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Abstract

Semiconductor lifetime and power density are considered to be two important develop-
ment directions of power converter design in the future. Especially in some high dynamic
application, the operation condition is changing frequently causing the temperature swing
of semiconductor, and it leads to thermal expansion and contraction which affects the life-
time or reliability of semiconductor. A high maximum temperature or a large temperature
swing leads to short lifetime. Meanwhile, high power density is a general trend. If the size of
awhole system is limited, a high power density converter enables more functionality of the
system. Also, high power density also leads to high portability. Works have been done to use
interleaved and high switching frequency converter to get a high power density. However,
those converters such as interleaved buck converter do not help to improve semiconductor
reliability because it can only operate in synchronous conduction mode (SCM) and trian-
gular current mode (TCM).

In this work, a 20kW DC/DC converter for highly dynamic application is designed. The
four-switch buck-boost converter is chosen because of its flexibility and its possibility to
get longer semiconductor lifetime and higher power density. It is possible to offer a free-
wheeling interval in which no voltage is applied on the inductor, the transferred power can
be regulated by adjusting the duty cycle of this interval. In addition, an optimal modu-
lation scheme is proposed for this topology which further helps improve the reliability of
semiconductor. An optimal power stage design is given which is a two-stage interleaved
structure. Plus, a close-loop control strategy is given according to the design.

The proposed modulation scheme is tested with a low voltage level prototype, and the per-
formance prediction is verified.
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Introduction

1.1. Background

Over the last several decades, science and technology are developing rapidly. A significant
change happens to people ’s lives in many respects. For instance, personal communication
technology is an obvious example which developed greatly. In 1980s, people’s cell phone
was weighing 2 kilograms with single calling function. However, today, almost everyone
has a tiny smartphone, people can use it to do many things, for instance photographing,
surfing the Internet, video chatting, mobile payment, etc. People could never image those
activities could be done within a cell phone back to 1980s. Another example is the rapidly
developing renewable energy which is one of the most popular topics due to the increas-
ingly serious environment and energy crisis. More and more renewable energies are ap-
plied in daily life, for instance electrical vehicles are getting more and more popular all
over the world. In addition to this, the computer science, robotics and artificial intelligence
are all rapidly developing.

Integrated circuits (ICs) development does a great contribution to the technologies men-
tioned above and the demands of integrated circuits will keep rising. The state-of-the-art
equipment for the automated production of integrated circuits are wafer scanners. In 1998,
deep ultraviolet (DUV) lightsources were replaced by a more advanced one extreme ultravi-
olet (EUV) lightsource. The extreme ultraviolet (EUV) reduces the wavelength from 193nm
to 13.5nm, and smaller features can be produced on the integrated circuits. The wafer must
be extremely accurately positioned in six motion degrees-of-freedom in a highly dynamic
condition [21].

Fig. 1-1 shows the general structure of the power supply block in the wafer stage of the
scanner. The 3-phase AC is rectified to a 960V DC by a rectifier, and it is converted to
630V &360V respectively. It is used to drive the long stroke and short stroke motors of the
scanner. This thesis is focusing on the DC/DC converter which is non-isolation one in the

1



2 1. Introduction

block.
pC|960v| 960V | DC| i 630V | Power (7
AC -1 L 1| DC I | Amplifier -
jy mE—— 1 H
X ! i Long stroke
Buffer i ! motor
3-phase AC | [ EMC |
Filter 960Vi DC i 360V Power \@
> pC : > Amplifier| |
i i Short stroke
bmmmmmmmmm oo ! motor

Figure 1.1: Application of the DC/DC converter

1.2. Objectives of this thesis

The thesis is focusing at the 20kW DC/DC converter for the application mentioned in the
previous section. The specification of this converter is:

* Input voltage: 960V
e Output voltage: 630V and 360V
e Maximum power: 20kW
e Power density: 15kW/L
The content of this thesis is

* To select the most possible topology for this application

To Determine the optimal modulation scheme

To have a good modelling of each part of the converter

To have an optimal design of the converter
* To work on hardware to verify the performance prediction

Due to the application, the DC/DC converter is working in a high dynamic condition, in
other word, the transferred power is varying frequently. Therefore, the semiconductor
switch power cycle (lifetime) is important to increase reliability and save maintenance cost.
Hence, the first goal in the design is alonger semiconductor switch power cycle. Secondly, a
higher power density is the second goal in the design. High power density is a general trend.
It enables more functionalities within a limited volume, and possibilities to be portable.
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1.3. Thesis outline

In Chapter 2, some possible non-isolation DC/DC converter topologies are introduced at
first. The advantages and disadvantages of these topologies are described. The most pos-
sible topology is selected. Next, The semiconductor technology which is suitable for high
power and high frequency application is introduced as well.

In Chapter 3, all the modelling methods used to analyse and design in this thesis are intro-
duced. It first starts with a zero voltage switching method modelling including the principle
and the way to ensure the zero voltage switching. An advanced way based on datasheet to
estimate losses on semiconductor switches is introduced, including switching losses, con-
duction losses and gate losses. Furthermore, advanced inductor modelling methods are
introduced which are better than conventional methods, including air gap reluctance cal-
culation method, core losses calculation and winding losses calculation method. In the
end, the thermal modelling is given.

In Chapter 4, five modulation schemes of the four-switch buck-boost converter are ana-
lyzed analytically one by one, typical inductor waveforms are given and the switching se-
quence of each switch is illustrated. The numerical comparison is given in terms of losses,
loss swing and inductor size. According to the analytical and numerical analysis, zero volt-
age switching modulation has a smallest losses and loss swing. Furthermore, in order to
further reduce the loss swing, a new modulation scheme is proposed.

In Chapter 5, an optimal power stage densign is described. It first starts with proposing
a two-stage four-switch buck-boost converter in order to reduce the switching losses in a
single switch, this structure reduces the voltage across the switch by half. Therefore a GaN
switch can be implemented in the two-stage structure. After that, the number of phase is
determined by several aspects including the losses in each switch, total inductor volume
and output capacitance value. Consequently three phases would be the optimal choice.
A mechanical 3D modelling is given. The thermal design according to the recommenda-
tion provided by the manufacturer is illustrated. Finally the overall estimation efficiency,
temperature swing and power density are given.

