ET = rdsI
2
eff (5.9)

since only the resistive contribution is included [46]. These formulations are written in
the general form. Iavg and Ieff assume a different formulation on the basis PC topology.
In the following chapter, the conduction losses will be presented in their final form for
2L and 3L NPC power converters.

5.2.2 Switching losses

Switching or commutation losses occur at any power semiconductor commutation event.
They can be quantified in three different contributions as discussed below:

• Eon is the energy lost by an IGBT or MOSFET during the activation phase;

• Eoff is the energy lost by an IGBT or MOSFET during the deactivation phase;

• Err is the reverse recovery energy stored by a DIODE during the transistor
deactivation operations.

In Fig. 5.7, a picture of the mentioned parameters as a function of electric current and
voltage is presented. It is worth to say that these parameters are also a function of the
temperature. Their dependency is usually described in the power module datasheet
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Figure 5.7 Eon dotted line, Eoff continuous line, Err dashed line

provided by the manufacturers. To quantify the switching losses, the switching energy
needs to be multiplied by the switching frequency fsw. In the next section, switching
dissipation will be presented in their final form for 2L and 3L power converters.

5.2.3 Operating conditions dependencies

In general, the operating condition of the power converter could change dynamically
during its operations in terms of current, voltage, and temperature. For this reason,
to have an accurate power losses estimation, compensation based on environmental
conditions to any parameter must be introduced. Temperature, current and voltage
dependencies of both conduction and switching parameters are usually reported on
datasheet diagrams. To have an idea of power semiconductor dependencies by their
operating conditions, a representation of Vce and Eoff of an IGBT device is shown
in Fig. 5.8. As a matter of fact, both conduction (Vce, Vf , rce, rf , and rds) and
switching parameters (Eon, Eoff , and Err) must be modeled by taking into account their
dependencies over different operating conditions. Researches explored different model
to describe the power semiconductors behavior. In Ref. [9], a linear approximation
of switching parameters has been taken into account. Power module manufacturers
suggest to model these parameters by following a look-up table approach or by scaling
them by means the introduction of coefficients [6]. As a matter of fact, coefficients
are provided by power module suppliers and change by virtue of the power module
considered. In Refs. [6] and [7] conduction and switching losses are modeled by
considering a polynomial description.
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Figure 5.8 (a) Vce [V] as a function of electric current and temperature, (b) Eoff [mJ]
as a function of electric current and temperature

Figure 5.9 Example of thermal impedance of a power DIODE and an IGBT

As previously described, power electronic devices are interested by dissipation
during the working conditions. Therefore, these devices must be equipped by an
heat sink. It is employed to maintain the chip temperature below the limit value
to prevent failure. Usually, power semiconductor limit temperature can be found on
datasheet provided by the manufacturers. Thermal management plays an important
role in the reliability of power electronic devices. Thermal properties of DIODEs,
IGBTs and other power switches are basically reported by taking into account the
thermal impedance (Zth). The power semiconductor temperature is known as junction
temperature (Tj). As found in many manuals drawn up by suppliers [19, 50], the power
device thermal impedance can be schematized by considering a Resistance-Capacitance
(RC ) network [7]. Different models are found in literature and the most common are
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(a)

(b)

Figure 5.10 (a) Foster network , (b) Cauer network

the socalled Foster Network [51] and the Cauer Network [52]. Both of network models
are represented by multi-stage RC network. They link the chip junction to the power
module heat sink. In Figs 5.10(a) and 5.10(b), a representation of Foster Network and
Cauer Network is respectively reported. Therefore, the thermal response of a power
device can be described through the mentioned networks. A mathematical description
of Zth for a Foster network is reported in the following equation:

Zth =
N∑

i=1
Rth,i

(
1 − et/τi

)
(5.10)

where:
τi = Rth,iCth,i (5.11)

Rth,i and Cth,i are the thermal resistance and capacitance respectively at the i-th stage.
The time constant (τi) is obtained by means the multiplication of these magnitudes.



Chapter 6

Power converter losses evaluation:
the Virtual Test Bench

6.1 Overview

Over the years, a large number of studies focused on PC performance evaluation.
Several methods can be found in literature to evaluate PC losses. Experimental tests
do not allow a fast investigation and in the preliminary design phase only the total
PC losses can be obtained [5]. In general, analytical models are usually adopted to
overcome these limitations. For example, in Ref. [6], the power losses are described
through polynomial formulations. The computation of switching and conduction losses
is very accurate, but the methodology could be complicate to be used in simulation
tools. Also in Ref. [7], power losses are based on polynomial fitting curves based on
datasheet values and/or experimental results. The implemented scheme is accurate
but only pulse test condition is explored for the specific case. Schweizer et al. [8]
performed a per chip losses characterization, their methodology is useful to address the
design of a custom module, however the losses calculation requires some computational
efforts. In Ref. [9], PC losses are averaged across a switching cycle. Switching energy
parameters are linearly approximated with current and voltage while no current and/or
temperature dependencies are included for conduction parameters. This could lead to
low accuracy when extending the operating conditions range in terms of current and/or
voltage. Some interesting studies investigate PC behavior in dynamic conditions: in
Ref. [53], PC losses are calculated at each operating point of the cycle, however the
implemented procedure does not completely allow to split the losses in switching and
conduction contributions. Bryant et al. [54] have considered a dynamic load cycle
to perform an optimization of semiconductor devices in terms of switching condition.
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However, the conduction losses are not treated. Asus et al. [55] developed a model
able to predict hybrid car performance over a race cycle but PC behavior is not treated
in detail.

All of the mentioned works are very interesting, however some shortcomings are
present in the existing methods. The aim of this part of the work is to present an
electro-thermal simulation tool able to accurately address the design of PCs at low
computational cost. Any converter configuration can be easily investigated over a wide
operational range, in both steady-state and time-dependent conditions. Moreover, the
method allows to split the power losses in switching and conduction contributions. The
power module characteristics are detailedly represented by look-up tables extracted
from datasheet diagrams [56]. The proposed tool enables the anticipated identification
of designs to be rejected because of their low efficiency. In this way, only the most
promising solutions are selected to be subjected to an experimental evaluation.

In this work, a large simulation campaign is performed. Both 2L and 3L PC
topologies are considered. Besides the two different topologies, also different technologies
are examined like Si IGBTs and SiC MOSFETs [19]. In detail, for 2L PC configuration,
Infineon IGBT3 [20], Infineon EDT2 [21], and ROHM SiC MOSFET [22] power modules
are considered while 3L PC configuration is equipped with Semikron IGBT3 [23] power
module. Prior to the numerical study, the tool is successfully validated against
experimental tests and literature results reported in Ref. [6]. The PC input conditions
are defined by: MGU torque demand (TMGU), MGU angular speed (nMGU), bus DC
voltage (Vdc), and PC switching frequency (fsw). Each configuration is investigated
over a large steady-state simulation matrix including 260 points and over two drive
cycles. PC losses are computed and the operating conditions sensitivity is assessed.
The introduction of the Power losses and Usage time maps allow to obtain a detailed
analysis of the PC behavior through the drive cycles. Moreover, the impact of the drive
cycle on PC performance is quantified by means the introduction of Pd,cycle. Finally,
also an evaluation which takes into consideration the power dissipation of single chips is
conducted. This is important to study the cooling strategy of the power module. The
method is deemed promising and can be recommended for the use in the preliminary
design of PCs. Simulation time is very short, less than 80s are required to detect all
steady-state simulation matrix points. Potentially critical operating conditions can
be individuated and avoided to ensure reliability of such devices. In addition, the
methodology offers a potential in numerical optimization.
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Figure 6.1 Schematic representation of tool operations

6.2 Methods and Materials

To numerically emulate the behavior of a PC, a detailed lumped model is created on
MATLAB/Simulink platform [57]. The proposed PC model is split into three main
areas (Fig. 6.1):

• Input block to feed the simulation with the needed data sources: TMGU , nMGU ,
Vdc, and fsw. As a matter of fact, also MGU parameters such as flux linkage,
pole pairs number, inductances and resistance must be defined;

• PC model is made by two main blocks: electrical model and thermal model.
The first allows to calculate the electrical magnitudes in the Park’s domain [38]
requested from MGU (both FW [43] and MTPA [42] algorithms are included) on
the basis of the operating conditions. The second allows to evaluate the power
module dissipation and temperature by using the RC Foster network method.
Electrical and thermal models are connected each other;

• Output block to collect all the output data desired to evaluate power module
performance.

6.2.1 The analytical model of power converter

The currents generation algorithm

The equations, employed for computing the MGU electrical magnitude, have been
shown in Chapter 4. Currents and voltages, computed in Park’s domain, are function
of operating conditions and MGU properties. Here, a description of the implemented
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algorithm is presented. The block needs to be fed by nMGU , TMGU and Vdc signals. Since
in Chapter 4, the torque of the motor has been indicated by T, it is worth to say that
it is equal to TMGU aforementioned. Moreover, the mechanical motor speed is indicated
by nMGU which its unit of measurement is in revolution per minute. It is worth to
remember the link between ωm and nMGU as follows: ωm = (2πnMGU )/60. Magnitudes
on quadrature and direct axes are computed either by finding the intersection of torque
curve with the MTPA trajectory or by following FW working mode. MTPA control
strategy ensures that for a required torque level the minimum stator current magnitude
is provided. This leads to a Jolue losses reduction. The FW condition is while enabled
when the the speed increases and the machine voltage constraint shrinks. In order to
obtain the appropriate current target trajectories, the torque equation needs to be
combined with the electrical constraints:

• the first step is to find the intersection between the torque curve and the MTPA
trajectory, equations 4.33 and 4.25 must be considered. The system becomes:


I2

q = I2
d − Id

ϕP M(
Lq−Ld

)
TMGU = 3

2pp
[
ϕP MIq −

(
Lq − Ld

)
IdIq

]
The combination of the system leads to a cubic polynomial: 2 real and an
imaginary solutions are found. The interesting real solution corresponds to the
smallest Id value.

• the second step aims to find the intersection point between the demanded torque
and the voltage constraint. Hence, in case of FW operation mode, the following
system of two equations needs to be solved:

(
RsId − ωLqIq

)2
+
(
RsIq + ωϕP M + ωLdId

)2
≤ V 2

dc,f

TMGU = 3
2pp

[
ϕP MIq −

(
Lq − Ld

)
IdIq

]
this system has four solutions of the pair (Id, Iq), two of them are reals while the
others are found in the complex domain. Of course, just one solution is physically
admitted. Again, it is found by checking the smallest Id value corresponding of
real polynomial solution.