In Chapter 6, the control strategy is illustrated. This chapter starts with showing the overall
control system block. Afterwards, each part of the control system is explained respectively.
The main control strategy is explained at first. It is a current mode control with two feed-
back loops. The voltage is always controlled to the reference value no matter how the load
changes. Because of the two stage structure, a balancing controller is required which can
keep the high and low stage operating at a same condition. The duty cycle of each switch
is calculated instantaneously by the micro-controller or FPGA, so the equations to calcu-
late the duty cycle are illustrated in this chapter. Next, the way to ensure the zero voltage
switching is also explained. It is done by using zero crossing detection. Finally, the simula-
tion result is given.

In Chapter 7, a 48/12 four-switch buck-boost converter is used to verify the proposed low
loss swing modulation. The test setup is illustrated at first. It follows with some measure-
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ment result. Finally the comparison between the traditional zero voltage switching modu-
lation and proposed zero voltage switching are given.

In Chapter 8, the summarize of the thesis and the conclusion of each chapter are given.
Also, there are still many works to be done in terms of this topic, so the outlook and future
work are discussed in the end.



Literature review

The DC/DC converter is defined as power electronics circuit which converts a DC voltage to
another DC voltage with a certain power transfer requirement. More than 10 non-isolation
DC/DC converter topologies are developed over the last decades, including buck converter,
buck-boost converter, Cuk converter, SEPIC converter. Today, a high power density is a
general trend in many application, multiphase and high switching frequency are two solu-
tion to reach a high power density. Furthermore, some new semiconductor technologies
are also implemented by engineers to reach a high power density. In this chapter, topolo-
gies introduced in literature are discussed in section 2.1, the optimal one is selected. The
new generation semiconductor switches, wide bandgap devices are briefly introduced in
section 2.2.

2.1. High power density non-isolated DC/DC converter

In high power applications, multiphase or interleaved structure is the most common used
solution. The interleaved DC/DC converter has inherent advantages[14]:

e The output current ripples can be greatly reduced making the output capacitor much
smaller

* When multiphase converter is considered, it is possible to improve the transient re-
sponses due to a smaller filter

* Multiphase converters release the current stress on devices

5
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JEI]} JEI]} Bt
el °
1 -
Cy o= .
AR Rt L “

Figure 2.1: Interleaved DC/DC buck/boost converter

Fig.2-1 shows a multiphase DC/DC converter[22], which is a three phases bidirectional
DC/DC converter. Each phase in the multiphase converter has a 360/ n phase shift, where
n is the number of phases. Fig. 2-2 shows output voltage ripple cancellation [22]. As shown
in Fig. 2-2, it is affected by the number of phases and the duty cycle.

0.9 |
0.8 |
0.7 t---

06 F----
05 [----
04 p---
03 p---
02 f---
01 f---

Ripple Cancellation

- —-L__L__L__1__

0 01 02 03 04 05 06 07 08 09 1
Duty Cycle (Vo/Vin)

Figure 2.2: Interleaved DCDC converter ripple cancellation

(22]

In [33], a three phases buck converter is implemented with 100k W power. A 36-phase inter-
leaved converter is reported in [31], the prototype has a 95% efficiency at full load (1000W).
State of the art engineering for multiphase DC/DC converter proposes the use of three to
five paralleled buck stages to build the converter [20][8].

For multiphase DC/DC converter, intercell transformers can be implemented to further
reduce the volume and increase the power density[5] [6] . As illustrated in Fig. 2-3[6] , three
windings share a same core which reduce the inductor volume for a large extent.
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I"\I\

Figure 2.3: Coupled inductor

Apart from the interleaved buck converter, the interleaved buck-boost converter is also
proposed in literature[24]. Semiconductor switches suffer from large current stress in this
topology, in addition, the polarity is inversed at two sides which makes the control more
complicated.

+0
| 2—
B
|2
B
| 2
B

Jati
Jatt

]
J
H
4
H

JU B

Figure 2.4: Interleaved buck-boost converter

In [1][30][32], a non-inverting four-switch buck-boost converter is discussed, as illustrated
in Fig.2-5. The most important advantage of this topology is the flexibility. Taking the
Phasea in Fig. 2-5 as an example, several operation modes can be achieved as follows

¢ Buck mode: Always open S,4 and close switch S;3
* Boost mode: Always open S, and close switch S,
¢ Buck-boost mode: Switch S;; & Sz4 and Sy & Sg3 diagonally

Therefore, this topology is suitable for many applications.
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Jatt ) Jatt Jait Jeil

I7T

(SR
Sc2

Figure 2.5: Interleaved four-switch buck-boost converter

Among these three topologies illustrated above, for the multiphase buck converter and
multiphase buck-boost converter, there are two operation modes Synchronous Conduc-
tion Mode (SCM) [23][13] and Triangular Current Mode (TCM) [9][25]. Taking the mul-
tiphase buck converter as an example, the inductor waveform of the TCM and SCM are
shown in Fig. 2-6 for minimum and maximum output power. In SCM operation, the peak-
to-peak inductor current is kept constant and independent of the output power. As a result,
the inductor current waveform is pushed up and down for a large extent, and the losses on
each device swing a lot. The TCM operation has a better performance, because the mini-
mum inductor current is kept constant Iy, ,,;,. The output power is regulated by changing
the frequency. However, the switching frequency will increase significantly when the out-
put power decreased from maximum to minimum. In addition, the frequency variation
strongly limited by the time delays in the measurement and control circuit[12].

Inductor current
T T

Inductor current
T T

SCM

(a) TCM. (b) SCM.

Figure 2.6: Sychronous Conduction Mode and Triangular Current Mode

As illustrated previously, four-switch buck-boost converter is a very flexible converter which
makes more operation modes possible to overcome drawbacks of TCM and SCM. As illus-
trated in Fig.2-7(a), it shows one of the modulation schemes, and at the end of each cycle
there is a free-wheeling interval in which no voltage is applied on the inductor (Switch S,
and S, are switched on), and output power can be regulated by adjusting the length of free-
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wheeling interval. As a result, the switching frequency is not increasing while the current
waveform is not going up and down.

Inductor current

" N
. /\Pmim /\
[\ /T \
(@ (b)

Figure 2.7: To illustrate free-wheeling interval

In conclusion, an interleaved four-switch buck-boost converter would be the optimal topol-
ogy for the application in this thesis.