Finally, Id and Iq need to be chosen between the two algorithms. By considering the
picture reported in Fig. 4.4, it can be understood that if the first solution lies within
the voltage constraint, it will be selected. However, when the angular speed increases
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it could happen that the first solution is not feasible anymore. Therefore, the pair
resulting from the second algorithm is chosen. It is worth to say that ϕP M , pp, Rs,
Lq and Ld are provided by the electrical machine manufacturers. Since Id and Iq are
defined, also Vd and Vq can be found by using the system of equations 4.21. In this
way, the power factor (cos(φ)) can be found as:

cos(φ) = Pa√
P 2

a + P 2
r

(6.1)

since the active power Pa and the reactive power Pr are expressed as:Pa = 3
2

(
Vd · Id + VqIq

)
Pr = 3

2

(
Vd · Id − VqIq

) (6.2)

Power losses evaluation

A general PC losses description are reported in Chapter 5. In this section, the power
dissipation are averaged across a switching cycle and reported in their final form,
see Ref. [9] for details. Therefore, PCs dissipation assume a different formulation
on the basis of the involved topology. In the current work, both 2L and 3L NPC
topologies are considered. 2L is tested by using both Si IGBTs and SiC MOSFETs
while 3L is tested by considering only Si IGBTs. Fig. 6.2 shows a single leg for each
considered power module topology. Moreover, in the current study, a look-up table
approach has been adopted to take into account the power semiconductor operating
condition dependencies. SPWM is considered to control the power module activation
and deactivation phases. Each converter leg is characterized by specific conduction
and switching losses. In detail, referring to the 2L IGBT configuration, conduction
losses are calculated for transistors and diodes as follow equation 6.3 and equation 6.4:

Pc,T 1T 2 = VceÎ

2π

[
1 + Mπ

4 cos(φ)
]

+ rceÎ
2

2π

[
π

4 + 2M
3 cos(φ)

]
(6.3)

Pc,D1D2 = Vf Î

2π

[
1 − Mπ

4 cos(φ)
]

+ rf Î
2

2π

[
π

4 − 2M
3 cos(φ)

]
(6.4)

As previously said, Vce and rce are the collector-emitter voltage and resistance respec-
tively, while Vf and rf are the forward voltage and resistance respectively. The current
phase angle is given by φ while M is the modulation index. Î (equation 6.5) is the
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(a) (b) (c)

Figure 6.2 Single phase leg PC: (a) 2L topology - IGBTs, (b) 2L topology - MOSFETs,
(c) 3L NPC topology - IGBTs

peak current defined as a function of direct-quadrature (Iq,Id) currents calculated in
Park’s domain [38].

Î =
√
I2

q + I2
d (6.5)

About converter leg switching losses, they are calculated for transistors and diodes as
follow:

Psw,T 1T 2 = fsw

π

(
Eon + Eoff

)
(6.6)

Psw,D1D2 = fsw

π
Err (6.7)

where Eon/Eoff are activation/deactivation energy contributions and Err is the reverse
recovery energy. In case of 2-Level topology equipped by MOSFET devices, the
conduction losses of the transistor can be modeled as shown below:

Pc,T 1T 2,inv = rdsÎ
2

2π

[
π

4 + 2M
3 cos(φ)

]
(6.8)



6.2 Methods and Materials 51

Pc,T 1T 2,rec = rdsÎ
2

2π

[
π

4 − 2M
3 cos(φ)

]
(6.9)

where “inv” indicates that the PC works as inverter, “rec” indicates that the PC
operates as rectifier. For commutation losses:

Psw,T 1T 2 = fsw

π

(
Eon + Eoff

)
(6.10)

In this work, the chosen power module is not equipped with an external free-wheeling
diode, but they exploit the one integrated into the MOSFET structure. Typically body
diodes are poor in quality with respect to external ones. About switching losses, some
researchers proposed formulations of Err [58–60] to take into consideration the losses
of the body diode. Looking at conduction losses, instead, it is worth to say that the
considered converter will use synchronous rectification, when the DIODE has to conduct,
the antiparallel MOSFET will be switched on to reduce resistive path and hence overall
power dissipation. For these reasons, it is reasonable to neglect them in this modeling.
For power Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETs), the only
resistive (rds) path formed by the drain-source channel is present. In case of 3L
configuration, conduction losses are evaluated by using the following equations:

Pc,T 1T 4 = VceÎM

4π
[
sin(φ) + (π − φ)cos(φ)

]
+ rceÎ

2M

4π

[
8
3cos

4
(
φ

2

)]
(6.11)

Pc,D1D4 = Vf ÎM

4π
[
sin(φ) − φcos(φ)

]
+ rf Î

2M

2

[
4
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4
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2
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(6.12)

Pc,T 2T 3 = VceÎ
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Pc,D2D3 = Vf ÎM

4π
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]
+ rf Î
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Pc,D5D6 = Vf Î

π

[
1 − M

4 (2sin(φ) − (2φ− π)cos(φ))
]

+ rf Î
2

4

[
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3π (1 + cos2(φ))
]

(6.15)
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Switching losses in 3-Level PC are evaluated by using the following formulae:

Psw,T 1T 4 = fsw

2π
(
Eon + Eoff

)
· 1 + cos(φ)

2 (6.16)

Psw,D1D4 = fsw

2π Err · 1 − cos(φ)
2 (6.17)

Psw,T 2T 3 = fsw

2π
(
Eon + Eoff

)
· 1 − cos(φ)

2 (6.18)

Psw,D2D3 = 0 (6.19)

Psw,D5D6 = fsw

2π Err · 1 + cos(φ)
2 (6.20)

Thanks to these equations, converter power losses (Pd) and efficiency (η) can be
evaluated as:

Pd = NF ·
[

n∑
i=1

(
Pc,T i + Psw,T i

)
+

m∑
i=1

(
Pc,Di + Psw,Di

)]
(6.21)

η = Pout

Pin
= Pout

Pout + Pd

(6.22)

NF is the phase leg number which is equal to three for the current case, n and m

are the number of the IGBTs/MOSFETs and DIODEs respectively. From eq. 6.22 it
is clear that losses caused by Gate Drive Board (GDB) circuitry are not included in
the described model. Pin and Pout are the input and output power of the PC. In the
present study, the current is represented in RMS form (IA) and it is defined as follows:

IA =

√
I2

q + I2
d√

2
sign(Iq) (6.23)
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6.3 Validation

6.3.1 Steady-state conditions

To validate the proposed simulation tool, numerical data must be compared to experi-
mental ones. The first validation step is performed in steady-state operating conditions.
A 3L-NPC topology equipped with IGBT3 power modules [61] is considered. In Fig.
6.3, the considered experimental set-up is represented: the available PC is connected to
a battery emulator to provide the bus DC voltage and to a MGU in a star connection
configuration. Moreover, the power measurements of the PC at DC and AC sides
are performed with WT1800 High Performance Power Analyzer [62]. The schematic
representation of this device is reported in Fig. 6.3. To measure the AC power, the
3V3A measurement procedure has been followed. Three ammeters (A1, A2, A3) and
three voltmeters (U1, U2, U3) are involved in the power measurements. In order
to measure the DC power, the 1P2W measurement procedure has been considered.
Moreover only an ammeter (A) and a voltmeter (U) are required. For the mentioned
measurement procedures, a clear description is reported in the user’s manual [63]. The
WT1800 High Performance Power Analyzer is a high-performance power analyzer that
guarantees has achieved a power-factor error (0.1%), in addition to a high basic power
accuracy of ±0.1%. Direct input of measurement signals makes it possible to measure
very small current that can hardly be measured with a current sensor. The WT1800
provides a direct input voltage range from 1.5V to 1000V (12 ranges) and a direct input
current range from 10mA to 5A (9 ranges) or from 1A to 50A (6 ranges). The frequency
lower limit has been reduced to 0.1Hz from the previous 0.5Hz (5-fold lower than
the previous model) to meet the requirement for power measurements at a low speed.
Furthermore, high-speed data collection at a data update rate of up to 50ms has been
inherited. In addition to normal measurement data, up to the 500th order harmonic
data can be measured and saved simultaneously. The data update rate can be selected
from nine options from 50ms to 20s. The perspective of the efficient use of energy is
boosting demand for inverters to convert 50Hz or 60Hz AC power to DC power, grid
connection controllers to control reverse power flow occurring due to excess power, and
battery chargers/dischargers. The WT1800 is capable of simultaneously measuring the
harmonic distortion of the input and output current of these devices. Challenging the
common wisdom that "harmonic measurement is limited to a single line," the WT1800
is capable of performing two-line simultaneous harmonic measurements. The WT1800
is also capable of measuring up to the 500th order harmonic even at high fundamental
frequencies such as a 400Hz frequency. This device is the ideal tool for engineers to ac-
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curately measure power characteristics and efficiency of electrical devices. All the data
are presented in a non-dimensional form and technical data of the battery emulator,
power converter and the electrical machine cannot be provided because of confidential
reasons. The operating conditions are defined by Vdc of the battery emulator, nMGU ,
TMGU of the MGU and fsw of the power converter. The experimental power converter
dissipation are obtained by subtracting the power measured at the AC side to the one
obtained at the DC side. In the plots, the ∗ is used as superscript to indicate that
the aforementioned magnitudes are represented in a non-dimensional form. Fig.6.4(a)

Figure 6.3 Schematic representation of the experimental set-up

shows the variation in PC power losses versus the current (i.e. TMGU ) at fixed Vdc and
nMGU . As expected, the power losses is strongly affected by activation current values.
In detail, the difference between numerical and experimental data is minimal in both
boost phase (IA > 0A, TMGU > 0Nm) and recharge phase (IA < 0A, TMGU < 0Nm). In
Fig. 6.4(b), fsw sensitivity is presented. It is appreciable as the numerical tool is able
to reproduce the PC behavior for boost and recharge operations. Moreover, the power
losses are evaluated also as a function of Vdc and nMGU . Fig. 6.5 shows the variation of
PC losses versus Vdc and nMGU at fixed current value. As expected, the power losses are
slightly affected by Vdc increase and are almost constant as a function of nMGU (nMGU,1

< nMGU,2 < nMGU,3). Numerical and experimental data are in good agreement in
both boost and recharge phases. In general, the differences between numerical and
experimental data remained into a range of ± 5% and they can be partially ascribed
to error measurements and devices characteristics production dispersion. Moreover
the analytical model is also affected by uncertainty due to the fact that the losses
caused by GDB any passive components such as DC link capacitors are neglected. A
representation of the percentage error between numerical and experimental data are
reported in Figs. 6.6 and 6.7. In particular, Fig. 6.6(a) reports the percentage error
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Experimental

Numerical

(a) (b)

Figure 6.4 Power losses comparison: (a) effect of the electric current on the power losses,
(b) effect of switching frequency on the power losses: the continuous line represents
the numerical data in boost conditions, the circles represent the experimental data in
boost conditions, the dashed line represents the numerical data in recharge conditions
and the stars represent the experimental data in recharge conditions
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Figure 6.5 Power losses as a function of Vdc and nMGU : in the left picture, boost
conditions are reported, while in the right picture, recharge conditions are reported
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(a) (b)

Figure 6.6 (a) percentage error of the power losses as a function of the electric current,
(b) percentage error of the power losses as a function of the switching frequency: the
continuous line represents the error in boost conditions and the dashed line represents
the error in recharge conditions

between numerical and experimental power dissipation as a function of the electric
current. Fig. 6.6(b) shows the percentage error as a function of the switching frequency
in boost and recharge conditions. Finally, 6.7 provides the percentage error evolution
as a function of Vdc and speed. On the basis of the results summarized above, the
simulation tool showed a good capability in reproducing the overall PC behavior. To
complete the validation, also literature power losses model is considered. Hafezi et al.
[6] proposed a numerical model based on polynomial approximation. The simulation
results are compared also against Semisel [64] simulations. The analysis is performed
on SEMIKRON "SKM400GB12T4" power module. To compare the losses calculation
methods, a single-phase DC to AC inverter model is used. The PC is controlled at fsw

= 5kHz, the AC voltage generator to supply 230V with a power factor of 0.9. The
present simulation tool based on look-up table approach shows similar results to the
ones obtained by [6] and by Semisel simulations. Switching and conduction losses
comparison among models are reported in Tables 6.1 and 6.2. In the first column, the
test conditions are reported in terms of bus DC voltage and load RMS current.