2.2. Semiconductor technology

2.2.1. MOSFET & IGBT

There are many kinds of transistors available for switch-mode power supply (SMPS) to-
day. Metal-oxide semiconductor field effect transistor (MOSFET) and insulated-gate bipo-
lar transistor (IGBT) are two most popular devices.

The MOSFET is a three-terminal (Gate, Drain, Source) fully-controlled switch. The gate
control signal is applies between the gate and source, and its switch terminals are the drain
and source. The gate terminal is made of metal, the other two terminals are made of metal
oxide. The IGBT is also a three terminal (Gate, Collector, emitter) fully-controlled switch.
The gate signal is applied between the gate and emitter, and its switch terminals are the
drain and emitter.These two transistors have their own advantages[10].

MOSFET:
e Higher switching speed.
* Higher dynamic performance.
* Lower gate-to-drain capacitance
¢ Lower thermal impedance which allows more power dissipation
e Smaller rise and fall time
IGBT:

e Mature production techniques resulting in a lower cost.
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Higher durability to overloads.

Improved parallel current sharing.

Smoother turn-on/-off waveforms.

¢ Lower input capacitance.

2.2.2.SiC & GaN

Si based devices have some important limitations in terms of its voltage blocking capabil-
ity, operation junction temperature and switching frequency[15]. As a result, a new gener-
ation of power semiconductor switches are required. Novel and innovative power devices
based on wide bandgap semiconductors are developed to overcome the limitation of Si
devices. SiC(Silicon carbide) and GaN(Gallium Nitride) are the two most popular new de-
vices with better performance.

A Energy of electrons
Material | Bandgap
Conduction Band
onduction Ban Si 112
GaAs 1.4
Bandgap 3C-SiC 2.3
6H-SiC 2.9
Valence Band 4H-SiC 3.2
GaN 3.39
Diamond 5.6
Figure 2.8: Electrons energy band Figure 2.9: Different materials bandgap

The movement of free electrons is the reason why materials are capable to conduct. In con-
ductor materials, electrons are free to move while in non-conductor materials electrons are
fixed by chemical bond. Those electrons fixed by chemical bond are in valence band while
free electrons are in conduction band. Bonded electrons need enough energy to jump from
valence band to the conduction which in between is called bandgap. Materials like carbon,
silicon and phosphorus have strong capability to bond the electrons and low conductivity.
For instance, pure silicon and carbon are crystal can not conduct. They are Group 4 ele-
ment, if Group 5 elements such as phosphorus and arsenic are doped into silicon, there is
one more free electrons corresponding to N-type semiconductor. In a same way, if Group 3
elements are doped into silicon, there is one more hole corresponding to P-type semicon-
ductor. Compared to silicon, the capability to bond electrons of carbon is stronger, so more
energy is required to break the the chemical bond between silicon and carbon, as a result,
the bandgap of SiC is wider than pure Si. The same also applies to GaN, although gallium it-
self is weaker than silicon, nitrogen is a very strong elements. Because these wide bandgap
material needs more energy to be conducted, they are naturally capable to handle a higher
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voltage and a higher temperature. As a result, the die of them can be much smaller and
also the depletion region. Consequently, smaller parasitic parameters, especially parasitic
capacitance and on-resistance is reachable. Because of the smaller parasitic capacitance,
it takes less time to charge and discharge, so the switching losses are much smaller and
higher switching frequencies are possible. In section 2.3 semiconductor failure power cy-
cle or lifetime is introduced briefly.

2.2.3. Semiconductor switch power cycle (Lifetime)

The temperature of semiconductor switch rises and falls according to the operating condi-
tions as illustrated in Fig. 2-6 and Fig. 2-7(a) (different power level). The interior structure
of the semiconductor is exposed to the heat stress caused by the temperature rise and fall
and thus suffers fatigue and deterioration. Fig. 2-10 shows the general relation of semicon-
ductor power cycle and temperature.

1E+10 \

3\\ e | | Temperature
1E+09 - isi

1E+08 5

le

yC

1E+07 5

Failure Power C

1E+06

1E+05 -
20 40 60 80 100
AT(°C)

Figure 2.10: Failure of power cycle as a function of temperature and temperature swing

As illustrated, the failure power cycles are inversely proportional to junction temperature
swing and maximum junction temperature. In another word, a longer semiconductor life-
time can be obtained by a lower maximum temperature or a smaller temperature swing.






Modelling of main component of

four-switch buck-boost converter

Based on goals, increasing the lifetime of semiconductor switches and getting a high power
density, good models are required to analysis, design and optimize the four-switch buck-
boost converter, including semiconductor modelling, inductor modelling and thermal mod-
elling. The performance of converters are mostly dominated by these three aspects. Al-
though filters are required in the input and output side, they are not dominated. Hence in
this chapter, the following models are introduced.

e Zero voltage switching modelling
e Semiconductors modelling
* Inductor: Magnetic circuit modelling and loss modelling

e Thermal modelling

3.1. Semiconductors modelling

The zero volatge swithing principle is explained in section 3.1.1. In section 3.1.2 to 3.1.5
an advanced and accurate semiconductor losses estimation model, based on datasheet, is
provided including switching losses, conduction losses, gate losses and diode losses.

3.1.1. Zero voltage switching modelling

The maximum temperature is one of the domination of semiconductor device lifetime,
smaller maximum temperature leads to longer lifetime. Switching loss is one of the main
contribution of temperature rising, and it could be quite large in hard switching operation.

13
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Soft switching can reduce the losses to a large extent, hence, it is worth investigating and
implementing.

Fig.3-1 shows a bridge leg which is commonly seen in switched mode power converters.
The switch S; or S, in the bridge can be seen as a combination of three components which
are a transistor, a diode and a capacitor. The diode is the body diode of the device or an
external diode if the device does not have it internally. Sometimes, even there is a body
diode inside the switch, people will use an external one, especially schottky diode, to reduce
the diode reverse recovery losses during commutating. The capacitor represents the output
capacitor of the device. It is defined as the sum of the gate to drain capacitance and drain
to source capacitance, C,ss = Cps + Cgp-

O
S
A e
Fir Vi yic
i -«
Vo | 0 4 —
s L
Szoll':
Fin yin ico
(o,

Figure 3.1: A general bridge leg

The zero voltage switching (ZV'S) principle can be explained as follows. In Fig. 3-1, assum-
ing the commutating transition is from S, to S;, and the inductor current is flowing from
the right side to the left side. The detailed commutation procedures can be illustrated with
Fig. 3-2 which shows the current flowing path during each time interval[3].

t t 13 4 &)

1% ds.‘ Ly

500 6

400

/ 0
Voo .