6.3.2 Time-dependent conditions

The developed tool is validated also by considering time dependent conditions. In
Fig. 6.8, Vdc, TMGU , and nMGU input profiles are reported in non-dimensional form for
confidential reason. During the test, fsw is kept constant. The analysis is conducted on
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Figure 6.7 The percentage error of the power losses are plotted as a function of Vdc

and nMGU : in the left picture, boost conditions are reported, while in the right picture,
recharge conditions are reported

Table 6.1 Switching losses comparison

IGBT-DIODE Semisel [6] [64] Hafezi et al. [6] Tool
500V, 100A 20.00-5.96 22.30-7.81 24.50-7.77 W
500V, 300A 71.00-22.00 63.28-26.76 68.60-20.60 W
700V, 100A 32.00-7.76 31.93-8.93 36.29-9.10 W
700V, 300A 118.00-31.00 92.55-32.34 110.50-27.60 W

Table 6.2 Conduction losses comparison

IGBT-DIODE Semisel [6] [64] Hafezi et al. [6] Tool
500V, 100A 40.00-21.00 38.89-18.02 40.50-19.40 W
500V, 300A 193.00-82.00 179.90-74.42 196.60-74.01 W
700V, 100A 36.00-26.00 35.34-22.64 35.90-28.90 W
700V, 300A 177.00-102.00 164.40-94.25 173.90-110.90 W

the same set-up configuration described previously. Both boost and recharge conditions
are considered, and power losses comparison is shown in Fig.6.9. The numerical data
appears well correlated against the experimental ones. The electro-thermal tool show
a good reproduction of the power losses evolution through a dynamic drive cycle.
Some mismatches between numerical and experimental data are ascertained when
both nMGU and TMGU are interested by a drop. In HEV application, the electrical
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Figure 6.8 Vdc, TMGU , and nMGU dynamic profiles

machine is coupled with an internal combustion engine. Therefore, also the speed and
the torque of the MGU are affected by gearshifts. It is also clear that the power losses
experimental profile is affected by noise, but this is due to measuring instruments and
environmental conditions. With this analysis, the accuracy of the electro-thermal tool
is assessed.

Experimental

Numerical

Figure 6.9 Comparison between experimental and numerical power losses
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6.4 Power Modules presentation

In the present study, the proposed simulation approach is used to study three-phase PC
configurations equipped by different power module typologies. In detail, four different
PCs configurations are considered: 2L Si IGBT3, 3L Si IGBT3, 2L Si-EDT2, and 2L
SiC MOSFET:

• 2L Si-IGBT3 configuration [50] is equipped by Infineon FS400R07A1E3 [20] power
module. It accommodates a 3-phase Six-Pack configuration of Trench-Field-Stop
IGBT3 and matching emitter controlled diodes;

• 3L Si-IGBT3 [61, 19] is equipped by Semikron SKiM401MLI07E4 [23] power
module. It has similar properties respecting to the previous Infineon module
helping authors in evaluating the difference in inverter topology (2L versus 3L)
on PC overall performance;

• 2L Si-EDT2 [65, 50] is equipped with Infineon FS820R08A6P2B [21] power mod-
ule. It is an automotive Micro-Pattern Trench-Field-Stop cell design optimized
for electric drive train applications;

• 2L SiC MOSFET is equipped with ROHM S4103 [22] power module. It is used
in advanced power electronics circuits to achieve significantly higher levels of
energy efficiency not achievable by conventional Si devices. SiC MOSFET is
characterized by a low drain-source resistance.

Table 6.3 summarizes the main characteristics of the considered power modules. It is
worth to say that other power modules and/or PC topologies can be selected to be
investigated with the presented tool. For the ROHM S4103 power module, the nominal
current is much lower than the other power modules. Therefore, more parallel devices
need to be adopted respecting to the other considered devices. For the current case, 8
parallel chips are adopted.

6.5 Steady-state simulations

In general, PC operating conditions are defined by the Vdc, TMGU , nMGU , and fsw.
Table 6.4 summarizes the steady-state operating conditions investigated. All of these
points form a 13 × 5 × 4 simulation matrix, hence 260 points are investigated for all
power modules considered. One of the strongest point of the developed test bench is the
short execution time, since only ≈ 0.3s are needed for each detected point. In this way,
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Table 6.3 Power modules

Configuration VCE ICE

V A
Infineon FS400R07A1E3_S7 [20] 2L Si-IGBT3 700 400
Semikron SKiM401MLI07E4 [23] 3L Si-IGBT3 650 400
Infineon FS820R08A6P2B [21] 2L Si-EDT2 750 820

VDSS ID

V A
ROHM S4103 [22] 2L SiC MOSFET 1200 95

the whole simulation matrix is simulated in 0.3s × 260 ≈ 78s. Similarly, to extend the
simulation activity to all power modules, the execution time is around 312s. Moreover,
this allows to perform the investigation without performing costly experimentation
activities. Fig. 6.10(a) shows the MGU mechanical power map, the power limit is of
80kW. MGU boost/recovery phases are associated to positive/negative torque values
respectively. Fig. 6.10(b) shows the current map associated to the MGU mechanical
power map. For the considered simulation matrix, there is no dependency of the
current by the speed, this means that MGU work only by following MTPA control
[42]. For the MGU adopted, the electrical parameters cannot be provided to preserve
confidentiality. Moreover, also heat sink and thermal model information cannot be
provided for confidential reasons.

Table 6.4 Simulation matrix

Vdc TMGU nMGU fsw

V Nm kRPM kHz
500 0, ±5,±10,±15,±20,±25,±30 15,20,25,30,35 10,20,30,40

6.5.1 Results

In this section, the results of the four power modules are presented in terms of power
losses. In detail, results are firstly presented at fixed switching frequency (20kHz) and
secondly at variable switching frequency. Finally, an investigation on single power
semiconductor behavior is presented.
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Figure 6.10 (a) Mechanical power map [kW], (b) IA map [A]

Power losses at fsw = 20kHz

Figs. 6.11 shows the power losses obtained for the four considered power modules
at constant switching frequency equal to 20kHz. Figs. 6.11(a) and 6.11(b) show the
power module losses as a function of the torque at 25kRPM and 30kRPM respectively.
In both cases, 3L IGBT3 [23] is characterized by the highest power dissipation at
maximum and minimum torque values. It is due of the highest number of power
semiconductors characterizing this scheme respecting to 2L solution. As a matter of
fact, this is not true for each switching frequency level. 2L IGBT3 [20] and 2L EDT2
[21] show a very similar behavior in terms of power losses. Exploring their datasheets,
2L IGBT3 [20] shows better performance in terms of switching losses than 2L EDT2
[21], but higher conduction losses. For the specific case, the two effects cancel each
other and the 2L EDT2 total power module losses, resulted almost equal to the 2L
IGBT3 module. About the 2L SiC [22], this technology outperforms all the other
configurations. It is possible thanks to the presence of chips in parallel (8 for the
current case). The paralleling of multiple devices provides a reduction of the total
conduction losses. At fixed speed, the losses increase with the MGU torque because it
resulted in an increased current flowing throughout the semiconductors. About MGU
speed influence (for a given torque) on the power losses budget, it is negligible because
the electric current varies only with the torque as seen in Fig. 6.10(b).

Switching frequency sensitivity

The switching frequency sensitivity is here discussed. The results are plotted as a
function of IA, and only the case of nMGU equal to 25kRPM is proposed. As expected,
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2L IGBT3

2L EDT2
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Figure 6.11 Power losses evaluated at fsw = 20kHz: (a) nMGU= 25kRPM, (b) nMGU =
30kRPM

the growing switching frequency leads to an efficiency reduction of PC. In Fig. 6.12(a),
the 2L IGBT3 technology results are presented. The power losses ranges from ≈ 3.5kW
(fsw = 10kHz) to 7.5kW (fsw = 40kHz) at IA equal to 350A. The EDT2 technology
(Fig. 6.12(b)) results to be more sensitive to the fsw: the power losses is around 3kW
for fsw = 10kHz and above 8kW at fsw = 40kHz. This effect is associated to the
higher Eon, Eoff and Err for the EDT2 than the IGBT3 technology. The 3L power
converter (Fig. 6.12(c)) is more dissipative than 2L IGBT3 and 2L EDT2 at low
switching frequency. As the switching frequency increases, the performance of the 3L
configuration tends to be better than the 2L IGBT configuration. The main benefit of
the 3L topology came from the reduced switching losses since the commutation voltage
is Vdc/2 [66]. Finally, the 2L SiC (Fig. 6.12(d)) power converter shows the lowest
dissipation level for the whole range of switching frequency. The main reasons can
be ascribed to the presence of chips in parallel which significantly reduced the power
losses. The parallel chips modeling are well explained by Nishizawa et al. [67]. For the
specific case, the body diode commutation losses are already taken into account in the
power MOSFET as reported directly in the datasheet [22]. A detailed study on the
switching losses modeling based on datasheet parameters is poposed by Christen and
Biela [60]. Further studies on SiC MOSFETs losses characterization are presented in
[58, 59]. To provide a clear comparison among the PC configurations, a representation
of Pd for a fixed point is reported in Fig. 6.13 both for boost and recharge conditions.
The results are below discussed:
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Figure 6.12 Power losses as a function of fsw at 25kRPM: (a) 2L IGBT3, (b) 2L EDT2,
(c) 3L IGBT3, (d) 2L SiC
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Figure 6.13 Power losses, nMGU = 25kRPM: (a) Recharge condition: IA= -350A, TMGU

= -30Nm, (b) Boost condition: IA = 350A, TMGU = 30Nm

• Recharge (IA = -350A, TMGU = -30Nm): In Fig. 6.13(a), it is shown that the
EDT2 curve has the largest slope than other configurations. The 2L IGBT3 and
the 3L IGBT3 slopes are lower. Below 20kHz, the 2L IGBT3 power module losses
are superior than the 2L EDT2. At 30kHz, the 3L IGBT3 efficiency overtakes
the 2L EDT2. Moreover, the 2L IGBT3 and 3L IGBT3 curves cross between
30kHz and 40kHz. The 2L SiC shows the highest effciency for the whole range.

• Boost (IA = 350A, TMGU = 30Nm): In Fig. 6.13(b) is shown that the 2L IGBT3
and 2L EDT2 curves intersect at 20kHz. Above this fsw, the 2L IGBT3 technology
outperforms the 2L EDT2. Moreover, between 30kHz and 40kHz the 2L topology
becomes less efficient than the 3L architecture. The 2L SiC configuration results
to be the most efficient solution.

Finally, differences between IGBT3 and EDT2 in a 2L topology are very small. It
is suggested to prefer the EDT2 solution with respect the IGBT3 for low switching
frequency application. 3L topology deserves to be considered when fsw reaches high
values, but SiC MOSFETs are preferred to easily manage power converter losses.

Power losses on power semiconductors

This paragraph aims to investigate separately the conduction and switching dissipation
affecting power semiconductors. Firstly, the chip dissipation are compared just for the
2L topology converter. In Fig. 6.14, an evaluation of the transistor T1 (T2) for boost
condition, where TMGU is of 30Nm, nMGU is equal to 25kRPM and the IA is of 350A,
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Figure 6.14 TMGU = 30Nm, nMGU = 25kRPM, IA = 350A: (a) Conduction losses, (b)
Switching losses

is proposed. It is clear that the EDT2 technology performs better than the IGBT3
in terms of conduction losses (Fig. 6.14(a)). Furthermore, the EDT2 performance
are more strongly affected by the switching losses (Fig. 6.14(b)). Moreover, the SiC
switching losses are significantly lower with respect other technologies. As expected,
the increase in switching frequency does not affect significantly the conduction losses.
In Fig. 6.15, an evaluation of the diodes D1 (D2) for recharge condition, where TMGU is
equal to -30Nm, nMGU is equal to 25kRPM and the IA is of -350A, is provided. Since
the SiC power module is equipped by a power MOSFET with its body diode, only the
EDT2 and IGBT3 technologies are compared. Basically, body diode losses are not easy
to predict by numerical simulation, and most times they are neglected. As expected,
the conduction dissipation are larger for the IGBT3 power diodes (Fig. 6.15(a)). The
impact of switching losses is more evident on EDT2 configuration (Fig. 6.15(b)). As
already stated, EDT2 technology is preferable at lower switching losses (fsw < 20kHz).
Above fsw > 20kHz, the IGBT3 solution can be taken into consideration.

Since the 3L NPC configuration has a different chips number than the 2L, it needs
to be treated separately. The power semiconductor devices are investigated during
inverter and rectifier operations as shown in Fig. 6.16. During inverter operations
(Fig. 6.16(a)), only the transistors and the clamping diode are affected by power losses.
Moreover, it is appreciable that the transistor T1 (T4) is the most sensitive power
semiconductor to the switching frequency. During recharge phase (Fig. 6.16(b)), D1
(D4) and D2 (D3) show dissipation as expected. The transistor losses of T1 (T4) are
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Figure 6.15 TMGU = -30Nm, nMGU = 25kRPM, IA = -350A: (a) Conduction losses,
(b) Switching losses
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Figure 6.16 Semiconductor power losses: (a) TMGU = 30Nm, nMGU = 25kRPM, IA =
350A, (b) TMGU = -30Nm, nMGU = 25kRPM, IA = -350A
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negligible with respect to T2 (T3) and they show an evident dependency with fsw. In
general, the transistors are more sensitive to the fsw than the power diodes. This is
due to the higher switching energy (Eon+Eoff ≈ 50mJ) for the transistors than the
diodes (Err ≈ 3mJ).

On the basis of the presented results, it can be easily individuated the power
semiconductor which is affected by the highest power dissipation. However, in order to
have a wider idea of the thermal flux involved, also the chip area needs to be taken
into account. Since the chips area is usually in the order of cm2, and power losses
are in the order of the hundred of W, the heat flux interesting the semiconductor
is generally very high. This is an important information for the study of the power
module cooling system. It plays an important role, in fact it is necessary to ensure
reliability and high performance of such devices. In the following chapter, the cooling
of power semiconductor is accurately treated.

6.6 Time-dependent simulations

Power modules performance are assessed also by considering dynamic conditions. Two
drive cycles characterized by TMGU , and nMGU profiles are considered and reported in
Fig. 6.17. For sake of simplicity the Vdc is constant and equal to 500V. In terms of
fsw, the same values reported in Table 6.4 are considered. TMGU -nMGU maps of the

Figure 6.17 The black profiles of TMGU and nMGU refers to the Cycle 1, while the gray
ones refers to the Cycle 2
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(a) (b)

Figure 6.18 Torque-Speed map: (a) Cycle 1, (b) Cycle 2

involved cycles are reported in Figs. 6.18(a) and 6.18(b). To quantify the impact of
the drive cycle on the PC behavior, an innovative procedure is proposed and discussed.
To obtain a detailed analysis of the time spent in a given range of TMGU and nMGU ,
the Usage time is defined and introduced. Let us introduce ψ and δ:

ψ = [ψ1, ..., ψi−1, ψi, ψi+1, ..., ψα] (6.24)
δ = [δ1, ..., δj−1, δj, δj+1, ..., δβ] (6.25)

They define the discretisation of TMGU and nMGU . TMGU ranges from -30Nm (ψ1) to
30Nm (ψα) while nMGU ranges from 15kRPM (δ1) to 35kRPM (δβ), see Table 6.4. The
length of ψ is α = 31 and the difference between ψi and ψi+1 is of 2Nm, for i = 1,...,α-1.
For δ, its length is β = 21 and the difference between δj and δj+1 is of 1kRPM, for j
= 1,...,β-1. For the current simulation, the step time adopted is ∆t = 0.01s and the
period of each drive cycle is Θ = 94.5s. Therefore, the length of vectors t, TMGU and
nMGU is s = Θ/∆t+ 1. Hence, it can be written:

t = [t1, ..., tk, ..., ts] (6.26)
TMGU = [TMGU,1, ..., TMGU,k, ..., TMGU,s] (6.27)
nMGU = [nMGU,1, ..., nMGU,k, ..., nMGU,s] (6.28)
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(a) (b)

Figure 6.19 Usage time map: (a) Cycle 1, (b) Cycle 2

It is now possible to define the Usage time (Uij) as follows:

Uij =
∑s−1

k=1(tk+1 − tk)
Θ (6.29)

if ψi ≤ TMGU,k < ψi+1 and δj ≤ nMGU,k < δj+1. On the contrary Uij = 0. It is easy to
image as ∆t = tk+1 − tk for k = 1, ..., s− 1. Uij is a useful index which quantifies the
percentage of time spent by the PC in a given region of torque and speed. Since Uij

must be computed for i = 1,...,α − 1 and j = 1,...,β − 1, a (α − 1) × (β − 1) matrix
can be defined. This matrix is defined as Usage time map. In Figs. 6.19(a) and
6.19(b), a Usage time map representation for both cycles is reported. It represents the
distribution of the Usage time in detail. In the plots, each point such that Uij = 0 is
removed since it does not represent a working condition. The sum of all elements of
the Usage time map matrix must be equal to 1. The Usage time map shows the region
with the highest and lowest usage level. In this way, potentially critical operating
conditions can be easily individuated in terms of duration. For Cycle 1, the highest
Usage time concentration is located on the power limit trajectory. For Cycle 2, the
highest usage conditions are assessed in recovery region above the minimum power
achievable. In terms of execution time, less than 20s are employed to simulate each
drive cycle.
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6.6.1 Results

Power losses at fsw = 20kHz

To evaluate the drive cycles impact on the power converter behavior, the Usage time
must to be linked with the PC losses. To do that, let us define Pij as follow:

Pij =
∑s

k=1 Pd,k

K
(6.30)

if ψi ≤ TMGU,k < ψi+1 and δj ≤ nMGU,k < δj+1. On the contrary Pij = 0. Pd,k represents
the k-th element of the power dissipation vector. K is the number of the element found
in the considered interval. Pij is computed for i = 1, ..., α− 1 and j = 1, ..., β − 1, so
a (α − 1) × (β − 1) Pd matrix can be defined. Pij is the average value of the power
converter losses at the i-th, j-th position of the introduced matrix. In Figs. 6.20(a),
6.20(b), 6.20(c) and 6.20(d) the power losses distribution for Cycle 1 of 2L IGBT3, 2L
EDT2, 3L IGBT3 and 2L SiC configurations are respectively represented. Also in this
case, the points where Pij = 0 is true are removed from the graphs. This representation
allows to obtain a clear overview of the PC behavior over the cycle. The Pij distribution
confirms that 2L IGBT3 and 2L EDT2 behave similarly. Both configurations are less
dissipative than the 3L IGBT3 solutions. The 2L SiC results to be clearly the most
efficient solution for each point covered in the involved cycle. As a matter of fact, for
each configuration, it is possible to detect an increase of power dissipation for high
torque level. In order to obtain a clear quantification of PC performance on the basis of
the considered drive cycles, a link between the Usage time and Pd matrix is introduced.
Let us define Pd,cycle as reported by the following formula:

Pd,cycle =
α−1∑
i=1

β−1∑
j=1

Pij · Uij (6.31)

It represents the weighted average of PC losses over the given drive cycle. In Table 6.5,
Pd,cycle for the two cycles involved are reported. It is clear that the cycle affects the
power losses. In general, Cycle 1 leads an higher dissipation level with respect Cycle 2.
This can be ascribed to the higher Usage time at higher torque level. Pd,cycle allows to
obtain an averaged losses value for the load cycle involved. The Power losses and Usage
time maps consent a detailed investigation of power modules behavior. Critical working
conditions can be easily detected in terms of losses and duration. This methodology
allows to avoid undesired events and to preserve PC lifetime and performance.
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(a) (b)

(c) (d)

Figure 6.20 Power losses at fsw = 20kHz: (a) 2L IGBT3, (b) 2L EDT2, (c) 3L IGBT3,
(d) 2L SiC

Table 6.5 Pd,cycle

Configuration 2L IGBT3 2L EDT2 3L IGBT3 2L SiC
Pd,cycle kW kW kW kW
Cycle 1 2.31 2.22 2.80 1.08
Cycle 2 1.15 1.10 1.34 0.71
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Figure 6.21 Pd,cycle as a function of the switching frequency: (a) Cycle 1, (b) Cycle 2

Switching frequency sensitivity

The fsw effect is explored also for the current case. Figs. 6.21(a) and 6.21(b) summarize
Pd,cycle as a function of fsw for both cycles considered. The pictures show difference
between the two cycles. The fsw effect is stronger for Cycle 1: the torque level is
globally higher with respect to the Cycle 2 torque level (for Cycle 1, MGU power limit
curve is also covered). A similar behavior of the investigated configuration has been
already obtained in Figs. 6.13(a) and 6.13(b). This confirms that the tool is capable of
reproducing the PC behavior for a large range of operating condition. This makes the
tool capable of driving the PC design process.

6.7 Discussion

In this chapter, an electro-thermal simulation tool is presented. It allows to accurately
evaluate the performance of any PC configuration at low computational cost. Its
accuracy is assessed through a validation procedure: experiments and literature results
are considered. A detailed numerical study is performed by considering the following
PC configurations: 2L IGBT3, 2L EDT2, 2L SiC and 3L IGBT3 technologies. Each of
the above configurations are tested in 260 different steady-state conditions. In addition
the power modules are also investigated over two dynamic drive cycles. The main
results are summarized as follows:
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• Power losses at fsw = 20kHz: 2L IGBT3 and 2L EDT2 configurations behave
in a very similar way. The 3L IGBT3 power converter is the most dissipative
solution while the 2L SiC case showed the lowest dissipation level;

• Switching frequency sensitivity: considering the 2L IGBT3 and 2L EDT2 configu-
rations, the conduction dissipation are larger for the IGBT3 power module while
the switching losses are higher for the EDT2 configuration. The efficiency of the
3L IGBT3 solution is better than 2L IGBT3 and 2L EDT2 configurations at high
fsw. This is due to the reduced switching losses because the commutation voltage
is Vdc/2. Finally, the 2L SiC power converter achieves the best performance. The
main reason can be ascribed to the employment of parallel chips.

• Power losses on power semiconductor: The EDT2 technology performed better
than the IGBT3 in terms of conduction losses. Furthermore, the EDT2 perfor-
mance are more significantly affected by the switching losses. EDT2 technology
is preferable at lower switching losses (fsw below 20kHz). Above fsw = 20kHz,
the IGBT3 solution could be taken into consideration. SiC semiconductors show
the best behavior for the whole fsw range investigated.

• When considering the two real drive cycles, the introduction of Usage time
maps allows to quantify the time spent in a given operational range. Moreover,
the impact of any drive cycle on PC performance can be easily quantified by
introducing Pd,cycle. Critical working conditions can be easily detected in terms
of losses and duration. This methodology allows to avoid undesired events and
to preserve PC lifetime and performance.