200

Ez D 71
100 ) ) D] -6
riC2 icy
0 —| 9

Figure 3.2: Example of ZVS commutation from S; to S;
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At time instant f;, the gate signal of switch S, is turned off, the current is flowing in
the transistor of switch S, at this moment and will keep flowing in the transistor for a
short interval before the gate voltage fall below its threshold voltage.

e =1
At time instant f,, the gate voltage of S, reaches its gate threshold voltage, and its
channel resistance rises dramatically. Therefore, the current starts to flow on the leg
capacitance, mostly on C; at this moment. Meanwhile, the leg capacitance (Cjeg =
C; + Cy) is charged.

* =13
At time instant f3, the transition happens when C; becomes larger than C,. Starting
from this moment, the current is mainly flowing on the capacitance C; ,and Cjeg is
further charged.

e =1
At this moment, the drain to source voltage v, reaches the bus voltage, and the volt-
age across the switch S is zero which makes the diode D, conducting. Now a positive
gate signal can be applied to switch S;. The current will still flow on the diode D; for
a short time before it reaches the gate threshold voltage.

* =15
When the gate voltage reaches the threshold voltage, the switch S; is switched on un-
der a zero voltage.

The same principle also applies to the commutation from the top switch to the bottom
switch. Fig.3-3 shows the output capacitance as a function of drain to source voltage across
it, in terms of a SiC MOSFET C2M0080120D manufactured by Wol f speed [29] and a GaN
GS66516 T manufactured GaNSystem[26]. As shown in Fig. 3-3, when the drain to source
voltage is small the capacitance is large and vice versa. Hence, during the commutation
explained above, the current is mainly flowing on the C; at first and then going to the C;.

C2M0080120D 1000 GS66516T Output capacitance

800

600

Cpacitance(pF)

T T T
0 200 4

T T T
00 600 800 1000 0 100 20
Vas(V)

0 300 400 500
Vas(V)

(a) C2MO0080120D. (b) GS66516T.

Figure 3.3: Output capacitance as function of drain to source voltage
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In order to ensure a zero voltage switching, enough charges should be provided to charge
the leg capacitance Cjg = C; + C,. In other words, a large enough offset current Iy at com-
mutation instant is required. The current Iy can be calculated by the following steps, given
by[11]

e step 1
The first step is to determine how many charges are needed for a certain switch. It can
be derived by

Vius
Q1 :f() Coss(v)dv 3.1)

Meanwhile, parasitic capacitance existing of the PCB should be taken into considera-
tion, which is around 200nF ~ 500nF. Therefore, the total charge required is

Qreq =N-Q1+QpcsB 3.2)
where N is the number of switches on the bridge in total.

* step 2
The charge provided by the current, as illustrated by Fig. 3-4, is calculated by

171 I3 Iy
QZ:f ir(hdt= [Io+%(t—t3)]dt+f [I0+%(t—t3)]dt (3.3)
t:

2 15 I3

%) 3 14
Vds
900 1gs
600 6
300 > 3
VL
0 0
Qreq
-300 -3
L,
-600 _ 6
Iy
-900 -9

Figure 3.4: Required charge for ZVS

* step 3
It is very hard to determine the time interval length #, ~ 3, and #3 ~ #4, but the dead
time from £, to t5 is fixed. Therefore we can use the dead time #4.,4 to calculated Q.
and make a certain compensation.

* step 4
The relationship Q> = Q.4 should be fulfilled. By solving the inequation, a minimum
current Iy which ensure the zero voltage switching can is obtained.



3.1. Semiconductors modelling 17

However, although zero voltage switching can be obtained, there is still switching off losses
caused by the overlap of drain to source voltage and transistor current as illustrated in next
section Fig. 3-6. The switching off losses could be quite large when the switched off at
a high current or a high voltage. In order to reduce the switching off losses, an external
capacitance can be connected in parallel, as illustrated in Fig.3-5, to slow down the rising
of drain to source voltage.

ST}

Figure 3.5: MOSFET with external capacitance

3.1.2. Switching losses

As mentioned in the previous chapter, there are several modulation schemes for the se-
lected topology, and hard switching happens to some of them discussed in Chapter 4.
In addition, the zero voltage switching discussed in last section also has turn-off losses.
Hence, it is important to have a detailed modelling of switching losses and conduction
losses.

The ideal semiconductor switch has the following characteristics:[16]

* Block arbitrarily large forward and reverse voltages with zero current flowing when it
is off.

* Conduct large currents with a small voltage drop when it is on.
» Switch transistion happens instantaneously when gate signal changes.

However, obviously real devices is not ideal, they do not have these ideal characteristics
and always have power dissipation in real application. If the power dissipation is too high,
the device temperature will exceed the limitation and will not only destroy themselves but
also damage other components in the system. Hence, power dissipation of semiconductors
should be analysed.

Fig. 3-6 illustrates the typically drain-source voltage and current waveform during switch-
ing transition (switch-on and switch off).
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Ids
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Figure 3.6: Generic-switch switching characteristics

When the switch is open, it can be turned on by applying a positive signal to switch gate, as
illustrated in Fig.3-6. During the turn-on transition, the current is built up after a short de-
lay time 7, , and arise time #,;. Just after the current I, flows entirely through the transistor,
the diode can become reverse biased and the switch voltage fall to a small on-state value in
a voltage fall time ¢¢,. The waveform in Fig. 3-6 shows that large values of switch voltage
and current are present simultaneously during switch-on interval. The energy dissipation
in the device during switch-on can be approximated by

1
E,, = EVdsId(tfv + 1) (3.4)

When the device has to be switched-off, the positive signal is removed from the gate termi-
nal of the switch. During the turn-off transition, the voltage is built up after a short turn-off
delay time 74, , and a voltage rise time f,,. The current in the switch falls to zero with a
current fall time ¢¢;, and large values of voltage and current occur simultaneously during
the transition. The switching energy losses during this transition can be calculated by

1
Eorf= Evdsld(trv"‘ tfi) (3.5)

The average switching power dissipation can be calculated by
1
PSZEXfSX(Eon"‘Eoff) (3.6)
where f; is the switching frequency.

However, the approach discussed above is an ideal way which has a large gap with reality
switching performance. The real switch performance is highly dependent with gate driver,
gate resistor value, junction temperature and parasitic parameters as illustrated in Eq. 3-7
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Py (lon, Ioff» Von, Voffy Tj, Vgate,on; Vgate,off)Rgate,on)Rgate,off) =

1 NSW,On
T Z:Zi Eon(on,i» Von,i» Tjs Vgate,on» Rgate,on) + 3.7)
1 Nsw,off
? Z E off (I off i» Voff,i: Tj; Vgate, off, R gate, off)
i=1

Where:

- Nsw,on and Ny o ¢ are the number of turn-on and turn-off switching transitions within a
pulse period T.

- Eon and E, ¢ are the turn-on and turn-off switching losses energies with a function of the
current and voltage at the switching instant, also corresponding to junction temperature
T}, gate voltages Vgare,on and Vgare o and the gate resistances Rgare on and Rgare of f-

It can be modelled by the following approach. Fig. 3-8 shows the switching energy of
C2M0080120D as a function of drain to source current, as a function of junction temper-
ature and as a function of gate resistor at a certain drain source voltage and a certain gate
voltage given in the datasheet. These curves can be approximated by second order equa-
tions (Eq.3 -8 ~ Eq.3 — 10), which are also illustrated in Fig. 3-8. However, most manu-
facturers do not give the switching energy data as a function of drain to source voltage and
gate drive voltage Vs continuously, but just few points are given. In this case, for drain to
source voltage, a proportional approximation can be used.

— . 2
E(Tj)|Rgme,ref;Vgs,refrlds,ref =dot+a T] +az T] (3.8)
2
E(Ids)|Tj,refrvgs,ref)Rgate,ref = bO + bl Ids + bZIdS (39)
— 2
E(Rg)|Tj,revags,ref>Ids,ref - CO + Cle + CzRg (310)

It is worth noting that an offset should be compensated to the switching-off energy. The
reason is explained as follows. Fig. 3-7 illustrates a switch including the body diode and
output capacitance. Manufacturer measures the switching energy by measuring the drain
to source voltage V;; and the drain to source current I, (It is not able to measure the tran-
sistor current I directly). However, the switching losses only occur on the transistor of the
switch, therefore, the switching energy given in the datasheet contains the energy storing
in output capacitance. Hence, an offset needs to be compensated.



20 3. Modelling of main component of four-switch buck-boost converter

Figure 3.7: MOSFET equivalent circuit
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The coefficients ay, ai, a2, by, b1, b2, and cy, c1, ¢ in Eq. 3-8, Eq. 3-9 and Eq. 3-10 can be
derived by MATLAB function poly fit. The coefficient are given in Table. 3-1. A generalized
function is derived by combining Eq. 3-8, Eq. 3-9 and Eq. 3-10 together, which is given by

Esw :EswvreflTI:T],revads:Ids;ef-VGS:VGS,ref ) ) 3.11)
(I+a1 ATy + agAT] YA+ B1AIp + ﬁgAID)(l +7Y1ARg +Y2ARg)

Igs=20A, V=800V, Rg =2.5Q | Vs =800V, T; =25° Ry = 2.50 | Tj =25 I35 =204, Vg =800V

Switching on energy approximation coefficients

ap ay ay bo bl b2 Co C1 Co
281.0878 -0.618 0.0024 31.6567 -0.0029 0.5921 214.5801 19.8994 -0.3310

Switching off energy approximation coefficients

ag a as bo by b Co ] %)
137.9872 -0.2292 0.0016 52.7374 -0.96 0.2449 100.59 13.0836 -0.0979

Table 3.1: Switching energy approximation coefficient

Igs =20A,Vgs =800V, Ry = 2.5Q,T; = 25°C

Switching on energy approximation coefficients E,.r = 262.3uJ

a az B1 B2 71 Y2
-1.859e-3 8.959¢-6 8.940e-2 2.210e-3 6.810e-2 -1.236e-3
Switching off energy approximation coefficients Eyo¢ = 132.7uJ
ay az B B2 71 Y2
-1.8462e-3 1.9811e-5 0.1094 3.0323e-3 0.1559 -1.2122e-3

Table 3.2: Switching energy approximation coefficient

Table. 3-3 given the parameters for switch selected in Chapter 5 (GS66516T). The manu-
facturer gives the switching on energy as a function of drain to source voltage vps, drain to
source current Ipg and junction temperature T}, the switching off energy as a function of
vps and Ips. Hence, the equations are given as

Eswon :EswrreflVdszvds,refrldszlds,refv Ty=Vr. ref
) (3.12)
-+ @1 Algs + @A) (1+ f1AVgs + P2 AVg) (L +71ATj +72AT7)

Eswoff :Esw’refl Vds:Vds,revads:Ids,ref

(3.13)
AL+ a1 Algs + a2 A 15 ) (1+ B1AVgs + B2AVE)
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Is=20A,Vgs =200V, Rgon =10Q, Rgorr=1Q Tj = 25°C
Switching on energy approximation coefficients E.5 = 48.9uJ

a az B1 B2 11 Y2
3.45e-2 1.9866e-4 21.03 5.26e-2 0.2624 -5.59e-6

Switching off energy approximation coefficients Eyr = 4.521]

[24] a ﬁl ﬁz
5.834e-2 1.32e-3 5.7e-3 3.87e-6

Table 3.3: Switching energy approximation coefficient

It should be noted that the switching energy data given by the datasheet is measured under
hard switching on and hard switching off condition. If zero voltage switching off happens,
in other words the current goes from source to drain during the transition, the losses only
occur on the body diode, and it is extremely low. The way to calculate the losses is illus-
trated in Section 3.1.5.

As mentioned in the last section, even in zero voltage switch condition, there is still switch-
ing off losses, and an external capacitor can help reduce it. If an external capacitance is
connected, the switching off losses can be approximated as follows. Fig.3-9 shows the sim-
plified equivalent circuit of MOSFET during switching off.

o

»e

i[g 1 1, y 1o

— ¢ [T] T

o

Figure 3.9: Equivalent circuit of MOSFET during switching off

At the beginning of switching off, the drain to source current is divided to I, I and I¢c as
illustrated in Fig. 3-9. According to the equivalent circuit, the following equation can be
derived.

avygs  Ic  Ig

= = 3.14

Assuming the Iy = V;j, / Rg, and the time required to charge the Cq4 can be calculated by

Vds
CoqdV,
o Jo " CeaVas G.15)
Ig
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If the drain to source capacitance is larger, with the same charge time, the drain to source
voltage is smaller, as a result, the switching off losses is lower.