The presented numerical tool is very effective in the design procedure of PCs. A very
wide operating conditions range can be investigated in a short time and detailed evalua-
tion of PC behavior is provided bypassing costly experimentation campaign. Moreover,
the presented methodology allows to identify potentially critical operating conditions.
The tool can be furthermore developed to allow a multi-objective optimization of such
devices with the aim to improve the PC behavior for determinate operating conditions
or load cycles. Moreover, the performed analysis on single power semiconductor allows
to detect which is the power density level involved. This information plays an important
role in the choice of the cooling strategy of power electronics devices.

As previously said, the power semiconductor surface is in the order of cm2. In
paragraph 6.5.1, it is ascertained the power dissipation involving the chips for a number
of operating conditions and a focus on the switching frequency sensitivity is clearly
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(a) (b)

Figure 6.22 Hd distribution of T2 (T3) as a function of Achip and fsw: (a) TMGU =
30Nm, nMGU = 25kRPM, IA = 350A (Boost), (b) TMGU = -30Nm, nMGU = 25kRPM,
IA = -350A (Recharge)

proposed. Let us focus on the 3L IGBT3 configuration. The semiconductor dissipation
are reported in Figs. 6.16(a) and 6.16(b) for boost and recharge condition respectively.
It is interesting to take into consideration just a transistor T2 (T3) and a diode D5
(D6) for example. As already seen, the T2 semiconductor is the most dissipative
device in a 3L NPC PC topology, in addition it is also sensitive to the switching
frequency. To obtain a representation of the heat flux density (Hd) which involves
the power semiconductor, the power losses (Pd,T 2T 3) must be divided by its area. In
this way, a clear evaluation of Hd can be provided. In Figs. 6.22(a) and 6.22(b), the
Hd distribution as a function of chip area and switching frequency is proposed, in
boost and recharge conditions respectively. It is clear as the chip area plays a crucial
role for the thermal behavior of such devices. For Achip < 5cm2, Hd is high and an
effectiveness cooling strategy must be adopted to ensure performance and reliability of
semiconductors. Moreover, to reduce encumbrance of power electronic devices, chips
will become even smaller during the next years. Therefore, a special effort on the heat
sink equipping power conversion system will be necessary. In Figs. 6.23(a) and 6.23(b),
the Hd distribution of D5 (D6) is presented. Hd is globally lower than the previous case,
however the order of magnitude is the same. The same evaluation can be performed for
any power semiconductor involved and for the different operating conditions explored.
On the basis of these considerations, a thermal management system plays a very
important role for the power semiconductors. It ensures performance and reliability
of such devices. In the next chapter, a cooling strategy for power converter device is
deeply treated.
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(a) (b)

Figure 6.23 Hd distribution of D5 (D6) as a function of Achip and fsw: (a) TMGU =
30Nm, nMGU = 25kRPM, IA = 350A (Boost), (b) TMGU = -30Nm, nMGU = 25kRPM,
IA = -350A (Recharge)





Chapter 7

Thermal management: Submerged
Impinging Jets

7.1 Overview

Advancements in power electronic technologies require devices which are small, reliable
and capable to handle always increasing amounts of power. As already said in the
previous section, power semiconductors are interested by power dissipation in the
order of hundreds of W. This leads to high heat flux densities since power DIODEs,
Insulated-Gate Bipolar Transistors (IGBTs) and MOSFETs areas is in the order of
cm2. Heat removal from power electronic devices is gaining a fundamental importance
in many industrial fields, including the recent application of power electronics in hybrid
and electric traction systems. To tackle this technical problem dedicated cooling
systems need to be adopted. Different cooling strategies are adopted in industrial
applications and the most common are given by pin fins, mini-channels (in a different
configuration), and impinging jets heat exchangers.

Pin fins heat exchangers are massively used in power electronics applications. As
reported in Ref. [10], the main advantages of this cooling strategy are given by high
wetted surface, low pressure loss and simple geometry. Unfortunately, one of the most
important limitation can be due to the encumbrance. Moreover, this cooling strategy do
not allow to an optimal distribution of the coolant flow rate on the heat source location.
This is an important aspect in power electronics field, since power semiconductors can
be distributed onto an electronic board in an irregular way. Encumbrance and flow rate
distribution can represent a limitations also for mini-channel cooling strategy. Different
mini-channel heat exchangers are developed over the years. In Ref. [11], parallel
mini-channels are studied and an high heat transfer coefficient is found since the wetted
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surface involved is large. However a large pressure drop is ascertained for the specific
application because of the flow separation close to the inlet and outlet locations. In
Ref. [12] a three-shaped micro-channel heat exchanger is studied. Also in this case, the
pressure losses are considerable, but the heat transfer coefficient can grow by working
on the geometrical characteristics of the channel. It can also lead to an increase in
geometry complexity. Also fractal channels, studied in Refs. [13–17], show limitations
in terms of pressure drop and geometrical complexity. For this kind of applications, a
multi-objective optimization procedure can be taken into account to found the best
trade-off among thermal performance, pressure drop and geometrical complexity. In
general, mini channels have a good potential but their performance can strongly depend
on the specific application. Arrays of impinging jets might be a promising solution
because they efficiently exchange high amounts of heat at an affordable pumping power
level [18]. On the other hand, impinging jets are satisfactorily used from decades in
several applications such as gas turbine cooling, glass plate tempering and in deicing
systems of aircrafts. As shown in Figure 7.1, fluid jets are typically discharged into
a quiescent ambient from a nozzle of diameter dn. As explained in [68], the jet is
typically turbulent and, at the nozzle exit, is characterized by a uniform velocity profile.
However, with increasing distance from the exit, momentum exchange between the jet
and the ambient causes the free boundary of the jet to broaden and the potential core,
within which the uniform exit velocity is retained, to contract. Downstream of the
potential core the velocity profile is nonuniform over the entire jet cross section and
the maximum (center) velocity decreases with increasing distance from the nozzle exit.
The region of the flow over which conditions are unaffected by the impingement (target)
surface is named the free jet. Within the impingement zone, flow is influenced by the
target surface and is decelerated and accelerated in the normal (z) and transverse (x)
directions, respectively. Hence, with increasing x, velocity components parallel to the
surface increase from a value of zero to some maximum and subsequently decay to
zero. Velocity profiles within the wall jet are characterized by zero velocity at both the
impingement and free surfaces. If the target wall temperature is higher than the jet
temperature, convection heat transfer occurs in the impingement and wall jet regions
[68]. In addition, when considering array of jets, the secondary stagnation zones might
result from the interaction of adjoining wall jets. In many such schemes the jets are
discharged into a restricted volume bounded by the target surface and the nozzle plate
from which the jets originate. Array of jets involves more complex flow structure since
the jet from one hole is affected by neighbouring jets. They can be positioned either
inline or staggered.
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Figure 7.1 Surface impingement of a single round jet [68]

(a) (b)

Figure 7.2 Impinging jets categories: (a) free-surface jet impingement, (b) submerged
jet impingement

Moreover, liquid impinging jets are divided in two categories: free-surface impinging
jets and submerged impinging jets, see figures 7.2(a) and 7.2(b). In the free-surface
configuration liquid jets are discharged into a gaseous environment, while in the
submerged configuration they are completely surrounded by the same fluid. However,
in both cases the fluid is discharged across a plate where the nozzle orifices are
manufactured and impinge normally on the heated surface. As reported in many papers,
the cooling performance of jet impingements strongly depends on geometrical properties
such as: nozzle diameter, nozzle arrangement, nozzle number, aspect ratio and nozzle
shape. Diameter effect are widely investigated by Garimella and Nenaydykh[24]: for
a given Reynolds number the turbulence intensity near the jet centerline is higher
for larger diameter nozzles, with all other parameters kept constant. Similar results
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are found by Kataoka et al.[69]. Womac et al.[70] found that for a given flow rate,
the heat transfer improved with the increase in jet velocity. A deep investigation
involving the aspect ratio effect is also performed by Garimella and Nenaydykh [24],
for aspect ratios (the ratio between the nozzle diameter and the nozzle length) smaller
than 1 the heat transfer coefficients are the highest. As the aspect ratio growes to
values of [1÷4], the heat transfer coefficients drop sharply, but with further increases
in aspect ratio of up to [8÷12], the heat transfer coefficients gradually increase. This
behaviour can be ascribed to the flow separation and reattachment in the nozzle, and
its effect on exit velocity profiles. Several researchers have investigated the effect of
the jet-to-target spacing. As proposed by Churchill and Usagi [71], the heat transfer
coefficient progressively grows with H/dn and the peak has been detected for H/dn

= 5. H is the distance between the nozzle plate and the target surface while dn

indicates the nozzle diameter as previously said. Gardon and Akfirat [72] explains that
the enhancement of heat transfer with nozzle-jet spacing is due to an increase of the
turbulence generated by the jet itself. Hollworth et al. [73] found that the potential
core length changes with the nozzle shape for turbulent jet. However, Garimella et
al.[24] observed as the stagnation Nusselt number has been observed to increase slightly,
or remain constant, as H/dn increases from 1 to about 4, for a wide range of Reynolds
numbers. Accorrding to [24], analogous considerations are reported in refs. [25][74][75].
In this H/dn range, the axial velocity of the jet remains constant explaining the relative
constancy of the stagnation Nusselt number. At larger H/dn, where impingement
occurs beyond the potential core, the axial velocity decreases with increasing distance
and the level of turbulence begins to increase due to the large-scale structures in the
mixing region. The decreasing axial velocity results in decreasing stagnation heat
transfer coefficients. The nozzle shape effect is widely investigated by Ronye and Dey
[76]: nozzles which presents chamfer at the inlet location provides higher average heat
transfer coefficient than straight geometry. Furthermore, the chamfered design lead
a lower pressure drop if the flow rate is kept constant. This agrees with Whelan and
Robinson [77]. Numerical study of a single impinging jet considering heat transfer
and flow field are carefully investigated by Morris et al. [26][27]. The results are
compared with experimental data proposed in refs. [24][25][74][75]. A similar work will
be presented in this study considering the latter papers for a numerical validation of a
CFD code used for the current investigation. Finally, a detailed study is performed
by Fitzgerald and Garimella [78] in order to capture the main features of the flow
field. In the current study, impinging jet arrays in cooling electronic devices have been
evaluated by performing 3D-CFD conjugated heat transfer simulations. The adopted
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numerical procedure is validated against experimental data, provided by ref.[24] and
[25], to ascertain the accuracy of adopted model. Therefore, a detailed analysis is
successively performed and results are compared and discussed in order to obtain the
best compromise in terms of cooling efficency and pumping power required by the
feed system. Three nozzle diameters are considered, associated with two different
aspect ratios of 1 and 0.5 respectively. Both inline and staggered arrangements are
adopted and an increase of nozzles number are taken into account. Heat generation
rate of the chip and inlet temperature of the coolant is the same for all the simulated
configurations. Moreover, every analysis are computed under a given pressure drop,
this is done in view of numerical considerations and following the suggestions reported
in refs. [26][27] and it represents a practical problem, very close to electric traction
applications.

7.2 Methods and Materials

7.2.1 Computational method

In the present work, a numerical simulations are performed by the open source software
OpenFOAM®. The specific solver employed is the chtMultiRegionSimpleFoam, a steady-
state solver which imposes mass conservation through the SIMPLE algorithm and
allows for the simulation of conjugate heat transfer cases. A second order central
scheme is used for spatial discretisation of the diffusive term, while a first order upwind
scheme is employed for advection. Turbulent stresses and turbulent heat fluxes are
represented by an eddy viscosity approach in a RANS context. As the Reynolds number
based on the jet velocity and the jet diameter is transitional in all cases considered, a
turbulence model is employed relying on the fact that in regions of low turbulence level
the computed eddy viscosity is close to zero. The specific turbulence model employed
in the present work is selected according to the results of a validation test performed
on a single-jet configuration and reported in the following paragraphs. Comparison of
the single jet results obtained using the SST k − ω and the k − ε turbulence models
suggests that SST k − ω model is more accurate, while the k − ε model overestimates
heat transfer rates in the impingement and reattachment regions. Thus, in this work,
turbulence is represented by the SST k − ω model.

A structured, hexahedral mesh is employed in all the simulations. To avoid the use
of wall functions, meshes used are built so that the maximum distance between the
centroid of the first computational cell and the wall is less than 3 wall units (y+

w,max < 3),
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while the average distance y+
w,avg ≤ 1 for each simulation. The size of control volumes

in solid regions is larger than in the fluid region because of the smooth behaviour of
temperature in solids. However the interfaces between different regions are conformal
in order to avoid interpolation errors.

In this work viscous dissipation and buoyancy effects are neglected. These hypothe-
ses are confirmed by appropriate, preliminary analyses.

7.2.2 Data reduction

The Performance Evaluation Criteria (PEC) used to assess the performances of the jet
configurations are the following:

• overall heat transfer coefficient h;

• thermal resistance Rth;

• pumping power Pp.

The overall heat transfer coefficient h is defined as

h = Q̇

Aw ([Tw] − Tb,in) (7.1)

where Q̇ is the heat transferred from the chip to the coolant in the time unit, Aw is
the surface extension of the solid-liquid interface, [Tw] is the average temperature of
this interface, and Tb,in is the bulk temperature of the coolant at the inlet. In addition,
distributions of local heat transfer coefficient

h = Q̇

Aw (Tw − Tb,in) (7.2)

are computed on the impingement plates in order to provide maps of heat transfer
rates. Maps are presented by normalising the local heat transfer coefficient for easier
comparison

h∗ = h− hmin

hmax − hmin
(7.3)

In equation (7.3) hmax and hmin represent the maximum and minimum values of h
among all the configurations studied.

The overall thermal resistance Rth between chip and coolant is defined using the
temperature difference between the maximum chip temperature Tmax and the coolant
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inlet bulk temperature, as in ref. [79].

Rth = Tmax − Tb,in

Q̇
(7.4)

The mechanical energy per time unit required for maintaining the flow of the coolant
is calculated as

Pp = V̇ ∆p (7.5)

where V̇ is the volumetric flow rate and ∆p is the pressure drop between the inlet and
the outlet sections, ∆p = pin − pout.

To preserve confidentiality of configurations and conditions, data are presented in a
normalised form (indicated by ∗) using reference quantities defined as follows. The
reference length is

lref =
√
l1 l2 (7.6)

where l1 l2 = A is the chip plan area. The reference velocity definition is based upon
the imposed pressure drop ∆p and the fluid density ρ = ρref = 978 kg/m3

uref =
√

2 ∆p/ρ (7.7)

while the reference temperature is

Tref = P0

ρ uref l2ref c
(7.8)

In this equation P0 is the heat generation rate of the chip and c = cref = 4187 J/(kg K)
is the specific heat. Both P0 and c are kept constant in this study.

Configurations are compared using the normalised form of thermal resistance,
overall heat transfer coefficient and pumping power

R ∗
th = Rth

Rth,ref
h

∗ = h

href
P ∗

p = Pp

Pref
(7.9)

Reference quantities in equation (7.9) are defined from those in equations (7.6), (7.7)
and (7.8)

Rth,ref = Tref

Pref
href = Pref

Tref l2ref
Pref = ρ l2ref u

3
ref (7.10)
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Table 7.1 Comparison between results obtained with k − ε and SST k − ω turbulence
models. Reference experimental and numerical data are taken from paper [27].

k − ε SST k − ω Experiment [27] Simulation [27]
Pressure drop (Pa) 7116 7116 7116 7500
Mass flow rate (kg/s) 0.0288 0.0310 0.0326 0.0326
Discharge coefficient 0.713 0.768 0.806 -
Reattachment length - 0.92 dn - 0.80 dn

7.3 Test Case validation

Prior to the study of jet arrays, the numerical procedure has been assessed and tuned.
Validation is performed by comparing results on a single axisymmetric jet case against
experimental and numerical results reported in refs. [26] and [27]. The validation case
involves a jet of diameter dn = 3.18 mm impinging on a flat plate heated uniformly by
a constant heat flux equal to q̇ = 25 W/cm2. Simulations are conducted resorting to
an axisymmetric model. Details on domain dimensions and boundary conditions can
be found in ref. [27].

Two turbulence models are compared, the k − ε and the SST k − ω, in both cases
no specific wall treatment is included. The average and maximum distance of the
first computational point from the wall are respectively y+

w,avg = 0.9 and y+
w,max = 2.9.

The radial profiles of the local heat transfer coefficient on the impingement plate are
reported in figure 7.3, where they are compared with experimental results in ref. [26].
It appears that the SST k − ω model reproduces experimental data more accurately
than the k − ε model. The comparison between present results and data from ref. [27]
is summarised in table 7.1. Mass flow rate, reattachment point position and discharge
coefficient are predicted by the SST k − ω model more accurately than by the k − ε

model. The discharge coefficient is calculated by

Cd = ṁr

ṁid
= ṁr

Nπd2
n

√
8

ρ∆p (7.11)

where ṁr represents the computed mass flow rate and ṁid is the mass flow rate after
Bernoulli. N and dn are the number of jets and their diameter, ∆p is the imposed
pressure drop between inlet and outlet and ρ is the fluid density.
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Figure 7.3 Radial profiles of local heat transfer coefficient on the impingement plate in
the axisymmetric jet simulation: comparison between present results obtained with
k − ε and SST k − ω turbulence models and experimental data from ref. [26].

Tests are performed also to check that previous results are independent of the
computational grid and for assessing the influence of a fillet at the nozzle entrance.
These analyses are both carried out employing the SST k − ω turbulence model.

The grid sensitivity analysis involves three meshes of increasing mesh density: G1,
G2 (used to obtain results presented above) and G3, which respectively include 8 × 103,
40 × 103 and 80 × 103 control volumes.

In figure 7.4 the profiles of heat transfer coefficient obtained with different computa-
tional grids are compared, together with experimental data from ref. [26]. The profile
computed on the coarse grid G1 is closer to experimental results than G2 and G3 but
it shows to be grid-dependent. Instead grids G2 and G3 provide essentially the same
results, and these are deemed to be non-dependent upon the spatial discretisation.
The same outcome arises from the comparison of fluid dynamic parameters reported in
table 7.2, where the reattachment length for coarse simulation is not reported since
the wall-normal derivative of the streamwise velocity component does not display a
clear behaviour in the nozzle.

The influence of a fillet at the nozzle entrance is also assessed. The selected fillet
radius is Rfillet = 0.04 mm, this value being typical for holes obtained by laser drilling.
Figures 7.5(a) and 7.5(b) show the computational grids around the nozzle for the
configurations with and without fillet. Results obtained in the two configurations
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Figure 7.4 Radial profiles of local heat transfer coefficient on the impingement plate in
the axisymmetric jet simulation: comparison between results obtained with different
computational grids and experimental data from ref. [26].

Table 7.2 Comparison between fluid dynamic parameters obtained with different
computational grids.

G1 G2 G3
Pressure drop (Pa) 7116 7116 7116
Mass flow rate (kg/s) 0.0318 0.0310 0.0311
Discharge coefficient 0.787 0.768 0.770
Reattachment length - 0.92 dn 0.91 dn

(a) (b)

Figure 7.5 Computational grids in the nozzle region of the axisymmetric jet simulation:
(a) sharp-edge nozzle, (b) filleted nozzle.
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Table 7.3 Comparison between results on the sharp-edge and filleted nozzle configura-
tions, with reference data from paper [27].

Sharp-edge Filleted Experiment [27] Simulation [27]
Pressure drop (Pa) 7116 7116 7116 7500
Mass flow rate (kg/s) 0.0310 0.0323 0.0326 0.0326
Discharge coefficient 0.768 0.800 0.806 -
Reattachment length 0.92 dn 0.75 dn - 0.80 dn

are reported in figure 7.6 and table 7.3, where these are also compared against data
reported in papers [26] and [27]. The filleted configuration provides results closer to
the experiment than the sharp-edged nozzle, both in terms of heat transfer and fluid
dynamic parameters. The mass flow rate increase and the different discharge coefficient
are to be ascribed to the reduction in adverse pressure gradient. This effect motivates
also the shorter separation length.

Furthermore, a flow field representation is shown in Fig 7.7, where a smaller
separation bubble has been observed for the fillet configuration (shorter separation
length). According to the other literature contribution [80–82], for every case the
separation length is lower than 1 diameter.

7.4 Numerical investigation

7.4.1 Description of simulated cases

The simulation campaign is conducted to investigate the behavior of cooling performance
and pumping power over a range of geometrical parameters. The arrangement and
number of jets N , their diameter d ∗

n , and the ratio between nozzle length L and diameter
AR = L/dn are assigned as shown in table 7.4, which summarises all configurations
investigated. Suggestions on promising configurations are taken from refs. [24, 76, 77,
25, 74, 75]. The configuration name, in the first column of table 7.4, is descriptive of
the main geometric features. The capital letter indicates the nozzle diameter, L stands
for “large” diameter, A for “average” and S for “small”, while the number corresponds
to the total number of jets. When present, "s" indicates that jets are staggered and "b"
marks the AR = 0.5 geometries. The inline and staggered configurations are indicated
by N ×N and N ×N_M ×M respectively, where M = N − 1 because each staggered
configuration is obtained by addition of a M ×M array to the initial, coarser N ×N
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Figure 7.6 Radial profiles of local heat transfer coefficient on the impingement plate in
the axisymmetric jet simulation: comparison between results obtained on the sharp-edge
and filleted configurations and experimental data from ref. [26].

(a) (b)

Figure 7.7 Flow field representation at the nozzle locations: (a) Sharp-edge configuration;
(b) Filleted configuration
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Table 7.4 Summary of configurations investigated. The nozzle diameter dn is made
non-dimensional using the reference length lref, defined in equation (7.6).

Test d ∗
n disposition N arrangement AR H/dn

L9 0.100 3 × 3 9 inline 1 3
L9b 0.100 3 × 3 9 inline 0.5 3
L13s 0.100 3 × 3_ 2 × 2 13 staggered 1 3
L13sb 0.100 3 × 3_ 2 × 2 13 staggered 0.5 3
A16 0.050 4 × 4 16 inline 1 3
A25s 0.050 4 × 4_ 3 × 3 25 staggered 1 3
A36 0.050 6 × 6 36 inline 1 3
A49 0.050 7 × 7 49 inline 1 3
A61s 0.050 6 × 6_ 5 × 5 61 staggered 1 3
A85s 0.050 7 × 7_ 6 × 6 85 staggered 1 3
S64 0.030 8 × 8 64 inline 1 3
S81 0.030 9 × 9 81 inline 1 3
S100 0.030 10 × 10 100 inline 1 3

array. Notice that the nozzle-to-target distance H is set to 3 times the nozzle diameter
in all cases. This is done in order to reduce the degrees of freedom of impinging-jet
configurations and because the ratio H/dn = 3 is deemed near optimal, as reported in
refs. [24], [83] and [77].