3.1.3. Conduction losses

The other major contribution to the power loss in switches is the average power dissipated
during the on-state P,, which is proportional to the drain to source on-resistance R;; and
to the squared RMS value of the current flowing on the switch. Assuming the junction
temperature changing of MOSFET is negligible during every single cycle, the equivalent
conduction losses can be calculated by:

Peon = Rpson) * Ims (3.16)
where I is determined by
1 (h
Lins = _f Is(n)dt 3.17)
Tr. Jo

The drain to source on-resistance R, is dependent on the junction temperature and on
the drain to source current. It can be modelled by the following approach[3]. Fig. 3-10
shows the drain source on-resistance as a function of drain-source (Fig. 3-10 (a))current
and as a function of junction temperature (Fig. 3-10(b)). The on-resistance curve can be
approximated by a 2”4 order function,

Rmﬁﬂmm%%wz%+mﬂ+@ﬁ (3.18)
RDS,, TaN T} rof Vs roy = Do+ b1las + by I3, (3.19)
=20A P rmamc

(==
130 B8 —

110

on(MQ)

E 95 >
o100 & 7
90 /

90 7 85 /
80 // 80 -

— datasheet __/ datasheet

approximation 75 approximation

70 . ; : . . . ; ; .

0 20 40 60 80 100 120 140 160 0 10 20 30 40 50 60

T,(C) o (A)
(a) On-resistance as a fucntion of Tj (b) On-resistance as a fucntion of I

Figure 3.10: On resistance as function of channel current and the junction temperature
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The coefficients ay, a1, a, and by, by, b, in Eq.3-18 and Eq.3-19 can be derived by MATLAB
function polyfit. Take the silicon carbide MOSFET C2M0080120D as an example, the
coefficients are given in Table. 3-4. A generalized function is derived by combining Eq.3-18
and Eq. 3-19 together, which is given by

Rpson = [ R
DS(on) DS(on) | Ty=T1j ref, Ip=1Ip ref, VGS(on) = VGS(on), ref (3 20)

L+ a1ATy + aoATE) - (1+ frAIp + BoALL)]

Where:

- AT is the deviation between junction temperature and reference junction temperature
ATj=Tj=Tjrer

- Alp is the deviation between drain source current and reference drain source current
Alp =Ip—Ipref

T; = 25, Vgs =20V Ips =204, Vgs =20V
ao a ap bo b b>
75.7399 0.0527 0.0089 75.7985 0.0839 0.0018
Ryer =80mQ
ay az B1 B2 Tjref Ips,ref
6.221e-3 1.113e-4 1.949e-3 2.25e-5 25°C 20A

Table 3.4: On-resistance approximation coefficient C2M0080120D

For the switch selected in Chapter 5(GS66516T), parameters are given in Table. 3-5.

GS66516T Ry r = 25mQ Ips=18A,Vgs=6VT; =25
a as B1 B2
-5.03e-3 6.9e-5 7.8e-3 2.70e-5

Table 3.5: On-resistance approximation coefficient of GS66516 T

Hence, a more accurate on state drain to source resistance Ry o, is derived.

3.1.4. Gate Drive Losses

Gate drive losses is a power loss ascribed to device gate charging. It depends on the gate
electric charge (or the gate capacity) of the semiconductor device. The gate charge loss can
be calculated by

Pg = (Qg) X Vgs x fs 3.21)

where Qg is device gate electric charge, Vg, is gate drive voltage, f; is the switching fre-
quency.
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3.1.5. Diode losses

As discussed in the previous section, there is a body diode in MOSFET or external diode
anti-parallel contacted with the device. During the transition, especially in ZVS (Zero-
Voltage-Switching) condition, the diode will conduct the current for a short time in which
power dissipation is existing. This power dissipation can be calculated by

t
Pdiode:f; I(I)Vthfs (3.22)

where Vr is the forward voltage of the body diode, I(?) is the current flowing on the diode.
It should be noted that the forward voltage Vr is dependent by junction temperature and
current, but it just conducts for a short time, so it can be negligible.

3.2. Inductor modelling

3.2.1. Magnetic reluctance model

An inductor is a passive two-terminal electrical component stores energy in a magnetic
field when current flows through it. Especially in switched converters, inductors are key
components. The inductor is also one of the components which contributes to the volume
and losses largely.

The inductance value L is defined as[16]

N¢ .
L:T or N¢=Li (3.23)

where N is the number of turns, i is the current flowing on the inductor, and ¢ is the mag-
netic flux crossing a certain area, which can be obtained by the surface integral of the
B - field or the flux density representing the density of flux lines per unit area, the unit
is weber per square meters Wb/m? or tesla (T).

¢ = ff BdA (3.24)
A

On the other hand, the flux density can also be defined as

B=pu,puoH (3.25)
The magnetic reluctance can be defined as

l

R=
Hopir A

(3.26)

and another relation can be obtained by Ampere’s law

¢R=Ni (3.27)
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With Eq. 3.21 and Eq. 3.25, the required winding turn is :

N2

RtOt

L = — N = L . RtOt (328)

The peak flux density can be derived as :

N-I N'ka

= — By =
Pk™ R A.

F
R=—
® B-Ae

(3.29)

Where :
- I is the peak current through the inductor.

With the theory above, we can analyze the magnetic inductor, the magnetic circuit can
be transferred to electrical circuit by analogy. Fig. 3-11 shows a typical E-core inductor and
Fig. 3-12 shows its electrical analog, which helps to analyse the magnetic characteristic[16].
With this method, an accurate reluctance calculation is required.
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Figure 3.11: Example of Appere’s law in the case of winding on a magnetic core with an

airgap
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Figure 3.12: Magnetic electrical analog

The reluctance of within the ferrite core, shown in Fig. 3-12 is expressed as :
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le
f =
© 7 HotreAe

(3.30)

Where:
- I, is the effective magnetic path length.
- A, is the effective core cross section .