The computational domain is depicted in figure 7.8(a), it is composed by a stack
of different solid and fluid regions: a chip (which is the volumetric heat source),
two layers of copper and ceramic, an aluminium plate and the coolant region, which
includes an inlet plenum, the nozzles and a discharge zone. The copper, ceramic, and
aluminium layers oppose a conductive thermal resistance to the heat flux per unit
area of R′

co = 8.44 × 10−4 R′
ref, R′

ce = 3.66 × 10−3 R′
ref and R′

al = 1.55 × 10−2 R′
ref

respectively, where R′
ref is the reference thermal resistance for the heat flux per unit

area, R′
ref = (Tref l

2
ref)/Pref. Geometrical and thermal properties of solid regions are held

constant among all the configurations studied for keeping the same thermal conditions
at the solid-liquid interface, see ref. [84] about this topic.

As shown in figure 7.8(a), the configuration is symmetric about two planes, and
only one quarter of the geometry considered is actually simulated. A (x, y) section of
the nozzle plate is displayed in figure 7.8(b).

The coolant enters the domain by the lateral boundaries of the inlet plenum at
the fixed temperature T ∗

in = 857, passes through the nozzles, exchanges heat from the
aluminium plate and exits through the lateral boundaries of the discharge zone. The
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(a) (b)

Figure 7.8 (a) Computational domain and boundary conditions employed in simulations,
(b) (x, y) section of the nozzle plate for configurations L13s and L13sb.

mechanical energy per unit time for maintaining the flow is provided by imposing a
relative pressure ∆p at the inlet and ambient pressure at the outlet. At the top of
the inlet plenum as well as at the symmetry planes, symmetric boundary conditions
are applied, while no-slip conditions are imposed at the other boundaries of the fluid
region. Figure 7.8(a) shows boundary conditions on a sketch of the computational
domain. The thermal input relative to the entire chip is P ∗

0 = 0.025 and is provided
by setting a volumetric heat source in the chip. Heat transfer occurs exclusively in the
z direction through the solid regions, and finally to the coolant; no heat is transferred
through the x- or y-normal boundaries of the solid regions because these are set to
adiabatic or symmetric, which at second order accuracy corresponds to the adiabatic
condition.

Computational domains of the different simulations are discretised with topologically
structured grids and involve from 2 to 4 million hexahedral cells. At the solid-liquid
interface the mesh is conformal and a Low-Reynolds approach is adopted and checked
a posteriori. Simulations are considered converged when the mass-flow rate and the
outlet bulk temperature display a flat behaviour and residuals are below the threshold
Rt = 10−4.



7.5 Results 91

Table 7.5 Comparison between results obtain with different computational grids on
configuration L9b. PEC reported are defined in equations (7.9) and (7.11).

PEC coarse intermediate fine
R ∗

th 0.060 0.058 0.058
h

∗ 25.42 25.25 25.21
P ∗

p 0.0236 0.0250 0.0248
Cd 0.66 0.71 0.70

Heat transfer characteristics of configurations tested are analysed in section 7.5.
Results are grouped in paragraphs by fixing the jet diameter and for variable jet
configurations. An overview of heat transfer performance is provided in section 7.6,
where two summarising figures are also displayed.

7.5 Results

7.5.1 Grid sensitivity analysis

In order to check that results are not grid-dependent, a grid sensitivity analysis is
performed on configuration L9b using three meshes of increasing mesh density. The
coarse mesh is composed by ∼ 0.4 millions cells overall and each jet is discretised using
27, 28 and 50 control volumes respectively along the axial, radial and circumferential
directions. The intermediate mesh is obtained by doubling the number of cells in each
direction thus counting ∼ 3.2 millions cells, while the fine grid is obtained by a further
refinement by a factor 1.5 along the impingement direction.

Table 7.5 compares the PEC computed with different meshes. While on the
intermediate and fine meshes almost the same results are obtained, PEC computed on
the coarse mesh are somewhat different. As a consequence, configurations presented
hereafter are tested using computational grids comparable with intermediate mesh.

7.5.2 Aspect ratio effect

Simulations L13s and L13sb share the same configuration but have different aspect
ratio: AR = 1 and AR = 0.5 respectively. These are compared in order to assess the
effect of the aspect ratio. The nozzle arrangement is displayed in figure 7.8, where only
the simulated quarter of geometry is depicted. Figures 7.9(a) and 7.9(b) display the
distributions of the local heat transfer coefficient on the impingement plate of the two
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(a) (b)

Figure 7.9 Normalised heat transfer coefficient on the impingement plate: (a) case L13s
(AR = 1), (b) case L13sb (AR = 0.5).

cases considered, where qualitatively no substantial differences can be observed. Note
that these pictures display the non-dimensional heat transfer coefficient h∗ only in the
simulated portion of the impingement plate. Due to impingement, h∗ reaches a local
maximum under each jet and these regions share almost the same shape in the two
cases considered. In addition, from the skewed regions of high h∗ in figures 7.9(a) and
7.9(b), it can be observed that the flow toward the lateral outlet boundaries imposes a
larger deviation to the peripheral jets with respect to the central ones, as also observed
in paper [85]. More local heat transfer coefficient maxima are observed in the regions
where the boundary layers on the impingement plate relative to different jets interact
and give place to an increase in turbulent kinetic energy, see also ref. [86]. Table 7.6
compares the PEC and shows that the AR = 1 configuration achieves a slightly higher
overall heat transfer coefficient. Also the cost in terms of pumping power is about
2% higher, which indicates that the AR = 1 case is characterised by a slightly higher
mass flow rate. Moreover, the higher discharge coefficient in the AR = 1 configuration
denotes a better fluid dynamic efficiency.

Results presented are in agreement with refs. [76] and [77] which report of smaller
pressure drops for higher aspect-ratio nozzles, which in turn lead to higher mass
flow rates and higher global heat transfer coefficients when pressure is fixed at the
inlet and outlet boundaries, as in present simulations. On the other hand, Garimella
and Nenaydykh [24] found lower heat transfer coefficients for AR > 1. This is only
apparently in contrast with present results because in paper [24] experiments are
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Table 7.6 Comparison between performances of configurations L13s (AR = 1) and
L13sb (AR = 0.5). PEC reported are defined in equations (7.9) and (7.11).

PEC AR = 0.5 AR = 1
R ∗

th 0.056 0.055
h

∗ 28.37 29.23
P ∗

p 0.0369 0.0377
Cd 0.72 0.74

performed with a fixed mass flow rate and the higher h ∗ of the present AR = 1
configuration can be ascribed to a mass flow rate increase. These results together with
data reported in papers [76], [77] and [24] suggest that configurations with AR = 1
allows to achieve better thermal performances with respect to AR = 0.5. Then in the
following only unitary aspect ratios will be considered.

7.5.3 Large diameter

In this section results of configuration L9 (figure 7.10(a)) and the corresponding
staggered configuration L13s (figure 7.8(b)) are compared. Figure 7.10(b) displays
the distribution of local heat transfer coefficient for the L9 configuration. It can be
observed that the impingement regions of the corner jets are mainly deviated along y,
while in the L13s configuration deviation is almost diagonal, see figure 7.9(a). This
behaviour can be ascribed to a different interaction of the jets and a predominant
direction of the flow close to the outlet sections.

As reported in table 7.7 the overall heat transfer coefficient of the L13s configuration
is around 10% higher than L9. Accordingly, lower chip temperature and lower thermal
resistance are achieved by the staggered configuration, but a 34% larger pumping power
is required. Performances of L13s configuration are associated with its higher mass
flow rate.

7.5.4 Average diameter

All the configurations whose code starts with A have been designed considering the
work by Womac et al. [70], where it is argued that a reduction in nozzles diameter
improves the thermal performances of impinging jets.

The A16 configuration and the corresponding staggered one (A25s) are depicted in
figures 7.11(a) and 7.11(b), while the respective fields of local heat transfer coefficient
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(a) (b)

Figure 7.10 Configuration L9: (a) nozzle arrangement, (b) local heat transfer coefficient
on the impingement plate.

Table 7.7 Comparison between performances of configurations L9 and L13s. PEC
reported are defined in equations (7.9) and (7.11).

PEC L9 L13s
R ∗

th 0.059 0.055
h

∗ 26.41 29.23
P ∗

p 0.0250 0.0377
Cd 0.71 0.74
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(a) (b)

Figure 7.11 Nozzle plate configurations: (a) A16, (b) A25s.

Table 7.8 Comparison between performances of configurations A16, A25s and L13s.
PEC reported are defined in equations (7.9) and (7.11).

PEC A16 A25s L13s
R ∗

th 0.062 0.056 0.055
h

∗ 24.56 28.66 29.23
P ∗

p 0.0108 0.0168 0.0377
Cd 0.69 0.68 0.74

on the impingement plates are reported in figures 7.12(a) and 7.12(b). Since in these
cases the diameter is smaller than the previous configurations, the regions of high h∗

due to impingement are narrower. Moreover, the increased number of jets leads to a
more intense interaction among them, particularly in the A25s case, as shown by the
skewed shapes of the impingement regions.

Configurations A16 and A25s are compared to case L13s in table 7.8. The staggered
architectures (A25s and L13s) provide comparable values of R ∗

th and h ∗, which denote
better thermal performances than configuration A16. Surprisingly this result is achieved
by configuration A25s requiring less than half the pumping power required by L13s,
which at given pressure drop and constant density corresponds to less than half mass
flow rate. Hence case A25s is almost two times more efficient than L13s. As apparently
remarkable thermal performances can be achieved at a low cost in terms of pumping
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(a) (b)

Figure 7.12 Normalised heat transfer coefficient on the impingement plate: (a) configu-
ration A16, (b) configuration A25s.

Table 7.9 Comparison between performances of configurations A36, A49, A61s, and
A85s. PEC reported are defined in equations (7.9) and (7.11).

PEC A36 A49 A61s A85s
R ∗

th 0.052 0.051 0.050 0.049
h

∗ 32.13 33.60 34.43 35.12
P ∗

p 0.0223 0.0275 0.0355 0.0612
Cd 0.63 0.57 0.59 0.73

power by an increased number of jets, architectures A36, A49 and the relative staggered
ones, A61s and A85s, are considered; these are sketched in figures 7.13(a), 7.13(b),
7.13(c), and 7.13(d).

Overall results are presented in table 7.9. The increased number of jets leads to
improved thermal performances but higher pumping power requirements. In particular,
configuration A85s provides a thermal resistance 14% lower than case A25s, but require
a pumping power which is more than 3.5 times higher. From these results it appears
that further increases in N would lead to slightly higher thermal performances but
much larger requests of mechanical power. This asymptotic trend is emphasised in the
following section.

Contours of local heat transfer coefficients are presented in figures 7.14(a), 7.14(b),
7.14(c) and 7.14(d), where peaks of heat transfer rate corresponding to jets close to
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(a) (b)

(c) (d)

Figure 7.13 Nozzle plate configurations: (a) A36, (b) A49, (c) A61s, (d) A81s.



98 Thermal management: Submerged Impinging Jets

the outlet boundaries are markedly weaker than in the central region. As already
commented, this is due to the higher mass flow rate in configurations with larger N .
Indeed the (x, z) and (y, z) plenum cross-sections of configurations A36, A49, A61s and
A85s are the same: l1 and l2 are given and H = 3 dn is constant when dn is fixed, e.g.
in “A” configurations. Therefore higher mass flow rates lead to higher velocities in the
(x, y) plane, which deviate the peripheral jets from the ideal, orthogonal impingement.
This phenomenon is deemed to motivate the marginal heat transfer enhancement
observed in configurations A36, A49, A61s and A85s.