The flux in the air gap called fringing flux tends to have a larger cross section area. Relative
permeability of air gap is p, = 1 whereas for the core material is usually much greater p, >>
1. The magnetic fluxis forced to flow through the gap which represents significantly greater
reluctance than a comparable length of the core.

As a result, the fringing effect lowers reluctance of the magnetic path and thus increases
inductance of the winding made on such a gapped magnetic core. The traditional air gap
reluctance is given by [16] but no explanation is given, as illustrated in Eq. 3-31

lg
po (a+1g) (b+ 1)

Rg= (3.31)

Where:
- lg is the air gap length.
- a and b are cross section dimension of the airgap.

An advanced approach for air gap reluctance calculation is used in this thesis which is pro-
posed by [17] . This approach has the following advantages:

¢ The three-dimensionality has been taken into consideration

e [t is easy to handle.

e It is capable to calculate the reluctance of different air gap shapes.
e It has a high accuracy

Fig. 3-13 is the most basic air gap geometry which is used as a basis. The reluctance of the
basis is determined by which is given by [17]

/| w/2

Figure 3.13: Basic geometry for air gap calculation
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, B 1
R = (3.32)

asi
e Lo [2—“;+%(1 +ln’fl—?)]

where parameters w, h and [ are as illustrated in Fig. 3-13.

Normally, there are three kinds of air gap geometries, Fig. 3-14 shows the most typical
central core air gap for E-shape and ELP-shape core in 2D. This geometry can be seen as
the assembling of the basis geometry in Fig. 3-13. The equivalence is illustrated in Fig.
3-14.

Figure 3.14: A typical geometry of air gap

Figure 3.15: 3D airgap

A fringing factor is introduced which is used to describe the reluctance decreases in the
air gap. Taking Fig. 3-15 as the example to explain. In order to consider the three dimen-
sionality, the fringing factor of xz-plane and yz-plane are both considered. In xz-plane,
assuming the air gap length b is infinitely long, and the air gap boundary in the y-direction
is neglected. The fringing factor in this plane is determined by using air gap reluctance Ry,
divided by 2D reluctance without fringing effects
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_Ry

o= (3.33)

g
Hob
In yz-plane, assuming the air gap length a is infinite, the air gap boundary in x-direction
is neglected. The fringing factor in this plane is determined by using air gap reluctance Ry,
divided by 2D reluctance without fringing effects
RI
Yz
Oy=—— 3.34
yET, (3.34)
Hoa

With these two 2D fringing factors, the 3D fringing factor can be determined. Fig. 3-16
shows the procedures step by step. The first step, the idealized air gap reluctance without
fringing effect is multiplied by xz-plane fringing factor o , which is equivalent to the air
gap cross-section area is multiplied by 1/0. The mid of Fig. 3-16, a new cross section area
Ag x which describe the cross section increase resulting from the fringing effect in xz-plane.
Secondly, the new cross section area Ag,  section area is multiplied by 1/0, resulting the
final cross section area Ag yy in which xz-plane and yz-plane are both taken into account
as shown in Fig. 3-16 right side. Hence, the final fringing factor which considers the three-
dimensionality is given by

0=04x0y (3.35)

—

1 A
X O
b Ag — O, Agx —

Figure 3.16: The derivation of 3D fringing factor

With the 3D fringing factor given above, the air gap reluctance is calculated by

lg
Ho-a-b

Rm, airgap =0 (3.36)

This reluctance calculation approach has higher accuracy compared to the conventional
approach, especially for a large air gap condition[17].
Hence, the total reluctance is the sum of Eq-3.30 and Eq-3.36

].e lg

Rior = Rfe + Rgir = +0 (3.37)
MHoMteAe — Mo-a-b

For a round cross-section core illustrated in Fig.3-17, the fringing factor is calculated by



30 3. Modelling of main component of four-switch buck-boost converter

Figure 3.17: Round core air gap

or= (3.38)

Where:

- lg is the air gap length.

- r is the radius of the round core.

- R is the 2D air gap reluctance of half of the core leg.

The reluctance of a round core is calculated by

2 lg
" por?m

Re=0 (3.39)

3.2.2. Inductor core losses

There are three physical core loss mechanisms basically: a) hysteresis losses, b) eddy cur-
rent losses, c) residual losses.

Hysteresis losses

For the hysteresis loss, it is due to the reversal of magnetization of magnetic core whenever
it is subjected to alternating nature of magnetizing force. When the core is subjected to an
alternating magnetic field, the domain present in the material will change their orientation
alter every half cycle. The power consumed by the magnetic domains for changing the
orientation after every half cycle is called Hysteresis loss.

Fig. 3-18 shows a B-H curve, even if the current is zero, the material is still containing some
amount of flux, which is known as Retentivity. Any material has a property to retain some
flux and to make that flux zero, a cohesive force is applied. That extra force is Hysteresis
loss.
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Figure 3.18: B-H characteristic of a inductor

Eddy current losses

Eddy current losses caused by the fact that the inductor core itself is composed of conduct-
ing material, so the voltage induced in it by the varying flux produces circulating current in
the core. This current is so called eddy current, the loss caused by this current called eddy
current losses. Fig. 3-19 shows the basic principle of eddy current losses.

Figure 3.19: Illustration of eddy current losses

Core losses calculation

The most commonly used equation to calculate core losses is so called Steinmetz Equation:

Py=kf*BP(CAT?+CiT+C1) (3.40)

Where B is the peak flux density of a sinusoidal flux density waveform with the frequency
f. The left side of the equation P, is the core losses per unit volume. K, a, § are material
coefficients, which are referred to as the Steinmetz parameters. These parameters are de-
termined by experiment and only valid for a limited f and B range. T is the temperature,
and Cy,, Cy and C; are the temperature coefficients. Some Steinmetz parameters are given
in Table 3-6 [4]
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Material k o B Ci2 Cl c:0
3C90 32 1.46 2.75 1.65e-4 3.1e-2 2.45
3C91 25 1.4 25 1.42e-4 1.3e-2 0.88
3F36 6.83 1.439 3.27 8.3%e-5 1.08e-2 1.23
3C98 2.5 1.4 2.85 2.5e-4 0.05 3.5

Table 3.6: Steinmetz parameters

However, the Steinmetz Equation is not accurate enough to calculate core losses in many
conditions because of following reasons:

¢ The flux density waveform is always non-sinusoidal in power electronic applications,
especially for switched-mode power supply.