7.5.5 Small diameter

The results in the previous sections suggest that nozzles with smaller diameter provide
better thermal performances, thus a further reduction of dn might be beneficial and
simulations whose code starts with S have been designed for this reason. As for large
nozzle numbers the strong flow fields in the discharge plenum prevent the effective
impingement of jets, a limit is sought for the total area of nozzles:

An = (Nπd2
n)/4 (7.12)

The comparison of heat transfer coefficient distributions reported in figure 7.14 shows
qualitatively that configuration A36 allows for an almost undisturbed jet impingement.
Thus its total area of nozzles, A(A36)

n = 0.09 (π/4) l2ref, has been designated as the
reference maximum total nozzle area allowing for an effective impingement of all jets.
In order to match area A(A36)

n by an array of jets of diameter dn = 0.03 lref (i.e. the
nozzles diameter in “S” configurations), one hundred jets must be employed

0.032 N (π/4) l2ref = A(A36)
n ⇒ N = 100 (7.13)

Figure 7.15a shows configuration S100, which involves 100 nozzles arranged in a 10×10
inline array. As according to equation (7.13) configuration S100 is at the upper An

limit, also configurations S64 and S81 are considered, respectively with N=64 and
N=81 both arranged inline. These are displayed in figures 7.15b and 7.15c.

Distributions of h∗ on the impingement plate of configurations S64, S81 and S100
are reported in figures 7.16(a), 7.16(b) and 7.16(c). As expected peaks related to
impingement are not skewed and indicate that jets do not undergo a substantial
deflection. The total nozzle area limit, set tentatively to A(A36)

n , can then be considered
as a practical indication for an effective impingement of all jets in present conditions.
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(a) (b)

(c) (d)

Figure 7.14 Normalised heat transfer coefficient on the impingement plate in configura-
tions: (a) A36, (b) A49, (c) A61s and (d) A85s.
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(a) (b) (c)

Figure 7.15 Nozzle plate configurations: (a) S100, (b) S64, (c) S81.

Table 7.10 Comparison between performances of configurations S64, S81 and S100.
PEC reported are defined in equations (7.9) and (7.11).

PEC S64 S81 S100
R ∗

th 0.051 0.049 0.047
h

∗ 33.59 36.30 39.01
P ∗

p 0.0147 0.0186 0.0230
Cd 0.65 0.65 0.65

The PEC of configurations with small diameter are reported in table 7.10, where a
consistent reduction of pumping power and better thermal performances are achieved
with respect to average diameter configurations. For example, the thermal resistance of
configuration S100 is comparable to case A85s, but the overall heat transfer coefficient
h

∗ is 11% higher. Moreover, a 2.5 times reduction in pumping power is obtained. It is
clear that both pumping power and thermal performance are strongly affected by the
diameter of nozzles. Comparing the S architectures it can be noticed that increasing
the number of jets the thermal resistance decreases while the pumping power increases.

7.6 Discussion

The problem of cooling power electronic components is often solved by using cooling
fins [87] or heat transfer enhanced surfaces [88]. The use of impinging jets is currently
recognised as a viable alternative [83, 89]. A numerical study is presented aiming
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(a) (b)

(c)

Figure 7.16 Normalised heat transfer coefficient on the impingement plate in configura-
tions: (a) S64, (b) S81 and (c) S100.
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Figure 7.17 Thermal resistance as a function of the pumping power R ∗
th

(
P ∗

p

)

at the discussion of the main parameters affecting pumping power and heat transfer
effectiveness of heat sinks using arrays of impinging jets.

The numerical procedure is developed in the frame of the open-source software
OpenFOAM®, and is validated by comparing results of a single, axisymmetric jet
simulation against experimental and numerical results. As a consequence of the
validation procedure, the SST k − ω turbulence model is adopted. Besides validation,
also a grid independence study is carried out to identify the most appropriate mesh for
simulations.

Several configurations in terms of diameter, number and arrangement of nozzles are
investigated, following suggestions in refs. [24, 76, 77, 25, 74, 75]. Results show that a
reduction in nozzle diameter leads to an overall heat transfer enhancement, as well as
reduced pumping power requirements. In addition it is observed that in configurations
with average nozzles diameter (dn = 0.050 lref) and when the number of nozzles grows
considerably, only a marginal heat transfer enhancement is achieved while the pumping
power increases consistently. This is due to a mass flow rate increase which leads
to higher discharge velocities directed towards the outlet boundaries, preventing the
orthogonal impingement of jets.

Figures 7.17 and 7.18 summarise the performances of configurations investigated
on charts which report R ∗

th and h
∗ as a function of P ∗

p . Promising configurations are
characterised by low pumping power, low thermal resistance and high overall heat



7.6 Discussion 103

Figure 7.18 Heat transfer coefficient as a function of the pumping power h ∗ (
P ∗

p

)

transfer coefficient, therefore their operating point is placed close to the origin in chart
R ∗

th

(
P ∗

p

)
and in the upper-left part of chart h ∗ (

P ∗
p

)
. It is clear that a reduction in

nozzle diameters allows for lower thermal resistances (and higher overall heat transfer
coefficient) and lower pumping powers. Since the pressure drop is the same for every
configuration, a lower pumping power indicates lower mass flow rate, thus in general
architectures with smaller d ∗

n exchange more heat with less mass flow rate. No further
reduction in nozzle diameter is considered because already the minimum dn considered
here (in the order of 0.1 mm) might cause obstructions and fouling. In addition very
small diameters make heat exchangers very sensible to construction tolerances. Data
pertaining to configurations with average diameter show an asymptotic behaviour:
increasing the number of jets beyond a certain number leads to a pumping power
increase much larger than the thermal performance enhancement.

In order to limit deviating velocities in the discharge plenum, the mass flow rate
across the nozzles needs to be restricted, and this can be done considering an upper
limit of the total nozzle area An. In the present study A(A36)

n , the total nozzle area in
configuration A36, is considered as the maximum value of An which limits jets deviation.
Results obtained in small diameter configurations, which are designed following this
constraint, appear to substantiate this limit.
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In summary, submerged impinging jets can exchange heat at low costs in terms of
mechanical pumping power and are very flexible in terms of geometry allowing for the
design heat exchangers specifically tailored to cool specific hot spots.



Chapter 8

Conclusions

Over the last years, hybrid solutions are gaining critical importance in the automotive
field. Hybrid Electric Vehicles are equipped with electrical devices such as electrical
machines, energy storage, and power converters. The power management among the
various components is entrusted to power converters.

The present PhD thesis is devoted to a detailed thermal analysis on power conversion
systems.

Since experimental approaches are too expensive in the preliminary evaluation
power module devices, a Virtual Test Bench able to address the PC design has been
developed and presented. Any converter configuration can be easily investigated at low
computational cost. Based on look-up table approach, investigations can cover a large
range of working conditions. The presented tool allows to a quick identification of PC
configurations which exhibit low efficiency level and suggests design characterized by
the low dissipation levels. In this way, only the most promising solutions are selected
to be subjected to an eventual experimentation campaign. The numerical tool is able
to evaluate PC performance by means an accurate power losses computation. A global
analysis including steady-state and time-dependent conditions can be easily conducted,
in addition a per-chip investigations help the designers in the understanding of the
heat flux density involved. This is quite useful for the choice and the study of the
cooling system equipping the power module.

After an accurate validation of the tool, a large simulation campaign is conducted.
It is focused on both 2L and 3L PC topologies. They are equipped by Si and SiC
devices. In detail, for 2L PC configuration, Infineon IGBT3, Infineon EDT2, and
ROHM SiC MOSFET power modules are considered while 3L PC configuration is
equipped with Semikron IGBT3 power module. Each configuration is investigated over
a large steady-state simulation matrix including 260 points and over two drive cycles.
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In general, results denote that differences between IGBT3 and EDT2 in a 2L
topology are very small. It is suggested to prefer the EDT2 solution with respect
the IGBT3 for low switching frequency application (fsw below 20kHz). 3L topology
deserves to be considered when fsw reaches higher value, but SiC MOSFETs are
preferred to easily manage power converter losses. When considering the dynamic
conditions, the evaluation of the power losses and Usage time maps allow to obtain a
detailed analysis of the PC behavior through the drive cycles. Moreover, the impact of
the drive cycle on PC performance can be easily investigated. Power losses are quite
higher for Cycle 1 than Cycle 2, since its toque level is higher. Finally, critical working
conditions can be easily detected in terms of losses and duration. This methodology
allows to avoid undesired events and to preserve PC lifetime and performance. In
addition, the presented tool allows to split the chip power dissipation in conduction
and switching contributions. Power semiconductors exhibit power dissipation in the
order of the hundred of W, this lead to high heat flux densities at the chip location
since the chip area is in the order of cm2.

Since the power involved in such power electronic devices is quite high, to ensure
performance and lifetime of power semiconductors a cooling system needs to be adopted.
Submerged impinging jets are considered one of the most promising solution. To face
this problem, a detailed numerical study on submerged impinging jets is presented. A
systematic approach has been necessary to understand the effect of the main geometrical
parameters in terms of pumping power and heat transfer effectiveness. The numerical
activity is performed by using OpenFOAM®. A validation procedure is performed to
assess the best set-up condition prior to the study of jet arrays. As a consequence
of the validation procedure, the SST k − ω turbulence model is adopted. Besides
validation, also a grid independence study is performed to identify the most appropriate
computational grid for simulations. Several configurations in terms of diameter, number
and arrangement of nozzles are investigated.

Results show that a reduction in nozzle diameter leads to an overall heat transfer
enhancement, as well as reduced pumping power requirements. However, the noz-
zle diameter cannot be too small, because of manufacturing tolerances and to avoid
obstructions. In addition it is observed that in configurations with average nozzles
diameter and when the number of nozzles grows considerably, a not significant heat
transfer enhancement is achieved while the pumping power increases consistently. This
is due to a mass flow rate increase which leads to higher discharge velocities directed
towards the outlet boundaries, preventing the orthogonal impingement of jets. In order
to limit deviating velocities in the discharge plenum, the mass flow rate across the
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nozzles needs to be restricted, and this can be done considering an upper limit of the
total nozzle area An. In the present study A(A36)

n , the total nozzle area in configuration
A36, is considered as the maximum value of An which limits jets deviation. Results
obtained in small diameter configurations, which are designed following this constraint,
appear to substantiate this limit.

Finally, the present study has allowed to perform a detailed investigation of power
conversion system from a thermal point of view. The prediction of power losses of the
power converter by means the developed Virtual Test Bench is accurate and quick.
Hence, the tool is deemed promising and can be recommended for the use in the
preliminary design of power converters. In addition, the tool can be furthermore
developed to allow a multi-objective optimization procedures with the aim to improve
the power converter behavior for determinate operating conditions or load cycles.
Furthermore, the tool can estimate the power dissipation affecting the semiconductors.
This information plays an important role for the study of the power converter thermal
management system. For the specific case treated in this work, array of submerged
impinging jets can exchange heat at low costs in terms of mechanical pumping power.
Moreover, they are very flexible in terms of geometry allowing for the design heat
exchangers specifically tailored to cool specific hot spots. Moreover, the 3D-CFD activity
has allowed to obtain also a thermal resistance evaluation of the various configurations
investigated. They can represent the junction-to-water thermal resistance of a thermal
Foster network. Therefore, it indicates that the 3D-CFD activity can support the
development of the Virtual Test Bench thermal model by providing such information
which depends by thermal management system involved.
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