* A DC bias premagnetization Hpc is not taken into consideration

For the four-switch buck-boost converter, the flux density waveform is always non-sinusoidal,
and a DC bias premagnetization is always existing, so the Steinmetz Equation is not capable
in this application. An improved equation, the improved Generalized Steinmetz Equation
(iGSE), proposed in [18], is applied:

[e4

B
d (AB)P~2dy, (3.41)

1 T
P =—| Kk
core, V j(; i dr

T

Where the AB is the peak-to-peak flux density, and k; is determined by:

ki K

= o (3.42)
@m)et 7 |cosh|*2h-2d0

The parameters «, § and k are the same with which is used in Steinmetz Equation. Fig.
3-20 shows a trapezoidal flux density waveform which is a typical waveform for the ZVS
modulation scheme of the four-switch buck-boost converter (see Chapter 4), and the Eq.
3-43 tells how to calculate the core losses with improved Generalized Steinmetz equation.
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Figure 3.20: Example of iGSE
a
Pu=1fy ki At_lfo (AB)P~%dt, 0<t<n
a
P, = % [? k; tgfa (ABl)ﬁ_adt, H<t<i
a
| Pis=1%[0ki| 22| (ABDFdt, t<t<ts (3.43)
Pyy =0, B3<It<Iny
Py=Py1+Py2+Py3s+ Py

3.2.3. Inductor winding losses

The ohmiclosses in the winding is the second source of losses in the magnetic components.
The resistance of conductors increases as frequency increases due to eddy currents. Skin-
effect is caused by the self-induced eddy currents, while the proximity effect is caused by
the eddy current which is induced by the external alternating magnetic field such as the air
gap fringing field or the magnetic field from other conductors.

Skin effect

The magnetic field of a conductor which has current flowing is determined with Ampere’s
law

ngdl :f JdA (3.44)

Where H is the magnetic field strength vector and J is the current density vector. If the
current in the conductor is an alternating current, the magnetic field is also alternating.
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fEdl = —iff BdA (3.45)
dr

where E is the electric field vector and B is the magnetic flux density vector. An alternating
magnetic field induces an electric field inside the conductor . The excitation current mainly
occurs in the center of the conductor, and the major current flows in the outer layer of the
conductor. This effect is so called skin effect.

According to Faraday’s law,

The current density in the outer layers of the conductor is larger than it in the inner layers.
The length from the diameter to where the current density falls to the % of the maximum
current density is the skin depth §, which can be calculated by equation

0= ; (3.46)

Voo f
where
- Wo is the nature permeability.

- 0 is the conductivity of the conductor material.
- f is the frequency of the alternating current.

To simplify, assuming the current concentrates in a skin layer depth o with a constant cur-
rent density. The losses caused by the skin effect can be calculated by the equation [19]

Ps = Frys(f) - Rpc - I (3.47)

Where:
-Fris(f) = Rac/ Rpc is the ratio between AC resistance and DC resistance.

Proximity Effect

Proximity effect is another factor which contributes to the winding losses. The current flow-
ing in one conductor leads to a magnetic field which induces eddy currents in another
conductor, vice versa. If currents in these two conductors have a same direction, on the ad-
jacent side, the eddy current flowing opposite to the current in two conductors, the major
current tends to flow at the other side of the conductor. The proximity effect losses can be
calculated by the equation[19]

Pp = Rpc - Grys(f) - H: (3.48)
Where:
-H, is the peak external magnetic field.

- Gpys(f) is a factor which describes the amount of winding losses due to the proximity
effect. This factor is different for different conductor geometry.

In order to reduce the high frequency losses in terms of skin effect and proximity effect, in
some application litz wire is selected. For Litz-wire, the factor Fg can be determined by [19]
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The Equation.3-47 can be further developed to

R (3.49)

~
I
Ps1.=n-Rpc-Fr(f)- (;) (3.50)

Where:
- nis the number of strands of a litz wire

The proximity effect losses in litz-wire can be calculated by

R 2
PP,L = PP,L,e + PP,L,i =n- RDC|GR(f) (Hg + > 2) (351)
2medy

Where:
- Ppy,¢ is the proximity effect caused by external magnetic field.

- Pp;,; is the proximity effect caused by internal magnetic field.

- the factor Gg(f) is calculated by equation
_&m*d® bery(§)ber: (§) +bery(§)bei(§)  beiz(§) beii (§) — beiz(§) ber: (§)

— 3.52
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Figure 3.21: Winding example

The H,, in the Eq. 3-51, is the external magnetic field generated by air gap fringing field and
neighboring conductors. For a winding as illustrated in Fig. 3-21, in a certain conductor
gdmn the magnetic field generated by an external current i,; can be expressed as [19]

=i ixu,yl (xu_xi)+j(y1_J’k) _ ixu,yl ((J/Z_J/k)_j(xu_xi))
e =— .

J =
Zﬂ\/(xu —x)*+ (y1 - J/k)z \/(xu —xi)?+ (y1 - J/k)z 2m ((xu —xi)*+ (- J’k)z)
(3.53)
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And the total external field H, across the conductor dx;,y, can be calculated by

A

Fle: Z ZE(M, 0 Lxu,yi ((J’l—J/k)_J(xu_x;)) (3.54)
u=1]=1 27 ((xu - xi)2 + (J/l - J’k) )

The wall of the winding window influences the magnetic distribution. The magnetic field is
always almost perpendicular to the winding window wall since the permeability of the core
material is much larger than the air[27]. The core material can be replaced by the conductor
with a same direction current flowing in it, as illustrated in Fig. 3-22, this method is so called
mirroring method. At the same time, the magnetic field distribution around the air gap can
be modelled by a conductor with a opposite direction current which is also illustrated in
Fig. 3-22.
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Figure 3.22: Winding example

By the mirroring method, the proximity and fringing effect both can be calculated.

3.3. Thermal modelling

In power electronics, temperature is one of the most important parameters because almost
all the semiconductors are highly temperature dependent components. All semiconduc-
tor components have a maximum temperature limitation, and the semiconductor compo-
nents will be damaged permanently if the maximum junction temperature is exceeded. On
the other hand, even the maximum temperature is below the limitation, the semiconductor
lifetime is dominated by temperature swings. The temperature swing leads to mechanical
deformation according to expansion and contraction principle, and it causes mechanical
pressure and affects the lifetime of semiconductor devices.

There are three physical mechanisms condu